
1.  Introduction
At slow-spreading Mid-Ocean Ridges (MOR) like the Mid-Atlantic Ridge (MAR) (full spreading rate: 
20–40 mm/yr), axial magmatism and tectonics result in an overall symmetrical creation of new oceanic crust. In 
the last decades, however, a growing body of evidence has attested for asymmetric spreading at the segment scale 
(e.g., Escartin et al., 2008). These regions are commonly characterized by large-offset low-angle normal faults 
(several km) exposing deep crustal and mantle rocks on one side of the ridge axis facing hummocky volcanic 
terrains and smaller-offset normal faults on the opposite side (e.g., Blackman et al., 1998; Cann et al., 1997; 
MacLeod et  al.,  2009; Smith et  al.,  2006,  2008; Tucholke et  al.,  1998). Numerical models show that these 
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Plain Language Summary  The generation of new seafloor at mid-ocean ridges where cold 
underlying mantle delivers low magma supply has not been investigated over the long term. Here we present 
the analysis of new bathymetry, gravity, and rock sampling data over such a ridge segment located within the 
St. Paul Transform Fault system in the Equatorial Mid-Atlantic Ridge, which allowed us to bring constraints 
on its structure and evolution over the last ∼6 Myr. We show that this area evolves differently from previously 
described ridge segments of similar spreading rate. We observe the remnants of very large normal faults called 
detachment faults, which have been active for very long times, forming domes called oceanic core complexes. 
The fault surfaces have been dissected by further extensional deformation, until the plate motion became 
accommodated along a new detachment fault formed west of the previous plate boundary. The emergence lines 
of the detachment faults are observed on the eastern flank of the ridge segment. We also observe a change 
in time of the structures, from typical oceanic core complexes to shorter ridges formed by the exhumation of 
mantle rocks. We interpret these changes to possibly reflect a decrease in the melt supply in the last 6 Myr.
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large-offset detachment faults develop when tectonic extension equals or dominates over magmatic spreading 
(Buck et al., 2005; Olive et al., 2010; Tucholke et al., 2008). When the fraction of total plate separation rate 
accommodated by dyke opening (factor M, Buck et al., 2005) remains between 0.5 and 0.3 for several millions 
of years, long-lived detachment faults form structures named Oceanic Core Complexes (OCCs) in analogy with 
continental metamorphic core complexes (e.g., Blackman et  al.,  1998,  2011; Cann et  al.,  1997; Dannowski 
et al., 2010; Dick et al., 2008; Smith et al., 2006, 2008). OCCs are characterized by domed and smooth surfaces 
delimited by a termination and a breakaway. The detachment breakaway marks the initiation of the long-lived 
fault and is often visible as a linear ridge oriented parallel to the axial valley (Blackman et al., 1998, 2009; Cann 
et al., 1997; Escartín et al., 2017, 2022; Smith et al., 2006; Tucholke et al., 1998). The termination of an OCC is 
the line of emergence of the detachment fault from the hanging wall, often showing an irregular accumulation of 
rubbles forming an apron (Escartín et al., 2017). It usually appears as a sharp line separating the rough seafloor, 
associated with the hanging wall volcanic terrains and the apron, and the smooth footwall surface. In most cases, 
the detachment faults of OCCs present corrugations or striations parallel to the spreading direction. The corru-
gations and striations represent the traces of the fault slip, possibly due to irregularities in the hanging wall or 
in the brittle-plastic transition at depth, or localization of brittle deformation on a network of linked fractures 
(Blackman et al., 1998, 2009; Cannat et al., 2009; Ildefonse et al., 2007; MacLeod et al., 2002; Parnell-Turner 
et al., 2018; Reston & Ranero, 2011; Smith et al., 2006; Spencer, 1999; Tucholke et al., 1998, 2008). OCCs are 
active for roughly 1–3 Myr (e.g., Tucholke et al., 1998, 2008) up to about 4 Myr for Godzilla Megamullion (Ohara 
et  al.,  2001; Tani et  al.,  2011) which is an exceptionally long-lived detachment, yet, the long-term temporal 
evolution (up to 5–6 Myr) of OCC-bearing ridge systems has not been fully explored to date. Areas where the 
magmatic input is even lower or absent (M under 0.3) display a “smooth seafloor” morphology formed by ridges 
of exhumed peridotite with eroded fault scarps and no corrugations (Cannat et al., 2006, 2019; Olive et al., 2010; 
Sauter et al., 2013; Tucholke et al., 2008).

Here we discuss the morphology and structure of the southern intra-transform ridge segment of the St. Paul 
transform system in the Equatorial MAR. The ridge flanks show features characteristic of areas of low melt 
supply described on the flanks of other segments of the MAR or in other mid-oceanic ridges. We use the seafloor 
morphology and backscatter data, combined with gravimetry and rock sampling, to explore the temporal evolu-
tion of the structures on conjugated ridge flanks. Our study provides constraints on the long-term evolution of 
seafloor spreading in a particularly magma-starved slow-spreading segment.

2.  Tectonic Context and Study Area
The Equatorial Atlantic is characterized by the presence of major transform faults (Figure 1a), which offset the 
axis of the MAR by several hundreds of kilometers. The large-offset Romanche and St. Paul transforms (∼900 
and 570 km cumulative offsets, respectively) are among the largest of the MOR system. These mega-transforms 
(Ligi et al., 2002) appear as complex, multi-fault plate boundaries where the transform domains extend for more 
than 100 km and show evidence for intense intra-transform tectonics and magmatism (Hekinian et al., 2000; Ligi 
et al., 2002; Maia et al., 2016).

The Equatorial MAR has long been interpreted as a “cold spot” in the MOR system, that is, associated to a 
regional low of the sub-axial mantle temperature (Bonatti, 1990; Bonatti et  al., 1993; Schilling et  al., 1995). 
Supporting pieces of evidence are the very deep axial and transform valleys (>5,000 m and up to ca. 8,000 m, 
respectively) reaching near the Equator the largest depths of the whole MAR. Overall, the ratio of mantle-derived 
peridotite to basalt sampled in the region is high, with large areas of the ocean bottom floored by abyssal 
peridotites showing lower degrees of melt extraction (<5%) compared to other sections of the MAR (Bonatti 
et al., 1993, 2001; Brunelli & Seyler, 2010; Hekinian et al., 2000; Schilling et al., 1995). These observations 
suggest that the melting regime in the Equatorial Atlantic is lower than the world average, due either to colder 
than average mantle temperatures or to an anomalous composition of the mantle source compared to other MAR 
segments (Bonatti et al., 1993, 2001; Schilling et al., 1995; Seyler & Bonatti, 1997; Sichel et al., 2008). The 
chemical composition of basalts and peridotites sampled in the equatorial region presents a marked enrichment 
in incompatible elements implying compositional anomalies in the sub-ridge mantle (Bonatti,  1990; Bonatti 
et al., 1993; Esperança et al., 1999; Hekinian et al., 2000; Schilling et al., 1995; Sichel et al., 2008) or an extreme 
contraction of the melting region above the hydrous solidus in the garnet facies (Bonatti et al., 2001; Brunelli & 
Seyler, 2010; Ligi et al., 2005).
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The St. Paul transform system (Figure 1b) is formed by four Transform Faults (TF, A–D from North to South, 
respectively) offsetting the MAR axis and three Intra-Transform Ridge Segments (ITRS, 1–3 from North to 
South). The ITRSs do not exceed 25 km in length and display a typical hourglass shape, with a narrow axial 
valley in their central part, 4,600–4,700 m deep, and a wider and deeper (>5,000 m) valley at their ends. Ridge 
offsets progressively decrease from TF A (297 km)–TF B (142 km), TF C (90 km), and TF D (∼47 km). In this 
paper, we focus on the southernmost intra-transform ridge segment of the system, ITRS 3, centered at 0°39′N, 
25°28′W. This segment is bounded by TF C and TF D, the latter representing the southern boundary of the entire 
St. Paul system (Figure 1c).

