
1. Introduction
Mid-Ocean Ridges (MORs) are one of the Earth's principal volcanic systems: Magma forms in the upwelling 
mantle in response to plate divergence, and dike intrusions and volcanic eruptions build the upper crust. 
Modes of upper-crustal construction have been shown to vary as functions of spreading rate, magma supply, 
and tectonic deformation (Cannat et al., 2019; Colman et al., 2012; Perfit & Chadwick, 1998). At those ridge 
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High-resolution bathymetry and backscatter, near-bottom magnetic data, and visual observations were 
acquired to infer spatiotemporal variations in upper-crustal construction over the past 780 kyr. Tectonic 
strain inferred from observed faults represents <8% of the total plate divergence during this period. 
Mapped seafloor and lava morphologies show a prevalence of smooth seafloor and smooth hummocky 
seafloor (64% mapped area), corresponding to a dominance of high-effusion-rate, sheet-lobate lavas, over 
hummocky seafloor (29%) that mostly comprises low-effusion-rate pillow lavas. This prevalence is most 
pronounced within a ∼5 km-long domain at the segment center, while hummocky seafloor prevails to its 
east and west, indicating a substantial along-axis decrease in average eruption rate. Across-axis changes of 
seafloor morphologies and faulting pattern indicate two successive cycles of upper-crustal construction. 
These cycles last ∼300 kyr, interpreted as waxing and waning magmatic phases. During waxing phases, 
shallow axial melt lenses (AMLs) form beneath the segment center, feeding narrow diking systems that 
build high-eruption-rate smooth domal volcanos. During waning phases, lower frequencies of melt 
replenishment may cause the AML to become deeper and ultimately disappear. This configuration triggers 
diking and hummocky-dominated eruptions over a wider axial domain, with more faults. We propose that 
modes of upper-crustal construction at slow and ultraslow mid-ocean ridges are influenced by melt supply 
more than spreading rate.

Plain Language Summary The ultraslow-spreading Southwest Indian Ridge (SWIR) is 
characterized by extremely variable melt supply. Previous studies show that the center of the SWIR 
50°28′E segment has a high melt supply with a uniquely 9.5 km-thick crust and a crustal melt-mush 
zone. Seafloor and lava morphologies, fault scarps and fissures, and eruptive units over the past 780 kyr, 
were mapped in this high melt supply region, using 2-m resolution bathymetry and backscatter data 
collected by an autonomous underwater vehicle and seafloor photographs collected by a towed camera. 
Our geological mapping suggests high eruption rates and low tectonic strain, similar to intermediate- and 
fast-spreading ridges. It also indicates that the upper crust was constructed with alternating waxing and 
waning magmatic phases over cycles of ∼300 kyr duration. Waxing phases are characterized by high-
eruption-rate smooth domal volcanos fed by localized dikes. Based on available geophysical data, waxing 
phases occur with relatively shallow and frequently replenished axial melt lenses. By contrast, waning 
phases are dominated by low-eruption-rate hummocky ridges fed by delocalized dikes, corresponding to 
deeper and shorter-lived axial melt lenses and lower frequency of melt replenishment. We propose that 
the upper-crustal geology at slow-ultraslow ridges is controlled by melt supply more than spreading rate.
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segments that have a crustal magma mush zone capped by a shallow axial melt lens (AML), for example, 
9°30′N of fast spreading East Pacific Rise (EPR), as inferred from the detection of a seismic low-velocity 
anomaly (LVA; Dunn et al., 2000) and an AML reflector (Detrick et al., 1987), volcanic eruptions mostly pro-
duce high-eruption-rate, sheet-lobate dominated, smooth lava flows (Fundis et al., 2010). When the AML 
reflector gets deeper, for example, 91–95°W of intermediate spreading Galapagos Spreading Center (GSC; 
Blacic et al., 2004), low-eruption-rate hummocky lava flows (pillow dominated) also occur, and meanwhile 
faults contribute to a larger part of plate divergence (Colman et al., 2012). Key characteristics of the ridge's 
magma plumbing system possibly can therefore be indirectly inferred from seafloor and lava morpholo-
gies, if bathymetry and backscatter data are available at sufficient resolution, and backed by seafloor videos 
or photographs (Colman et al., 2012; Escartín et al., 2014; Fundis et al., 2010; Sauter et al., 2002; Searle 
et al., 2010).

Shallow AMLs typically characterize fast spreading ridges, while intermediate spreading ridges tend to have 
deeper AMLs (Chen & Morgan, 1990). Crustal LVA and/or AML reflectors have not been found as frequent-
ly at slow and ultraslow spreading ridges (Detrick et al., 1990; Hooft et al., 2000; Minshull et al., 2006), and 
hummocky lava flows dominate (Sauter et al., 2002; Searle et al., 2010). However, crustal LVAs and/or AML 
reflectors that extend only a few kilometers from their segment centers have been documented at a few 
magmatically robust slow spreading segments, such as the Lucky Strike segment at the Mid Atlantic Ridge 
(MAR; Combier et al., 2015; Seher et al., 2010; Singh et al., 2006) and the 50°28′E segment at the ultraslow 
spreading Southwest Indian Ridge (SWIR; Jian, Chen, et al., 2017; Jian, Singh, et al., 2017). These segments 
display large along-axis variations in both seismic velocity structure and seafloor morphology. Lucky Strike 
has a dome-shaped volcanic construct built by smooth lava flows above the documented AML at the seg-
ment center while ridge-parallel hummocky ridges form toward segment ends (Escartín et al., 2014). This 
characteristic is consistent with a strong focusing of melt supply on the segment center (Lin et al., 1990). Es-
cartín et al. (2014) listed 16 examples of dome-shaped volcanos at the center of slow and ultraslow spread-
ing ridge segments, and suggested that a crustal melt mush zone is likely to be the key to form such large 
volcanic constructions and that their common fate is to become rifted by axial graben faults.

Seismic tomography results obtained at the center of the SWIR 50°28′E segment (segment #27 in Cannat 
et al., 1999; Figure 1a) show a uniquely thick crust (9.5 km) and a rounded crustal LVA ∼4–9 km below 
the seafloor (bsf) with a horizontal diameter of 5–6 km at the −0.4 km/s contour (Jian, Chen, et al., 2017; 
Jian, Singh, et al., 2017). Seismic reflection data are not available to confirm the existence of an AML on 
top of this LVA. However, full waveform inversion results show a sharp decrease in seismic velocity at a 
depth of about 4 km, which is interpreted to be due to mostly crystallized gabbros with up to 10% melt (Jian 
et al., 2017a). The depth to the Moho indicates that crustal thickness is reduced to 6.6–7.6 km midway to 
the segment ends (profile B-B' of Jian, Chen, et al., 2017 located in Figure 1a). Seismicity is low beneath the 
SWIR 50°28′E segment, yet a few microearthquakes have been located down to ∼10 km bsf on or close to 
the ridge axis and at least 3 km laterally to the west of the LVA (Yu et al., 2018), indicating that the brittle 
lithosphere there is a bit thicker than the crust. The axial domain is bounded by two elevated regions that 
extend over the full length of the present-day ridge segment (prominent scarps near magnetic anomaly 2A 
in Figure 1a), and are interpreted by Mendel et al. (2003) as the conjugate rifted remnants of a yet more 
magmatically robust period of spreading. This period of very high melt influx has been interpreted as due 
to the eastward migration of a mantle melting anomaly (Sauter et al., 2009). Present-day magmatism at the 
50°28′E segment is a bit weaker, even at the segment center (Mendel et al., 2003), but remains more mag-
matically robust than at other SWIR segments.

