
HAL Id: insu-04725702
https://insu.hal.science/insu-04725702v1

Submitted on 8 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Unraveling the link between magma and deformation
during slow seafloor spreading

Yanghui Zhao, Weiwei Ding, Gianreto Manatschal, Xiaodong Wei, Hanghang
Ding, Zhengyi Tong, Jingyan Zhao

To cite this version:
Yanghui Zhao, Weiwei Ding, Gianreto Manatschal, Xiaodong Wei, Hanghang Ding, et al.. Unraveling
the link between magma and deformation during slow seafloor spreading. Tectonophysics, 2024, 889,
�10.1016/j.tecto.2024.230473�. �insu-04725702�

https://insu.hal.science/insu-04725702v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Tectonophysics 889 (2024) 230473

Available online 20 August 2024
0040-1951/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Unraveling the link between magma and deformation during slow 
seafloor spreading

Yanghui Zhao a,**, Weiwei Ding a,b,*, Gianreto Manatschal c, Xiaodong Wei a, Hanghang Ding d,  
Zhengyi Tong d, Jingyan Zhao a

a Key Laboratory of Submarine Geosciences, Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou 310012, China
b School of Oceanography, Shanghai Jiao Tong University, Shanghai 200030, China
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A B S T R A C T

Detachment faulting related to oceanic core complexes (OCCs) has been suggested to be a manifestation of slow 
seafloor spreading. Although numerical models suggest OCCs form under low magma supply, the specific 
interaction between magmatism and tectonic faulting remains elusive. This paper examines seismic observations 
detailing the spatiotemporal interactions between magmatism, high-angle faulting, and detachment faulting at a 
slow-spreading mid-ocean ridge in the West Philippine Basin. We identified a magma-rich spreading phase, 
indicated by a magmatic top basement and oceanic crust with shallow-penetrating high-angle normal faults. An 
axial valley reveals an along-strike transition from magmatically-dominated to highly tectonized oceanic crust 
over a distance of 70 km. Two older OCCs with concave-down fault geometries and a younger OCC with steep- 
dipping faulting suggest sequential detachments with the same polarity. Our findings suggest: (1) slow seafloor 
spreading alternates between high-angle faulting with a relatively high magma supply and detachment faulting 
with a limited magma supply; (2) sequential development of younger detachments in the footwall of its pre
decessor leads to an asymmetric split in the newly accreted crust; and (3) the life cycle of OCC ends with high- 
angle faults that overprint the detachment and act as magma pathways, sealing the OCC. Our study captures the 
dynamic interaction between high-angle and detachment faults and their concurrent and subsequent relationship 
to magmatic systems. This reveals that strain distribution along strike is critical to OCC formation, thus enriching 
our understanding beyond conventional considerations such as spreading rates and melt budgets at mid-ocean 
ridges.

1. Introduction

Spreading rate is often considered a key factor in controlling crustal 
accretion at mid-ocean ridges (MORs) (e.g., Bell and Buck, 1992; Chen 
and Morgan, 1990). Oceanic core complexes (OCCs) are prominent at 
the Mid-Atlantic Ridge (MAR) with spreading rates of approximately 14- 
32 mm/yr (e.g., Cann et al., 1997; Zhang et al., 2022a) and at the 
Southwest Indian Ridge (SWIR), where rates fall below 14 mm/yr (e.g., 
Cannat et al., 2006). The emergence of OCCs in areas with slow 
spreading rates highlights the role of detachment faults in plate splitting 
when tectonic extension prevails under conditions of low melt supply (e. 
g., Lin et al., 1990; Tucholke et al., 2008). Numerical models further 

reveal that when magma supply falls below a critical threshold, it can 
initiate large-offset detachment faults; these faults are responsible for 
exhumation of oceanic lower crust (gabbros) and mantle to the seafloor, 
highlighting the interplay between magma availability and fault dy
namics (Behn and Ito, 2008; Buck et al., 2005; Liu and Buck, 2020; Olive 
et al., 2010; Tucholke et al., 2008).

Building on these insights, kinematic models have been developed to 
explain the processes occurring in slow and ultraslow spreading MORs 
(Fig. 1). For the slow-spreading MAR, a model proposing long-lived 
detachment faults has been introduced (MacLeod et al., 2009). This 
model suggests an OCC with a detachment fault that developed through 
a runaway weakening of a high-angle normal fault, subsequently being 
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cut by dikes, and eventually terminating when sufficient melt is deliv
ered to the surface of the footwall (Figs. 1A-1D). For the ultraslow 
spreading SWIR, the dynamic ‘flip-flop’ model addresses successive and 
short-lived detachment faults (Figs. 1E-1H). According to this model, the 
alternating polarity of detachment faulting controls mantle exhumation 
and terminates when extrusion occurs in magma-starved conditions 
(Reston and McDermott, 2011; Sauter et al., 2013). These models imply 
a coupled relationship between magmatism and detachment faulting, 
with magmatism occurring only when previously active detachment 
faults are exposed on the seafloor.

Field observations from the Alpine Tethys, however, suggest that 
magmatism may persist during active detachment faulting (MacLeod 
et al., 2002; Manatschal et al., 2011; Coltat et al., 2020). This is 
particularly well documented at the Chenaillet Ophiolite, where high- 
angle normal faults, offsetting previous exhumed detachment surfaces, 
are serving as pathways for magmas (Manatschal et al., 2011). 
Furthermore, various petrological and numerical studies suggest that 
magmatism can efficiently localize the strain at the root of detachment 
faults during slow seafloor spreading (Cannat et al., 1991; Hansen et al., 
2013; Schroeder and John, 2004). These studies propose that magma
tism can indeed occur simultaneously with the formation of detachment 
faults. However, detailed insights into how magma supply triggers such 
faults and interacts with crustal accretion are yet rare. Moreover, the 
interaction between magmatic activity and tectonic faulting is crucial 
for controlling or modifying the thermal state and rheology of divergent 
plate boundaries at MORs (Cannat et al., 2019). Unraveling the link 
between magma and deformation, beside indirect insights into rheology, 
is feasible through high-quality seismic reflection sections.

Here, we present new observations from multichannel seismic (MCS) 
reflection profiles A-A’ and B-B′, which provide detailed imaging of the 
crustal structures of a slow-spreading MOR in the eastern West Philip
pine Basin (WPB) (Fig. 2). The MOR of the WPB, also known as the 

Central Basin Fault (CBF, e.g., Deschamps et al., 2002), exhibits a sig
nificant change in orientation from E-W in its eastern segment to NW-SE 
in its western segment (Fig. 2A), indicating a significant shift in exten
sional direction from N-S to NE-SW (e.g., Deschamps et al., 2002). 
Profile A-A’ documents both N-S and NE-SW rift valleys, extending 130 
km from the southwest ridge flank to the northern shoulder and running 
obliquely to the CBF (Fig. 2B). Profile B-B′ extends from NW to SE at the 
eastern edge of the N-S rift valley (Fig. 2A). The intersection of Profile A- 
A’ with the CBF at a 30◦ angle allows for the simultaneous examination 
of oceanic crustal structures. This setup enables the observation of 
structures extending 65 km across the MOR and 112 km along strike, 
thereby effectively capturing the crustal configuration. Meanwhile, 
Profile B–B, which runs orthogonally to the mid-ocean ridge zone, i.e. 
the CBF, provides additional validation of the structures at the eastern 
end of the CBF. Consequently, these profiles allow us to assess both the 
spatial changes in the oceanic crustal structure subjected to varying 
magma supply and the interaction between magmatism and tectonic 
faulting during slow spreading at the MOR.