Early sampling and submersible studies of the St. Paul ITRS 3 axial area revealed an abundance of serpenti-
nized peridotites and a thin cover of basalts not exceeding 150 m, suggesting an accretion process involving 
mantle exhumation associated with weak and sporadic magma supply (Hekinian et al., 2000). The volume of 

Figure 1.  Shaded bathymetric maps of the Equatorial Atlantic. (a) Location of the study area and main tectonic features of the Equatorial Atlantic (Smith & 
Sandwell, 1994). TF, Transform fault; MAR, Mid-Atlantic Ridge; (b) Bathymetry of the St. Paul transform fault system. ITRS, Intra-Transform Ridge Segment; (c) 
Bathymetry of the southern intra-transform segment. The black and white boxes represent the boundaries of Figures 2a–2c. White lines are transform faults. Black lines 
show ridge axis (b and c bathymetry from Maia et al. (2014)).
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Figure 2.  Structural maps of the St. Paul ITRS 3. (a) Shaded bathymetric map of the segment showing the frames of this Figure (2b and 2c). (b) Detailed map of the 
structures on the western ridge flank. (c) Detailed map of the structures on the eastern ridge flank. The color scale is the same as in Figure 1. The different viewpoints 
correspond to the 3D views in Figures 4 and 5.
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basaltic rocks estimated by Hekinian et al. (2000), based on dyke occurrence and observed lava flows, is approx-
imately 1/3 of the estimated “normal” magma productivity at slow-spreading ridges (10 −5 km 3/year per km of 
ridge, Hekinian et al., 2000). The small amount of melt delivered to the crust suggests a major role of tectonics, 
and the possible development of long-lived detachment faults (MacLeod et al., 2009; Smith et al., 2006). The 
recent exploration of the St. Paul region during the COLMEIA cruise (Maia, 2013; Maia et al., 2014, 2016, 2017) 
showed that the magma supply differs significantly between the three intra-transform ridge segments. While the 
northern ITRS 1 has a volcanic crust, with clear fault-bounded abyssal hills (Maia et al., 2014, 2016), the central 
and southern ITRSs 2 and 3 appear to be magma-starved, characterized by large OCCs mainly located on the west 
flank of the ridge, and broad and smooth large abyssal hills likely formed by peridotite ridges. Abundant gabbros 
and serpentinized peridotites, frequently mylonitized, were sampled on their flanks (Maia et al., 2014, 2016).

The geochemical isotopic signature of the basalts suggests the existence of a mantle compositional boundary 
inside the St. Paul system (Schilling et al., 1995). An enriched mantle endmember attests to the interaction of the 
Sierra Leone plume with the Mid-Atlantic Ridge segment north of the St. Paul system. Its influence extends to 
ITRS 1 (Le Voyer et al., 2015; Schilling et al., 1994, 1995). The morphology of these ridge segments reflects a 
vigorous volcanic activity possibly resulting from the combination of higher source fertility with higher potential 
temperature of the sub-ridge mantle (Maia et al., 2016). In contrast, ITRS 3 is spreading over a colder mantle, 
and geochemically similar to that sampled near the Romanche transform, south of St. Paul (Schilling et al., 1995).

3.  Data and Methodology
During the COLMEIA cruise onboard the RV L'Atalante (Maia,  2013; Maia et  al.,  2014, 2017) in January–
February 2013, we acquired new bathymetry, multichannel seismic and gravity data as well as rock samples in 
the St. Paul multi-transform system.

3.1.  Multibeam Bathymetry

The bathymetric mapping used the Kongsberg EM122 multibeam echosounder, mostly in dual mode swath, at 
10 knots, which ensured a high-density sampling over an angular coverage of 140°. The bathymetric precision is 
about 0.2% of the water depth, that is, ca. 6 m at depths of 3,000 m. Multibeam data processing was carried out on 
board using the CARAIBES software (©Ifremer). The EM122 bathymetric data were then combined to the data 
acquired during the previous cruises PRIMAR96 and S7 of RV Strakhov (Gasperini et al., 1997; Udintsev, 1996) 
to generate grids at resolutions of 50 and 100 m.

The identification of the faults and main structural features was made on bathymetric, backscatter, and slope 
maps, and 3D views, complemented by the gravity-derived crustal thickness map, rock sample characteristics, 
and observations from submersible in Hekinian et al. (2000). The main tectonic features were drawn and digi-
tized using QGIS (QGIS.org, 2022. QGIS Geographic Information System. QGIS Association. http://www.qgis.
org), Global Mapper® and GLOBE (Poncelet et al., 2022) softwares (Figures 2–6). We interpreted the relatively 
linear steep scarps as high-angle normal faults. The detachment faults were identified from large, domed surfaces 
sometimes showing corrugations. Breakaways were often difficult to identify because of the heavy mass wasting. 
In a few places, deep crustal or mantle rocks (gabbro, peridotite and serpentinite) have been dredged (dredges 
COL-DR26, COL-DR27, COL-DR28, COL-DR30, and COL-DR31, Figure 3a), supporting the morphological 
identification of detachment faults. In the distal parts of the study area, flat basin morphologies correspond to 
areas where the structures are covered by a blanket of sediments. Sedimentation rates in the Equatorial Atlantic 
ranged between 0.6 and 1.7  cm/Kyr over the past 10 million years (Wagner,  2002). The analysis of existing 
seismic profiles (Gasperini et al., 1997; Maia et al., 2014, 2017) confirms that, except in the deepest basins, the 
thickness of the sediments is lower than 50 m (see Section 3.3), making it possible to identify most structural 
trends. We interpret as volcanic the structures characterized by rough and hummocky morphology, or sometimes 
showing individual seamount conical shapes, and often confirmed by the presence of basalts in the associated 
dredge hauls (e.g., dredge COL-DR29, Figure 3a) or dive observations and sampling. Parts of the axial valley 
floor where basalts have been observed (submersible dive SP1 Figure 3a; Hekinian et al., 2000) present a smooth 
and homogeneous morphology on the bathymetric and reflectivity maps (Figures 2 and 4a and Figure S1 in 
Supporting Information S1), suggesting that interpretation of volcanic domains from bathymetry data alone is 
difficult. Hence, we prefer to name these zones “smooth undetermined area” when the absence of ground truthing 
prevents us to identify the lithology (Figures 3–6).
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3.2.  Rock Samples

During the COLMEIA cruise, six sites were successfully dredged on the flanks of the ITRS 3 (Maia, 2013; Maia 
et al., 2014, 2017): two dredges on the west flank (South American plate: COL-DR30 and COL-DR31) and four 
on the east flank (Nubian plate: COL-DR26 to COL-DR29, Figure 3). Dredges COL-DR30 and COL-DR31 
collected only gabbroic rocks compositionally ranging from olivine-bearing to oxide gabbro. Overall, these 
samples attest to a multistage magmatic history recorded by extreme grain size variability at the sample scale 
ranging from micro- to very coarse-grain textures. Several leucocratic and oxide-rich veins and patches are 
also present attesting to intrusions of markedly evolved melts in cooling crystal mush (Brunelli et al., 2020). 
Magmatic textures are locally overprinted by ductile deformation. Fractures are sealed by chlorite and serpentine 
veins. Dredges from the eastern side recovered a wide variety of lithologies: COL-DR29, located on the wall 
of the axial valley, recovered large amounts of fresh basalts pertaining to at least two different extrusions. They 
present fresh glassy rims, and texturally range from aphyric to Pl-phyric and minor Pl-Ol-phyric. Eastward, 
only one large block of isotropic, coarse-grained, olivine gabbro was recovered in dredge COL-DR28. The two 
easternmost dredges COL-DR27 and COL-DR26 recovered few altered aphyric basalts along with pervasively 
deformed gabbros and serpentinites. The latter recorded intensive deformation under variable P-T conditions 

Figure 3.  (a) Composition and location of the dredges and dives carried out on the St. Paul ITRS 3. The location and 
composition of the dredge S2227 are from D’Orazio et al. (2004). The numbered pink lines (SP) indicate the different dive 
tracks undertaken with the NAUTILE submersible (Hekinian et al., 2000). Symbols of the main structures as in Figure 2. (b) 
Map of the low-density layer (LDL) thickness (2,800 kg/m³) estimated from the inversion of the residual Mantle Bouguer 
gravity anomaly estimated using a passive mantle flow model. The main tectonic structures are represented and the symbols 
are as in Figure 2. The main seafloor structural information interpreted from the bathymetry, petrology and gravity data 
are draped on the two maps. Volcanic terrain corresponds to area where volcanic features are clearly identified. Volcanic 
interpreted areas represent areas where no morphological evidence of volcanism (like cones, hummocky seafloor…) is 
observed but where the backscatter, LDL thickness and dives observations (Hekinian et al., 2000) suggest a volcanic 
seafloor. The smooth undetermined areas correspond to areas with a smooth morphology where no clear characteristics of a 
detachment fault are observed or where no outcrop samples are available. These areas may correspond to smooth volcanic or 
exhumed terrains.
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Figure 4.
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leading to extensive mylonitization of both gabbros and serpentinites. Gabbroic rocks record ductile deformation 
under anhydrous conditions. Locally, cm-thick ultramylonitic shear bands are present, marked by strong grain 
size reduction and sub-mm scale pervasive foliation. Instead, serpentine mylonites show evidence of deformation 
after hydration which completely overprints the protolith textural characters. Although not all tectonic features 
of the area were sampled, these dredges attest for large exposures of deep rocks and reveal the lithological varia-
bility of the south intra-transform segment of the St. Paul system. We use the shipboard sample descriptions and 
classifications to constrain the structural interpretations. Chemical analyses of these samples are under way and 
will be discussed in a forthcoming paper.

