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A B S T R A C T

Slow-spreading ridges are highly segmented divergent plate boundaries with various modes of magma supply 
and faulting. Conventionally, magmatism and faulting that accommodate the plate divergence are thought to 
have an inverse relationship. However, our observations on fine-scale faulting, using high-resolution Autono
mous Underwater Vehicle (AUV) bathymetry data along the axial-valley floor of the 14◦N segment of the Mid- 
Atlantic Ridge, challenge this hypothesis. We show that axial faulting decreases from the segment center to the 
segment end as the rate of magma supply decreases and the lithosphere cools. This general pattern is also 
observed on several other slow-spreading ridge segments. We propose that this pattern relates to the link be
tween fine-scale, newly-created axial faults and fissures and modes of magma supply. At segment centers, diking 
is frequent and centralized to the ridge axis, yielding strain localization and creating closely-spaced faults, 
whereas at segment ends, diking is less frequent and more widely distributed, yielding strain delocalization with 
faults distributed throughout the axial valley floor.

Introduction

Seafloor spreading at mid-ocean ridges (MOR) is associated with 
magmatic and tectonic extension, creating oceanic lithosphere covering 
>2/3 of the Earth’s surface. Faults accommodate tectonic plate diver
gence building prominent abyssal hills (Behn and Ito, 2008; Buck et al., 
2005; Goff, 2020; Macdonald et al., 1996), associated with ubiquitous 
seismicity along the axis (Huang and Solomon, 1988; Olive and Escartín, 
2016; Smith et al., 2003). Faults may also provide pathways for hy
drothermal circulation that facilitate mass-energy exchanges between 
the hydrosphere and the lithosphere while sustaining ecosystems 
(Früh-Green et al., 2022). Understanding fault distribution and its ori
gins at spreading axes is important to gain insights into how crustal 
accretion operates, and how crustal permeability structure can evolve 
and facilitate hydrothermal circulation during seafloor spreading (Behn 
et al., 2002; Chen et al., 2025, 2023; Cowie et al., 1993; Deschamps 
et al., 2007; Escartin et al., 2007, 1999).

To date, apparent tectonic strain (ATS) has been widely used as a 
proxy of the tectonic component of plate divergence (T value), with the 
magmatic component (M value) defined as M = 1 – T (Behn and Ito, 
2008; Buck et al., 2005; Liu and Buck, 2020; Olive and Dublanchet, 

2020). ATS has typically been estimated by summing fault heaves along 
spreading flow lines, i.e., the horizontal offsets across faults, observed on 
the seafloor using ship-based bathymetry data with resolutions of 
30–200 m/pixel (Carbotte and Macdonald, 1994; Escartin et al., 1999; 
Howell et al., 2016; Searle and Laughton, 1977). Analyses of off-axis 
abyssal-hill faults, over the timescales of a few millions of years, have 
shown that ATS generally increases with decreasing spreading rate or 
magma supply, and with axial lithosphere cooling and thickening 
(Carbotte and Macdonald, 1994; Escartin et al., 1999; Goff, 2020; Gra
cia, 1999; Howell et al., 2016). These observations are consistent with 
predictions from numerical models (Behn and Ito, 2008; Buck et al., 
2005; Liu and Buck, 2020; Olive and Dublanchet, 2020; Shaw and Lin, 
1996).

However, faulting operates over a wide range of spatiotemporal 
scales, and the possible links between faulting, tectonic strain, and 
magmatism over shorter timescales (e.g., 10s-100 s kyr) have rarely 
been investigated. A previous study reported that, at the young axial 
region, i.e. crust formed within the Brunhes normal period from the 
present to 780 kyrs ago, ATS values estimated from high-resolution 
bathymetry data (1–2 m/pixel) at several MOR sites show no apparent 
correlation with spreading rate, melt supply, nor lithosphere structure 
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(Chen et al., 2025). Faults formed near or at the ridge axis are thought to 
reflect dike-related deformation in the shallow lithosphere, in addition 
to tectonic extension (Carbotte et al., 2006; Marjanović et al., 2024), and 
may be buried by volcanic eruptions (Chen et al., 2021; Gini et al., 2021) 
and subsequently modified by mass wasting (Hughes et al., 2024). 
Upper-crustal volcanic processes render axial ATS time-dependent and 
spatially heterogeneous (e.g., affected by the extent of lava flows and 
zones of dike injection). Hence, ATS estimates may not accurately reflect 
the actual T value (Chen et al., 2025). In addition, at slow-spreading 
ridges, the spreading axis may migrate laterally within the axial val
leys, resulting in asymmetries in faulting pattern (Chen et al., 2021; 
Escartín et al., 2014; Le Saout et al., 2023). To minimize observational 
bias and capture the ATS variability, fine-scale fault analyses using 
high-resolution bathymetry data should span the entire width of the 
axial valley, thereby enabling a comprehensive characterization of the 
axial faulting system.