2. Geological setting

The WPB exhibits water depths ranging from 3 to 6 km, with a 
general shallowing trend from west to east (Deschamps et al., 2002) 
(Fig. 2A). The basin floor is covered predominantly by abyssal, <300 m 
thick, abyssal deposits (Zhang et al., 2022b). Our study focuses on the 
eastern MOR of the WPB, located between 132◦ E and 133.5◦ E longitude 
and 14.5◦ N and 147◦ N latitude (Fig. 2B). This eastern MOR of the WPB 
exemplifies a typical slow-spreading MOR system, characterized by a 
deep axial valley bounded by ridge shoulders with a 500-m relief. 
Notably, the axial valley displays pronounced segmentation, reflecting 
complex spreading processes in the WPB (Deschamps et al., 2002), 
which can be traced through three key phases (Fig. 3).

Fig. 1. Kinematic models for the formation of new oceanic crust at slow and ultraslow spreading mid-ocean ridges (MORs). (A-D) Evolution of a detachment fault 
system and the associated life cycle of an oceanic core complex (OCC), after MacLeod et al. (2009). The left column presents a map view of observed seafloor geology, 
with the volcanic zone in red, the emerged detachment fault in green, and the other high-angle normal faults in black. The right column provides vertical cross- 
sections across the spreading axis. (E-H) “Flip-flop” model showing mantle exhumation on successive detachment faults (Reston and McDermott, 2011; Sauter 
et al., 2013). Following Reston (2018), we use “rift axis” (marked by circles) to denote the divergence axis at fault initiation depth, distinct from the “spreading axis” 
(colored by transparent bars) at the surface. These models highlight the close relationship between fault patterns and melt supply, suggesting magmatism occurs 
when inactive detachment faults are exposed on the seafloor. However, this is contradicted by observations of basalt emplacement over previously exhumed 
detachment surfaces in the Chenaillet Ophiolite (Manatschal et al., 2011) and seismic data from this study, which imply that magmatism can coincide with 
detachment faulting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Shaded view of the satellite-derived bathymetry of the Philippine Sea Plate and major seafloor features of the West Philippine Basin, drawing on data from 
Tozer et al. (2019). Red box identifies the location of (B). Yellow dots indicate the locations of IODP expeditions 351 (U1438) and 352 (U1439–42) drill sites (Arculus 
et al., 2019). (B) Zoom-in of the central basin fault (CBF) of the eastern WPB and the locations of MCS reflection profiles A-A’ and B-B′. Profile A-A’ extends SW-NE 
oblique to the CBF, while profile B-B′ extends NW-SE at the eastern extremity of the valley. The CBF divides into N-S and NE-SW rift valleys due to extensional 
reorientation (Deschamps et al., 2002). These perpendicular profiles demonstrate spatial and temporal variations of the slow-spreading MOR. A single fixed 
extensional (spreading) axis serves as the extension point, with surface rift axes 1, 2, and 3 resulting from detachment faults propagating upward and outward from 
this fixed point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(1) Initial spreading phase.

The onset of seafloor spreading in the WPB is estimated to have 
occurred around 60 Ma (Hilde and Lee, 1984), 55 Ma (Deschamps and 
Lallemand, 2002; Hall, 2012), 52–51 Ma (Ishizuka et al., 2013), or 50 
Ma (Arculus et al., 2019). Before 45 Ma, the seafloor spreading direction 
was N10W at a moderate half-rate of 44 mm/a (Fig. 3A).

(2) Slow spreading phase.

Around 45 Ma, significant plate reorganization occurred from 
Southeast Asia through the western Pacific to Australia. This included a 
notable slowdown of subduction along the Philippine Arc (Ding et al., 
2023; Hall, 2002) (Fig. 3B). Consequently, the driving force for WPB 
seafloor spreading weakened, reducing the half-rate to 18 mm/a while 
maintaining a N-S direction (Deschamps et al., 2002). This slow seafloor 
spreading stage is suggested to have ceased between 36 Ma (Chron17; 
Louden, 1976; Mrozowski et al., 1982) and 33 Ma (Chron13; Hilde and 
Lee, 1984; Taylor and Goodliffe, 2004).

(3) Reorientation phase.

Between approximately 33 and 30 Ma, a significant reorientation of 
extensional directions from N-S to NE-SW occurred (Fig. 3C). This is 
evidenced by NW-SE-oriented fabrics intersecting pre-existing E-W 
fabrics (Deschamps et al., 2002). Although the precise timing of this 
reorientation remains uncertain, it is proposed to have occurred be
tween 33 and 26 Ma, assuming that the basalts forming the ridge walls 
originated during this NE-SW oriented extension (Fujioka et al., 1999; 
Ishizuka et al., 2011).

3. Data and methods

Bathymetric data are extracted from the global grid, SRTM15_PLUS 
(Tozer et al., 2019). The seismic reflection profiles A-A’ and B-B′ were 
acquired in 2020 by the R/V “Dayanghao” from the Second Institute of 
Oceanology, Ministry of Natural Resources, China. The survey utilized 
an air gun array with a total volume of 6040 cubic inches, discharged at 
consistent intervals of 37.5 m while the vessel maintained a speed of 
approximately 5 knots. Seismic signals were captured using a 6-km-long 
streamer, equipped with 480 channels. The setup yielded a record length 
of 14 s, with data sampled every 2 ms.

The seismic data were processed through several steps to enhance 
quality and clarity. Noise reduction and signal enhancement were first 
achieved via filtering and deconvolution. Velocity analysis was then 

conducted to determine the seismic wave speeds through different 
layers. Time migration was performed to correct the geometry of dip
ping reflectors and accurately position seismic events. Depth migration 
further transformed these time-aligned sections into depth profiles, of
fering a three-dimensional perspective of the subsurface.

Root Mean Square (RMS) velocities from time migration were con
verted into interval velocities using the Dix formula (Dix, 1955). This 
step is crucial for identifying variations in material densities and ve
locities, as materials at greater depths generally have higher densities 
and velocities. Interval velocity variations serve as key indicators of 
high-velocity anomalies, aiding in tracing the upward movement of 
denser materials, such as those forming oceanic core complexes.

Profile A-A’ intersects the CBF at a 30◦ angle, leading a systematic 
distortion in the observed dip angles due to its angled intersection with 
the fault planes. Correcting this obliquity to determine true dip values 
from apparent dips requires a trigonometric correction method. This 
method adjusts the apparent dip (δapp) based on the profile’s obliquity 
angle (θ) to the spreading axis.

The correction formula is given by: 

δtrue = arctan
(tanδapp

cosθ

)

where δtrue represents the true dip angle, δapp is the apparent dip angle 
measured from the profile, and θ is the obliquity angle. The obliquity 
angle is defined as the acute angle between the profile direction and the 
true dip direction. In this study, the obliquity angle was determined to 
be 60◦.

4. Seismic observations

The main seismic profile A-A’ crosses three bathymetric highs: the 
southern ridge shoulder, a structural high within the rift valley, and the 
northern ridge shoulder (Fig. 2B). The structural high, situated between 
these two ridge shoulders, divides the profile into areas characterized by 
N-S and NE-SW rift valleys (Fig. 2B), reflecting the latest extensional 
reorientation (Fig. 3). Based on these observations, we have divided 
Profile A-A’ into three segments: Segment ① across the southwest ridge 
flank of the WPB (Fig. 4); Segment ② across the latest NE-SW rift valley, 
bounded by the southern ridge shoulder and the structural high (Fig. 4); 
and Segment ③ across the N-S rift valley and the northern ridge 
shoulder (Fig. 5).