3.3.  Gravity Data Processing and Modeling

Gravity data were collected along the ship tracks using a Bodenseewerk KSS30 gravimeter at a sampling interval 
of 10 s. Data were processed in the conventional way, by averaging and filtering the measurements to remove 
the noise and applying the Eotvös, drift and latitude corrections to obtain the free air anomaly. The modeling 
procedures are detailed in Supporting Information S1 and illustrated in Figure S2 of the Supporting Informa-
tion S1. Due to the irregular spacing of the ship tracks, shipboard data were merged with the free air anomalies 
computed from altimeter data (Sandwell et al., 2014), yielding a complete grid that retains the high frequen-
cies of the shipboard anomalies (Maia & Arkani-Hamed, 2002; Figure S2a in Supporting Information S1). The 
density model used herein consists of three layers of constant density: sediment cover, crust or altered mantle (or 
their density proxy) and the normal mantle, respectively, with densities of 1,500, 2,800, and 3,300 kg/m 3. Water 
density was set at 1,030 kg/m 3. The low-density value chosen for the sediments is consistent with the results of 
Tenzer and Gladkikh (2014). The sediment thickness grid (Figure S2b in Supporting Information S1) was built 
based on values derived from the interpretation of the seismic lines obtained during the COLMEIA cruise as 
well as data derived from seismic lines acquired on previous cruises (Gasperini et al., 1997; Maia, 2013; Maia 
et al., 2014, 2017). Most of the studied area presents a relatively thin sediment cover (less than 50 m), except for 
some localized areas. The sedimentary infill reaches a maximum of 790 m only in the basins associated with the 
older sections of the fracture zones, decreasing to ∼200 m in the nodal basins. For the gravity model, we interpo-
lated the high-resolution bathymetry onto a UTM projected grid at a resolution of 1 km compatible with the final 
resolution of the sediment thickness grid. The basement topography was obtained from the bathymetry and the 
sediment thickness grids (Figure S2c in Supporting Information S1). To calculate the Mantle Bouguer anomaly 
(Figure S2d in Supporting Information S1), we assumed a constant, 6 km-thick “volcanic crust” (or its proxy, a 
2,800 kg/m 3 density layer), using the basement as the top of the layer. The final model covers the entire St. Paul 
system, and to prevent edge effects on the calculation, we included a lower resolution larger area in the grids 
used for the model. The gravity effect of this model was computed in the Fourier domain using the multi-layer 
method, developed to account for both rapidly varying topography and shallow water depths, and subtracted 
from the free-air anomaly grid yielding the Mantle Bouguer anomaly (Maia & Arkani-Hamed, 2002). We then 
proceeded to remove the effect of lithosphere cooling by testing two different thermal models: a simple plate cool-
ing model based on lithospheric ages (Parsons & Sclater, 1977; Stein & Stein, 1992), and a passive flow model 
(Ligi et al., 2008; Morgan & Forsyth, 1988) using 1 mm 2/s for the thermal diffusivity and 2.7 × 10 −5 °C −1 for the 
thermal expansion coefficient. Our calculations show that the different thermal settings result in minor differences 
between models (Figures S2e and S2f in Supporting Information S1), which appear mostly as a broad regional 
trend, and therefore we chose to retain the passive flow model (see Supporting Information S1 for a full discussion 
of this topic). The resulting residual Mantle Bouguer anomaly (RMBA, Figure S2h in Supporting Information S1) 
was then inverted to yield variations of the thickness of the 2,800 kg/m 3 layer or “low-density layer” (LDL), which 
were added to the assumed 6 km-thick layer (Figure 3b and Figure S2j in Supporting Information S1).

Figure 4.  Perspective views of the five most significant structures observed of the west flank of the St. Paul ITRS 3. The left panels correspond to the bathymetry 
images and the right panels correspond to the reflectivity images. (a) 3D view of RW1and RW2, the smooth ridges closest to the axis. The absence of corrugations and 
the presence of numerous gullies make it difficult to identify the fault terminations. Scarce volcanic terrain is identified in the axial valley and between RW1 and RW2 
(b) 3D view of the W1 breakaway (BW3) and the ridge (RW2) closer to the axial valley. We note that W1 does not show any corrugations and that the two sides of the 
breakaway of W1 are smooth. The splitting scarp represented by a structural discontinuity is also visible. (c) 3D view of the fractured W2, a smooth detachment surface 
with corrugations. (d) 3D view of BW4, the breakaway of W3. Numerous scarps, landslides and mass wasting are observed but no clear corrugation is observed on this 
section of W2. (e) 3D view of W3, with a fine example of smooth exhumed surface with well-marked corrugations. All perspective projections have been realized with 
GLOBE software (Poncelet et al., 2022). See Figure 2b for the locations of the different viewpoints. The abbreviations correspond to: Volcanic Terrain (VT, the white 
dotted line area); Smooth Undetermined Area (SUA, the blue line area); Smooth Corrugated Area (SCA, the orange line area); Sediment-Dominated Area (SDA, the 
yellow line area); V.E (Vertical Exaggeration).
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Figure 5.

 15252027, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010870 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [17/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

VINCENT ET AL.

10.1029/2023GC010870

10 of 23

Gravity model results should be interpreted with caution because of the short-scale lateral variability in both 
morphology and lithological occurrences. The 2,800 kg/m 3 density usually corresponds to basalt and gabbro but 
may also reflect altered and serpentinized peridotites, as well as mylonites and other altered lower crustal rocks. 
We emphasize that the gravity analysis yields a simplified image of the oceanic crust and mantle. Structural and 
petrological variabilities along a detachment result in heterogeneous gravity signatures. It is therefore necessary 
to use morphological and petrological observations (when available) to correctly interpret the gravity analyses. 
Moreover, additional uncertainties in the gravity model may arise from local effects and from a simplified ther-
mal model that does not consider the complex evolution of the spreading processes through time (see further 
discussion in Text S1 and Figure S2 of the Supporting Information S1).

4.  Structure of the Southern St. Paul Intra-Transform Ridge Segment and Its Flanks
The compiled multibeam bathymetry covers the southern intra-transform ITRS 3 segment of the St. Paul trans-
form system up to about 29°W to the west, and 24°30′W to the east.

The westernmost part of the segment reveals oblique ridges trending NW-SE between ∼28°30′W and 27°W, 
and a single, 75-km-long, 10-km-wide corrugated surface in the northern half of the segment between 27°W 

Figure 5.  Perspective views of four structures of the east flank of the St. Paul ITRS 3. The left panels correspond to the bathymetry images and the right panels 
correspond to the reflectivity images. (a) 3D view of RE1, the ridge closest to the axis. The flat and smooth undetermined area (SUA) between RE1 and E1 is visible, 
as well as limited volcanic terrains (VT) in the axial valley. (b) 3D view of the first off-axis ridge E1. No corrugation is visible on this smooth convex flank toward the 
east. Its splitting scarp is characterized by the ridge line overhanging the steep west-facing flank. The abandoned axial valley separating E1 and E2 is also observable. 
(c) 3D view of the ridge E2, interpreted to be the termination side of OCC2. We note the steep dip of the convex flank, which appears smooth and corrugated. (d) 
3D view of the ridge E3. All perspective projections have been realized with GLOBE software (Poncelet et al., 2022). See Figure 2c for the locations of the different 
viewpoints. Same abbreviations as in Figure 4.

Figure 6.  (a) Summary of interpreted tectonic/structural features on shaded bathymetry map. The color scale is the same as that in Figure 1. Symbols of the main 
structures as in Figure 2. Volcanic terrain corresponds to area where volcanic features are clearly identified. Volcanic interpreted areas represent areas where no 
morphological evidence of volcanism (like cones, hummocky seafloor…) is observed but where the backscatter, LDL thickness and dives observations (Hekinian 
et al., 2000) suggest a volcanic seafloor. The yellow line represents the location of the cross section in the bottom inset. (b) Interpretative cross section showing the 
large structures of the St. Paul ITRS 3 based on bathymetry, sampled rocks and gravity data (see text). The different surfaces colored in orange, blue, green and pink 
delimit the detachment surfaces. The corresponding split portions of the detachment with terminations are drawn with the same colors on the eastern side. The black 
lines mark normal faults. The splitting normal faults represented in red are the normal faults closest to the structural splitting scarp (S). In this figure and following, 
we adopt a detachment fault dip of 60° below the anchoring point (Anderson, 1951; MacLeod et al., 2009; Reston & Ranero, 2011; Schoolmeesters et al., 2012) VE: 
Vertical Exaggeration (here X3).
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and 26°33′W (Figure 1c). The long, corrugated surface reaches depths of only 2,000 m in some points and its 
eastern end near 26°33′W is marked by a scarp affected by several large landslides (Figure 2). Between 26°33′W 
and 26°20′W, eroded ridges oblique to spreading are also bounded to the east by a large scarp. This morphology 
reveals that spreading along the segment was accompanied by oceanic core complex formation between about 10 
and 6 Ma. We compare the structures on the west flank with the conjugate structures on the east flank to constrain 
the evolution of the accretionary processes in the last ∼6 Myr. Because we do not have enough information (e.g., 
rock samples) about the older area and the potential conjugate part to the east (∼24°40′W), we focus on the struc-
tures between 26°20′W and 24°47′W, which are discussed in the following paragraphs.