In this paper, we systematically investigate the implications of axial 
faulting with respect to recent upper-crustal volcanic processes, along 
the axial-valley floor of the 14◦N segment at the slow-spreading Mid- 
Atlantic Ridge (MAR). To achieve this, we use high-resolution ba
thymetry data (~1 m/pixel) collected by the Autonomous Underwater 
Vehicle (AUV) Sentry, operated by U.S National Deep Submergence 
Facility, during cruises AT33–03 in 2016 and AT40–02 in 2018 (Kurz 
et al., 2021). This segment is an ideal study area for two key reasons: (i) 
previous interpretation of along-axis melt distribution is that melt sup
ply gradually decreases from the segment center to the ends (Smith 
et al., 2008), and (ii) axial fault systems of slow-spreading ridges may be 
better preserved than those at faster-spreading ridges, due to longer 
intervals between eruptions and the dominance of lower-effusion-rate 
hummocky lava flows rather than massive sheet flows covering exist
ing fine-scale faults (Cann and Smith, 2005; Perfit and Chadwick, 1998; 
Searle et al., 2010).

Background: the MAR 14◦N segment

The MAR 14◦N segment is 70 km long, with a full spreading rate of 
~27 km/Ma and bound by two non-transform discontinuities (NTD; 
Fig. 1) (Escartín and Cannat, 1999; Fujiwara et al., 2003; Smith et al., 

2008). This segment has low seismicity levels relative to adjacent ones 
based on the interpretations of teleseismic and hydroacoustic events 
(Fig. S1A) (Parnell-Turner et al., 2022; Smith et al., 2003). No hydro
thermal venting has been detected to date along this segment, and the 
closest vent sites are located in the adjacent segments to the north and 
south, such as Logatchev, Semenov and Irinovskoe hydrothermal fields 
(Escartín et al., 2017; Gebruk et al., 2000). The axial valley is ~10 km 
wide along most of the central part of the segment (Fig. 1B). The crust 
inside the axial valley was formed during the Brunhes normal polarity 
period (i.e., 780 kyrs in Fig. 1) (Smith et al., 2008), with an estimated 
spreading age of ~400 kyrs. Rock samples dredged at the southern NTD 
include popping basalts that are geochemically enriched and contain 
CO2-filled bubbles (Bekaert et al., 2024; Jones et al., 2019; Péron et al., 
2019).

Along the axial valley, the depth of the ridge axis at the segment 
center is ~880 shallower than that at the ends (Fig. 1A). The Mantle 
Bouguer gravity Anomaly (MBA) at the segment center is 28 mGal lower 
than at the ends (Fig. S1B), calculated using ship-based bathymetry 
(Fig. 1A) and the satellite-derived free-air gravity anomaly (Sandwell 
and Smith, 2009) (Fig. S1A; and see Methods in Supplementary). This 
along-axis variation corresponds to a gravity-derived estimate that in
dicates a relative crustal thickness of ~6.8 km at the segment center, 
which is ~1.4 km thicker than at the southern segment end, where the 
axis strikes at a ~ 45◦ from the spreading direction (Fig. 1C). Compa
rable variations in relative crustal thickness can also be observed along 
older isochrons off axis, e.g., along the 780 kyr isochron (Fig. 1C). These 
along-axis variations corresponds to the development of off-axis abys
sal-hill faults that get increasingly prominent from the segment center to 
ends (Fig. 1B). In particular, an oceanic core complex (OCC) and its 
associated long-offset detachment fault have developed on the eastern 
flank of the southern end of the segment end at 13◦50′N (Fig. 1B) 
(MacLeod et al., 2009; Parnell-Turner et al., 2018; Smith et al., 2008). 
Melt supply has thus been focused at the center of the MAR 14◦N 
segment for a few million years, while segmentation was maintained. 
This along-axis variation in melt supply likely impacts the thermal state 
of the axial lithosphere, thickening from the segment center to the ends, 
a phenomenon commonly observed along slow-spreading ridge seg
ments (Kuo and Forsyth, 1988; Lin et al., 1990).

Fig. 1. The Mid-Atlantic Ridge (MAR) 14◦N segment. (A) Ship-based bathymetry map. Areas mapped by Autonomous Underwater Vehicle (AUV) Sentry are outlined 
in black with a white transparency (1–4 from the segment center towards the southern end). Black solid and dashed lines mark the ridge axis and the non-transform 
discontinuity (NTD), respectively. Green dashed lines mark the magnetic picks of the Brunhes (i.e., the 780 kyr isochron) (Smith et al., 2008). (B) Geological 
interpretation of the valley wall, faults, and an oceanic core complex (OCC). (C) Map of gravity-derived relative crustal thickness calculated in this study (See 
Methods in Supplementary), that is consistent with prior estimates (Smith et al., 2008).
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The plate divergence at the MAR 14◦N segment is primarily 
accommodated by magmatic extension, with tectonic extension being 
more predominated at the segment ends. We refer to this type of 
segment as a magmatic segment, in contrast to detachment faulting- 
dominated segments at slow-spreading ridges. At the center of the 
MAR 14◦N segment, the axial lithosphere structure may be similar to 
that of other magmatic slow-spreading segment centers (Fig. S2B-S2H), 
such as the MAR Lucky Strike segment (Fig. S2B). This segment likely 
hosts a hot crustal mush zone beneath a 3–4 km thick brittle lithosphere. 
(Bohidar et al., 2024; Crawford et al., 2013; Singh et al., 2006). In 
contrast, at the southern end of the segment, the lithosphere structure is 
probably analogous to the adjacent MAR 13◦20′N OCC (Parnell-Turner 
et al., 2021, 2017) or the Mount Dent OCC at the Mid-Cayman Spreading 
Center (Grevemeyer et al., 2019) (Fig. S2I and S2J), where the brittle 
lithosphere is up to >10 km thick with the absence of a crustal mush 
zone.