We present seismic reflection features from SW to NE, examining 
each segment in turn. We first propose a classification of the observed 
seismic reflectors, denoted by R1 – R18 in Table 1, and then describe the 

Fig. 3. Evolution model of the West Philippine Basin at 50 Ma (A), 45 Ma (B), and 30 Ma (C), following Deschamps and Lallemand (2002). (A) At 50 Ma, the seafloor 
was spreading in the N10W direction at a moderate rate (half-rate of 44 mm/a). (B) Around 45 Ma, a major plate reorganization extended from Southeast Asia 
through the western Pacific to Australia (e.g., Hall, 2002). In the WPB, the spreading rate decreased to a slow rate of 18 mm/a. (C) Around 33–30 Ma, a regional 
extension likely caused the latest reorientation from N-S to NE-SW (Deschamps et al., 2002).
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Fig. 4. Segments ① and ② of the MCS profile A-A’, extending from the southwest ridge flank to the NE-SW rift valley of the basin. MCS image in the time domain (A) 
and its geological interpretation (B). (C) Superimposition of the MCS image and the interval velocity model along the profile. (D) Depth-migrated section with true 
dips of faults after a 60◦ obliquity correction. Segment ① exhibits a smooth top basement and uniform oceanic crust thickness, occasionally interrupted by high-angle 
normal faults (in blue), suggesting a magma-dominated spreading process. In contrast, segment ② features a rough top basement and detachment faults (DF1, DF2, 
and DF3 in red). High velocities in the footwalls of the detachment faults hint at an upwelling of deep materials linked to detachment faulting, indicating a highly 
tectonized oceanic crust. A dashed red line indicates a potential detachment fault parallel to DF1, while this study primarily focuses on the more robustly identified 
DFs1–3. Dotted pink lines mark the transition between the upper and lower crust. Refer to Section 6.2 for a discussion on syn- and post-detachment extrusions. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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characteristics of these reflection features in Section 4, followed by 
grouped interpretations in Section 5 (Figs. 4–5).

4.1. Segment ①: Southwest ridge flank

4.1.1. Top basement
The seafloor in Segment ① is identified at depths between 6.5 and 7 s 

TWTT (4.8–5.2 km below sea level), featuring both smooth and jagged 
reflections (Fig. 4A). Smooth seafloor, at a distance of 12–22 km along 
the profile (marked as Smoo1 in Fig. 4A), bounds a thin sequence of 
parallel reflectors beneath (highlighted in green in Fig. 4B, detailed in 
Table 1) characterized by low interval P-wave velocities (<2.5 km/s, 

Fig. 4C). Jagged seafloor (marked as Jag1 in Fig. 4A) is characterized by 
sub-horizontal reflectors interrupted by high-angle dipping reflectors 
(R1 and R2, Fig. 4A).

4.1.2. Intra basement
Beneath the top basement, the upper unit shows moderate-amplitude 

and disruptive reflectors in the MCS profile. This unit is frequently 
penetrated by high-angle dipping reflectors, R1 and R2, exhibiting low 
velocities (< 4 km/s, Figs. 4A-4C, detailed in Table 1). The NE-dipping 
reflectors at a distance of 0–15 km (R1) and the SW-dipping reflectors at 
a distance of 15–25 km (R2) form a symmetric structure (Figs. 4B-4C). 
The deepest penetration of reflectors R1 and R2 is observed at 

Fig. 5. Segment ③ of Profile A-A’ (A-D) and Profile B-B′ (E-G) crossing the eastern end of the CBF formed by N-S seafloor spreading. MCS image of Segment ③ in the 
time domain (A) and its geological interpretation (B). (C) Superposition of Segment ③ and its interval velocity model. (D) Depth-migrated section of Segment ③ with 
true dips of faults after a 60◦ obliquity correction. (E) Seismic profile B-B′ perpendicular to profile A-A’ and its geological interpretation (F). (G) Superposition of 
profile B-B′ and its velocity model. Segment ③ and Profile B-B′ reveal that the eastern end of CBF is characterized by thick extrusive layers in the upper crust, 
penetrated by high-angle normal faults with contrasting dips on either side of the valley, indicating magmatism dominated the N-S-oriented seafloor spreading.
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Table 1 
Groups of the seismic reflection features and their geological interpretations.

Group Example Reflection pattern Velocity Interpretation

R6, R8-R9
Moderate-amplitude, concave-down geometry with a large- 
scale surface expression (>10 km horizontal displacement) 
and penetrating deep crustal levels (> 9 km in depth)

High-velocity (> 5.5 
km/s) at footwall

Detachment 
fault

R1-R5, R12-R14

High- to moderate-amplitude, sub-planar geometry, high- 
angle (>45◦) dipping reflectors that offset the seafloor and 
terminate at the transition between the upper crust (UC) 
and the lower crust (LC)

Low velocity (< 4 km/ 
s) at both hanging wall 
and footwall

High-angle 
normal fault

R7, R10, R15-R18 Sub-planar geometry or irregular shape, high-amplitude 
reflectors

No significant velocity 
anomaly

Magmatic sill or 
dike

(continued on next page)
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Table 1 (continued )

Group Example Reflection pattern Velocity Interpretation

R11 High-amplitude, parallel reflectors showing a constructive 
structure

Low-velocity (< 4 km/ 
s) within the structure

Volcanic edifice

Yellow, pink, and 
orange sequences 

in Segment ②

Bounded by high-amplitude reflectors with internal 
parallel, moderate- to low-amplitude reflectors

Extremely low-velocity 
(< 2.5 km/s)

Magmatic 
extrusive

Green sequence Parallel, horizontal, and continuous reflectors beneath the 
smooth seafloor

Extremely low-velocity 
(< 2.5 km/s)

Sediment layer
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approximately 8 s TWTT, marking a transition zone where amplitude 
changes from moderate to low (Figs. 4A-4B) and velocity increases from 
<4 km/s to >4.5 km/s (Fig. 4C). This transition is marked as dotted pink 
lines in Figs. 4B-4C.

4.2. Segment ②: NE-SW rift valley

4.2.1. Top basement
Segment ② features a rougher seafloor topography compared to 

Segment ①. The water depth increases from 6 s to 7.5 s TWTT over a 
distance of <15 km, from the southern ridge shoulder to the rift valley 
and forming a relief of 1 km (Fig. 4D). The seafloor is frequently inter
rupted by high-angle dipping reflectors (R3-R5, Fig. 4A), with R3 dip
ping parallel to the NE while R4 and R5 dipping to the SW (Fig. 4B). 
Beneath the seafloor, three sequences of low-amplitude reflectors can be 
observed, colored yellow, orange, and pink in Fig. 4B. Specifically, the 
yellow sequences incline slightly towards the SW, the orange sequences 
dip to the NE, and the pink sequences maintain a horizontal orientation 
(Fig. 4B, detailed in Fig. 6 and Table 1). These sequences thicken to
wards the high-angle dipping reflectors R3-R5 individually and exhibit 
low-velocity characteristics (< 2.5 km/s in Fig. 4C, detailed in Fig. 6B).

4.2.2. Intra basement
Below the top basement, three sets of SW-dipping reflectors, R6, R7, 

and R8, are evident (Fig. 4A), all terminating at a depth of 9.5 s TWTT 
(Figs. 4A-4B). Specifically, R6 is characterized by continuous patterns 
with moderate amplitude, extending over a horizontal distance of 
45–60 km and a depth range of 7.5–9.5 s TWTT. High velocities (> 5.5 
km/s) are observed alongside R6, from deep levels (9.5 s TWTT) up to 
near the surface (7.5 s TWTT) (Fig. 4C). After obliquity correction, the 
shallow part of R6 in the depth-migrated section shows a gentle angle at 
the surface, with true dips of <15◦, while its deepest part exhibits steep 

true dips of 62◦ (Fig. 4D). Overall, R6 forms a concave-down geometry 
with a large-scale surface expression that encloses the high velocities 
(Figs. 4B-4D).