Here, we report on high-resolution (HR) bathymetry and backscatter, seafloor videos and photographs, and 
near-bottom magnetic data, collected over a 13 by 12 km area at the center of the SWIR 50°28′E segment 
(Figure 1). This survey is located above the LVA and is bounded by the Brunhes-Matuyama (B-M) reversal 
(780 kyr). It includes the Duanqiao extinct black-smoker hydrothermal field (HF; Tao et al., 2012) and sev-
eral hydrothermal plume anomalies (Yue et al., 2019). The variations of seafloor and lava flow morphologies 
at the center of the SWIR 50°28′E segment over the past 780 kyr provide constraints in space and time to 
improve the general understanding of the effects of spreading rate and melt supply on upper-crustal con-
struction at MORs.



Journal of Geophysical Research: Solid Earth

CHEN ET AL.

10.1029/2021JB022152

3 of 19

2. Data and Methods
2.1. AUV Surveys

The autonomous underwater vehicle (AUV) QianLong-Ⅱ investigated the center of the SWIR 50°28′E seg-
ment during the DY40 cruise aboard R/V Xiangyanghong-10 in 2016. The AUV was equipped with a newly 
developed High-Resolution Bathymetric Sidescan Sonar System (HRBSSS; Liu et al., 2016) and a three-com-
ponent magnetometer (Wu et al., 2019). During dives 27, 29, and 30, the AUV surveyed at an altitude of 
∼100 m above the seafloor at a speed of 1–2 kt with a track spacing of 400 m (Figure 1b). A short AUV-borne 
camera survey (dive 20) was conducted at ∼5 m above the seafloor near the Duanqiao HF. Navigation was 
achieved by combining the inertial navigation system (IXBLUE PHINS-6000) with a long baseline system 
(Wu et al., 2019).

Figure 1. (a) Shipboard bathymetric map of 50°28′E segment (segment #27 in Cannat et al., 1999) at the Southwest Indian Ridge (SWIR). Conjugated faults 
mark the rifted remnants of elevated seafloor regions. Red star is the location of the Duanqiao hydrothermal field, and yellow stars indicate hydrothermal 
plume anomalies (Yue et al., 2019). Magnetic A1 (Brunhes-Matuyama reversal), A2, and A3 (white-filled symbols) are pickings from sea-surface magnetic 
anomaly (Sauter et al., 2009). The dashed pink line in panels (a) and (b) outlines the P-wave low-velocity anomaly of −0.4 km/s at 7 km bsf, which is calculated 
by subtracting an average velocity-depth profile within along-axis distance of ±15 km (Jian, Chen, et al., 2017). AA' and BB' mark locations of seismic profiles 
across and along the ridge axis from Jian, Chen, et al. (2017). Black dots with error bars indicate the epicenters of microearthquakes (Yu et al., 2018). (b) and (c) 
High-resolution (gridded at 2 m) bathymetry and backscatter at the center of 50°28′E segment. Gray lines are tracks of autonomous underwater vehicle (AUV) 
QianLong-II dives 27, 29, and 30. Thick black lines are two magnetic profiles shown in Figure 7. Red lines show the deep-tow camera tracks. Short blue line 
near the Duanqiao hydrothermal field is a camera track during AUV dive 20.
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2.1.1. High-Resolution Bathymetry and Backscatter Data

The HRBSSS was operated at 150 kHz with a swath width of 250 m during dives 27, 29, and 30. The ba-
thymetry and backscatter data were processed using the CleanSweep software to create a 2-m resolution 
grid (Figures 1b and 1c). The combined bathymetry data cover ∼110 km2 of seafloor (13 km along axis and 
12 km across axis). The data remain noisy despite processing (the DY40 cruise was the first deep sea opera-
tion for the HRBSSS system of the AUV). We were cautious to adapt the scale and scope of our observations 
to the relatively poor quality of the data.

2.1.2. Magnetic Anomalies

For this study, we processed two across-axis magnetic profiles in the center of the AUV map, collected with 
a 1 Hz sampling frequency (Figure 1b). The magnetic effect from the AUV was estimated and removed (Wu 
et al., 2019). The local geomagnetic field predicted by International Geomagnetic Reference Field (IGRF) 
was removed (Thébault et  al.,  2015), and Reduction-To-Pole (RTP) was applied to locate the anomalies 
directly above their possible sources by correcting the inclination and declination of the geomagnetic field.

2.2. Deep-Tow Video and Seafloor Photographs

In this study, we analyzed 24 h of video and 3,647 photographs covering 6 ridge-parallel transects within 
the AUV survey area (Figure 1b). These data were collected in 2015 during the DY34 cruise aboard R/V 
Dayangyihao (Yue et al., 2019) with the Deep-tow Hydrothermal Detection System, navigated with an ultra-
short-baseline (USBL) system (Yue et al., 2019).

2.3. Geomorphological Analysis

Following previously published geomorphological studies of the MORs (Colman et  al.,  2012; Escartín 
et al., 2014; Fundis et al., 2010; Sauter et al., 2002; Searle et al., 2010), we used HR bathymetry and backs-
catter data to classify distinct seafloor morphologies and to map fault scarps and fissures (Figure 2). Op-
tical seafloor imagery was used to identify lava morphologies, with the occurrence of pillow, lobate, and 
sheet lavas that have been interpreted as mainly resulting from low, intermediate, and high effusion rates, 
respectively (Colman et al., 2012; Fundis et al., 2010; Gregg & Fink, 1995). We also tentatively identified 
eruptive units, which we infer formed during a given eruptive sequence, characterized by similar eruptive 
dynamics (e.g., Colman et al., 2012), based on seafloor morphology and the nature of their contacts with 
the surrounding seafloor.

2.3.1. Seafloor Morphology Classification

Four distinct seafloor morphologies, that is, smooth, hummocky, smooth hummocky, and sedimented ter-
rains, were visually identified on HR bathymetry and backscatter maps. Each is described below and in 
Table S1.

