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Abstract 13 

The structure of the oceanic upper volcanic crust is less understood at slow-spreading 14 

ridges than at faster ones. Its construction is dominated by pillow lavas, reflecting lower 15 

effusion rates than those at fast spreading ridges, where sheet and lobate flows are 16 

common and flow off-axis while thickening the extrusive volcanic layer. Based on optical 17 

and high-resolution bathymetry data from the Lucky Strike segment (Mid-Atlantic 18 

Ridge), we document a mode of volcanic emplacement that likely operates at some 19 

magmatically robust slow- and ultra-slow spreading ridge segments, in the presence of 20 

strong gradients in magma supply. In these settings, sheet flows may efficiently transport 21 

melt away from magmatically robust segment centers in the along-axis direction, steered 22 

by normal faults, and exploiting along-axis topographic gradients, with limited across-23 

axis flow. Surface lineations of sheet lava flows tend to be subparallel to fault scarps and 24 

the overall segment orientation, and show whorls, well-developed lava channels with 25 

associated levees, and surface fold structures at flow fronts. This mode of lava 26 

emplacement transitions away from the segment center to pillow-dominated seafloor 27 

near the segment ends, associated often with hummocks and axial volcanic ridges. This 28 

results in local lava emplacement due to a melt supply that is lower than at the segment 29 

center. We propose that fault-steering of lava flows along-axis, limiting off-axis transport 30 

as observed at fast-spreading systems, may be common at both slow- and ultra-slow 31 

spreading ridges with significant along-axis changes in magma supply linked to 32 

topographic gradients. As a result, the nature and properties of the extrusive volcanic 33 



 

 

layer may vary significantly along axis owing to changes in the modes of volcanic 34 

emplacement, as transitions from sheet flows to pillow lavas may impact the porosity 35 

structure and hence the seismic properties of the extrusive layer in the oceanic upper 36 

crust. 37 

Keywords: Mid-ocean ridges; faulting; submarine volcanism; lava flows; morphology.  38 

Highlights 39 

x Faults steer sheet flows over a few km along axis, impacting upper crust construction 40 

x Along-axis changes in lava flow morphologies, evidence for melt supply gradients 41 

x Different lava flow morphologies may affect seismic properties of Layer 2A 42 

1. Introduction  43 

Volcanic emplacement at the axis of mid-ocean ridges determines the nature, geometry 44 

and physical properties of the uppermost extrusive volcanic layer of the oceanic crust. 45 

Constraints on this structure have been obtained from geological observations (e.g., 46 

submersible studies and ophiolites), and from drilling. At fast-spreading ridges, the 47 

volcanic layer is built through surface eruptions emanating from the axial summit trough, 48 

lava flows extending off-axis, in addition to dikes that do not reach the surface (Fornari, 49 

1986; Hooft et al., 1996; Soule et al., 2009) ⁠. Slow-spreading ridges display a wide variety 50 

of volcanic morphologies resulting from varying melt supply both at the scale of 51 

individual ridge segments and regionally. Based on seafloor observations, it has been 52 



 

 

suggested that pillow lavas are ubiquitous and often emanating from hummocks, small 53 

seamounts, or axial volcanic ridges, (Smith and Cann, 1992; Smith and Cann, 1993; Searle 54 

et al., 2010; Yeo et al., 2012; Estep et al., 2019) ⁠, dominating upper crustal construction at 55 

slow spreading ridges (see also Figure S6 of Chen et al., 2021). Pillow lavas also suggest 56 

flow rates and lateral lava transport that are limited relative to sheeted lava flows (e.g., 57 

Griffiths and Fink, 1992; Gregg and Fink, 1995). Sheet flows, which are common at fast 58 

spreading ridges, are scarce at slow- and ultra-slow spreading ridges (see Figure S6 in 59 

Chen et al., 2021), but they have been reported primarily at large seamounts or central 60 

volcanoes (Atwater; 1979; Gracia et al., 1998; Bideau et al., 1998; Bonatti and Harrison, 61 

1988; Edwards et al., 2001; Deschamps et al., 2007; Escartín et al., 2014; Asada et al., 2015), 62 

and therefore in areas where magma supply and hence eruption rates are likely elevated. 63 