R7, observed at a depth of 8–9.5 s TWTT and at a distance of 45–50 
km, mostly maintains a planar geometry and aligns parallelly to R6 
(Fig. 4A), without notable features in its velocity structure (Fig. 4C). In 
contrast to R6, R7 shows a gentle angle at its deepest part and merges 
with R6 at a steep angle near the surface (Fig. 4D). These observations 
indicate a different geological origin compared to R6 (for a detailed 
discussion see Section 5.3).

R8 is characterized by its pronounced amplitude (Fig. 4A) and con
trasting velocities on either side (Fig. 4C). Similar to R6, high velocities 
are distributed along R8, from a depth of >9.5 s TWTT to the shallow 
levels (Fig. 4C). However, R8 remains steeply inclined without showing 
a gentle surface angle as observed in R6 (for a detailed discussion see 
Section 5.1).

4.3. Segment ②: Southern ridge shoulder

4.3.1. Top basement
The seafloor at the southern ridge shoulder is characterized by high- 

amplitude reflectors (Fig. 4A). Specifically, on the SW side of the 
southern shoulder (a distance of 22–35 km), the seafloor is constituted 
by continuous and smooth reflectors (Smoo2, Fig. 4A). In contrast, the 
NE side of the southern shoulder (a distance of 35–45 km) displays a 
jagged seafloor (Jag2, Fig. 4A), and is interrupted by a series of high 
angle dipping reflectors (R3). These reflectors, dipping to the NE, 
penetrate to a depth of 2 s TWTT (Figs. 4A-4B).

4.3.2. Intra basement
Beneath the top basement, a concave-down geometry is evident at a 

distance of 22–35 km and a depth of 7–9 s TWTT (R9, Fig. 4A). The 

Fig. 6. Detailed view of the NE-SW rift valley within the WPB. (A) MCS image in the time domain and its geological interpretation. DF2 shows a concave-down 
geometry with large horizontal displacements (>15 km). (B) Interval velocity model for the detailed area and a simplified interpretation of the fault patterns. 
The top basement on the southern shoulder forms a rollover anticline (indicated by solid orange lines), suggesting a large-scale clockwise rotation under the slipping 
of DF2. Additionally, a series of NE-dipping normal faults (marked by solid blue lines) exhibit a smaller-scale anticlockwise rotation. (C–D) Zoom-in of the extrusive 
in the hanging wall of DF2. The observed clockwise rotation indicates that the yellow and orange extrusive sequences are synchronous to the slipping of DF2. (E-F) 
Zoom-in of the pink extrusive sequence in the footwall of DF2. Their internal reflectors show horizontal orientation, thickening towards the high-angle normal faults 
R5. This pattern suggests that these pink-colored extrusives are synchronous with high-angle normal faulting of R5 but post-date detachment DF2. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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upper part of R9 reaches the seafloor at a distance of 30 km, while its 
lower part steeply dips to the SW, parallel to R6 - R8. Except for R9, the 
southern shoulder predominantly exhibits low-amplitude reflectors 
within the basement. Similar to R6 and R8 in the rift valley, high ve
locities (> 4.5 km/s) run along R9 from deep to shallow levels (Fig. 4C).

Northeast of the southern shoulder (a distance of 35–45 km), 
numerous high-amplitude, lateral-extending reflectors, R10, are 
observed at a depth of 6–8 s TWTT (Fig. 4A). The sequence where R10 
occurs (colored by yellow in Fig. 4B and detailed in Fig. 6) is intersected 
by NE-dipping reflectors R3, corresponding to low velocities (< 3 km/s, 
Fig. 4C).

4.4. Segment ③: N-S rift valley

4.4.1. Top basement
In the N-S rift valley, an edifice featuring a relief of 500 m is marked 

by high-amplitude reflectors dipping away from its peak (R11, Fig. 5A). 
To the southwest of the edifice, the top basement is mostly smooth 
(Smoo4, Fig. 5A), occasionally interrupted by high-angle, SW-dipping 
reflectors (R12, Fig. 5A). A thin sequence of parallel reflectors is located 
at a distance of 85–95 km (green sequence, Fig. 5B). Northeast of the 
edifice, the top basement becomes shallower and is intersected by a 
series of NE-dipping reflectors (R13, Fig. 5A). At the northern ridge 
shoulder, the seafloor steps to the NE, shallowing from a depth of 6.5 s 
TWTT (4.8 km) to 5.5 s TWTT (4 km) (Step1, Fig. 5A).

4.4.2. Intra basement
Underneath R11, high-amplitude, moderate-continuous reflectors 

parallel to the surface form a constructive structure (Fig. 5A and detailed 
in Table 1). Reflectors R12 and R13 dip away from the edifice, pene
trating 0.5 s TWTT below the top basement (Fig. 5A), within areas where 
velocities remain low (< 4 km/s, Fig. 5C). At the northern ridge 
shoulder, R14 penetrates deeper than 2 s TWTT below the top basement, 
intersecting three sets of high-amplitude, sub-horizontal reflectors (R17) 
at a depth of 6–7.5 s TWTT. The sequences bounded by the seafloor and 
R17 thicken towards R14 and exhibit a clockwise rotation. The distri
bution of R14 and R17 is within the upper unit, characterized by ve
locities <4 km/s (Fig. 5C).

At a depth of 8–8.5 s TWTT, a series of sub-horizontal, moderate- 
amplitude reflectors displaying wavy patterns are observed (R15, 
Fig. 5A). Separated by R15, the lower unit exhibits lower amplitude 
reflections compared to the upper unit. Consistently, a notable increase 
in interval velocities (> 4.5 km/s, Fig. 5C) marks this transition, high
lighted by dotted pink lines in Figs. 5B-5C. High-angle, SW-dipping re
flectors, R16 and R18, are observed at a depth of 8.5–9.5 s TWTT, with 
R16 merging with the wavy reflectors of R15 at their shallowest parts 
(Fig. 5A). Neither R16 nor R18 show significant velocity anomalies 
(Fig. 5C).

5. Geological interpretations

5.1. Detachment faults

One of the most significant findings along Profile A-A’ is that the 
reflectors R6, R8, and R9 extend over long horizontal distances (>10 
km) from depths >9 km to the seafloor (Fig. 4). Specifically, R6 and R9 
show steep dips exceeding 55◦ at their rooting zones, and progressively 
flatten as they approach the seafloor, forming a concave-down geometry 
in the depth section (Fig. 4D). High velocities are observed along R6 and 
R9, extending from deep levels to the surface (Fig. 4C). Based on the 
concave-down geometry and the high-velocity in the footwall, we 
interpret R6 and R9 as detachment faults, labeled DF2 and DF1 
respectively, along with their associated OCCs (Fig. 4). Tectonic move
ments along DF1 and DF2 may be responsible for the exhumation of the 
lower crust and/or mantle materials, as indicated by the high velocities 
at the shallow surface, suggesting an ultra-thinned upper crust (detailed 

discussions in Section 5.4).
Similarly, R8 encapsulates high velocities and maintains a parallel 

orientation with R6, suggesting the formation of another detachment 
fault along R8 (Fig. 4). However, DF3 displays a constantly steep dip 
without the typical concave-down geometry observed for DF1 and DF2. 
This steep inclination may indicate that DF3 is a detachment fault in an 
embryonic stage (detailed discussions in Section 6.1.2).

In addition to the three primary detachment faults (DFs1–3) that are 
the focus of this study, we have identified a potential fourth detachment 
fault in the hanging wall of DF1, dipping parallel to it. This structure is, 
however, less clearly defined in our data compared to DFs1–3. While 
shown in our interpretations (Fig. 4), it is not a central focus of our 
analysis due to the uncertainty in its identification.