Smooth terrain is characterized by dominantly flat seafloor with higher backscatter than sedimented areas, 
which displays volcanic features, such as lava flow fronts, lava tubes, and lava channels. Lava flow fronts are 
associated with the edges of individual sequences of smooth lava flows (Figure 2d). Lava tubes are narrow 
and sinuous with different extents of collapse (Figure 2e), which is called uplifted tumuli (Appelgate & 
Embley, 1992). Lava channels have wider (up to 100 m) and sinuous depressions (Figure 2f).

Hummocky terrain has a rough topography with numerous individual volcanic cones. Volcanic cones are 
defined as cone-shaped volcanic edifices 2–415 m in diameter and up to 96 m in height (Figures 2b and 3b). 
Backscatter is generally high in hummocky terrain but patchy due to the rough relief. Hummocky terrains 
commonly occur as ridges, elongated sub-parallel to the ridge axis (e.g., l in Figure 2a).

Smooth hummocky terrain mixes the characteristics of hummocky and smooth terrains: rougher topography 
than smooth terrain but less so than hummocky terrain (Figure 2c). In the mapping of these terrains, we 
took scale into consideration: for example, in Figure 2c: flat seafloor in the center extends >500 m with very 
few volcanic cones and is therefore identified as smooth, while flat seafloor in the south is relatively elevated 
and extends <300 m between volcanic cones, leading to classification as smooth hummocky.
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Sedimented terrains are characterized by flat seafloor with uniformly low backscatter (Figure 2c).

Seamounts are defined here as volcanic cones with diameters of >500 m (Searle et al., 2010). They can be 
flat-topped (j in Figure 2a), bowl-shaped, display collapsed craters (Figure 2g), or fissured summit domes 
(Figure 2h).

2.3.2. Fault Scarps and Fissures

Linear features, that is, fault scarps and fissures, were automatically detected from bathymetry, using the 
method by Panagiotakis and Kokinou (2015), then confirmed visually and digitized using backscatter and 
slope maps (Figure S1). Fault scarps are linear and correspond to sharp changes in bathymetry, slope, and 
backscatter (Figures 2f and 2i). Digitized fault scarps (Figure 4a) trace the scarp tops. Fissures correspond 
to narrow (<40 m) and linear depressions (Figures 2f, 2h and 2i). Digitized fissures trace the bottom of the 
fissure gaps. Fracture density (Figure 4b), including both fault scarps and fissures, was calculated as a ker-
nel density with a grid size of 10 m and a search radius of 250 m.

Figure 2. (a) 3-D view of high-resolution bathymetry at the center of the Southwest Indian Ridge 50°28′E segment, viewed from the ESE. Letters refer to 
locations of close-up views (b–i), and of features (j–l). Dashed lines show the approximate contour of the north and south flank of a rifted domal volcanic 
feature. Solid lines trace the top of conjugate fault scarps NF1 and SF1. Red star is the location of the Duanqiao hydrothermal field. (b) Example of seafloor 
morphologies for hummocky and smooth terrains (contours in 2 m and the same below). White circles represent volcanic cones. (c) Example of seafloor 
morphologies and backscatter for smooth hummocky, smooth, and sedimented terrains. (d) Lava flow fronts on smooth terrain in bathymetry (left) and slope 
(right) maps. (e) Lava tubes on smooth terrain in bathymetry (left) and backscatter (right) maps (the same below), with different extents of collapse (uplifted 
tumuli; Appelgate & Embley, 1992). (f) Collapsed lava channel with a dense network of fault scarps and fissures on smooth terrain. (g) Seamount with a central 
collapsed crater. (h) Seamount with a summit dome and radial fissures. (i) Dense network of fault scarps and fissures.
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2.4. Tectonic Strain Estimation

Fault scarps and fissures exposed on the seafloor allow an estimation of the tectonic contribution to plate 
divergence at the upper crustal level, because successive lava flows potentially bury preexisting faults and 
fissures. This upper crustal tectonic strain is not necessarily representative of the tectonic strain at the scale 
of the axial lithosphere: upper-crustal faults and fissures may also form as a response to the emplacement of 
dikes that do not reach the seafloor (Rubin & Pollard, 1988). The tectonic strain was estimated on the basis 
of the measurements of vertical fault throw (D) and fault dip (α) along axis-perpendicular profiles. Fault 
throw is defined as the depth difference between the top and bottom of the scarp, and its cumulative fre-
quency theoretically fits an exponential distribution if the picking process provides a good record of small 
fault scarps (Deschamps et al., 2007). Because fault dip could be sharply decreased at the scarp bottom by 
the presence of mass wasting and/or post-faulting lava flows, the dip is defined as the largest value along the 
scarp. The cumulative horizontal fault heave (H) along the profiles is calculated by the equation:

Figure 3. (a) Bathymetric interpretation in seafloor morphologies of smooth (38%), smooth hummocky (26%), and hummocky (29%) and sedimented (7%) 
seafloor, as well as lava tubes, lava channels, craters, volcanic cones, and seamounts. NF1 and SF1 are two conjugate normal faults. Dashed pink line outlines 
the P wave low-velocity anomaly of −0.4 km/s at 7 km bsf (Jian, Chen, et al., 2017). Dashed black lines show the limit of the domal volcano, identified in 
Figure 2a. Red star is the location of the Duanqiao hydrothermal field. B–M reversal: magnetic anomaly pickings for B-M reversal (Sauter et al., 2009). (b) 
Along-axis statistics of seafloor morphology and volcanic cones between the conjugate NF1 and SF1. Lava tubes, lava channels, and craters are omitted in 
seafloor morphology. Circles indicate heights of individual cones. Thick gray line indicates the moving average of cone height with a window of 1 km and a step 
of 0.2 km. (c) Lava morphologies interpreted from seafloor photographs superimposed on the map of seafloor morphology. Pillow, lobate, and sheet lava, as well 
as talus and 100%-sediment are classified. 37 proposed eruptive units of hummocky ridges and seamounts are presented as closed and vertical-bar filled areas. 
Two proposed eruptive units of smooth lava flows are presented as unclosed lava flow fronts. (d) Proportion of seafloor photographs showing the distribution 
of lava morphologies on each type of seafloor morphology over the same transects. The normalized proportion in total is calculated by omitting photographs of 
100%-sedimented seafloor and talus.
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The tectonic strain (Ts) along profiles is then calculated from the equation:

 Ts 100% ,H
L 

where L is the length of profiles. Fissures are neglected due to their small openings.