These studies do not report neither the geometry nor the extent and direction of these 64 

sheet flows. 65 

At fast spreading ridges, seismic Layer 2A, interpreted to represent the extrusive upper 66 

crust, is thinnest at the axis (~200 m) and thickens away from it (Kent et al., 1994; Hooft 67 

et al., 1996)⁠. At slow spreading ridges, seismic Layer 2A may be completely absent along 68 

magmatically-starved ridge sections, such as the South-West Indian Ridge (Sauter et al., 69 

2013), or its thickness may exceed that of fast-spreading ridges, being up to 500 m thick 70 

or more at magmatically robust crustal sections (e.g., Hussenoeder et al., 2002; Seher et 71 

al., 2010c). Hence, the geometry, nature, and mode of emplacement of the extrusive upper 72 



 

 

crust at slow-spreading ridge sections is both more variable and complex than that of 73 

fast-spreading ridges.  74 

Seismic studies at on-axis Atlantic oceanic crust yield Layer 2A thicknesses that typically 75 

vary between 350-500 m (Hussenoeder et al., 2002; Peirce et al., 2007; Seher et al., 2010c) 76 

and may reach up to 850 m (Arnulf et al., 2014), with thicknesses up to ~1000 m off-axis 77 

(Estep et al., 2019). The overall seismic velocity of Layer 2A, as well as its vertical gradient, 78 

also show a temporal evolution attributed to hydrothermal alteration or clogging, pore 79 

geometry changes, among other factors (e.g., Wilkens et al., 1991; Grevemeyer et al, 1999; 80 

Estep et al., 2019). Layer 2A thickness variations of a few hundreds of m over spatial 81 

scales of ~10-20 km are also well-documented (e.g., Peirce et al., 2007; Seher et al., 2010c; 82 

Estep et al., 2019). At the Lucky Strike segment, Layer 2A thickness and upper crust 83 

velocity variations have been attributed primarily to a tectonically induced porosity 84 

reduction towards the segment ends (Crawford et al., 2010; Seher et al., 1010c)⁠, while in 85 

other studies and sites variations in seismic properties are attributed to alteration, 86 

volcanism, and to interactions among various processes (e.g., Christeson et al., 2019, and 87 

references therein).  88 

The Lucky Strike segment is an ideal site to study links between volcanic style (e.g., sheet, 89 

lobate and pillow lava flows), and melt supply gradients along the segment, that may be 90 

linked to effusion rates (e.g., Griffiths and Fink, 1992; Gregg and Fink, 1995). We analyze 91 

high-resolution bathymetry and seafloor imagery, acquired with deep-sea vehicles over 92 

several cruises, to quantify the relative importance and along-axis variations of lava 93 



 

 

morphologies, and document directions of surface lava transport, coupled to geophysical 94 

data available from the area (shipboard multibeam bathymetry, sonar, and prior seismic 95 

reflection studies). We propose a conceptual model of lava emplacement at magmatically 96 

robust slow-spreading ridge segments, that takes into account variations in eruption rate 97 

and lava transport along-axis. This model is fundamentally different from that proposed 98 

for fast-spreading ridges, and has consequences for both the overall structure of the upper 99 

volcanic layer, its physical properties (i.e., porosity and thus seismic Layer 2A structure), 100 

and its possible variations along-axis linked to melt supply changes that are common at 101 

magmatically robust slow-spreading ridge segments. The observations at Lucky Strike 102 

that we report here, likely apply to numerous magmatically robust slow- and ultra-slow 103 

spreading segments which show either elevated central areas, or central volcanos similar 104 

to those at Lucky Strike (e.g., Escartín et al., 2014). This is also supported by the 105 

observation of sheet flows at the center of several segments along the Mid-Atlantic Ridge 106 

(e.g., Atwater; 1979; Stakes et al., 1984; Gracia et al., 1998) and other slow-spreading 107 

ridges (e.g., Asada et al., 2015). 108 

2. Geological Setting 109 

The ~70 km long Lucky Strike ridge segment of the Mid-Atlantic Ridge (MAR) at 110 

~37.25°N (Figure 1) is magmatically robust, and influenced by the nearby Azores hotspot 111 

to the Northeast (Cannat et al., 1999). Off axis, the older crust shows well-developed 112 

ridge-parallel, fault-bounded abyssal hills. At the segment center, a ~20 km diameter 113 

central volcano is underlain by a magma chamber at ~3 km depth beneath the seafloor 114 