Although our seismic acquisition system possessed the theoretical 
capability to detect the Moho, we did not observe clear evidence of a 
Moho reflector in the common mid-point gathers. This absence is 
attributed to the development of OCCs in the study area. OCCs are 
known to obscure Moho reflections through a combination of factors, 
including structural complexity, serpentinization processes, and the 
formation of gradational crust-mantle transitions. While a visible Moho 
would have provided valuable insights into the crustal thickness and 
magma supply, its absence is consistent with observations in analogous 
tectonic settings and offers indirect evidence of the significant crustal 
alterations associated with OCC formation.

These observations reveal that Profile A-A’ features three sets of 
detachments: DF1, DF2, and DF3, each exhibiting a consistent SW- 
dipping orientation. DF1 is located on the southern ridge shoulder, 
DF2 is within the NE-SW rift valley, and DF3 is in a high structural 
position between the NE-SW and the N-S rift valleys (Figs. 2B and 4).

5.2. Normal faults

As detailed in Section 4.1, in the southwest ridge flank, a group of 
reflectors, labeled R1, shows a high-angle dipping geometry that offsets 
the top basement (Fig. 4A). Similar seismic reflection features are 
observed in R2 and R3 at the southern shoulder, R4-R5 and R12-R13 in 
the rift valleys, as well as R14 at the northern shoulder (Figs. 4A and 5A). 
These reflectors penetrate shallow levels not exceeding 1 s TWTT (<1.5 
km in depth) where velocities are below 4 km/s (Figs. 4C and 5C). We 
interpret these reflectors as high-angle normal faults (Table 1), which 
result in jagged (Jag1-Jag3, Fig. 4A) or step-shaped seafloor (Step1, 
Fig. 5A). Across the entire profile, these high-angle normal faults appear 
as three pairs of conjugate dipping directions, forming three hinge axes 
at distances of 15 km, 43 km (Fig. 4), and 107 km (Fig. 5), respectively. 
These observations are comparable with normal faults seismically 
imaged in the Central Atlantic (Reston et al., 2004; Reston and Ranero, 
2011). Our interpretation extends their findings by identifying multiple 
conjugate fault systems across a broader area and revealing numerous 
smaller faults that indicate finer-scale structure.

5.3. Magmatism and sediments

Beneath the smooth seafloor (Smoo1-Smoo3 in Fig. 4A, Smoo4 in 
Fig. 5A), sequences characterized by parallel, horizontal, and contin
uous reflectors - referred to as green sequences - are observed (as 
detailed in Table 1). Integrated with their low-velocity features, these 
green sequences are interpreted as sediment layers with a thickness of 
<100 m (Figs. 4–5).

Beneath the jagged seafloor (Jag2-Jag3 in Fig. 4A), other thin se
quences are observed, referred to as yellow, orange, and pink sequences, 
respectively (Fig. 4B). These sequences are characterized by (1) 
boundaries marked by high-amplitude reflectors, (2) internal reflectors 
with moderate- to low-amplitude, and (3) extremely low velocities of 
<2.5 km/s (Fig. 4 and detailed in Fig. 6). These characteristics identify 
them as magmatic extrusive sequences (Table 1). The surficial low- 
velocity layer (Vp = 2–3 km/s) is attributed to high-porosity pillows 
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and flows (Christeson et al., 1994) and potential alteration (e.g., hy
dration) related to detachment faulting in this area.

The internal reflectors of the orange and pink sequences show 
distinct differences: R4 in the orange sequence exhibits a slightly higher 
amplitude and a more compact arrangement (Figs. 6C-6D) compared to 
R5 within the pink sequence (Figs. 6E-6F). Such differences indicate that 
the orange and pink sequences, along with R4 and R5, respectively, 
likely originated during distinct chronological periods (detailed dis
cussions in Section 6.2).

Within the yellow extrusive sequence, a set of reflectors, R10, pre
sents high-amplitude and irregular patterns without significant velocity 
anomalies (Fig. 4 and detailed in Table 1). In addition, R10 is frequently 
intersected by high-angle normal faults (R3). These observations indi
cate that R10 consists of magmatic sills that developed synchronously 
with the high-angle normal fault R3 (Table 1). A similar intersection 
relationship between normal fault R14 and magmatic intrusives R17 is 
observed at the northern shoulder (Fig. 5), indicating that magmatism 
synchronous with tectonic faulting has resulted in a step-shaped seafloor 
that shallows towards the NE.

Within the basement of the NE-SW rift valley, while both R6 and R7 
exhibit parallel SW-dipping orientations, their intricate structures lead 
to different geological interpretations. The concave-down geometry and 
the high velocities along R6 from the deep crust to the surface are 
reminiscent of a detachment fault (Table 1; see Discussion 5.1 for de
tails). In contrast, the deepest part of R7 shows sub-horizontal reflectors, 
differing from the typical steeply dipping reflectors found in the rooting 
zone of a detachment fault, as illustrated in DF2 (Fig. 4D). In addition, 
compared to R6, R7 shows a lower amplitude and an absence of sig
nificant velocity changes on either side. Based on these observations, we 
interpret R7 as magmatic dikes within the lower crust (Fig. 4). In slow- 
spreading settings characterized by low magma supply, such reflections 
likely represent the cumulative effect of multiple intrusions rather than a 
single thick dike.

In the N-S rift valley, a localized, high-relief structure, identified as 
R11, with internal constructive formation, is observed at a distance of 
101 km (Fig. 5). Its constructive structure is compatible with R11 rep
resenting a volcanic edifice related to successive eruption events 
(Table 1). Beneath the volcanic edifice, two sets of high-amplitude, sub- 
horizontal reflectors (R15, Fig. 5A) separate the upper unit with low 
velocities (<4 km/s) and lower unit with high velocities (>4.5 km/s). 
Considering this transition in velocity marks the transition between the 
upper and lower crust (detailed discussions in Section 5.4), R15 is 
interpreted as a magmatic sill extending along the crustal transition zone 
(Figs. 5A-5C). Interrupted by R15, R16 displays steep dips without any 
notable velocity anomalies and is, therefore, best interpreted as 
magmatic dikes (Fig. 5A, Table 1).

5.4. Upper and lower crust

Based on the seismic reflection pattern, velocity structure, and the 
depth of normal fault penetration, the basement along the profile can be 
divided into upper and lower units; the boundary is marked by dotted 
pink lines (Figs. 4–5). The upper unit is frequently penetrated by high- 
angle normal faults and predominantly displays high- to moderate- 
amplitude (Figs. 4A and 5A) and low velocities (<4 km/s, Figs. 4C 
and 5C). These features indicate the upper unit represents the upper 
crust, corresponding to the extrusive igneous layer of the oceanic crust. 
In contrast, the lower unit displays low-amplitude (Figs. 4A and 5A) and 
high velocities (>4.5 km/s, Figs. 4C and 5C), and only three sets of 
detachment faults can reach the lower unit (Fig. 4). We interpret the 
lower unit as the lower crust, corresponding to the intrusive igneous 
layer of the oceanic crust.

Notably, in Segment ②, the upper-lower crust transition approaches 
the surface at distances of 30 km, 50 km, and 65 km, respectively. This 
observation suggests that the upper crust in these areas is significantly 
thinned, or even absent, which aligns with the presence of detachment 

faults DF1 and DF2. This condition results from the exhumation of the 
lower crust and/or mantle in their footwalls, as discussed in Section 5.1.

5.5. Along-strike segmentation

Segment ① is characterized by its smooth top basement and uniform 
amplitude in seismic reflection, suggesting homogeneity in the geolog
ical structures and compositions within the upper crust. High-angle 
normal faults intersect Segment ① and terminate at the upper-lower 
crust transition. Despite these interruptions, Segment ① maintains a 
consistent thickness throughout the upper crust, underscoring a rela
tively stable process during accretion. This uniformity in reflection 
amplitude, coupled with the structural features, suggests a sufficient 
magma supply during oceanic crust accretion, resulting in a magmatic- 
dominated top basement in Segment ① (Fig. 4).