In the studied area, the seafloor morphology of both flanks presents a sequence of prominent flat or domed, long 
and smooth surfaces, as well as smaller structures characterized by broad, smooth and rounded ridges or massifs 
(Figures 1 and 2). Numerous fragments of smooth surfaces free of volcanic cones typical of detachment footwalls 
(Figure 2) show undulations of variable width, elongated parallel to the spreading direction, which we interpret 
to be corrugations of long-lived detachment faults (OCC). However, the corrugated surfaces observed on the 
western ridge flank do not show the termination geometry and terrain roughness contrast at the base of typical 
detachment surfaces or at breakaways. Instead, they are interrupted by large high-angle normal faults, and narrow 
and smooth basins. Features showing a “termination” morphology are instead present on the opposite, eastern 
flank. Also, most of the ridges and massifs observed on both flanks show an oblique orientation with respect to 
the transform faults or fracture zones. Only the most recent structures appear to be perpendicular to spreading.

Volcanic constructions are very rare. We observe clear volcanic zones characterized by rough terrains, hummocky 
ridges and conical volcanoes (Figure 2) associated to a high backscatter (Figures 4 and 5; Figure S1 in Supporting 
Information S1), only in few places, close to the present-day axial valley and in the valley itself. Samples confirm 
the volcanic nature of some of these units (Hekinian et al., 2000; Maia et al., 2014; Schilling et al., 1994, 1995).

Mass wasting features and erosional gullies are also frequently observed on the flanks of all bathymetric highs, 
sometimes making it difficult to identify the original structures. These features have variable dimensions, and 
some are similar to subaerial or other submarine landslides (Cannat et al., 2013; Tucholke, 1992). These remo-
bilized areas are characterized by high reflectivity, and often contrast with homogeneous, low backscatter and 
smooth areas corresponding to the exhumation surfaces (Figures 4 and 5).

4.1.  Ridge Axis Morphology and Structure

The 23 km-long axis of the southern intra-transform segment extends from 0°34′N to 0°46′N around 25°28′W 
(Figures 1 and 2). The rift valley has a narrow hourglass shape, about 4,500 m deep in its central part, becoming 
wider and deeper toward the segment ends where large nodal basins reach 5,200 m in depth to the north, and 4,850 m 
to the south. Across axis, the topographic relief between the rift shoulders and the axial floor is about 1,600 m, larger 
than the average of the segments of the MAR between 15°N and 37°30′N (Thibaud et al., 1998). The axial valley 
floor is characterized by the brightest reflectivity, highlighting recent volcanics, scarps and talus (Figures 4a and 5a; 
Figure S1 in Supporting Information S1). The spreading axis is located near the center of the axial valley and near the 
eastern wall toward the segment southern end, with sparse hummocky terrain and individual volcanoes observed in 
the deepest parts of the axial valley (Figures 2, 4, and 5; Figure S1 in Supporting Information S1). During submers-
ible dives (see locations on Figure 3a), Hekinian et al. (2000) observed a series of active fissures oriented N340° 
and N-S, disrupting a thin sedimentary cover, and glassy lava flows on the valley floor at the base of the east wall, 
confirming that recent volcanic structures are present on the eastern part of the axial valley. They concluded that the 
volcanic activity is weak and sporadic, producing only small volumes of lava. The gravity-derived LDL is thinner 
than the 6 km average, with values ranging from 4.3 to 5 km below the northern and the southern nodal basins, 
respectively, and 2.8 km in the central part of the axial valley (Figure 3b). This unusual LDL pattern is discussed later.

The eastern wall of the axial valley consists of a dome-shaped bathymetric high affected by west-dipping normal 
faults oriented N140–150°E, N-S, and N110°E, and by mass-wasting (Figures 2b and 5a). The normal faults in 
the northern part of the segment are more numerous than those in the south. These faults do not form a pattern 
of linear, ridge-parallel abyssal hills. The bathymetric dome, called RE1, is topped by an axis-parallel ridge that 
culminates at ∼2,700, 1,900 m above the axial valley floor. Conical seamounts are observed in the northern 
part of the structure (Figures 2c, 5a, and 5b). The samples dredged at the southern top of the east valley wall 
(COL-DR29) are mostly fresh glassy basalts (Figure 3a). During a submersible dive on the east valley wall near 
the center of the segment, Hekinian et al. (2000) observed basaltic rocks, pillows and doleritic dykes exposed 
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along faults in the upper part of the section, but also peridotites, associated with basalt and doleritic dykes, as well 
as gabbroic veins, often associated with normal faults, in the middle part of the slope. These observations suggest 
the presence of a thin basaltic layer, not exceeding 150 m, overlying deeper crustal and mantle rocks (Hekinian 
et al., 2000). This thin basaltic area does not present any well-defined seamount or volcanic structure but does 
show a high reflectivity (Figure 5a). The eastern valley wall is less homogenous than the smooth and domed slope 
on the western flank of the axial valley. The results of the gravity inversion suggest a thickness between 4 and 
6 km for the LDL. The LDL is thin where peridotite and gabbro have been observed, and slightly thicker in the 
northern part of the valley wall. This gravity signature can be generated by either crustal material or serpentinized 
mantle, underlying this bathymetric high. Based on seafloor morphology, the nature of the dredged samples and 
dive observations, we interpret the near-normal RE1 LDL thickness as resulting from the contribution of altered, 
mantle-derived peridotites covered by a thin layer of magmatic crust. We posit that the ridge RE1 likely results 
from the displacement along a west-facing detachment fault, which uplifted the volcanic terrain formed at the 
ridge axis and now observed along the breakaway BE1 (red thick dashed line in Figures 2, 3, 5, and 6). The RE1 
termination is located at the bottom of the smooth domal surface (TE1, ∼25°26′W), is covered by mass wasting 
and recent volcanics, and affected by numerous normal faults (Hekinian et al., 2000).

The western valley wall has a smoother slope than the eastern wall and forms the side of a broad and rounded 
ridge, RW1, which extends over the entire length of the segment and reaches 2,400 m above the axial valley 
(Figures  2b, 3, and  4a). The ridge culminates at 2,140  m depth and is oriented N160°E. Nautile dives and 
near-bottom videos from the northern axial valley wall, close to the ridge-transform intersection (RTI) and on 
the southern part of the wall, show abundant peridotite outcrops mixed in some places with a thin basaltic layer 
(Figure 3a) (Hekinian et al., 2000). Some small areas of rough terrain, interpreted to be volcanic, are observed 
west of the ridge crest in the bathymetry, and outcrops of peridotite and gabbro with a thin or absent sedimen-
tary cover have also been observed by a deep-towed camera survey on the western flank of RW1 (SCAMPI 09, 
D’Orazio et al., 2004 from R. Hekinian & B. Sichler, Personal Communication; Hekinian & Juteau, 1997). The 
thickness of the gravity-derived LDL ranges from 2.8 to 5.5 km, with the thinnest areas located on the east flank 
of the structure and the thickest on its southwest flank (Figure 3b). The area of thinner LDL extends into the axial 
valley floor in the center of the segment and corresponds to the thinnest LDL values along the axis floor.

From these observations and the smooth, nearly symmetrical ridge morphology, we interpret the RW1 ridge to be 
a narrow exhumed ridge bounded to the east by an east-facing detachment fault. We interpret the change in slope, 
prominent in the center of the segment, to be the termination of the detachment fault (red thin line with ticks and red 
and blue dashed line in Figures 2b, 3, 4a, and 6). The thin LDL extending from the center of RW1 to the valley floor 
supports the absence of magmatic crust on this side of the ridge axis, and therefore the interpretation as a detachment 
fault. The ridge crest delimits the breakaway of this fault (BW1, ∼25°34′W). The fault scarp appears to have been 
eroded, as shown by the numerous gullies. Only a few other normal faults were mapped on this side of the axial valley.