Methods and results: faulting pattern and apparent tectonic 
strain

High-resolution bathymetry data acquired with the AUV Sentry 
mapped four areas along the MAR 14◦N segment (dives 376–379, 487, 
and 489 in Area-1, dives 481, 482, and 486 in Area-2, dives 374, 476, 
479, 483, 484, and 488 in Area-3, and dives 371–373, 375, 473–475, 
477, 478, 480, and 488 in Area-4; Fig. 2 and 3). From north to south, 
they are located at the segment center (Area-1), the mid-way between 
the segment center and the end (Area-2), the southern end of the 
segment (Area-3), and within the oblique southern NTD (Area-4), which 
are located 0, 16, 29, and 40 km to the south of the segment center 
(Fig. 4). Areas 1–3 cover most of the rift valley floor, while Area-4 
mainly covers the eastern flank of the rift valley floor.

The methods we used to identify and map faults and fissures are 
described in the Supplementary Materials (Chen et al., 2025). 2554 fault 
scarps and 1190 open fissures were manually digitized as closed poly
gons (Fig. 3 and Table S1), based on bathymetry (Fig. 2) and slope maps 
(Fig. S3). We also measured several geometric parameters, i.e., fault 
relief, length, dip, and spacing. Fault relief ranges from 2 to 330 m, and 

fault length varies between 10 and 3300 m. The cumulative frequency of 
maximum fault relief and fault length at the 4 areas follow exponential 
scaling laws, and their normalized distributions are consistent at reliefs 
of <40 m and lengths of <200 m (log-linear plots in Fig. S5). The ratios 
of maximum fault relief to fault length (i.e., D/L ratio) across the 4 areas 
are comparable, averaging 0.12 (Fig. S6), which falls within the range of 
a global compilation (Lathrop et al., 2022) (Fig. S6). The average 
spacing of faults and fissures increases from 110 m in Area-1 at the 
segment center, to 158 m in Area-2, and 164 m in Area-3, decreasing to 
146 m in Area-4 at the southern oblique NTD.

To illustrate the spatial variability of apparent tectonic strain (ATS; 
Fig. 3), we calculate ATS maps based on a cumulative fault heave 
(derived from the measurements of individual fault relief and assuming 
a uniform fault dip of 65◦) and a cumulative fissure width over a moving 
window with a search radius of 200 m; ATS values represent the per
centage of area within the moving window that is occupied by faults and 
fissures (see Methods in Supplementary) (Chen et al., 2025). For com
parison, other ATS estimates from different combinations of search radii 
(100 and 400 m) and fault dip (75◦) are shown in Fig. S7.

Area-1 (Figs. 2A and 3A) is located at the segment center, and in
cludes the rift valley floor and the base of the valley walls. Two hum
mocky axial volcanic ridges (AVR; 45◦01′W) mark the volcanic axis, 
located slightly east of the middle point of the rift valley floor. The 
‘tectonic axis’, referring to the zone where inward-facing faults converge 
and mark the transition in fault facing, cannot be clearly defined at Area- 
1 because the AVR is mostly unfaulted. Off the volcanic axis (i.e., the 
AVR), faults are predominantly inward facing, with a roughly symmetric 
pattern. The ATS map displays a pattern of multiple linear, ridge-parallel 
bands (Fig. 3A); two ATS bands follow along the conjugate valley walls, 
in addition to a narrow band to the east of the AVR, and a wide band to 
the west of the AVR. The seafloor on both flanks between these bands 
shows near-zero ATS.

Area-2 (Figs. 2B and 3B), located 16 km south of the segment center, 
includes the rift valley floor and parts of valley walls. Faults are pre
dominantly inward facing with a well-defined tectonic ridge axis, which 
is located slightly west of the middle point of the valley floor. The valley 
floor exhibits no AVR, and there are no other features that clearly 

Fig. 2. AUV high-resolution bathymetry maps of the Areas 1–4. All maps are at the same scale and displayed with the same color bar for relative depths.

J. Chen et al.                                                                                                                                                                                                                                     Earth and Planetary Science Letters 676 (2026) 119796 

3 



indicate the location of the volcanic axis. The faulting patterns are 
asymmetric, as the east flank displays both more faults and higher ATS 
values than west of the tectonic axis, where there is only one ATS band.

Area-3 (Figs. 2C and 3C) is located 29 km south of the segment 
center. The survey lies west of the 13◦50′N OCC and excludes the valley 
walls. The fault-facing transition (tectonic axis) is located in the west of 
the mapped area. To the east of the fault-facing transition, the orienta
tion of the faults and fissures rotates from NE20◦ (sub-perpendicular to 
the spreading direction) to NW50◦ (oblique), as it approaches the 
detachment fault on the flank. This rotation likely reflects the interac
tion between high-angle faults and detachment fault, with either stress 
rotation or a local shear of nearby lithosphere (Fig. 3C). The ATS map is 
characterized by three N-S bands and several scattered high value areas.