In contrast, Segment ② is characterized by a rougher top basement, 
extensive distribution of large-offset detachment faults, and an ultra- 
thin or completely absent upper crust. These characteristics indicate a 
low magma supply during the formation of the oceanic crust, leading to 
a tectonic-dominated top basement where OCCs are prevalent (Fig. 4).

As discussed in Section 5.3, Segment ③ exhibits magmatism syn
chronous with tectonic faulting, which has resulted in a progressive 
thickening of the upper crust from the rift valley towards the northern 
shoulder (Fig. 5). Observations from Profile B-B′ are consistent with 
these findings, revealing a series of high-angle normal faults with con
trasting dip orientations on either side of the rift valley (Figs. 5E-5F). 
Such configuration suggests that similar to Segment ①, magmatism 
dominated the formation of the oceanic crust in Segment ③.

In summary, seismic observations and interpretations of Profile A-A’ 
reveal a transition from a magmatically dominated oceanic crust, 
characterized by a smooth magmatic-dominated top basement, shallow- 
penetrating normal faults, and relatively uniform or progressively 
changing crustal thickness (Segments ① and ③), to a highly tectonized 
oceanic crust, which is distinguished by its rough tectonic top basement, 
the local absence of the upper crust, and the widespread presence of 
OCCs in Segment ② (further details in Section 6.4).

6. Implications

In this section, we delve deeper into (1) the evolution of the 
detachment faults, (2) the interplay between tectonic faulting and 
magmatism, and (3) variations in fault patterns and their implications 
for magma supply during seafloor spreading. Finally, we compare slow- 
spreading ridges formed in back-arc settings (e.g., WPB) with those in 
open oceans (e.g., MAR and SWIR).

6.1. Evolution of detachment faults

6.1.1. Relationship between detachment faults and normal faults
The NE side of the southern ridge shoulder is characterized by a 

large-scale anticline with clockwise rotation in the hanging wall of DF2 
(Figs. 6B-6D). As such, DF2 represents a first-order fault that accom
modates most of the plate divergence. At a distance of 32–42 km, an 
array of NE-dipping normal faults (R3, Fig. 4A and 6A) accompanied by 
yellow extrusive sequences (Figs. 4B and 6A) exhibits smaller-scale 
anticlockwise rotation of each panel (Fig. 6B). These faults may be 
classified as second-order faults, as they accommodate less strain but 
over a wider area.

These structural relationships suggest that the hanging wall of DF2 
underwent a first-order clockwise rotation, contemporaneously 
compensated by second-order anticlockwise rotations along normal 
faults R3 (Fig. 6B). Such observations indicate that the secondary 
normal faults formed simultaneously with DF2, accommodating 
hanging wall deformation but having minimal impact on the primary 
oceanic crustal architecture in this tectonic-dominated segment.

In the footwall of DF2, a series of SW-dipping normal faults R5 offset 
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the exhumed footwall (Figs. 4A and 6F). Such observations indicate at 
least two stages of tectonic faulting during the latest NE-SW extension, 
which include an initial phase of detachment faulting followed by sub
sequent high-angle normal faulting. These distinct stages suggest a 
sequential evolution of fault systems in response to the strain distribu
tion and magmatic activity.

In summary, the interplay between detachment faults and normal 
faults reveals a sequential process that shapes the oceanic crust. 
Detachment faults play a primary role, accommodating extension and 
facilitating the exhumation of deeper crustal and mantle rocks. Subse
quently, normal faults further dissect and modify the exposed basement 
structure.

6.1.2. Sequential development of detachment faults
As described in Section 5.1, the profile reveals three sets of detach

ment faults (Fig. 4). Both DF1 and DF2 show distinctive structures with 
concave-down geometries. Notably, the footwall of DF1 is shallower 
than the footwall of DF2, as evidenced by the 1 km relief (Fig. 4D). As 
discussed in Section 6.1.1, the rotation of the DF2’s hanging wall formed 
the northeast side of the southern shoulder, potentially contributing to 
the uplift of DF1’s footwall. Thus, it can be inferred that the older 
detachment fault DF1 underwent rotational adjustments influenced by 
the evolution of its successor, DF2.

As for DF3, its steep dip suggests an early stage in the development of 
a detachment fault. This interpretation agrees with kinematic models for 
detachment fault systems, which propose that detachment faults initiate 
with steep inclinations (~65◦) before rotating to shallower angles 
(Cannat et al., 1997; Choi and Buck, 2012; Lavier et al., 1999; MacLeod 
et al., 2009; Sandiford et al., 2021). In this study, the parallel relation
ship between normal faults R5 and DF3 (Fig. 4) indicates that DF3 may 
have developed from one of these normal faults after the formation of 
DF2. However, before DF3 could evolve into a mature detachment fault 
with a concave-down geometry, the extension stopped. For a detailed 
discussion, see Section 6.2.2.

In summary, the development of successive fault systems evolved 
through three distinct sets: DF1, DF2, and DF3 (Fig. 7), progressing from 

the southern ridge shoulder to the rift valley and the structural high. 
Their varying geometries—from fully developed concave-down (DF1 
and DF2) to steep and embryonic (DF3)—reflect temporal and spatial 
variations in magmatic supply and tectonic activity.

While normal faults in the hanging wall resemble Reston and 
Ranero’s (2011) rider block model, key differences exist. In the rider 
block model, new faults develop sequentially in the hanging wall of 
older faults. Gillard et al. (2016) introduced terminology to classify fault 
development patterns, referring to this sequential development as “in- 
sequence” faulting. However, our observations indicate a different 
pattern, which Gillard et al. (2016) termed “out-of-sequence” fault 
development, with younger faults appearing in older footwalls. Based on 
this contrasting pattern, we propose an out-of-sequence fault develop
ment model (Fig. 7), which is discussed further in Section 6.3.

6.2. Relationships between magmatic activity and faulting

6.2.1. Magmatism in the hanging wall of a detachment fault
As discussed in Section 5.3, the hanging wall of DF2 displays a first- 

order clockwise rotation, leading to the formation of yellow and orange 
extrusive sequences at a distance of 35–50 km and shaping the primary 
architecture of the oceanic crust (Figs. 4 and 6). Thus, we propose that 
the magmatic extrusion observed in the yellow and orange sequences 
occurred synchronously with DF2, referred to as syn-DF2 extrusion.

Similarly, in the hanging wall of DF1, the internal reflectors within 
the extrusive sequence (marked in purple in Fig. 4B) dip towards DF1. 
This pattern indicates that the extrusion occurred simultaneously with 
detachment faulting, referred to as syn-DF1 extrusion.

Within the yellow extrusive sequence, secondary normal faults R3 
link to some of the magmatic sills R10 (Fig. 4A). This configuration 
could be interpreted as either faults acting as magma conduits or sills 
initiating fault formation. While the sill-initiated faulting model (Liu and 
Buck, 2022) effectively explains symmetric rift architecture at some 
mid-ocean ridges, it struggles to account for asymmetric rifts with large- 
offset detachment faults. We interpret pre-existing faults as preferential 
conduits for magma ascent and emplacement. This model better ex
plains the observed synchronicity between magmatic intrusions and 
normal faulting (Fig. 6), as evidenced by the concurrent formation of the 
yellow extrusive sequence, normal faults R3, and detachment fault DF2.