3. Results
The most prominent topographic features at the center of the SWIR 50°28′E segment are two elevated 
regions rifted by a pair of conjugate fault scarps with throws >100 m, NF1 and SF1 (k in Figure 2a). These 
elevated regions include several large seamounts (e.g., j in Figure 2a) that rest on a rifted domal structure 
(dashed lines in Figure 2a). The contours of this domal structure are more visible in the northern flank. 
They are obscured in the southern flank by a large seamount and several hummocky ridges (Figure 2a). 
Several flat-topped seamounts have been dissected by normal faults, with one half still visible (e.g., j in 
Figure 2a). Seamounts are less frequent in the near-axis region between fault zones NF1 and SF1, where the 
dominant topographic features are axis-parallel hummocky ridges and low-throw fault scarps (Figure 2a). 
In this near-axis region, there is no clear contrast in backscatter (Figure 1c) that would indicate where the 
most recent eruptions have occurred. In the following paragraphs, we analyze the distributions of the map-
scale seafloor morphologies, photo-scale lava morphologies, eruptive units, and fault scarps and fissures 
(Figures 3 and 4).

3.1. Distribution of Map-Scale Seafloor Morphologies

The smooth seafloor morphology represents 38% of the total AUV-mapped area, smooth hummocky mor-
phology 26%, hummocky morphology 29%, and sedimented seafloor 7% (Figure 3a). The smooth morphol-
ogy covers vast expanses of the seafloor, particularly in the center and north parts of the map. The smooth 
hummocky morphology covers most of the relatively lower backscatter region in the south-eastern part 

Figure 4. (a) Fault scarps and fissures superimposed on the map of seafloor morphology. Three categories of faults are shown, based on their maximum fault 
throw (>100, 10–100, and <10 m). Dashed gray lines indicate the locations of fault-facing transition, from north-facing (south of the axis) to south-facing 
(north of the axis). Red star is the location of the Duanqiao hydrothermal field. (b) Fracture density calculated as a kernel density with a grid size of 10 m and a 
search radius of 250 m. Rose diagrams indicate azimuth distribution of fault scarps (top right) and fissures (bottom left). Cross-axis profiles P1–P5 are used for 
estimating tectonic strain in Figure 6.
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of the map. The hummocky morphology is more abundant in the west of the map and is associated with 
elongated ridges and isolated patches of seafloor that are more elevated than their surroundings. Sedi-
mented seafloor mainly occurs in the distal parts of the mapped area. The density of volcanic cones in 
the entire mapped area is 13.9/km2 with a total of 1,529 cones, and this value increases from smooth (4.2/
km2), smooth hummocky (17.2/km2), to hummocky (26.9/km2) morphologies. The average cone height in 
the map is 17.2 m, with the same trend increasing from smooth (8.0 m), smooth hummocky (12.4 m), to 
hummocky (22.1 m) morphologies.

Along-axis statistics of seafloor morphology and volcanic cones in the near-axis region between conjugate 
fault zones NF1 and SF1 are shown in Figure  3b. Smooth and smooth hummocky seafloor (>70%) are 
dominant within a ∼5 km-long central domain (6–11 km in Figure 3b), while hummocky seafloor becomes 
prevalent to the east and west of this central domain. The distribution of volcanic cones is coincident with 
this trend of seafloor morphology: lower cone density and height (mostly <20 m) in the central domain, and 
larger cone density and height (2–96 m) outside this domain (Figure 3b).

3.2. Distribution of Photo-Scale Lava Morphologies

Lava morphologies (pillow, lobate, and sheet lavas) were identified from seafloor photographs along six 
ridge-parallel transects (Figures 3c and 5). The distribution of lava morphologies is consistent with the sea-
floor morphologies identified from HR mapping over these six transects (Figures 3c and 3d). Smooth terrain 
along the documented transects is characterized by 50% lobate-sheet lavas and 28% pillow lavas, while hum-
mocky terrain is mainly composed of pillow lavas (65%) with only 23% lobate-sheet lavas (the rest are talus 
or sediments). Smooth hummocky terrain has 57% pillows and 32% lobate-sheet lavas. Seafloor mapped as 
sedimented corresponds to seafloor photographs that show 65% are fully covered by sediment, the rest being 
made up of heavily sedimented pillows, lobate lava or sheet lavas (Figure 3d). Omitting photographs of talus 
and complete sediment cover, the normalized proportions of pillow lava and lobate-sheet lava flows are 59% 
and 41%, respectively, along the six investigated transects (Figure 3d).

Figure 5. Representative seafloor photographs for lava morphologies and features (a–i) by deep-tow camera; (j) by autonomous underwater vehicle camera. 
(a) Pillow lava; (b) Elongated pillow lava on steep flanks; (c) Lobate lava; (d) Collapsed lobate lava; (e) Folded sheet lava; (f) Hackly sheet lava; (g) Broken sheet 
lava; (h) Fault scarp; (i) Talus with rubble; (j) Sulfide and dead mussel around the Duanqiao hydrothermal field.
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3.3. Eruptive Units

Thirty nine eruptive units are proposed in Figure 3c. Most (29) correspond to small hummocky ridges or 
portions of larger hummocky ridges, for which contrasts in morphology or seafloor reflectivity suggest a 
chronology in volcanic construction. The eight mapped seamounts are also identified as eruptive units. The 
remaining two eruptive units are successive sequences of smooth terrain bounded by 15–75 m high, lobate, 
and up to 8 km-long lava flow fronts, that are located just south of fault zone NF1 (Figure 2d).

3.4. Pattern of Fault Scarps and Fissures

Nine hundred twenty-three fault scarps and 441 fissures were recognized in the HR bathymetry map (Fig-
ure 4). Seafloor photographs show talus at the base of some fault scarps (e.g., Figure 5h). Fault scarps were 
classified into three groups according to their maximum throws: >100, 10–100, and <10 m (Figure 4a). The 
larger fault scarps include the conjugate NF1 and SF1. Individual fault scarps extend 0.05 to >4 km. NF1, 
and SF1, the most prominent fault scarps, are comprised of several individual faults (Figure 4a). Fissures 
are 20–530 m long, up to 38 m wide and up to 20 m deep. They are more abundant in smooth and smooth 
hummocky seafloor than in hummocky seafloor. Cumulative frequency of lengths of fault scarps and fis-
sures fit exponential laws (Figure S4).

The average fault orientation is 93.9° ± 11.0°, roughly orthogonal to the spreading direction, and the aver-
age fissure orientation is 91.5° ± 16.2° (Figure 4b), the higher deviation is due to radial fissures in volcanic 
edifices (e.g., Figure 2h). Fault scarps are dominantly south-facing in the north and north-facing in the 
south of the mapped area, and the transition, that is, the location of ridge axis from the point of view of sur-
face tectonics, is located at the latitude of the Duanqiao HF, except to the east of 50°30′E, where it is offset 
to the south by ∼1.5 km (Figure 4a). Close examination of the HR bathymetry and slope maps reveals age 
relationships between faulting and lava emplacement: some fault scarps cut through preexisting seafloor, 
while others are partially buried by later lava flows (e.g., Figure S5).