 

 

(Singh et al., 2006; Escartín et al., 2014), hosting at its summit one of the largest deep-sea 115 

hydrothermal fields along the MAR (Figure 2b h and v; Langmuir et al., 1997; Humphris 116 

et al., 2002; Ondréas et al., 2009; Barreyre et al., 2012; Escartín et al., 2014) ⁠. The rift valley 117 

floor deepens along axis from ~1700 m depth at the central volcano summit, to >4000 m 118 

at the segment ends (nodal basins), while the axial valley transitions from a narrow, <2 119 

km wide rift zone that dissects the volcano summit (V1 and V2 in Figure 2b), to a broad 120 

valley floor at the segment ends. The rift valley lacks axial volcanic ridges in its shallowest 121 

section (Figure 2a and b), but these are common at distances >10 km from the segment 122 

center (Figure 2c and d, and south of t in 2b).  123 

Previous geophysical studies along this segment provide bathymetry, gravity, seismic 124 

reflection and refraction data (Cannat et al., 1999; Singh et al., 2006; Seher et al., 2010a; 125 

Seher et al., 2010b; Seher et al., 2010c; Crawford et al., 2010; Combier et al., 2015). 126 

Geophysical data indicate that the crustal thickness is ~7-8 km at the segment center, and 127 

thins to <4 km at its ends (Detrick et al., 1995; Cannat et al., 2008; Crawford et al., 2010; 128 

Seher et al., 2010c), likely due to magma being focused to the segment center, and with 129 

reduced melt supply to the segment ends (Detrick et al., 1995). Fault patterns also change 130 

along-axis, while the rift widens and deepens towards the segment ends (e.g., Cannat et 131 

al., 1999; Escartín et al., 2014). Seismic data shows a clear Layer 2A/2B boundary at a two-132 

way travel time of 0.4-0.5 s below seafloor (Singh et al., 2006; Seher et al., 2010c) and that 133 

corresponds to a thickness of >600 m (see discussion in Section 7.2). 134 

3. Data and surveys 135 



 

 

We benefit from data previously acquired at the Lucky Strike segment during several 136 

cruises over more than 20 years. Here we summarize the datasets used, while full 137 

information is provided both in the Supplementary Materials and in the references. 138 

Shipboard multibeam bathymetry data, gridded at 40 m and fully covering the ridge 139 

segment and adjacent crust, were acquired during the SISMOMAR 140 

(https://doi.org/10.17600/5010040) and SUDAÇORES 141 

(https://doi.org/10.17600/98010080) cruises (Figure 1a). High-resolution sidescan sonar 142 

data, covering the central part of the rift valley floor (Figure 1b), were acquired with the 143 

deep-towed WHOI DSL120 system during the Lustre’96 cruise (http://www.marine-144 

geo.org/tools/entry/KN145-19). Sonar grids are publicly available (Data DOI: 145 

10.1594/IEDA/321460) and processing details are given in Escartín et al. (2014). Near-146 

bottom multibeam bathymetry data (Figure 1b) were acquired during 3 cruises: 147 

MOMARETO 2006 (https://doi.org/10.17600/6030130), MOMAR’08-Leg 1 148 

(https://doi.org/10.17600/8010140) and BATHYLUCK’09 149 

(https://doi.org/10.13155/47147). Those surveys were conducted using both the 150 

remotely operated vehicle (ROV) VICTOR and the autonomous underwater vehicle 151 

(AUV) AsterX. The high-resolution bathymetry grids in Figure 1b are publicly available 152 

(https://doi.org/10.17882/80574).  153 

Seafloor images were obtained from a) Vertical electronic still images acquired with the 154 

WHOI TowCam System (GRAVILUCK’06 cruise, https://doi.org/10.17600/6010110), 155 

along several profiles crossing the ridge axis and distributed along-axis; b) Submersible 156 



 

 

Nautile video images (Figure 1a; GRAVILUCK’06 cruise), primarily along the ridge axis; 157 

c) ROV VICTOR video imagery (Figure 1a; MOMAR2008 and BATHYLUCK’09 cruises, 158 

respectively https://doi.org/10.17600/8010110 and https://doi.org/10.17600/9030040) 159 

both along the axis and in adjacent areas; and d) seafloor photomosaics over the Lucky 160 