Area-4 (Figs. 2D and 3D) is located 40 km south of the segment 
center and mainly covers the eastern section of the valley floor within 
the oblique NTD. This features a striking area of unfaulted seafloor to the 
east, separated by a curved boundary from an adjacent area of faulted 
seafloor to the west. This boundary contains a curved transition that 
mimics the tectonic axis (with a divide between east- and west-facing 
faults, all inward-facing). The orientation of the faults and fissures is 

nearly normal to the spreading direction, even though these faults have 
developed within the oblique-spreading NTD. The ATS map does not 
reveal ridge-parallel stripe patterns as in the prior study sites, but shows 
discontinuous, patchy areas with high ATS values (Fig. 3D). A rounded, 
flat-topped seamount with a diameter of 1.2 km is located on the fault/ 
unfaulted boundary.

Our analysis also indicates that the ATS value, averaged within the 
rift valley for each area, gradually decreases from the segment center to 
the southern end, from 7.6 % in Area-1 to 5.1 % in Area-2, 4.3 % in Area- 
3, and 2.7 % in Area-4 (Fig. 4C). This along-axis trend aligns with the 
areal proportion of different ATS classes (>8 %, 4–8 %, and <4 %) in 
each site: the seafloor at the segment center (Area-1) is dominated by 
high ATS values (>8 %), whereas low ATS values (<4 %) become 
increasingly prevalent toward the segment end (Fig. S7A). We also 
calculate the fissure component of the average ATS inside the axial 
valley, which gradually decreases from 1.13 % in Area-1 to 1.02 % in 
Area-2, 0.82 % in Area-3, and 0.57 % in Area-4 (Fig. 4D).

Fig. 3. Faulting pattern and apparent tectonic strain (ATS) in the valley floor the MAR 14◦N segment, based on AUV high-resolution bathymetry data. (A) to (D) 
corresponds to Areas 1–4, respectively, each including a map of the bathymetry shown with shaded relief, interpretations of faults and fissures, and calculated ATS 
values. All maps are at the same scale. Axial volcanic ridge (interpreted as the volcanic axis), valley walls, and fault facing transition (interpreted as the tectonic axis) 
are indicated. East- and west-facing faults are indicated in red and blue, respectively, and fissures are shown in green. ATS is calculated using a fault dip and a search 
radius of α = 65◦ and r = 200 m, respectively.
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Discussion: axial ATS reflects dike-related deformation

Our fault analyses inside the rift valley along the magmatic MAR 
14◦N segment using AUV high-resolution bathymetry data indicate a 
gradual decrease in cumulative fault heave (i.e., the average ATS values) 
from the segment center to the southern end (Fig. 4C). This trend is 
consistent with that observed at other slow-spreading ridge sections 
surveyed with high-resolution bathymetry data, including the MAR 
Lucky Strike segment (Fig. 4C) (Chen et al., 2025), where, similarly, 
melt supply decreases and the lithosphere thickens from the segment 
center to the ends (Singh et al., 2006; Wang et al., 2025). As these data 
are acquired over the most recently accreted seafloor (within the rift 
valley), these correlations are thus representative of a short timescale, e. 
g., <1 Myrs, based on the width of the rift valley floor and the spreading 
rate.

In general, the ATS values are attributed to both the geometry and 

distribution of the faults identifiable in a dataset, which in turn reflect its 
resolution and the scale of the geological processes it captures. One of 
the most prominent geological processes within the axial valley of a 
magmatic slow-spreading segment is axial rifting driven by diking 
events. Analogue (Corti et al., 2002) and numerical (Behn et al., 2006) 
models predict that the locus of magmatic accretion effectively controls 
surface deformation by localizing the strain in the overlying crust. As 
vertical blade-like dikes ascend close to the seafloor, they cause faulting 
near the dike tip, promoting strain localization and subsequent seafloor 
deformation and fault development (Chadwick and Embley, 1998; Head 
et al., 1996; Marjanović et al., 2024; Rubin, 1992). This process includes 
the formation of graben-like structures controlled by normal faults 
rooting at/near the dike tip (Rubin, 1992).

We propose that the axial ATS values are controlled by along-axis 
variations in diking frequency, which is ultimately and indirectly 
linked to melt supply. At the segment center, owing to a high melt supply 