6.2.2. Magmatism in the footwall of a detachment fault
In the footwall of DF2, the internal reflectors of the pink extrusive 

sequence (Figs. 4B and 6F) show a sub-horizontal reflection pattern 
(Fig. 6F) and thicken into the high-angle normal faults R5 (Fig. 6 and 
detailed in Table 1). From the kinematic analysis of a detachment fault 
evolution in Section 6.1.2, a detachment fault initiated with a high angle 
(Fig. 8A), then it evolved into a mature detachment fault with a low- 
angle surface (Fig. 8B). Subsequently, two potential scenarios can 
elucidate the timing of the pink extrusive sequences. In the first scenario, 
the extrusive sequence associated with the high-angle faulting emerges 
subsequent to the exhumation, forming a horizontal reflection pattern 
superimposed on the OCC (Fig. 8C). Conversely, the second scenario 
posits that magma extrusion occurs during the exhumation of the OCC. 
This synchronous occurrence would have resulted in the rotation of 
extrusive layers (reflections) (Fig. 8D).

Based on our analysis, the internal reflectors of pink extrusive se
quences with a sub-horizontal pattern (Fig. 6F) align with the premises 
of scenario 1. Complementarily, insights from Section 6.1.2 elucidate 
that, the sequential development from detachment faulting of DF2 to 
high-angle normal faulting of R5 leads to the interpretation that normal 
faults function as conduits for magma migration and erupting on the 
exhumed footwall of DF2, forming the pink extrusive sequence (Fig. 8C). 
Consequently, we propose that this extrusion event materialized after 
the completion of the OCC development, a phenomenon we designate as 
post-DF2 extrusion (Figs. 4, 6 and 8). This extrusive event effectively 
encapsulated the previously exhumed tectonic top basement (Fig. 8C).

Fig. 7. Out-of-sequence development of detachment faults, with DF1 showing 
rotational adjustments influenced by DF2, while infant DF3 offsets DF2’s 
exhumed footwall. All faults originate from a fixed deep rift axis but migrate 
outward, creating the appearance of shifting surface axes (1,2,3) while the deep 
initiation point remains stationary.
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This post-detachment extrusion has been proposed based on field 
observations in former oceanic domains exposed in the Alps (e.g., Coltat 
et al., 2020; Manatschal et al., 2023). Within the context of high-angle 
normal faulting, magma likely ascended via steep faults, subsequently 
settling atop the exhumed detachment fault. This would have eventually 
overwhelmed the development of the OCC, as suggested by Manatschal 
et al. (2011). Additional discourse on this topic can be found in Section 
6.5. Our seismic interpretations support that the detachment faulting 
phase (or the prevalent OCC state) was superseded by a subsequent 
phase of syn- normal faulting magmatism, denoting the terminal phase 
of the OCC life cycle.

6.3. Evolution of a slow spreading system in the eastern WPB

Drawing from our discussions on sequential detachment faulting and 
magmatic activity, we present an evolution model for the slow seafloor 
spreading system in the eastern WPB (Fig. 9). Following Reston (2018), 
we distinguish between the “spreading axis” at the surface and the “rift 
axis” at depth, which denotes the divergence axis at fault initiation 
depth (Fig. 9).

6.3.1. Stage 1: high-angle faulting and magmatic accretion (Fig. 9A)
From 45 Ma to 33 Ma, seafloor spreading occurred with high magma 

supply, as observed in the southwest ridge flank (Segment ①, Fig. 4). 
According to the kinematic model by Deschamps et al. (2002), seafloor 
spreading at this period had an N-S orientation, producing uniform 
thickness crust with pronounced extrusive layers and shallow- 
penetrating normal faults (Fig. 9A). Thick extrusives and conjugate 
normal faults with contrasting dips (Segment ③ and profile B-B′, Fig. 5) 
create a linear sharp spreading axis, marked as fixed extensional axis, 
accompanied by symmetric magmatic accretion (Fig. 9A). Subsequently, 
the extension orientation transitioned to NE-SW (Fig. 2, after Deschamps 
et al., 2002). As magma supply decreased, extension concentrated on 
one dominant high-angle normal fault, initiating DF1 at rift axis1 
(Fig. 9A).

6.3.2. Stage 2: detachment faulting and OCC development (Figs. 9B-9C)
DF1’s rotation exhumed lower crust and mantle lithosphere, forming 

the mature OCC1 (Fig. 9B). Continued extension led to the development 
of DF2 closer to rift axis 2, exhuming deeper materials and forming 

OCC2 (Fig. 9C). The younger DF2 developing on the footwall of the older 
DF1 indicates NE-ward migration of the rift axis (axis 2 in Fig. 9C).

6.3.3. Stage 3: high-angle faulting and post-exhumation magma extrusion 
(Figs. 9D-9F)

Following deep material exhumation, high-angle normal faults offset 
the top basement, providing pathways for magma extrusion (Fig. 9D). 
This post-OCC2 extrusion resulted in the observed pink extrusives 
covering OCC2 (Figs. 4B and 6F). Subsequently, a high-angle normal 
fault started to rotate, evolving into an early-stage detachment fault with 
steep angles (Fig. 9E), as observed in DF3 (Fig. 4D). Seafloor spreading 
ceased before OCC3 fully developed, preserving the infant detachment 
fault DF3 (Fig. 9E). As such, the final structure along profile A-A’ was 
characterized by strong detachment faulting with local extrusives 
emplaced and covering the OCCs (Fig. 9F).

6.4. Fault patterns, magmatic supply, and tectono-magmatic interactions

The alternation between magmatic and tectonic top basements along 
profile A-A’ suggests complex interactions between magmatic and tec
tonic activity in the eastern WPB. These interactions produce distinct 
crustal and top basement architectures and fault patterns reflecting 
variations in magmatic supply.

Magma-rich periods exhibit smooth top basements and shallow- 
penetrating high-angle faults (Segments ① and ③), indicative of pure- 
shear extension and symmetric patterns (Figs. 9A-9B, 10A and 10D). 
Conversely, magma-poor periods exhibit rough top basements, ultra- 
thin or absent upper crust, and mantle exhumation at OCCs (Segment 
②), suggesting simple-shear extension.

As magma supply decreases, fault displacement increases to 
compensate, leading to detachment faulting. This process results in the 
exhumation of the gabbroic lower crust and serpentinized mantle 
(Figs. 9C, 10B), localizing strain on active detachment faults and pro
ducing asymmetric structures.

Our model proposes a single, fixed deep rift axis as the extension 
point. Surface axes 1, 2, and 3 result from detachment faults propagating 
upward and outward from this fixed point. New faults initiate at the 
deep rift axis in young lithosphere but appear to form in older litho
sphere as they migrate during plate spreading. This “rift axis” shifting 
mechanism is consistent with mechanical models (e.g., Buck, 1993; 
Lavier et al., 2000) and aligns with flipping detachments observed in the 
Southwest Indian Ridge (Reston, 2018; Sauter et al., 2013) and findings 
in Alpine analogs (Manatschal et al., 2011).

The dynamic nature of the system is further illustrated by the 
magmatic resurgence observed after the development of OCC2 (pink 
sequences in Figs. 4B, 6F, and 9E), terminating the detachment system 
DF2 and reestablishing symmetric, pure-shear extension. The apparent 
off-axis magmatism is a result of the outward migration of the rift axis 
over time.

In summary, our observations of the eastern WPB describe a transi
tional pattern, shifting from symmetric normal faults to asymmetric 
detachment faults and then back to symmetric normal faults (Figs. 9 and 
10). This spatial variation in fault patterns correlates with changes in 
magma supply, suggesting a thermal structure evolving from magma- 
rich to magma-poor and then returns to magma-rich states.

6.5. Comparison of spreading between back-arc and mid-ocean ridge 
systems

In the back-arc, spreading center of the WPB, we observe three sets of 
detachment faults all dipping in the same directions (Fig. 10). This 
consistent dipping pattern is similar to that of the detachment faults at 
the MAR (Cannat et al., 1997; MacLeod et al., 2009), yet it contrasts with 
the varying dipping directions observed at the ultraslow SWIR (Sauter 
et al., 2013). The reasons behind the variability in dip direction within 
spreading systems are still unclear.