4.2.  Off Axis Morphology and Structure: the Western Ridge Flank

The morphology of the western flank of the segment is dominated by smooth surfaces separated by heavily 
faulted lows and areas with rugged topography (Figures 1 and 2). Between 26°20′W and the present-day ridge 
axis, the morphology alternates large and smooth bathymetric highs and narrow lows extending over the whole 
length of the segment (Figures 2, 4, and 6). Moving west from RW1, a couple of ridges are observed (named RW2 
and W1). We identify two structures, named W2 and W3, displaying smooth morphology and spreading-parallel 
corrugations, which we interpret to be fragments of detachment surfaces.

The ridge RW2 has steeper flanks and is narrower than RW1, except for a domed eastern flank in the north. It is 
oriented N160°E, that is, slightly oblique to the orientation of the axis, and displays a smooth western flank and 
an irregular eastern flank affected by faults oriented N40–45°E. It reaches the depth of ∼3,000 m and is sepa-
rated from RW1 by a narrow basin (Figures 2, 4a, and 6). Between the two ridges, a smooth undetermined area 
surrounds some conical seamounts and hummocky terrains that form one of the rare prominent volcanic terrains 
observed off-axis in the whole study area. The LDL thickness is asymmetric, with low values (4.5 km) to the north 
and slightly higher values (6 km) to the south. We interpret the ridge RW2 to consist of exhumed, mantle-derived 
rocks. It is difficult to delimit with certainty the detachment fault bounding the structure. However, the significant 
changes in the morphology of this ridge can be used to delimit its breakaway and termination. The ridge crest is 
identified as the breakaway (BW2, ∼25°40′W) of this small detachment and the break of slope to the east of this 
structure is inferred to be its termination (Figures 2b, 4, and 6).
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Between 25°44′W and 25°49′W, we observe two elongated ridges parallel to RW1 and RW2, merging to the 
south into a single ridge, altogether forming a complex feature, which we called W1 (Figures 2, 4b, and 6). 
The two ridges, separated by a roughly oval-shaped basin, display similar characteristics. Their flanks are 
formed by smooth surfaces without traces of corrugations or volcanic morphology. A dredge haul on the 
south-western part of the western ridge (COL-DR30) contained several blocks of gabbroic rocks (Figure 3a). 
Gabbro mylonites reveal that the rocks underwent strong ductile deformation starting close to magmatic condi-
tions. Rocks derived from a basaltic dike were also collected in the dredge. The gravity inversion shows that 
the ridge is located in an area of thin LDL (3.5–4.6 km) (Figure 3b). We interpret the whole W1 feature to 
represent a heavily faulted detachment surface, and the crest of the westernmost ridge to be its breakaway 
(BW3, ∼25°49′W). This detachment surface does not show a termination, but is bounded to the east by a large 
high-angle normal fault scarp. The W1 feature is separated from RW2 by a large basin with rough morphol-
ogy and smooth and homogeneous reflectivity associated with low values of the LDL thickness (3.2–4.7 km), 
which could consist of highly fractured and dismantled altered mantle, possibly coated with a thin layer of 
volcanics and sediments.

West of W1, we observe two fragments of smooth surfaces displaying low reflectivity and traces of corruga-
tions, which we interpret as parts of long-lived detachment surfaces. These two corrugated surfaces, about 26 
and 28 km-wide respectively, extend from 25°50′W to 26°03′W (W2), and from 26°06′W to 26°20′W (W3) 
(Figures  2, 4, and  6). Like W1, the structures do not present the entire morphology of typical oceanic core 
complexes. The corrugated surfaces are dissected by normal faults and do not display clear terminations but 
east-facing high-angle normal fault scarps instead. As for the previously described RW1 to W1 structures, these 
OCC fragments are bounded to the west by smooth and very narrow basins, parallel to the spreading axis and 
about 500 m deeper than the surrounding topography (Figures 2, 4, and 6). These probably partly result from the 
rotation of the detachment faults during their development.

The smooth W2 detachment surface shows few discontinuous corrugations in its northern part, 50–100 m in 
amplitude, spaced by 1–1.5 km (Figures 2, 4c, 4d, and 6). The breakaway (BW4, near 26°03′W) is a relatively 
sharp ridge roughly parallel to the present-day ridge axis and is characterized by a smooth morphology, without 
clear volcanic features. The west-facing slope of this breakaway dips about 20°, and its southern part has been 
disrupted by mass wasting. Several ridge-parallel, east-dipping normal faults cut the corrugated surface, creat-
ing a topography of small horsts and grabens. The samples retrieved at the eastern side of W2 (COL-DR31) 
are very similar to those of dredge COL-DR30, that is, variably deformed gabbroic rocks (Figure 3a). Over 
the entire southern part of this detachment surface, highly affected by landslides and mass-wasting, the LDL 
thickness is ∼2 km (Figure 3b). The northern smooth and partly corrugated part presents a thicker LDL (from 
4.3 to 4.5 km).

The second corrugated surface, W3, is very flat, smooth and displays the most prominent corrugations of the study 
area (Figures 2, 4d, 4e, and 6). As W2, the western end of this structure is marked by a sharp ridge (∼26°20′W), 
which has a west-facing slope dipping about 20°, displaying secondary, west-dipping faults (Figures 2 and 6), and 
which could correspond to its breakaway (BW5). As for the breakaway of W2, we do not observe clear volcanic 
morphologies and this ridge is characterized by smooth surfaces on both sides. The northern and southern flanks 
of this structure are largely affected by erosion and mass wasting, which probably highly reduced the area of the 
original smooth and corrugated surface (Figure 4e). The gravity-derived LDL shows slightly higher thickness 
values (∼6.6 km) in the central part of the structure. To both west and east, the LDL thickness decreases to ∼3 km 
near the breakaway ridge and 5.4 km near a normal fault bounding the structure to the east. Although we have no 
direct evidence for the nature of the rocks, the thickness of the LDL and the presence of clear corrugations suggest 
that the W3 structure is part of a typical OCC including gabbros and probably some serpentinized peridotite, 
which can lead to overestimate the LDL thickness along W3.

4.3.  Off Axis Morphology and Structure: The Eastern Ridge Flank

East of RE1, we observe a small area of volcanic seafloor ∼3 km wide characterized by high and heterogeneous 
reflectivity (Figure 5b). To its east, an area ∼10-km-wide displays smooth terrain with gentle topographic relief, 
no clear volcanic structure or faulting pattern, slightly heterogeneous acoustic backscatter, and no evidence for a 
detachment surface or abyssal hills (Figures 2c and 5a). The LDL here is ∼5.5 km thick (Figure 3b). We posit that 
this area, named “smooth undetermined area,” is mainly composed of deep crustal or mantle rocks with a very 
thin basaltic cover producing a smooth and relatively flat morphology.
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Further east, three prominent ridges, which we have labeled E1, E2, and E3 from west to east, show a half-dome 
asymmetric morphology. Their western flank is marked by a steep, west-facing scarp sub-parallel to the axis, 
sometimes associated with a rather smooth and faulted bulge. Their convex eastern flank is marked by smooth 
surfaces typical of OCC surfaces and terminations. The east-facing detachment surfaces of E2 and E3 also show 
prominent corrugations (Figures 2, 5, and 6). From west to east, these three structures are ∼21, 14, and 12 km 
long, respectively, and their summits reach depths of ∼2,500 m. They are separated by saddles or basins ∼6 km 
wide reaching depths between 3,700 and 4,000 m (Figures 2, 5, and 6).

The first off-axis ridge on the east flank, E1, near 25°12′W (Figures 2, 5b, and 6), extends to almost the entire 
segment length. It is shallower and wider in its southern part. It shows a steep west-facing flank, with a rough 
morphology marked by normal faults and massive landslides (Figures 2 and 5b). The eastern side of the ridge, 
convex to the east, has a smooth morphology with a high and homogeneous reflectivity area that suggests recent 
mass wasting. We associate a change in slope and reflectivity at its base with the termination of an east-facing 
detachment. The ridge E1 is associated with a 4.9–5.9 km-thick-LDL (Figure 3b). Dredge COL-DR28, on the west-
ern scarp of the ridge, near its central part, returned a large block of olivine gabbro (Figure 3a). East of the E1 ridge, 
the bathymetry shows a 3,600 m-deep low displaying a smooth seafloor, which also extends over the entire length 
of the segment (Figures 2, 5b, and 6). The LDL thickness here is about 5.5 km on average (Figure 3b). This basin 
is interpreted to have been the axial valley when the detachment fault was active, forming E1, now abandoned.