The fracture density varies between 0 and 18 km/km2 in the mapped area (Figure 4b), and the average den-
sity is ∼3 km/km2. Three relatively broad ridge-parallel domains are fracture-free: A 1.3–2 km-wide, smooth 
domain with the two well-preserved lava flow fronts south of the NF1 scarp, a >1 km-wide mostly smooth 
domain in the southernmost part of the mapped area, and a 1.3–1.8 km-wide and 6 km-long hummocky 
domain to the south and southwest of the Duanqiao HF (Figures 4a and 4b). This fracture-free hummocky 
domain does not extend into the eastern part of the map, but ends eastward into an extensively faulted do-
main of smooth hummocky terrain.

3.5. Tectonic Strain

Based on the pattern of faulting, the surface tectonic strain was estimated along five axis-perpendicular 
profiles (P1–P5 from west to east in Figure 4b). Cumulative fault throws along each profile were measured 
between the northern and southern extremities (Figure  6a), and between the bottoms of the conjugate 
NF1 and SF1 fault scarps (Figure  6b). The cumulative frequency of fault throw fits an exponential law 
(Figure 6c). Individual fault scarps have dips between 30° and 80° (95% confidence interval; sketch of the 
measurements shown in the inset of Figure 6a), and have mean dip values of 55°–65°. The calculated ap-
parent tectonic strain over the whole length of the five profiles, ranges between 4.4% and 7.7% for a fault 
dip of 55°, and 3.6% and 5.1% for a fault dip of 65° (Figure 6a). Between the conjugate NF1 and SF1 scarps, 
tectonic strain ranges between 2.6% and 13.4% for a fault dip of 55°, and 1.8% and 8.9% for a fault dip of 65° 
(Figure 6b). Profile P4, near the eastern tip of the fracture-free hummocky domain (Figure 4b), yields the 
maximum tectonic strain.

3.6. Near-Bottom Magnetic Anomalies

The two AUV magnetic profiles are located in the center of the study area (Figures 1b and 7a). To the north, 
they extend over the location of the B-M reversal as picked from sea-surface magnetic anomalies (magnetic 
A1 in Figure 1a; Sauter et al., 2009). This anomaly corresponds to clear lows in both near-bottom magnetic 
profiles (Figure 7b). The two profiles, distant by 0.8 km, record similar patterns of magnetic anomalies: 
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Magnetic highs are located outward from the conjugate NF1 and SF1 scarps, while magnetic lows are found 
inward of these two scarps (Figure 7b). The hummocky fracture-free domain corresponds to magnetic highs 
(red arrows in Figure 7b). The highly fractured domain to the north of this fracture-free domain corre-
sponds to a magnetic low, while the smooth fracture-free domain with the two lava flow fronts (Figure 2d), 
and hummocky ridge on top of it (l in Figure 2a) correspond to weak magnetic anomalies (Figure 7b).

4. Discussion
Our results provide new insights into volcanic and tectonic processes at the center of the magmatically ro-
bust SWIR 50°28′E segment. These results inform the spatial and temporal evolution of upper-crustal con-
struction since the B–M reversal, ca 780 kyr ago (Cande & Kent, 1995). We propose an interpretation of this 
evolution, calling for phases of waxing and waning magmatic activity. We then examine the implications of 
our findings for the relation between upper-crustal construction and magmatic activity in the global MOR.

Figure 6. (a) Cumulative fault throw measured between the northern (0 km) and southern extremities along five 
profiles (P1–P5) located in Figure 4b. Fissures are neglected. Black and gray dotted lines represent the estimation using 
fault dips of 55° and 65°, respectively, for tectonic strain of 2.5%, 5%, and 10%. The definitions of throw, maximum dip, 
and calculated heave of fault scarp are shown in the inset sketch. (b) Cumulative fault throw measured between the 
bottoms of conjugate NF1 and SF1. (c) Cumulative frequency of fault throw (N = 253) binned by 2 m along five profiles 
(P1–P5). The exponential fit follows a law of the form: y = 294e−0.0629x, with the correlation coefficient (R2) of 0.9938.
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4.1. 780 kyr of Upper-Crustal Construction at the Center of the Magmatically Robust SWIR 
50°28′E Segment

4.1.1. Eruptive Phases and Modes of Upper-Crustal Construction

Based on the mapped seafloor morphologies, eruptive units, and faults distribution, we propose that the 
upper crust formed at the center of the SWIR 50°28′E segment has experienced at least six eruptive phases, 
V0–V5, within the past 780 kyr (Figure 8a). V0 corresponds to the construction of the upper crust on which 
the smooth domal volcano that is, now rifted to the north of NF1 and to the south of SF1 (dashed lines in 
Figures 2a and 8a) was built. A faulted flat-topped seamount that is, partially covered by smooth lava to the 
north of NF1 (j in Figure 2a), could have formed during the V0 phase. The V1 domal volcano (Figure 8b) 
originally had a diameter of 5–8 km. Its contours are now obscured in the south by several younger hum-
mocky ridges and seamounts (Figures 2a and 8a). We interpret these as having formed during the V2 erup-
tive phase, together with the rifting of the V1 domal volcano along the conjugate NF1 and SF1 fault zones 
(Figures 8a and 8c). This “split-volcano” configuration is commonly observed in the center of magmatically 
robust slow and ultraslow spreading ridge segments (Escartín et al., 2014).

V1 is interpreted as a phase of high magma supply. The prevalence of smooth lava flows in the V1 domal vol-
cano domain points to elevated eruptive rates, with feeding dikes centered within a narrow injection zone 
(Figure 8b). By contrast, V2 corresponds to the formation of several hummocky ridges and seamounts and 
the rifting of the V1 domal volcano. This points to lower eruptive rates during individual eruptions, to a wid-
er zone of dike injection (Figure 8c), and to a more significant tectonic contribution to plate divergence. We, 
therefore, relate the transition from V1 to V2 to a waning magma supply. Early V2 volcanic constructions 
are mostly found in the southern flank of the rifted V1 domal volcano (Figure 8a). After the initial stages de-
picted in Figure 8c, the V2 eruptive phase presumably built the substratum for the lava flow fronts that are 
visible to the south of the NF1 scarp (Figures 2d and 8a). These lava flow fronts were formed during the V3 
eruptive phase, and they bound eruptive units that extend up to 2 km downslope from their eruptive sources 
(inferred to have been located near a later hummocky ridge, marked as l in Figure 2a). It is likely that these 

Figure 7. (a) 3-D seafloor topography with tracks of autonomous underwater vehicle (AUV) survey ∼100 m above the seafloor at a velocity of 1–2 kt. Yellow, 
blue, and red arrows respectively mark the interpreted locations of Brunhes, the conjugate NF1 and SF1, and the most recent hummocky eruptions. Red star is 
the location of the Duanqiao hydrothermal field. (b) Total magnetic anomaly plotted along AUV track lines, superimposed on geological interpretation (after 
Figure 4a). Reduction-To-Pole was applied to locate the magnetic anomalies above their sources.
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smooth lavas also flowed to the south during V3, and currently form the substratum for later lava flows. 
The predominance of smooth lava, flowing significant distances from a localized inferred eruptive source, 
is similar to the V1 phase (Figure 8b) and suggests that V3 was a phase of renewed (waxing) magma supply.