Strike hydrothermal field (Figure 1a; Barreyre et al., 2012) ⁠, derived from processed black-161 

and-white vertical images acquired with ROV VICTOR (MOMAR2008 and 162 

Bathyluck’09), and publicly available (https://doi.org/10.17882/77449, 163 

https://doi.org/10.17882/77405). Photomosaics from ROV surveys (outlines shown in 164 

Figure 2a), and from individual camera tows, are also publicly available (see 165 

Supplementary materials for details). 166 

4. Identifying volcanic features to constrain volcanic style  167 

To document and quantify the variations in volcanic style along-axis, we integrate the 168 

interpretation of both high-resolution bathymetry, and optical seafloor imagery (Figures 169 

1 to 4), that also cover a wide range of spatial scales (from ~1 km, Figures 2 and 3, to <1 170 

m, Figure 4). Bathymetry, coupled with available sonar imagery (see Escartín et al., 2014) 171 

is primarily used to identify volcanic structures at larger scales, such as the limits and 172 

structure of lava flows, volcanic ridges, collapse pits associated with fissures, in addition 173 

to faults and fissures that are pervasive in the area (Figure 2). Imagery is used to quantify 174 

the distribution and abundance of dominant volcanic style along camera tow transects 175 

and on photomosaics (Figures 1, 2 and 4). As seafloor optical imagery is also oriented and 176 



 

 

scaled, we digitize the orientation of lava flow structures (e.g., lineations on lava flow 177 

surfaces) to determine the direction of lava flow transport in the study area. 178 

The bathymetry shows a clear gradient in fine-scale seafloor morphology away from the 179 

Lucky Strike segment center. At and around the central Lucky Strike volcano, that shows 180 

summital volcanic cones (V1 and V2 in Figure 2), the smooth volcanic seafloor is faulted 181 

by a dense network of closely spaced normal faults that bound numerous horsts and 182 

grabens (Figure 2a and b). South of the volcanic cone V2 (Figure 2), this smooth volcanic 183 

seafloor transitions to hummocky seafloor, typical of slow-spreading ridges, at a distance 184 

of ~2.5 km in the along-axis direction (Figures 2 and 3; Escartín et al., 2014), with well-185 

developed axial volcanic ridges further south (Figures 1 and 2). The seafloor relief also 186 

reveals the recent, mostly unfaulted along-axis lava flow (Figure 2). 187 

Based on seafloor imagery, we identify and map systematically the distribution of 188 

different lava morphologies: sheet flows, lobate flows, and pillows throughout the study 189 

area (Figures 2, 3 and 4). In addition to quantifying along-axis variations in the mode of 190 

lava flow emplacement, we also a) document the structure of the most recent axial lava 191 

channels (Figures 2, 4a, 5), b) determine if the sheet flows are sedimented or 192 

unsedimented as a proxy of age, c) study the nature of collapse pits along fissures and 193 

grabens (Figure 2) and d) digitize lineations on the sheet flow surface to document the 194 

flow direction and the patterns of associated surface melt transport (Figure 6). 195 

4.1 Along-axis lava flows and faulting 196 



 

 

The high-resolution bathymetry in Figures 2 and 3 reveals a young 3-km long sheet flow, 197 

which originated at the base of the unrifted southern volcanic cone V2 in Figure 2 at the 198 

summit of the central volcano. This lava flow is the youngest identified in the area, it is 199 

unfaulted, displays an acoustically reflective surface (Fig. 6 in Escartín et al., 2014), and 200 

seafloor observations show that it is visually fresh and unsedimented lavas (Figure 4 a 201 

and b; Escartín et al. 2015). The across-flow profiles (Figure 5b) show a ~150 m wide 202 

channel near its source, with a central part that is lower at the center relative to its edges 203 

(1-4 m, p1 in Figure 5b). Distal parts of the flow show instead a domed structure, with a 204 

lava flow center higher by a few m (e.g., p2, p4, p6 in Fig. 5b) to >10 m (e.g., p5) with 205 

respect to the flow margins. This lava flow was clearly steered by normal fault scarps 206 