Fig. 4. Along-axis variations of diking-faulting systems at the MAR 14◦N segment. (A) Along-axis depth profile with the locations of the study Areas 1–4. (B) Gravity- 
derived crustal thickness. (C) Average ATS, calculated using all faults and fissures inside the axial valley for the MAR 14◦N segment. Yellow squares represent ATS 
measured along the Lucky Strike segment, using 2-m-resolution bathymetry with the same approach as in this study (Chen et al., 2025). (D) Fissure component of 
average ATS inside the axial valley along the MAR 14◦N segment. (E)-(G) Schematic sketches (VE=1) of how diking-faulting systems are interpreted to vary from the 
segment center (Area-1) to the end (Area-3). The crust (gray), between the seafloor and Moho, is based on gravity-derived crustal thickness. Tectonic component of 
plate divergence (T = 1 – M) increases from the segment center (E), magmatic-dominated segment end (F), to tectonic-dominated segment end with a detachment 
fault (G), while ATS and diking frequency inside axial valley decreases. Red and blue arrows represent faults related to magmatic and tectonic deformation, 
respectively. Dikes could originate from vertical propagation from AMLs (orange), lateral propagation (yellow), and local melt pockets (pink). Crystal mush zone is 
outlined by the 1000 ◦C isotherm (basaltic solidus), capped by axial melt lenses (AML).
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and enhanced volcanism, diking should decrease in frequency towards 
the segment ends, where melt supply is low relative to the segment 
center. In this scenario, faults and fissures in the rift valley floor may be 
primarily induced by diking, with volcanism unable to fully cover these 
structures. Notably, the fissure component of average ATS inside the 
axial valley along the MAR 14◦N segment (Fig. 4D), which may directly 
reflect the diking process, as also observed in Iceland (Hjartardóttir 
et al., 2016; Rubin, 1992) and Mid-Ocean Ridges (Chadwick and Emb
ley, 1998; Wright et al., 2002), exhibits a decreasing pattern from the 
segment center to the end. These values may represent minimum esti
mates of dike-related strain along the ridge axis.

To further test our hypothesis, we revisited and made systematic 
evaluations of along-axis ATS variations around the centers of 8 
magmatic slow-spreading segments (Fig. 5), using conventional ship- 
based bathymetry data with 50–150 m multi-resolution bathymetry 
grids (Ryan et al., 2009). We use the 14◦N, Lucky Strike, Menez Gwen, 
36◦N, 35◦N, 25◦N segments of the MAR, the 23◦S segment of the 
slow-spreading Central Indian Ridge (CIR), and the 50◦E segment of 
ultraslow-spreading Southwest Indian Ridge (SWIR) (Fig. S2), the 
segment centers of which are influenced by enhanced magmatism. At 
each segment, five across-axis profiles were extracted at 5 km intervals 
along the ridge axis, with the central profile crossing the segment center 
and the others extending 10 km toward each segment end; each profile 
extends up to 20 km off axis on both flanks (Fig. S2 and S9). We 
calculated ATS values by: 1) summing fault reliefs along each across-axis 
profile (Fig. S10); 2) dividing by the profile length (40 km); 3) averaging 
the ATS values at the profiles with the same along-axis distance from the 
segment center on both sides of each segment (Fig. S11); and 4) 
normalizing with respect to the ATS at the segment center (equal to 1). 
The normalized ATS of 8 magmatic segments consistently peaks at the 
segment centers, with the most pronounced decreases occurring within 
5 km away from segment centers along axis (Fig. 5). Notably, the 
maximum relief of bounding faults is also located at the segment centers, 
particularly in segments featuring rifted dome-shaped volcanos, e.g., the 

Menez Gwen, Lucky Strike, MAR 35◦N, CIR 23◦S, and SWIR 50◦E seg
ments (Fig. S2 and S9). A similar pattern of the ATS maxima at segment 
centers is also observed in subaerial volcanic spreading centers, such as 
the Dabbahu-Manda-Hararo segment of the East African Rift system 
(Dumont et al., 2019). We, therefore, propose that the axial ATS is not a 
proxy to evaluate the overall tectonic component of plate divergence (i. 
e., T value) over some spatiotemporal scales but rather reflects 
dike-induced faulting, and the pattern we observe in along-axis ATS 
variation inside the axial valley of the MAR 14◦N segment is applicable 
to other magmatic segments.

We interpret that axial ATS values are indicative of the surface 
expression of dike-related deformation at very shallow crustal levels. At 
the segment centers with an overall T value typically < 0.1 (Fig. 4E), 
dike injections, originating from a shallow mush zone capped by an axial 
melt lense (AML), are relatively frequent and localized within a narrow 
zone beneath the axial volcanic ridge. This leads to strain localization 
and the formation of symmetric, dike-induced faults that dissect central 
topographic highs. These dike-related faults are closely spaced (aver
aging to 110 m in Fig. 3A) and may extend to shallow crustal levels 
(Fig. 4E). Towards the segment ends, the frequency of dike injections 
decreases, due to reduced melt supply and the deepening of the AML 
(Fig. 4F and G). In addition, the rift valley widens, with dikes and 
associated AVRs becoming more diffuse, rather than concentrating in a 
narrow central zone (Chen et al., 2025; Escartín et al., 2014). It is un
clear if these dikes originate from composite sources (Fig. 4F and G), 
which could propagate vertically from a deep AML and local melt 
pockets (Cannat, 1996); or, if they are emplaced by lateral propagation 
from the segment center (Grandin et al., 2012; Wang et al., 2025; Wright 
et al., 2006). The thick lithosphere at segment ends, together with a 
limited melt supply, can hinder dikes from reaching the seafloor to feed 
volcanic eruptions. Such a diffuse dike injection pattern can result in 
strain delocalization, potentially distributing dike-related faults 
throughout the entire axial valley floor (Fig. 4F and 4G). As a result, 
dike-induced faults at segment ends are fewer, asymmetric, and widely 
spaced (e.g., Fig. 3B and 3C), and they may root into deeper depths, as 
the lithosphere is colder and thicker.