The hummocky ridge that tops the V3 lava flows (l in Figure 2a) suggests lower effusion rates. We attribute 
its formation to the onset of the V4 eruptive phase, characterized by a waning magma supply. Similar to 
what happened during the V2 waning phase, V4 eruptions appear to have mainly occurred to the south, so 
that the V3 seafloor was preserved only in the north (Figure 8a). The chronology of volcanic phases is more 
difficult to unravel in the 4.4 km-wide domain between the early V4 hummocky ridge (l in Figure 2a) and 
the SF1 fault zone (Figure 8a). The seafloor there is significantly fractured, with the notable exception of 
the hummocky fracture-free domain to the south and southwest of the Duanqiao HF (Figures 4a and 4b). 
This elongated, ridge-parallel, and fracture-free domain also corresponds to magnetic highs (Figure 7b). 
We propose that it is the product of the most recent, V5, eruptive phase. This V5 hummocky fracture-free 
domain ends eastward into extensively fractured smooth hummocky seafloor that probably formed during 
V4 (Figure 8a). Most scarps in this fractured area face to the north at the latitude of the hummocky frac-
ture-free domain, then face to the south just 1 km to the north at the latitude of Duanqiao HF. We interpret 
the resulting narrow graben (Figure 8d) as being due to recent tectonically accommodated plate divergence 
in the mapped area. Therefore, the most recent spreading would be mostly magmatic in the west and tec-
tonic in the east.

The spatial distributions of eruptive products indicate that eruptive centers during magmatically robust 
(waxing) phases V1 and V3 were located near the center of the mapped area, just north of the latitude of the 
Duanqiao HF. By contrast, during less magmatically robust (waning) phases V2, V4, and V5, most eruptions 
occurred in the south, near the latitude of the hummocky fracture-free domain.

Figure 8. (a) Interpretative map showing the distribution of eruptive units for the six proposed eruptive phases of upper-crustal construction (V0 to V5 from 
older to younger), superimposed on the geological map (after Figure 4a). Profiles A-a and B-b, along and across the most recent eruptive phase V5, refer to the 
locations of seismic profile in Figures 9a and 9b, respectively. Red star is the location of the Duanqiao hydrothermal field. (b) Sketches showing the construction 
of the domal volcano toward the end of magmatically robust eruptive phase V1. In cross section, the most recent feeding dikes are in red, previous dikes in 
pink or gray. (c) Sketches showing the early stage of less magmatically robust eruptive phase V2. (d) Close-up view of the central, narrow graben (location in 
Figure 8a). See text in Section 4.1.1 for explanation.
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4.1.2. Constraints on Crustal Ages

The B-M reversal, at 780 kyr, is identified in sea-surface (Sauter et al., 2009) and in near-bottom magnetic 
anomalies (Figure 7b), providing the strongest constraint on crustal ages in the mapped area. Its traces on 
the south and north plates are separated by ∼11 km, consistent within error to the ∼14 mm/yr regional 
spreading rate (Patriat et al., 2008). This leads to interpret the maximum age of the onset of V0 phase (near 
the B-M reversal) as 780 kyr (Figure 8a). The next age constraint comes from the distance between the con-
jugate NF1 and SF1 scarps, which we interpreted as having initiated near the top of the V1 domal volcano 
(Figure 8b). This distance, 6.6 km (Figure 8a), would suggest a spreading age of ∼471 kyr, corresponding 
to the onset of the V2 phase. However, parts of V2 eruptive products were emplaced on V1 seafloor (to the 
south of SF1 in Figure 8c), and their corresponding plate divergence, which is unknown, should be added 
to the 6.6 km to get a more accurate spreading age for the onset of the V2 phase.

The age of the onset of the next magma waning phase (V4) can be estimated based on the 2.15 km across-ax-
is distance between the early V4 hummocky ridge (l in Figure 2a) and the top of the NF1 scarp (Figure 8a). 
This suggests a total duration of 307 kyr for V2 and V3 together, and an age of 164 kyr for the onset of V4. 
The age of the onset of V5 is tentatively estimated as only 19 kyr, based on the cumulative heave of fault 
scarps of 0.27 km (calculated for a fault dip of 55°; Figure 6b) within 1 km to the north and south of the 
small graben shown in Figure 8d. This is one order of magnitude lower than the total estimated duration 
of V4 + V5 (164 kyr), so that it seems more consistent to interpret V5 as just the most recent episode of the 
V4 eruptive phase.

4.1.3. Cycles of Magmatic Activity

Our interpretation of the eruptive phases associated with the past 780 kyr of plate spreading at the center 
of the SWIR 50°28′E segment, involves significant changes in magma supply, with alternating periods of 
more robust, waxing magmatism (V1 and V3), and of less robust, waning magmatism (V2 and V4 + V5). 
Age constraints suggest a periodicity of about 300 kyr for these variations: up to 310 kyr from the start of V0 
to the start of V2, and 307 kyr from the start of V2 to the start of V4.

Mendel et al. (2003) used the width of abyssal hills off-axis from our study area (Figure 1a), to propose a 
longer period (2–3 myr) magmatic cyclicity. These abyssal hills are interpreted as large split axial volca-
nos and correspond to changes of ∼1 km in gravity-derived crustal thickness (Mendel et al., 2003). These 
2–3 myr-long magmatic cycles occurred at the apex of a regional mantle melting anomaly, which is cur-
rently at its waning stage (Sauter et  al.,  2009). Our fine-scale geological observations document shorter 
magmatic cycles that occur during this waning stage, and with no detectable changes in crustal thickness, 
as revealed by the across-axis seismic velocity profile A-A' in Figure 1a (Jian, Chen, et al., 2017). Since crus-
tal construction is a protracted process with more recent eruptions piling up over older seafloor (Figures 8b 
and 8c), and because of the very slow spreading rate, this is likely to dampen crustal thickness variation 
signals with periods of only a few 100s kyr.