(Figure 3a and 5b) and exploited mild topographic gradients that increase from ~1.2° near 207 

the volcanic cone to ~5.2° further to the south (Figure 5). 208 

The high-resolution bathymetry and seafloor imagery reveal older sheet flows both in the 209 

central area (Figures 3a and 4c) or emplaced in low areas among hummocks downrift 210 

from the segment center (Figures 2 and 3c). In all cases, the main flow direction appears 211 

to be along-axis, and steered by either axis-parallel faults or the flanks of hummocky 212 

ridges, which also tend to be elongated along-axis. These sheet flows show a folded 213 

surface morphology, with an amplitude of 1-2 m, and wavelengths of ~10-20 m in along-214 

flow profiles (Figure 5c). Locally, these structures show evidence of flow off-axis instead 215 

of along-axis, that have breached laterally at fault terminations, or covered and flowed 216 

over faults (Figure 3). On camera tow imagery, older sheet flows can be identified when 217 



 

 

lineations or whorls are apparent through the thin sediment veneer covering them 218 

(Figure 4c). 219 

Near the young sheet flow source, the depressed flow center shows surface lineations 220 

and whorls, that vary in size from a few m to up to ~20 m in diameter (Figure 4a). Striated 221 

lava surfaces within lava flow channels are common along many ridge sections (e.g., East 222 

Pacific Rise; Chadwick et al., 1999) and their orientation indicate the lava flow direction.  223 

The lineations that we observe at Lucky Strike also seem to be reliable indicators of lava 224 

transport; they are visible in photomosaics over lava flows that are well constrained on 225 

the bathymetry (Figure 2a and 4), and their distribution could also be observed in detail 226 

during a submersible dive following this recent lava flow (see Figure 1a and 4b). These 227 

textures (Figure 4) document both high effusion rates and shearing of the lava flow 228 

surface during its emplacement (Ballard et al., 1979; Griffith and Fink, 1992; Gregg and 229 

Fink, 1995; Lonsdale, 1977). Flow margins that are raised relative to the flow center have 230 

hackly lavas that record the break-up of the lava surface at flow edges (Figure 4a; 231 

Chadwick et al., 1999; Soule et al., 2005). These volcanic facies are similar to those from 232 

lava channels at the EPR, that also show a depressed lava channel likely recording 233 

drainage downflow away from the axis during lava emplacement and subsequent 234 

deflation (e.g., Chadwick, 2003; Soule et al., 2005). 235 

Recent lava flows erupted at Lucky Strike segment center have thus been efficiently 236 

steered along-axis by normal fault scarps, and also along the flanks of hummocky ridges, 237 

which are aligned along-axis, following gentle along-axis topographic gradients. Lava 238 



 

 

flows can breach laterally and flow short distances off-axis, particularly in areas of low 239 

fault scarp relief (for example at ~37.27°N in Figure 3a).  240 

4.2 Lobate and pillow lavas 241 

Our imagery reveals that both lobate and pillow lavas (Figure 4 d and e) are present 242 

throughout the study area. Lobate lava morphology, which corresponds to local flow 243 

rates intermediate between those of sheet flows and pillow lavas (e.g., Griffiths and Fink, 244 

1992), are commonly found at the edges of sheet flows or preserved between branches of 245 

jumbled flow. Pillow lavas are found throughout, and particularly making up hummocks 246 

and axial volcanic ridges. In sloping areas, pillows are elongated, indicating the direction 247 

of lava transport downslope (Figure 4e). Both hummocks and axial volcanic ridges thus 248 

build up through pillow lava emplacement as observed elsewhere along the MAR (e.g., 249 

Ballard et al., 1975; Yeo et al., 2012). 250 

4.3 Grabens and collapses 251 

The high-resolution bathymetry also reveals faults and narrow grabens (10-50 m wide 252 

and up to 15-20 m deep), that are both parallel and oblique to the ridge axis (Figure 3). 253 

Collapse pits, with circular or elongated shapes are clearly aligned along some faults 254 

forming narrow grabens (Figure 3a and 4f), that are likely associated with dikes 255 

subseafloor subparallel to the ridge axis. Pit diameter is variable and ranges from a few 256 

m, to structures that are wider than 50 m, and with depths reaching ~20 m. Imagery and 257 

high-resolution bathymetry data show that the edges of these pits lack both elevated rims 258 