Near 25°06′W, the ridge E2 displays a half-dome morphology and a topographic profile similar to E1, with a 
steep western flank and a smooth eastern flank (Figures 2, 5c, and 6). The convex eastern ridge side is smoother 
than that of the E1 ridge and shows well-marked corrugations. The LDL is relatively thin on the northern part 
of the ridge (∼4.6 km), where the dredge COL-DR27 was realized, and slightly thicker (5.3 km) on its southern 
part (Figure 3). On the western flank of the E2 ridge, dredge COL-DR27 sampled rocks with variably deformed 
crustal lithologies (Figure 3a), including mylonitic serpentinites, which document a shear zone active from high 
T (>800°C, de Brito, 2019) to sub-seafloor conditions. A gabbroic mylonite sample contains boudins of a micro-
crystalline gabbroic ultramylonite (see sample picture in Figure S3 in Supporting Information S1), suggesting 
multiple shearing events in a fluctuating thermal field. We interpret this side of E2 ridge as a section across the 
shear zone beneath the exhumation surface while the base of E2 eastern flank corresponds to the termination 
of the detachment fault. The ridge E2 is also bounded by a bulge at the base of its western flank, mostly due to 
erosion and mass wasting. The bounding bulge presents the same LDL signature as the ridge, suggesting that it is 
composed mainly of lower crust or serpentinized peridotites. Moreover, as for the basin east of E1, we interpret 
the elongated basin just east of E2 and associated with a ∼6 km-thick LDL to be the ancient axial valley coeval 
to the activity of the E2 detachment.

We observe a third ridge, E3, near 24°53′W (Figures 2, 5d, and 6). Ridge E3 displays the same morphology as 
the E2 ridge: a convex, half-dome eastern flank with smooth morphology and corrugations, and a rougher and 
steeper western flank associated with a bulge. Eastward, the ridge is surrounded by flat and deep basins. The 
half-dome ridge as well as the associated bulge correspond to an area of thin LDL, among the lowest values 
estimated in this area (∼2.7 km) (Figure 3b). Eastward, the basin is underlain by a variably thick LDL (3.2 km in 
the south to 6.7 km in the north). Dredge COL-DR26, on the southern part of the ridge eastern slope, recovered 
a high diversity of rocks: basalt, gabbro, serpentinites and mylonites showing variable degrees of deformation 
and weathering (Figure 3a). As for E2, we interpret the ridge E3 to represent the terminal part of a detachment 
surface and the eastern basin, an ancient axial valley coeval with the detachment. The very round bulge on the 
western side of the structure is larger than the ones observed for E1 or E2, and larger than an expected talus. The 
very thin LDL (∼2.5 km) suggests that it could consist of deep crustal or mantle rocks from the core of the OCC 
dome, after the erosion of the detachment surface.

The easternmost bathymetric high in the study area forms a nearly circular structure from 24°46′W to 24°30′W, 
bounded by a NW-SE-trending ridge on the east and a smaller ridge oriented N160°E. This oblique feature, 
covered in part by sediments, was not sampled by dredging.

5.  Discussion
Our observations reveal an overall magma-poor spreading at the southern intra-transform ridge segment of the St. 
Paul system, dominated by detachment faults and exhumation of lower crustal and mantle rocks. The structural 
patterns are very asymmetric with respect to the ridge axis, and they appear to vary with time within our survey 
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area. We discuss a scenario for the generation and evolution of the structures from old to young seafloor, their 
frequent obliquity, and the implications for the magma budget of this short intra-transform segment.

Because of the strong asymmetry of the structures between either ridge flanks, the proximity to the magnetic 
equator and the delayed magnetization of the peridotite during its serpentinization (Sichler & Hékinian, 2002), 
strict temporal constraints cannot be easily inferred. An age of ∼6 Myr can be estimated for the seafloor near 
26°20′W on the western ridge flank, by assuming a constant and symmetric full spreading rate of 32 mm/y 
(DeMets et al., 2010). The matching structures on the eastern flank extend to about 24°45′W, or about 5 Ma with 
a similar age estimate. As explained in the following sections, we believe that within these boundaries, the struc-
tures on either side of the axis are conjugate and we suggest a scenario for the development of the segment since 
that time. The overall study area for this segment extends to about 10 Ma on the western flank.

5.1.  Reconciling the East and West Flanks: Evolution of the Ridge Segment From About 6 to 1.5 Ma 
Through Oceanic Core Complex Development and Splitting

We showed in Section 4 how most of the observed ancient features on each ridge flank could be interpreted 
as partially dismembered areas of detachment faults or OCCs. The distribution of these features appears to be 
strongly asymmetric on the two flanks of the ridge. Breakaways and smooth corrugated surfaces are observed 
on the west flank, bounded to their east by large east-facing scarps (Figures 4c, 4d, 4e, and 6) while “half-dome” 
terminations are identified on the east flank, bounded to their west by west-facing scarps and associated to some 
irregular terrains (Figures 5b, 5c, 5d, and 6). We interpret this asymmetric distribution as resulting from the 
repeated splitting of the young part of east-dipping low-angle detachment faults related to three OCCs (Figures 7 
and 8). Assuming that the detachment surfaces observed on either flank once formed continuous OCCs, we tenta-
tively match the conjugate components to reconstruct the former OCCs (Figure 7).

The oldest corrugated surface W3 (west flank) and the E3 half-dome (east flank) once formed a single OCC (OCC3, 
Phase 1, Figure 7). Similarly, the W2 corrugated surface (west) has its corresponding termination E2 on the east 
flank, and both structures formed OCC2 in the past (Figure 7). The W2 detachment surface appears partially rifted, 
forming several horsts, implying that OCC2 was affected by extension before being split by a new detachment fault. 
Axis-parallel scarps bounding E3 and E2 to the west mark the location of the main ruptures and the limits of the 
transferred lithospheric blocks; we named these scarps “splitting scarps” (Figures 2c, 5c, 5d, and 6). East of E2, there 
is no evidence for well-developed volcanic abyssal hills that would have been coeval to the development of OCC2. 
This observation suggests that the magma supply remained relatively low during its development, and that the 
accretion was highly asymmetric, with mostly gabbro emplacement at depth in the footwall and very low volcanism.

On younger seafloor, the observed morphologies suggest that W1 and E1 once formed OCC1, generated during 
Phase 5 then faulted and split during Phase 6 (Figure  7). The tectonic origin of these structures is supported 
by sampling of variably deformed gabbros on both E1 and W1, suggesting tectonic exhumation as the main 
crust-building process. The absence of corrugation on this OCC might reflect a lower melt supply compared to 
typical OCCs, with a lower rheological contrast between footwall and hanging wall preventing the formation of 
corrugations (Spencer, 1999; Spencer & Ohara, 2008, 2014; Tucholke et al., 2008). Alternatively, the formation of 
corrugation might be due to a “brittle factory” located at a depth of ∼4 km along the detachment fault (Parnell-Turner 
et al., 2018), so that the juvenile portion of a detachment does not show any corrugations. This OCC-type feature 
may correspond to a short-lived detachment fault, now highly eroded and disrupted by normal faults.

The rifting of an OCC has been described by Reston et al. (2002) and Planert et al. (2010) along the MAR near 5°S, 
where two corrugated massifs on either side of the ridge axis show morphologies very similar to those described 
here (OCC1, OCC2, and OCC3). Based on seismic tomography data analysis, Planert et al. (2010) suggested that 
the rifting of the 5°S MAR OCC was associated with a very low melt supply. Different mechanisms have been 
suggested to stop the development of detachment faults, such as the associated bending stresses becoming too 
large (Buck et al., 2005; Lavier et al., 2000), or a sudden increase of the magma input (MacLeod et al., 2009), or 
more precisely, increased magma input in the brittle layer (Olive et al., 2010). In the former case, a new fault forms 
in the hanging wall or in the footwall of the original detachment, usually, but not necessarily, with an opposite 
sense, in a “flip flop” dynamic (Lagabrielle et al., 1998; Reston, 2018; Sauter et al., 2013). In the second case, the 
spreading becomes accommodated by diking and formation of ridge-parallel volcanic abyssal hills.