Magmatic cycles with periods of the same order of magnitude have been documented at other sections of 
slow to ultraslow spreading ridges. At 19°S on the slow-spreading Central Indian Ridge, cyclic variations 
in basalt geochemistry suggest magmatic cycles of 150–200 kyr (Cordier et al., 2010). The cyclic occurrence 
of off-axis topographic highs at the Menez Gwen segment of the slow-spreading MAR points to magmatic 
cycles of 300–500 kyr (Klischies et al., 2019). At the ultraslow-spreading SWIR, melt replenishment cycles 
occurring over 180–250 kyr were proposed based on zircon dating of the gabbroic sequence drilled (ODP 
Holes 735B and 1105A) at the Atlantis Bank (Rioux et al., 2016). These cycles could be controlled by com-
paction processes in the melt-rich mantle below the ridge, or in the lowermost-crustal mush zone (Cordier 
et al., 2010; Rabinowicz & Toplis, 2009).

4.2. Upper-Crustal Construction and the Magma Plumbing System

In Figure 9c, we propose a conceptual sketch to relate the recent upper-crustal construction documented 
in this study, to the deeper characteristics of the axial magma plumbing system, based on seismic velocity 
(Jian, Chen, et al.,  2017; Jian, Singh, et al.,  2017) and microseismicity (Yu et al.,  2018) constraints. The 
boundary between the upper and lower crust that is, layers 2 and 3, is defined by a vertical velocity gradient 
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of 0.3 s−1, and the Moho interface is defined by PmP arrivals (Jian, Chen, et al., 2017). Based on the full 
waveform inversion results of Jian, Singh, et al. (2017), we propose that the LVA documented beneath the 
SWIR 50°28′E segment center (Figures 9a and 9b), corresponds to partially crystallized gabbro, at temper-
atures greater than 1,000°C and with residual melt contents increasing from less than 10% at a depth of 
4 km bsf, to probably greater values in the LVA center. We tentatively draw the contours of this hot and 
melt-bearing domain down to Moho depth, where we propose that it roots into the melt-bearing upper 

Figure 9. P wave velocity anomaly along (a) and across (b) the recent eruptive phase V5 (contours in 0.1 km/s), data extracted from 3-D seismic tomography 
(Jian, Chen, et al., 2017). Locations of A-a and B-b are shown in the map of Figure 8a. Dashed lines are the boundary of crustal layers 2 and 3, defined 
by the vertical velocity gradient of 0.3 s−1 (Jian, Chen, et al., 2017). Moho interface based on PmP arrivals is shown as thick brown lines (Jian, Chen, 
et al., 2017). Two low-velocity anomalies are shown at segment center within the lower crust (minimum <−0.6 km/s) and in the west within the mid crust 
(minimum <−0.35 km/s), respectively. Black dots with error bars indicate the hypocenters of microearthquakes (Yu et al., 2018). Closed squares outline the 
area of the 3-D model in Figure 9c. (c) Magma plumbing system for the recent eruptive phase (V5) showing the topography, crustal structure, dike injection, 
mush zone, mantle, and thermal structure, constrained by seismic velocity and microseismicity (Jian, Chen, et al., 2017; Yu et al., 2018). Vertically stacked melt 
lenses connected by dikes are inferred in the hot lower-crustal mush zone. Dots and dashes indicate crystal mushes. (d) Sketches showing magma plumbing 
systems for EPR 9°30′N, the present-day center of the SWIR 50°28′E segment and 6 km to the west to the segment center, and segment center during V1&V3 
and V2&V4. See text in Sections 4.2 and 4.3 for explanation.
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mantle (Figure 9c). Inspired by observations of stacked melt sills at fast and intermediate spreading ridges 
(Carbotte et al., 2020, 2021; Marjanović et al., 2014), and by a conceptual model of the transcrustal magma 
plumbing system beneath subaerial volcanos (Cashman et al., 2017), we also propose that some of the melt 
in this hot lower crustal region resides in vertically stacked melt lenses (Figure 9c), and that these lenses 
play a role in transferring melt from the mantle to the upper crust to feed eruptions. In Figure 9c, we also 
infer that most hydrothermal cooling occurs in a domain that is, limited both by temperature (ca 600°C) 
and pressure (corresponding to depths <6 km) as proposed by Morgan and Chen (1993). This limit is not 
meant to define the base of the fluid penetration in the lithosphere, but the domain of potentially vigorous 
hydrothermal circulation.

Moving just a few kilometers away from the hot central LVA region toward the ridge segment ends, we infer, 
based on the lateral increase of seismic velocities (Jian, Chen, et al., 2017), that lower crustal temperatures 
drop laterally below the solidus, yielding solidified and cooled gabbros. A smaller LVA, which we similarly 
interpret as a melt-mush zone, is documented in the shallow lower crust, ∼6 km to the west of the segment 
center (Figure 9a; Jian, Chen, et al., 2017). This small mid-crustal mush zone is located just below, and 
may have fed, the fissured, dome-topped seamount (Figure 2h). In Figure 9c, we follow the implicit inter-
pretation of Yu et al. (2018) that the mid-segment axial earthquakes are tectonic, and therefore reveal an 
along-axis deepening of the brittle lithosphere to the west. If these events are in fact magmatic, correspond-
ing to diking associated with melt transport through the crust, the thermal regime need not be that cold 
beneath the smaller, western LVA.

The present-day along-axis configuration sketched in Figure 9c is heterogeneous, with significant variations 
in the thermal regime over distances of a few kilometers, which we propose are directly related to along-axis 
variations in the recent history of melt supply, and more specifically of the replenishment rates in the low-
er-crustal magma plumbing system of melt mush and stacked melt lenses (Figure 9c). This interpretation 
emphasizes the role of melt supply variations as a control of the thermal regime of slow and ultraslow 
spreading ridges (Cannat et al., 2019). Frequent melt replenishment keeps the lower crust hot, pushing up 
the base of the brittle lithosphere and the base of the hydrothermally cooled domain (Fan et al., 2021). Less 
frequent melt replenishment results in deep and shorter-lived AMLs, a thicker brittle domain, and more 
variable but generally deeper hydrothermal circulation (Figure 9c).

The whole segment at 50°28′E is a magmatically robust endmember for the ultraslow spreading SWIR. The 
configuration sketched in Figure 9c corresponds to a relatively large time-averaged melt supply, enough 
to make a magmatic crust ≥8.8 km-thick (Figure 9a). The contrasted present-day, across-axis settings in 
Figure 9d, one for the main LVA region at the segment center, and the other for the smaller, mid-crustal 
LVA region 6 km to the west of the segment center, corresponds to a relatively low melt supply. They likely 
prevailed during the most recent eruptive phase, forming the V5 hummocky ridges and seamounts, as part 
of the V4–V5 magma supply waning phase. We propose that the axial thermal regime and magma plumbing 
system was similar during the other documented magma waning phase (V2), with short-lived AMLs above 
shrinking mush zones (Figure 9d). Waxing phases V1 and V3, forming domal volcanos with predominant-
ly high-effusion-rate smooth and smooth hummocky lava, probably corresponded to hotter axial regimes, 
with larger volumes of melt readily accessible in shallower, more frequently replenished, and thus relatively 
long-lived AMLs (Figure 9d). These relatively long-lived AMLs probably resided at depths shallower than 
the top of the current mush zone at ∼4 km bsf (Jian, Singh, et al., 2017), or than the AML depth at the center 
of the MAR Lucky Strike segment (Combier et al., 2015; Singh et al., 2006), which is currently experiencing 
the early stages of rifting of a domal volcano formed during a more magmatically robust recent phase of 
spreading (Escartín et al., 2014; Humphris et al., 2002).