 

 

and debris, features expected for structures of an explosive origin (volcanic degassing or 259 

hydrothermal explosions). Instead, the morphology is consistent with local gravity 260 

collapse, and comparable collapse features associated with dike-induced grabens have 261 

been identified both in subaerial volcanic environments (e.g., Okubo and Martel, 1988) 262 

and at other planets albeit at much larger scales (e.g., Mege et al., 2003; Davey et al., 2012). 263 

Some pits are flat-bottomed, a structure that is consistent with possible lava infill linked 264 

to underlying diking along pitted fissures and grabens. Other pits show instead a concave 265 

morphology consistent with debris infill due to gravity collapse with no lava infill. 266 

5. Along-axis lava transport by sheet flows  267 

High-effusion rate submarine eruptions feed lava flows that follow topographic 268 

gradients, transporting lava downslope over distances of hundreds of m to a few km (e.g., 269 

Gregg and Fornari, 1998). The flow front stops advancing either when lava effusion 270 

ceases at the source (volume-limited eruptions) or when lava is efficiently cooled, and the 271 

solidification of the crust stops the flow (cooling-limited eruption), as is the case at very 272 

short spatial scales (meters) for pillow lavas (e.g., Griffiths and Fink, 1992; Gregg and 273 

Fink, 1995; Gregg et al., 1998). Sheet flow lava morphology is thus indicative of relatively 274 

high eruption rates, significant eruptive volumes, or both (e.g., Griffiths and Fink, 1992; 275 

Gregg and Fink, 1995). This is consistent with the presence of lava whorls (Figure 4 a and 276 

c) and well-developed lava channels near the source of the young lava flow (Figures 3 277 

and 4) that emanates from the base of the volcanic cone (V2 in Figure 2) at the summit of 278 

the central volcano, and that shows incipient rifting (Escartín et al., 2015). 279 



 

 

The most recent flows identified here flowed southwards (Figure 3), as shown by surface 280 

folding away from the lava source (Figure 5c), and by the orientation of lineated lavas, 281 

that clearly indicate lava transport direction (e.g., Chadwick et al., 1999). Both the 282 

bathymetry and the fault-parallel lineations demonstrate that they are topographically 283 

constrained and emplaced against fault scarps, typically <10 m in height (Figure 5).  284 

Based on the imagery throughout the study area (TowCam tracks and photomosaics, 285 

Figures 1, 2 and 4) sheet flows in general show orientation centered at ~5-15° NE (Figure 286 

6b), consistent with that of fault traces identified in high-resolution sonar data (Escartín 287 

et al., 2014) and with the overall orientation of the Lucky Strike ridge segment (~18° and 288 

~19° NE respectively). This agreement suggests widespread lava steering by faults at the 289 

center of this segment over at least the last few tens of thousands of years, corresponding 290 

to the expected time span required to construct the seafloor in the study area. On Figure 291 

6b, the sheet flow lineation orientations along TowCam tracks display more variation 292 

than those from lava flows imaged by the photomosaics. This can be the result of local 293 

variations in the flow direction within lava flows, which typically flow subparallel to the 294 

ridge axis and faults, but instead flow off-axis, in directions oblique to sub-perpendicular 295 

to faults, such as those breaching faults and that are visible in the bathymetry (Fig. 3a). 296 

While it is not possible to know pre-lava topography in this area, the high-resolution 297 

bathymetry constrains a range of plausible thickness along the axial lava flow. Based on 298 

the across-axis profiles, we estimate that the thickness of the youngest on-axis flow may 299 

vary between a minimum of ~2 m, and a maximum of ~10 m (profiles p3 and p5 in Figure 300 



 

 