The along-axis ATS variation observed within the axial valley does 
not conform to models that predict an increase of tectonic strain with 
distance along axis away from segment centers. In other words, the 
segment centers, where focused and/or enhanced magmatism occurs, 
are expected to have less tectonic extension of plate divergence than at 
the segment ends (Allerton et al., 1996; Escartin et al., 1999; Liu and 
Buck, 2020; Shaw and Lin, 1996). This expected pattern of tectonic 
strain is indeed observed when rift valley walls and off axis faults are 
considered (e.g., Fig. 1B), reflecting a longer-term tectonic accommo
dation of spreading, distinct from axial dike-related faults on shorter 
timescales.

Fig. 4E–G illustrate that there is a transition from axial faulting 
dominated by diking, to off-axis faulting with a balance between 
magmatic and tectonic deformation. As observed at the MAR 14◦N 
segment (Fig. 1B), this off-axis tectonic deformation is likely to accom
modate a greater portion of plate divergence (i.e., a higher T value) at 
the segment ends compared to the center, possibly resulting in more 
rapid off-axis fault growth at the segment ends, contributing to the 
formation of prominent off-axis abyssal hills or oceanic core complexes 
(Fig. 4F and G). A major conclusion of this study is that the causes and 
mechanisms of faulting within vs outside the axial valley at slow- 
spreading ridges are fundamentally different.

Conclusions

High-resolution bathymetry data along the magmatic slow-spreading 
MAR 14◦N segment show a decrease in the frequency of observable axial 
faulting from the segment center to the segment end. Although this trend 
is opposite to the conventionally understood inverse relationship be
tween melt supply and tectonic strain, we demonstrate that this pattern 

Fig. 5. Apparent tectonic strain (ATS) normalized to the centers of 8 magmatic 
slow-spreading ridge segments, based on ship-based bathymetry data. At each 
segment, five across-axis profiles were extracted at 5 km intervals along the 
ridge axis, with the central profile crossing the segment center and the others 
extending 10 km toward each segment end; each profile extends up to 20 km off 
axis on both flanks (Fig. S2 and S9). Each normalized ATS value is calculated by 
1) summing fault reliefs along each across-axis profile (Fig. S10); 2) dividing by 
the profile length (40 km); 3) averaging the ATS values at the profiles with the 
same along-axis distance from the segment center on both sides of each segment 
(Fig. S11); and 4) normalizing with respect to the ATS at the segment center 
(equals to 1).
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exists across several magmatic slow-spreading ridge segments. We 
interpret that the axial faults, observed in high-resolution bathymetry 
data reflect dike-related deformation in the shallow crust, rather than 
tectonic extension. This interpretation explains why the apparent tec
tonic strain (ATS) may not accurately estimate the tectonic component 
of plate divergence within the axial valley over short timescales. At the 
segment centers, ATS represents frequent and centralized dike injections 
that lead to strain localization at narrow grabens, whereas at the 
segment ends, ATS represents infrequent and distributed dike injections 
that lead to strain delocalization throughout the full width of the axial 
valley floor. This along-axis variations in diking-faulting at magmatic 
slow spreading ridges also creates high upper-crustal permeability at 
magma-enhanced segment centers, probably facilitating a focused 
upflow zone for hydrothermal fluids, e.g., the Lucky Strike hydrother
mal vent (Barreyre et al., 2012).

Data availability
High-resolution bathymetry data at the MAR 14◦N collected by the 

Sentry AUV are available at https://doi.org/10.26022/IEDA/330198
(Kurz et al., 2021). Digital faults and fissures and calculated grid files of 
apparent tectonic strain are available at https://doi.org/10.6084/m9. 
figshare.26510875.
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Escartín, J., Mével, C., Petersen, S., Bonnemains, D., Cannat, M., Andreani, M., 
Augustin, N., Bezos, A., Chavagnac, V., Choi, Y., Godard, M., Haaga, K., Hamelin, C., 
Ildefonse, B., Jamieson, J., John, B., Leleu, T., MacLeod, C.J., Massot-Campos, M., 
Nomikou, P., Olive, J.A., Paquet, M., Rommevaux, C., Rothenbeck, M., 
Steinfuhrer, A., Tominaga, M., Triebe, L., Campos, R., Gracias, N., Garcia, R., 2017. 
Tectonic structure, evolution, and the nature of oceanic core complexes and their 
detachment fault zones (13◦20′N and 13◦30′N, Mid Atlantic Ridge). Geochem. 
Geophys. Geosystems 18, 1451–1482. https://doi.org/10.1002/2016GC006775.

Escartín, J., Soule, S.A., Cannat, M., Fornari, D.J., Düşünür, D., Garcia, R., 2014. Lucky 
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constraints on mantle carbon from Mid-Atlantic Ridge popping rocks. Earth Planet. 
Sci. Lett. 511, 67–75. https://doi.org/10.1016/j.epsl.2019.01.019.