4.3. Implications for the Modes of Upper-Crustal Construction and Magma Plumbing Systems 
at MORs

Our model for the magma dynamics of the melt-rich SWIR 50°28′E segment suggests cyclic variations in 
both the modes of upper-crustal construction (construction of a domal volcano with a localized dike injec-
tion zone, or predominance of hummocky ridges with a broader dike injection zone; Figures 8b and 8c) 
and the magma plumbing system (relatively long-lived and frequently replenished AMLs above broad melt 
mush zones, or shorter-lived AMLs on top of narrower and shrinking mush zones; Figure 9d). We now 
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extend this model to a comparison with other well-documented magmatically robust ridge sections where 
both HR bathymetry data and seismic data are available.

Fast spreading ridges, like the EPR 9°30′N, are characterized by a predominance of high-effusion-rate 
smooth lava flows (Fundis et al., 2010), fed by a dike injection zone that is, mostly localized in a few 100s 
meters-wide Axial Summit Trough (Fornari et al., 1998). The hotter thermal structure of the EPR at 9°30′N 
(Figure 9d) is nearly 2D and steady-state, with a 1.5 km-deep, long-lived AML on top of a mush zone (Det-
rick et al., 1987; Dunn et al., 2000) that contains stacked melt lenses (Marjanović et al., 2014).

Intermediate spreading ridges tend to have variable lava morphologies (Figure S6a), from Axial Seamount at 
the Juan de Fuca Ridge with smooth-dominated lava flows and a shallow AML similar to that of fast-spread-
ing ridges (Arnulf et al., 2018; Clague et al., 2017), to GSC 95°W with a prevalence of hummocky seafloor 
and no detectable AML (Blacic et al., 2004; Colman et al., 2012).

Slow and ultraslow spreading ridges have a yet larger spectrum of upper-crustal construction modes and 
magma plumbing systems. Ridge sections with moderate and low melt supply are typically characterized 
by hummocky ridges (e.g., Cann & Smith,  2005; Searle et  al.,  2010), with no detectable AML (Detrick 
et al., 1990). At melt-rich segments, the construction of smooth domal volcanos at segment centers corre-
sponds to a local AML and/or crustal melt mush zone, such as at the MAR Lucky Strike segment (Escartín 
et al., 2014; Singh et al., 2006) and at the SWIR 50°28′E (Jian, Chen, et al., 2017; this study). The magmat-
ically robust, ultraslow spreading endmember documented at the center of the SWIR 50°28′E segment is 
characterized by the highest proportion of lobate-sheet lava morphology among slow and ultraslow spread-
ing ridges (Figure S6a), and by very low (<8%) apparent tectonic strain (Figure S6). Indeed, the apparent 
tectonic strain at the center of the SWIR 50°28′E segment and at the center of the Lucky Strike segment are 
similar to what has been observed at fast and intermediate spreading ridges (Figure S6b). Yet, the mid and 
lower crustal thermal and geological structure inferred for these slow and ultraslow ridge segment centers 
on the basis of seismic data differs from that of a fast-spreading ridge (Figure 9d). Melt supply, although 
in the highest range, fails to maintain a steady-state melt mush and shallow AML. The combination of a 
well-developed melt mush domain and a relatively long-lived AML that allows for a fast spreading-type 
mode of upper crustal construction (axial dome, localized dike injection, prevalence of high-effusion-rate 
lava, and very little faulting) is transient (with time scales of a few 100s kyr) and limited to a few kilometers 
at the very center of the most magmatically robust slow and ultraslow spreading segments.

5. Conclusions
We mapped the fine-scale volcanic and tectonic features at the center of the magmatically robust SWIR 
50°28′E segment, and their evolution over the past 780 kyr, based on HR bathymetry and backscatter data, 
near-bottom magnetic data, and optical seafloor imagery. Our geological observations and interpretations 
support the following conclusions.

1.  The study area displays three different volcanic seafloor morphologies, corresponding to different pat-
terns of lava morphologies that are mainly influenced by lava effusion rates. High-effusion-rate, lo-
bate-sheet lavas dominated, smooth and smooth hummocky morphologies are the most prevalent (64% 
of the mapped area), forming smooth domal volcanos, while low-effusion-rate, pillow lavas dominated, 
hummocky morphology accounts for only 29% (the remaining 7% is covered by sediments). The propor-
tion of lobate-sheet lavas and the apparent tectonic strain are respectively 41% and <8%, similar to values 
measured at fast-spreading ridges.

2.  We recognize six eruptive phases (V0–V5 from old to young), each corresponding to waxing or waning 
melt supply. Cycles that include a waxing and a waning phase last about 300 kyr. We propose that they 
result from temporal changes in the frequency of melt replenishment in the mid and lower crust. The 
most recent eruptions produce a ridge-parallel, fracture-free, hummocky domain that may have formed 
over the past ∼19 kyr.

3.  During waxing phases in magma supply, higher frequencies of melt replenishment keep the lower-crust 
hot, with relatively shallow, and long-lived AMLs and a melt-crystal mush zone. Narrow and localized 
dikes feed high-eruption-rate eruptions, forming smooth lava flows and domal volcanos that cover large 



Journal of Geophysical Research: Solid Earth

CHEN ET AL.

10.1029/2021JB022152

17 of 19

areas of the seafloor, with little to no faulting. Waxing phases at the SWIR 50°28′E segment represent the 
most magmatically robust endmember for ultraslow spreading ridges.

4.  During waning phases in magma supply, lower frequencies of melt replenishment lead to deeper and 
shorter-lived AMLs, reduced melt-mush zones in the lower crust, a thicker brittle lithosphere, and a 
more variable and generally thicker hydrothermal domain. Crustal construction occurs within a wider 
zone of dike injection with more faults, producing dominantly hummocky lava flows.

5.  The modes of upper-crustal construction and the magma plumbing systems at slow and ultraslow spread-
ing ridges are controlled by spatial and temporal variations in magma supply more than by spreading 
rate alone.

Data Availability Statement
Bathymetry and backscatter data used in this study are available at https://doi.org/10.5281/zenodo.5147241.
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