5b). With an average width of 50-75 m and a total length of ~2500 m (Figure 2a), we 301 

estimate minimum and maximum lava flow volumes of ~0.25 and 1.9 x 106 m3. For 302 

comparison, these volumes are 1 to 2 orders of magnitude lower than the 2005-2006 axial 303 

eruption at 9°N along the EPR (Soule et al., 2007), or than other documented eruptions 304 

along the EPR, Juan de Fuca, and Gorda Ridges (Clague et al., 2017; see also compilation 305 

by Gregg and Fornari, 1998).  306 

6. Along-axis variations in mode of lava emplacement  307 

Seafloor imagery acquired on- and across-axis documents both the relative abundance of 308 

different lava morphologies, and their variation along-axis (Figures 1 and 6a). Sheet flows 309 

are the dominant mode of lava emplacement at the center of the study area, accounting 310 

for ~35% of characterized seafloor, locally exceeding >40% (Figure 6a). At the northern 311 

and southern ends of the segment, in contrast, sheet flows account for only ~10-20% of 312 

identified seafloor textures, while pillow lavas are most abundant (>40%; Figure 6a). 313 

Lobate flows, representing effusion rates intermediate between those of sheet flows and 314 

pillows, are present throughout, but are less abundant (~20% or less), and show no 315 

systematic along-axis variation (Figure 6a). 316 

The towed camera photographed sedimented seafloor off-axis (Figure 6a), where the 317 

morphology of the underlying seafloor cannot be determined unequivocally. Fissures in 318 

these sedimented areas may reveal the underlying volcanic seafloor, under a thin 319 

sediment veneer (see supplementary material Figure S1b). In most cases the sediment 320 



 

 

cover is thin, and efficiently covers flat sheet flows, while it cannot fully cover pillows 321 

and lobate lavas. This suggests that completely sedimented areas are likely sheet flows 322 

with a thin sedimented veneer, and therefore the relative abundance of sheet flows may 323 

be somewhat higher than indicated by the positively identified lava textures, particularly 324 

at the center of the segment (Figure 6a, S1b). 325 

While the overall abundance of sheet flows increases towards the segment center, tracks 326 

CT09 and CT05 in Figure 6a, across the summit of the central volcano, show a local 327 

decrease in the abundance of sheet flows instead. The summit of the central volcano 328 

shows a complex recent history of volcanic emplacement that includes two volcanic cones 329 

(V1 and V2 in Figure 2) at two different stages of rifting (e.g., Escartín et al., 2015), leading 330 

to the formation of a depression hosting a fossil lava lake (Ondréas et al., 2009). These 331 

volcanic cones are built up by local lava emplacement dominated by pillows, but also 332 

sourcing and feeding the sheet flows which emanated from their base (Figure 2 and 3). 333 

7. Discussion 334 

7.1 Sheet flows and along-axis fault steering of lava flows at slow-spreading ridges 335 

The eruption of pillow lavas which build both hummocks and axial volcanic ridges, is 336 

considered to be the main mechanism of upper volcanic crust construction at slow-337 

spreading mid-ocean ridges. Our results suggest that along segments that are both 338 

magmatically robust and with associated along-axis variations in melt supply to the 339 

seafloor, this upper volcanic crust construction may be locally controlled by the 340 



 

 

interaction of faults that steer lava flows along the ridge axis. This is also consistent with 341 

geological observations at the several magmatic ridge segments, particularly along the 342 

MAR (e.g., Ballard et al., 1979; Atwater 1979; Crane and Ballard, 1981; Gracia et al., 1998; 343 

Stakes et al., 1984), that report sheet flows at their segment centers reflecting focusing of 344 

melt, and enhanced delivery of lava to the seafloor, at these locations (e.g., Atwater, 1979; 345 

Gracia et al., 1998; Bideau et al., 1998).  346 

The sheet flow abundance that we determine optically (~30-40% at the segment center, 347 

Figure 6) is much higher than that reported for some slow-spreading sites (e.g., 10-15% 348 

at the AMAR segment, Atwater, 1979; or ~10% at the Marianas 17°S segment, Asada et 349 

al., 2015) or fast ones (20% at EPR at 9°50’N, Kurras et al., 2000) and commensurable to 350 

the abundances reported along other areas of the EPR (~30-50%, White et al., 2002) or at 351 

Axial Caldera along the Juan de Fuca Ridge (~40%, Embley et al., 1990), sites that are 352 

extremely active magmatically. While there is no information on the orientation of 353 

lineated flows at other slow-spreading ridges, these sheet flows are commonly reported 354 

in low-lying areas at the feet of axial volcanic ridges and fault scarps (e.g., Stakes et al., 355 