Fig. 8. Relationship between high-angle faulting, detachment faulting, and 
magmatic extrusion in detachment system development. (A) Symmetric high- 
angle normal faulting. (B) Rotation of a high-angle fault forms an early-stage 
detachment fault and infant OCC. (C–D) Two potential scenarios: (C) Magma 
extrusion associated with high-angle faulting after exhumation, forming a 
horizontal reflection pattern covering the OCC; (D) Extrusion and faulting 
during exhumation rotate extrusive layers. Observations from this study align 
with scenario 1.
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Extrusives in the hanging wall of detachment faults commonly occur 
in slow-spreading systems, as observed in the volcanic zones at 26◦ N at 
the MAR (DeMartin et al., 2007). In the footwall of detachment faults, 
although extrusives overlying exhumed detachment faults have been 
reported, so far, the observations have been limited to sites where sec
tions perpendicular to the former oceanic seafloor are exposed, for 
instance in the former oceanic domain exposed in the Alps (Coltat et al., 
2020; Manatschal et al., 2023). Based on these geological outcrops, a 
conceptual model of an OCC life cycle has been proposed. It suggests 
that the rotation of the high-angle normal faults marks the initiation of a 
detachment system, and the increased magmatism eventually over
whelms and terminates its development (Manatschal et al., 2011). 

Consistent with this model, our findings confirm not only the evolution 
of an OCC initiated by high-angle normal faulting, as demonstrated by 
the infant OCC3, but also the migration pathways of extrusives overlying 
exhumed detachment faults, as shown by the high-angle faults offsetting 
OCC2 (Figs. 8 and 9).

As proposed for slow and ultraslow MORs in open-ocean settings, 
seafloor spreading is usually characterized by: (1) separated large-scale 
detachment faulting that can be in- or out-of-sequence (e.g., MacLeod 
et al., 2009), (2) rider block formation where detachments develop in- 
sequence (e.g., Reston and Ranero, 2011), or (3) “flip-flop” detach
ment faults (e.g., Sauter et al., 2013). These different patterns are often 
associated with varying levels of magmatic budgets. Traditionally, 

Fig. 9. Models illustrating the final stage of slow seafloor spreading in the WPB, showing the interaction between magmatism and tectonics over time. (A) Around 33 
Ma, seafloor spreading shifted from high magma supply creating a magmatic top basement to decreased magma supply with dominant high-angle faulting. (B) A 
normal fault rotated into a mature detachment fault (DF1) and formed OCC1, creating a tectonic top basement. (C) Continued extension caused rotation in another 
fault, forming DF2 and OCC2, disrupting the magmatic top basement and indicating NE-ward migration of tectonic activity. (D) After OCC2’s full exhumation, high- 
angle normal faults formed, creating conduits for magma and a thin extrusive layer, while DF3 began forming. (E) Seafloor spreading ceased before OCC3 fully 
developed, preserving the steep angles of infant DF3. (F) The final configuration alternates between magmatic and tectonic top basements as observed in the MCS 
profile A-A’. Time axis not to scale; refer to Section 2 for age descriptions.
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variations in magmatic budget and changes from tectonic-dominated to 
magma-dominated spreading were thought to be primarily controlled by 
spreading rates (Buck et al., 2005; Liu and Buck, 2020; Szitkar et al., 
2019; Tucholke et al., 2008). These models suggested a long-term 
relationship between plate motion and magma production.

However, recent studies suggested a short-term relationship between 
plate motion and magma production, i.e., melt supply (Cannat et al., 
2019; Chen et al., 2022; Fan et al., 2021). Unlike spreading rates, which 
represent a long-term average, melt supply can vary on shorter time
scales and more locally, allowing for rapid shifts along strike (e.g., 
Escartín et al., 2008; Cannat et al., 2019).

In this study, we further demonstrate that the fault pattern and 
magma supply change simultaneously over a distance of ~70 km along 
strike. The close relationship between variations in melt supply and fault 
pattern indicates that along-strike strain distribution significantly in
fluences melt generation and supply in this mid-ocean ridge setting. 
Areas of strain de-localization lead to increased decompression melting 
and higher melt supply, resulting in magmatic-dominated oceanic crust 
characterized by small-scale high-angle normal faults. Conversely, areas 
of strain localization result in reduced melting and lower melt supply, 
forming tectonic-dominated oceanic crust with detachment faults and 
exposure of serpentinized mantle. While this strain distribution plays a 
primary role in controlling melt generation and supply, it is important to 
note that the presence or absence of melt can also influence subsequent 
strain distribution, creating a feedback loop that contributes to the 
complex crustal architecture observed along the ridge. Our findings 

provide a comprehensive framework for understanding how strain dis
tribution plays a crucial role in influencing both magma supply and fault 
development, thus determining the fundamental character of the 
oceanic crust formed along different sections of the mid-ocean ridge.

7. Conclusions

Our investigation into the eastern MOR of the WPB has unveiled 
significant variations in fault patterns and magma supply, both across- 
ridge and along-strike of the ridge. We have documented a cycle of 
slow spreading that transitions from symmetric, magma-rich accretion 
to asymmetric, magma-poor spreading, ultimately leading to a stage 
where magmatism predominates, influencing the development of OCCs.

The interplay between high-angle normal faults and detachment 
faults highlights a transition from strain de-localization (pure-shear) to 
localization (simple-shear), which is closely linked to the variations in 
magma supply. This dynamic illustrates a shift from symmetric high- 
angle faulting associated with certain amounts of extrusive activity, 
resulting in a magmatic top basement, to the emergence of detachment 
faults with limited and localized extrusives, resulting in a tectonic top 
basement.

Our research has also brought to light both mature and infant OCCs 
within the basin, each representing different stages in the life cycle of 
detachment systems. Notably, the identification of an infant OCC in the 
axial valley underscores the potential for discovering more such for
mations with the aid of high-resolution seismic data, especially in 

Fig. 10. 3D geological model (A) and geological interpretation of four cross-sections (B-E) perpendicular to the extensional axis based on profile A-A’ (solid red line 
in A). The NE-SW extension features a wide, gently sloping valley flanked by OCCs, while the N-S extension presents a narrow, steep valley. Cross-sections β-β’ and 
γ-γ’ display three SW-dipping detachment faults (DFs1–3), indicating tectonic faulting with limited magma supply during NE-SW extension (C–D). Cross-section δ-δ’ 
shows high-angle normal faults with opposing dips, uniform crustal thickness, and no OCC, suggesting a relatively high magma supply during N-S spreading (E). 
These findings indicate an along-strike variation in thermal-mechanical configuration. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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regions characterized by slow to ultra-slow spreading rates.
Our study advances this understanding by demonstrating a signifi

cant relationship between strain distribution, melt supply, and crustal 
characteristics over a distance of ~70 km along strike. Our findings 
reveal a strong link between tectonic processes and magmatic activity, 
where strain de-localization leads to increased melting and magmatic- 
dominated crust with high-angle normal faults, while strain localiza
tion results in reduced melting and tectonic-dominated crust featuring 
detachment faults and serpentinized mantle exposure. This compre
hensive framework explains the observed variations in extension pat
terns and crustal structure along the ridge, bridging the gap between 
tectonic and magmatic processes in ridge evolution. By demonstrating 
how strain distribution simultaneously controls both magma supply and 
fault development, our study provides a new perspective for interpreting 
and predicting ridge morphology and behavior. These insights not only 
enhance our understanding of oceanic crust formation but also offer a 
more integrated view of the complex interplay between tectonic and 
magmatic processes at mid-ocean ridge settings.
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