In our case study, we do not observe significant volcanic constructions between the detachment surfaces, while 
the development of extensional faulting within the OCC (e.g., W2, Figures 4c and 4d) suggests a decreased 
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Figure 7.
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magma supply during inter-OCC phases. The observation of peridotites or highly deformed deep crustal rocks 
near the termination of the detachment faults in the half-dome ridges suggests that the abandonment of these 
faults may coincide with periods of low magma input, with fewer gabbros emplaced at depth. From numerical 
models, Tucholke et al.  (2008) or Olive et al.  (2010) showed that a detachment fault can lock in a context of 
low M ratio. They show that when the M ratio reaches values below 0.5, the detachment fault termination (plate 
boundary) tends to progressively migrate toward the hanging wall, producing an asymmetry in the spreading and 
in the thermal structure of the ridge axis. Heat advection to the footwall, associated with the increase in the bend-
ing stresses, leads to the break-off of the footwall. In these authors’ models, a new master fault takes over plate 
separation and creates a new detachment surface. This same model shows that if the M ratio reaches values as low 

Figure 7.  Kinematic model for the St. Paul ITRS 3 from (a) a top view and (b) a cross section view where the different stages of spreading are identified by colored 
solid lines. Thicker solid lines indicate active detachments. Dashed solid lines represent the inactive detachment faults. The cartoon of the latest phase (phase 8) is 
produced from the current bathymetry. The vertical exaggeration is X2. The different phases represented were chosen to show the most important steps of the segment 
evolution. See Section 5 for details. The orange triangle represents the area of magma production zone at plate separation. The lighter and darker triangles represent the 
reduction of melt supply at the ridge axis (see part 5.1 and Figure 8 for more details). Phases 1, 3, and 5 correspond to the phases of the generation of OCC3, OCC2, 
and OCC1. Phases 2, 4, and 6 correspond to the rifting of these structures ending in westward spreading axis relocation. Phase 7 shows the beginning of the successive 
formation of short-lived detachments with no evidence of splitting. Phase 8 corresponds to the present-day spreading mode with the presence of short-lived detachment 
faults on each flank of the ridge. Because they are identical to phases 2 and 3, phase 1 (development of OCC3), phase 4 (rifting of OCC2 and spreading relocation) and 
phase 5 (development of OCC1) are not represented in order to facilitate the reading of the figure.

Figure 8.  Schematic cartoon illustrating the development and termination of the OCCs observed along part of ITRS 3 
since 6 Ma. The left part of the cartoon corresponds to a cross section view and the right part corresponds to a view from 
the top. (a) Initial stage showing the birth of the OCC and growth of the detachment fault. The magma supply is relatively 
low but enough to ensure the emplacement of gabbros at the OCC core. The value of M (ratio of magma input to tectonic 
deformation accommodating the ridge spreading) is likely between 0.5 and 0.3 (Tucholke et al., 2008). (b) Growth of the 
OCC as the melt supply at the ridge axis decreases. During this time, the plate boundary (termination) tends to migrate 
toward the hangingwall because no magmatic accretion occurs on the eastern side of the axis. (c) The excessive eastward 
migration of the footwall brings the OCC dome to override the region of heat focusing over the area of magma production 
zone at plate separation. Bending stress and heat excess in the footwall leads to the formation of one or several new normal 
faults and the relocation of the ridge axis in the footwall. (d) The OCC is rifted and the block comprising the termination, 
accompanied by the abandoned axial valley, is drafted away on the eastern flank of the ridge. Since there is no increase in the 
magmatic input compared to the initial stage, a new OCC is formed during the creation of a new axial valley. The breakaway 
of this new detachment is forming in the previous detachment, thus explaining the absence of volcanic hummocky terrains on 
the outer flank of the breakaways. The abbreviations correspond to: Hanging Wall (HW); Split Detachment (SD and SD’). As 
in Figure 7, the orange triangle represents the area of magma production zone at plate separation. The top view is based on a 
figure from Hayman et al. (2011) and the cross-section view is based on a figure from Macleod et al. (2009).
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as 0.3, the detachment fault termination will migrate faster in the direction of the hanging-wall associated with an 
increasing number of high-angle normal faults intersecting both the hanging wall and the footwall.

We infer that the evolution of OCCs 1–3 in our survey area can be described by such a mechanism, summarized 
in Figure 8. The low magma supply (0.5 < M < 0.3) leads to the migration of the detachment in the direction 
of the hanging wall, bypassing the area of plate separation in the mantle (Figure 8b). The decrease in magma 
supply at the base of the detachment fault stops the motion along the main fault, leading to extension within the 
footwall (Figure 8c). This internal extension is focused on the line of maximum heat advection, that is, the area 
of magma production zone at plate separation (orange triangle in Figures 7 and 8), generating the rupture of the 
footwall along one or several high-angle normal faults (Figures 8c and 8d). The axis relocation splits the OCC, 
leaving the faulted corrugated surface with the breakaway on the west flank, and the abandoned axial valley with 
the half-dome termination morphology on the east flank (Figure 8d). Part of the old detachment, west of the new 
axis, is re-mobilized near the breakaway by the new detachment. This scenario explains the absence of a volcanic 
hummocky morphology on the outer flank of the breakaway.

In this scenario, the asymmetry implied by the motion on large-offset detachment faults is partly compensated 
by the westward plate boundary relocation on new detachment faults, which transfers portions of the western 
flank lithosphere to the eastern flank. Considering the ∼20–30 km widths of the present-day axial valley and of 
the detachment fragments on the east flank, and given the 30 km/Myr full spreading rate, we estimate that these 
processes take place in the axial domain, every ∼1.5–1 Myr. The mechanism sketched in Figure 8 appears to 
have repeatedly acted, leading to the splitting of W3-E3, W2-E2, and W1-E1 systems, so that this mechanism 
is probably generic of OCC termination in the context of low melt supply, as suggested by Planert et al. (2010). 
The presence of rifted OCCs is therefore likely observable along other ridge sections presenting these particular 
conditions.

5.2.  Recent Spreading Phase: Formation of Short-Lived Detachment Faults

Both axial valley walls are formed by uncorrugated and short-lived detachment faults (RW1 and RE1, horizontal 
offset of ∼5.7 and ∼3.6 km respectively). The flipping polarity of successive detachment faults marking the plate 
boundary is usually proposed to explain two detachments facing each other (e.g., Cannat et al., 2006; Escartin 
et al., 2008; Reston, 2018; Sauter et al., 2013; Schroeder et al., 2007; Tucholke et al., 2008). Due to their proxim-
ity with the ridge axis, one of the detachment faults that formed RW1 or RE1 is likely to be still active but both 
surfaces are affected by erosion and mass wasting, so that it is not possible to identify an active fault without any 
seismic study of the area. Because the detachment surface of RW1 observed on the west flank is smoother, less 
affected by landslides and normal faults (Hekinian et al., 2000) than that of RE1, we interpret the ridge RW1 as 
the most recent detachment structure. Moreover, the RW1 detachment fault shows the thinnest portion of LDL 
at the ridge axis (Figure 3b), consistent with low magmatism and thin lithosphere associated with a recent fault 
(Behn & Ito, 2008; Escartin et al., 2008).

The volcanic structures on the bottom and to the east of the axial valley (Figures 2, 4a, and 5a) are also recent 
to present-day features, and likely coeval to the detachment in the west (RW1), altogether representing the most 
recent spreading phase (Figure 7, Phase 8). The western flank of the ridge RW1 (west of BW1; Figures 2, 4a, 
and 4b) presents a small volcanic area with seamounts and appears to be the coeval western portion of the detach-
ment fault that formed RE1. We note that both the breakaways of RE1 and RW1 have volcanic surfaces, indicating 
that they have been uplifted from a volcanic seafloor with a very thin basaltic layer, such as what was observed 
by Hekinian et al. (2000) in the near-axis area.

Farther away from the axis on the western flank, we interpret RW2 to be a ridge resulting from a previous 
short period of mantle-derived rock exhumation. The absence of clear corrugated surfaces or hummocky terrains 
suggests limited magma emplacement during the exhumation of RW2. The coeval portion to the east is possibly 
represented by the flat and smooth area between RE1 and E1 and interpreted to consist of lower crustal and 
mantle rocks covered by a thin basaltic shell. These features, derived from mantle exhumation and sparse volcan-
ism, are also included in Phase 8 (Figure 7).

The recent spreading phase therefore appears to be dominated by detachment faults that have been active over 
shorter periods of time (offset less than 6 km) compared to the previous spreading phases presented in this study. 
Moreover, the recent short-lived detachment faults (RE1, RW1, and RW2) present complete detachment struc-
tures with no evidence for splitting. We propose that the chronological order of formation of the structures was 

 15252027, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010870 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [17/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

VINCENT ET AL.

10.1029/2023GC010870

19 of 23

RW2, then RE1, and finally RW1, so that the polarity of the detachment faults has flipped from one flank to the 
other, producing a symmetrical accretion over time (Figure 7).

The structures described for the recent segment evolution show some similarity with the “smooth seafloor” 
described in areas of amagmatic mantle exhumation along the eastern Southwest Indian Ridge (SWIR; Cannat 
et al., 2006; Sauter et al., 2013). The smooth ridges RW2, RW1, and RE1 appear to consist largely of peridotite 
and display a nearly symmetrical morphology. However, the smooth ridges observed along the SWIR present 
exhumed peridotite surfaces on both flanks due to their emergence from an earlier detachment fault surface, 
whereas a thin cover of basalt is observed on some of the breakaways and in the axial valley in our study area. 
This observation suggests that the detachment faults are coeval with some volcanic activity but producing only a 
very thin volcanic layer (Hekinian et al., 2000; Sichler & Hékinian, 2002).