Kuo, B.Y., Forsyth, D.W., 1988. Gravity anomalies of the ridge-transform system in the 
South Atlantic between 31 and 34.5◦ S: upwelling centers and variations in crustal 
thickness. Mar. Geophys. Res. 10, 205–232. https://doi.org/10.1007/BF00310065.

Kurz, M., Mittelstaedt, E., Wanless, D., 2021. Processed near-bottom bathymetry grids 
(netCDF format) for survey sites 1 to 5 from Sentry AUV dives at the Mid-Atlantic 
Ridge (AT40-02, 2018). Interdiscip. Earth Data Alliance IEDA. https://doi.org/ 
10.26022/IEDA/330198.

Lathrop, B.A., Jackson, C.A.L., Bell, R., Rotevatn, A., 2022. Displacement/length scaling 
relationships for normal faults; a review, critique, and revised compilation. Front. 
Earth Sci. 10, 907543. https://doi.org/10.3389/feart.2022.907543.

Le Saout, M., van der Zwan, F.M., Schiebener, C.K., Augustin, N., 2023. Magmatism at an 
ultra-slow spreading rift: high-resolution geomorphological studies of a Red Sea Rift 
segment in Hadarba Deep. Front. Mar. Sci. 10. https://doi.org/10.3389/ 
fmars.2023.1273574.

Lin, J., Purdy, G.M., Schouten, H., Sempere, J.-C., Zervas, C., 1990. Evidence from 
gravity data for focused magmatic accretion along the Mid-Atlantic Ridge. Nature 
344, 627–632. https://doi.org/10.1038/344627a0.

Liu, Z., Buck, W.R., 2020. Global trends of axial relief and faulting at plate spreading 
centers imply discrete magmatic events. J. Geophys. Res. Solid Earth 125. https:// 
doi.org/10.1029/2020JB019465 e2020JB019465-e2020JB019465. 

Macdonald, K.C., Fox, P.J., Alexander, R.T., Pockalny, R., Gente, P., 1996. Volcanic 
growth faults and the origin of Pacific abyssal hills. Nature 380, 125–129. https:// 
doi.org/10.1038/380125a0.

MacLeod, C.J., Searle, R.C., Murton, B.J., Casey, J.F., Mallows, C., Unsworth, S.C., 
Achenbach, K.L., Harris, M., 2009. Life cycle of oceanic core complexes. Earth 
Planet. Sci. Lett. 287, 333–344. https://doi.org/10.1016/j.epsl.2009.08.016.
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Methods 

Gravity inversion at the MAR 14°N segment 

Following the gravity inversion approach (Kuo and Forsyth, 1988; Lin et al., 1990), we 

first calculate the map of Mantle Bouguer Anomaly (MBA; Fig. S1B) by subtracting the 

gravity effects of the water layer above the seafloor and a constant crustal thickness of 6 km 

from the satellite-derived Free-Air Anomaly (FAA; Fig. S1A) (Sandwell and Smith, 2009), 

using GMT software gravity calculation ‘gravfft’ model (Wessel et al., 2019). The densities 

of water, crust, and mantle are assumed to be 1.03, 2.7, and 3.3 g/cm3, respectively, and the 

sediment layer near the ridge axis (<100 m thick) is negligible in the study area (Parnell-

Turner et al., 2018). We then calculate the map of residual MBA (RMBA; Fig. S1C) by 

removing the gravity effect of lithosphere cooling relating to crustal ages from the MBA. The 

map of relative crustal thickness is inverted by the downward continuation of the RMBA, 

applying a cut-off filter at wavelengths between 20 and 30 km. Our results align well with the 

previous map of crustal thickness based on ship-based FAA (Smith et al., 2008). We assume 

that the average crustal thickness along the MAR 14°N segment is 6 km and build the map of 

relative crustal thickness (Fig. 1C). 

Faults and fissures detection 

AUV high-resolution (HR) bathymetry (Fig. 2) and calculated slope maps (Fig. S3) are 

used to identify faults and fissures by a single analyst (J.C.). Faults and fissures in Area-1 are 

partly adapted from the previous study (Chen et al., 2025). Faults are linear and digitized as 

closed polygons along scarp tops and bottoms, according to sharp changes in bathymetry and 

slope. Fault relief is determined by the depth difference between the top and the bottom of the 

scarp, ranging from a few m to >300 m. Fissures are digitized along their margins, 

corresponding to linear depressions. Fissure width ranges from a few m to <50 m. This 

analysis yields 2554 faults and 1190 fissures in total (Table S1).  

We measure the fault relief and fissure width based on cross-axis transects spaced at 2 m. 

Fault dip (defined as the largest value along the fault scarp) and spacing of faults and fissures 

are measured accompanied with the measurement of fault relief. The cumulative frequencies 

of the maximum fault relief and of the fault length follow exponential laws (log-linear plots 

in Fig. S5), suggesting that our picking process and measurements record small fault scarps. 

The plots of fault dip and its median value versus fault relief for 4 areas (Fig. S4) show that 

the median value of the fault dip increases from 10° to 60-80° as the fault relief increases 



 

from 0 to ~50 m. The fault dip mostly stabilizes on 60-80° at reliefs over 50 m. The average 

fault-fissure spacing of the 4 areas is 136 m, with variations among individual areas ranging 

from 110 to 165 m. 

Apparent tectonic strain calculation 

The map of apparent tectonic strain (ATS) is calculated by summing the fault heave (H) 

and the fissure width (W) over a moving circular window (Chen et al., 2025). Fault heave is 

based on measured fault relief (R), expressed as: 

𝐻 = 𝑅/𝑡𝑎𝑛(𝛼), 

where α is the fault dip, treated as uniform values of 65° and 75° (Fig. 3 and S8). ATS in a 

circular window is expressed as: 

𝐴𝑇𝑆 = 100%	 × 	𝐶 · (𝛴𝐻 + 𝛴𝑊)	/	𝜋𝑟!, 
where r is the search radius of the moving circular window, ΣH, and ΣW are accumulations 

of fault heave and fissure width within the search window, respectively, and C is the spacing 

of cross-axis transects (2 m). The search radius (r) is given as 200 m, constrained by the 

spacing of faults and fissures. We use the combination of r = 200 m and α = 65° in Fig. 3, 

and to evaluate the robustness of our ATS calculation, we test other combinations of r (100 

and 400 m) and α (75°) in Fig. S8. 

  



 

Area 1 2 3 4 All 

Spreading rate (km/Ma) 27 

Surface area of high-resolution 
bathymetry data (km2) 19.4 11.45 13.67 33.85 78.37 

Gravity crustal thickness (km) 6.8 6.4 5.9 5.5 - 

Mean depth (km) 3.07 3.15 3.43 3.92 - 

No. picked faults/fissures 1034/427 340/178 486/230 694/355 2554/1190 

Average ATS inside axial valley 
at α=65° (%) 7.6 5.1 4.3 2.7 5.3 

Table S 1. Information of high-resolution bathymetry data of the 4 areas at the MAR 

14°N segment. ATS: apparent tectonic strain.  

  



 

 
Figure S 1. Gravity maps of the MAR 14°N segment. See legend of geological 

interpretation in Fig. 1. (A) Free-air anomaly (FAA), based on satellite data (Sandwell and 

Smith, 2009). White and blue circles are earthquakes recorded by the International 

Seismological Centre (ISC) and hydrophones (Parnell-Turner et al., 2022), respectively. (B) 

Mantle Bouguer Anomaly (MBA). (C) Residual MBA (RMBA). 

  



 

 
Figure S 2. Ship-based bathymetric maps of 8 magmatic segments at slow-ultraslow 

spreading ridges. All maps have the same distance scale. Dash line represents the ridge axis. 

Solid lines represent cross-sections for estimating apparent tectonic strain (see Fig. 5E and 

S9). Red lines represent cross-sections across segment centers.  



 

 

 
Figure S 3. High-resolution slope maps of the Areas 1-4. All maps are at the same distance 

and displayed with the same color scale for slopes. 

  



 

 
Figure S 4. Measured fault dip (dots) and median of fault dip (lines) versus fault relief of 

the Areas 1-4. Most fault dips stabilize on 60-80° at reliefs over 50 m. 

  



 

 
Figure S 5. Log-linear plots for cumulative frequency of maximum fault relief and fault 

length. Partially mapped faults are excluded from the statistics. Bins of relief and length are 2 

m and 20 m, respectively. (A-1) and (B-1) Cumulative frequency. (A-2) and (B-2) 

Normalized cumulative frequency. 

  



 

 
Figure S 6. Maximum fault relief versus fault length (D/L ratio). (A) Global compilation 

in gray dots (Lathrop et al., 2022) and 4 areas of this study in magenta. Blue square is the 

range in (B)-(E). Partially mapped faults are shown in open dots. The mean D/L ratio is 0.11-

0.13 among the 4 areas. 

  



 

 
Figure S 7. Along-axis ATS distribution. Pie chart shows the proportion of the Areas 1-4 at 

the ATS of <4%, 4-8%, and >8%. 

 
 
 

 
Figure S 8. Apparent tectonic strain calculated using α = 65/75° and r = 100/200/400 m of 

the Areas 1-4. See the lower-left corner for values of α and r. See the combination of α = 65° 

and r = 200 m in Fig. 3. 

  



 

 
Figure S 9. Topographic cross-sections (VE=7.5) within 20 km off axis of 8 magmatic 

segments at slow-ultraslow spreading ridges. See locations in Fig. S2. Fault scarps are 

shown in red. Horizontal dashed lines represent reference depths. 

 
Figure S 10. Cumulative fault relief versus distance, measured along cross-sections in 

Fig. S9. Blue dots correspond to the west or north flanks, and orange dots correspond to the 

east or south flanks. Dashed lines make the ATS values at 5%, 10%, and 15%, using a 

uniform fault dip at 45°.  



 

 
Figure S 11. Apparent tectonic strain (ATS) of 8 magmatic slow-spreading ridge 

segments. See Fig. 5 for normalized ATS to segment centers. For this calculation, fault dip is 

assumed to be 45° at all sites and profiles. 
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