5.3.  Tectonic Styles, Obliquity, and Asymmetry

The axial valley presents two detachment faults facing each other. The flipping polarity of detachment faults is 
generally observed in amagmatic or nearly amagmatic contexts (Lagabrielle et al., 1998; Reston, 2018; Sauter 
et al., 2013). However, the early detachments in our study area formed consecutively on a single flank of the 
ITRS 3, which suggests that the deformation was controlled by factors other than peridotite deformation. We 
suggest that the various deformation styles observed along the ITRS 3 might reflect the differences in mechanical 
coupling along the transform faults on either end of the spreading segment. In the recent times, the serpenti-
nization of the mantle exhumed on detachment faults likely favors decoupling along the transform faults, thus 
minimizing the role of the transform fault shear stresses. These variations in the role of the transform fault shear 
stresses might also explain the variations in the time of the obliquity of the structures with respect to spreading.

The systematic development of new east-facing detachments on the western side of the axis might be related 
to the difference in offsets of the transform faults bounding the ridge segment, 87 and 33 km for the north and 
south boundaries, respectively. Buck et al. (2005) proposed that large-offset normal faults might be preferentially 
located on the inside corner side of the axis because this setting minimizes the shear strain across the transform 
fault. In the case of our intra-transform ridge segment, it is possible that the larger offset of the northern trans-
form fault compared to the southern one, implying larger shear strain, favors a setting where east-facing detach-
ment  faults on the western flank are favored.

5.4.  Implications of the Observed Structures for the Magma Budget of ITRS 3

The major tectonic pattern described here consists of the repeated split of consecutive OCCs, and the reverse polar-
ity of short-lived detachment faults (Figures 2, 6, 7, and 8) during a period fully dominated by detachment-type 
extension. The seafloor morphology and the gravity-inferred thin LDL on the western ridge flank beyond our study 
area (Figures 2a and 3) suggest that another long-lived OCC formed before 6 Ma. Hence, detachment-dominated 
spreading has possibly characterized the accretionary processes of the ITRS 3 over the last 10 Myr.

The development of oceanic core complexes and “smooth seafloor” ridges as described in the last decades 
has been associated to relatively low magma budgets (M ≤ 0.5) (e.g., Cann et al., 1997; Cannat et al., 2006; 
Ildefonse et al., 2007; MacLeod et al., 2009; Okino et al., 2004; Sauter et al., 2013; Smith et al., 2006; Tucholke 
et al., 1998), and associated more specifically to low magma injection rate in the brittle lithospheric layer (Olive 
et al., 2010). Accordingly, the M ratio between magma emplacement and tectonic stretching in our study area 
is  estimated to range from 0.3 to 0.5, accompanied by significant strain weakening along the large-offset normal 
fault, and reduced thickening of the lithosphere away from the axis (Buck et  al.,  2005; Lavier et  al.,  1999; 
Tucholke et al., 2008).

The gabbro samples collected on the detachment surfaces on the western ridge flank show that the segment 
received some magma and supports the hypothesis that OCCs have a gabbroic core (Ildefonse et  al.,  2007) 
derived from melt injections in the footwall (MacLeod et al., 2009; Manatschal et al., 2011). However, the total 
budget is reduced enough to never allow the formation of a continuous basaltic layer, as suggested by the limited 
amount of volcanic terrains mapped here.

Some observations are supportive of a decrease in melt supply from OCC3 to OCC2. First, the detachment 
surface W3 is not faulted as the surface W2, indicating that the relocation of the spreading axis was entirely 
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focused in the splitting region, probably implying a shorter phase of low magma input compared to the dismantle-
ment of W2. Second, the OCC3 is larger, implying that the detachment has been active over a longer time. Third, 
the presence of more marked corrugations suggests the presence during the exhumation of a more brittle (more 
basaltic and gabbroic) hanging wall over a more ductile footwall (Spencer, 1999). Finally, the LDL thickness 
values along W3 are slightly higher than for the W2 structure (Figure 3b), implying a thicker crust and therefore 
a greater magma supply.

During the recent spreading phase, some sparse volcanic seafloor areas are observed between the exhumed 
surfaces RW1 and RW2 and east of the RE1, forming the breakaway of this exhumed ridge (Figures 2b, 4a, 
4b, and 5a). These volcanic areas could represent possible short-time increases in the melt supply. Significant 
increases of magma supply to the ridge axis would terminate the motion on the detachment, but it would imply 
the creation of thicker basaltic crust and the formation of abyssal hills bounded by high-angle normal faults. Such 
volcanic spreading structures are not observed on ITRS 3 flanks. It is therefore more likely that the recent phase 
has a low magmatic supply, even lower than the earlier spreading phases.

The change from OCCs to smooth ridges suggests that the overall low magma budget decreases from ∼6 to 
∼1.5 Ma. It is here interpreted as reflecting an evolution from a spreading mode with the formation of gabbro-cored 
OCCs with short periods of volcanic activity to short-lived detachments exhuming mainly mantle rocks. This 
later spreading mode is close to smooth seafloor-type structures found along the SWIR but does not reach the 
characteristic amagmatic state (Cannat et al., 2006; Sauter et al., 2013). The intermediate structure is represented 
by OCC1, which we interpret to include less gabbros, and which developed during a lower magma input period 
than typical OCCs, preventing the formation of a long-lived detachment surface and the associated corrugations.

The change in structure and morphology over time is likely controlled by the M ratio. As previously discussed, 
OCCs form for M ratios between 0.3 and 0.5, whereas mantle exhumation and “smooth seafloor” tectonics occur 
where M is lower than 0.3 (Olive et al., 2010; Tucholke et al., 2008). A lower M ratio (<0.3) results in a more 
systematic and faster migration of the detachment termination toward the hanging wall, likely shortening the lives 
of the detachment faults (Tucholke et al., 2008). The recent part of the ITRS 3 with multiple smaller detachment 
faults exhuming peridotite on each flank of the axial valley could therefore reflect a low M ratio, lower than the 
older parts showing long-lived detachment faults.

A decrease in spreading rate during the last ∼6–7 Myr suggested by kinematic models of the South Atlantic (e.g., 
DeMets & Merkouriev, 2019) could account for the decrease in melt production. Another explanation could be a 
decrease in the temperature (Schilling et al., 1995) or fertility of the sublithospheric mantle. Yet another hypoth-
esis is the increase in axial lithosphere thickness due to enhanced hydrothermal cooling that is induced by the 
continuous formation of large-offset faults (Escartin et al., 2008; Olive & Dublanchet, 2020). These hypotheses 
are very likely to be complementary. If an anomalously cold rising mantle reduces the magmatic supply at the 
surface it may initiate the development of detachment fault. The detachment fault will then increase deep cooling, 
further reducing the magmatic input, the M ratio and generating a different mode of spreading. Unfortunately, the 
current data do not allow us to infer the cause of the possible reduction of M with time and further study along 
the ITRS 3 would be necessary for this.

6.  Conclusions
The tectonic, geophysical and petrographic analysis of the St. Paul ITRS 3 reveals that, over the last ∼6 Myr 
at least, the segment has been dominated by the development of detachment faults. The ridge flanks morphol-
ogy shows a progressive change in the segment structure with the presence of fragments of smooth, corrugated 
surfaces in the older part and smaller surfaces exempt of corrugations, and sparse volcanic seafloor in the young-
est part. The rocks dredged on these reliefs mostly include gabbros, peridotites and serpentinites. We propose 
a model of evolution of the segment with a progressive change in the mode of accretion. We suggest that the 
decrease of melt supply over time is the main factor controlling this change. The accretionary processes evolved 
from the development of corrugated OCCs on one ridge flank only to the formation of short-lived detachment 
faults on both flanks, with a transition period that formed a shorter OCC free of corrugations. The older phases 
show the development of large detachment faults forming OCCs, which were split by westward spreading axis 
relocation, leaving parts of each OCC on either ridge flanks. The spreading relocation tends to restore a part of 
the symmetry of spreading following asymmetric spreading along OCCs. As suggested by the recurrence of rifted 
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detachments along part of ITRS 3 since ∼6 Myr, the rifting and splitting of OCC seems to be a generic mech-
anism related to the termination of detachments and is certainly observable along other portions of mid-ocean 
ridges in a context of very low magmatic input.

Data Availability Statement
The gridded geophysical shipboard data set on the South Intra-Transform segment of the St. Paul transform 
system (COLMEIA cruise) supporting the conclusions presented in this manuscript is available via the SEANOA 
archive website (at https://doi.org/10.17882/92690; Maia et al., 2023).
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