1984), as it is the case for the Lucky Strike flows (Figure 2).  356 

Along-axis fault-control on the mode of lava emplacement at Lucky Strike is also 357 

consistent with a recent lava eruption identified along the Reykjanes Ridge (Crane et al., 358 

1997), that is emplaced along a system of faults defining a graben, and that extends ~3 359 

km along-axis, a similar length to that of the axial flow at Lucky Strike (Figure 3a). This 360 

type of fault-controlled lava flow is also observed in terrestrial rift systems, mainly in the 361 



 

 

AFAR area and along the East African Rift (Figure 7). As in the case of Lucky Strike and 362 

other slow- and ultra-slow volcanic ridge segments, volcanoes often develop at the center 363 

of rift zones, and are densely dissected by parallel fissures, faults, and grabens (e.g., 364 

Dumont et al., 2019). For example, the recent lava flow SE of Hayli Gub volcano, shown 365 

in Figure 7a, flowed >15 km along the center of the axial graben (Barberi and Varet, 1971), 366 

while the several flows along the Dabbahu-Manda Hararo rift extend >10 km, also along-367 

graben (Figure 7b). The interaction of lava flows with fault scarps, that is also observed 368 

at the East Pacific Rise (e.g., Escartín et al., 2007), probably results in the partial or 369 

complete burial of some tectonic features, and results in a significant underestimate of 370 

tectonic strain based on fault distribution and scarp height (e.g., Escartín et al., 2007; 371 

Medynski et al., 2016; Dumont et al., 2019). 372 

7.2 Changing modes of lava emplacement and Layer 2A properties 373 

The bathymetry and seafloor images (Figures 2, 3, 4 and 6) clearly show an along-axis 374 

transition from sheet- to pillow-dominated lava emplacement between the segment 375 

center and areas off to the North and South. This transition coincides with a larger-scale 376 

morphological change from smooth and regularly faulted terrain, to a rougher one 377 

dominated by hummocks and volcanic ridges. This likely reflects a gradual decrease in 378 

eruption rates (e.g., Gregg and Fink, 1995) away from the segment center, where the crust 379 

is thicker and the overall melt supply is inferred to be higher than at the segment ends. 380 

Off-axis camera tow images also suggest that these along-axis variations are persistent 381 

over time (Figure 6).  382 



 

 

Differences in lava morphology (sheet flows vs. pillow lavas) probably result in a volcanic 383 

upper crust that differs depending on the dominant lava type, that may impact the 384 

seismic properties of Layer 2A (Figure 8a). Sheet flows efficiently fill fissures, 385 

depressions, and other small-scale topographic features. Successive sheet flows will 386 

therefore show a two-dimensional structure, with sub-horizontal interfaces (cracks), and 387 

a smooth, planar seafloor (Figure 8c left) as observed at the Lucky Strike segment (Figure 388 

2 a and b). In contrast, an upper crust dominated by the emplacement of pillow lavas will 389 

be associated with a three-dimensional porosity structure (sub-spherical spaces between 390 

pillows) and significant topographic relief (no lateral lava transport, local emplacement; 391 

Figure 8c right). Global seismic studies do not reveal a significant difference in overall 392 

Layer 2A seismic velocity across spreading rates and sites, possibly due to numerous 393 

other local factors that also impact seismic velocity, such as alteration, faulting, fissuring, 394 

hydrothermal activity, etc. (see Christeson et al., 2019, and references therein). 395 

Furthermore, lava flows, in particular lobate ones, may show significant voids due to lava 396 

drain and collapse of the volcanic surface. Site-specific studies are thus required to 397 

correlate local variations of seismic properties with other observables. 398 

Figure 8c presents a simplified sketch of two end-member models and a transitional one, 399 

depicting the internal structure and nature of the volcanic upper crust and of the possible 400 

impact on Layer 2A seismic properties. These models may apply to different positions 401 

along the Lucky Strike segment and may be valid for other slow- and ultra-slow 402 

spreading ridge segments with locally high melt supply. For example, crack shape and 403 



 

 

orientation have a strong control on seismic velocity, as well-aligned, elongated planar 404 

cracks efficiently slow-down wave propagation in directions perpendicular to them 405 

relative to units with equant porosity. At the same time, seismic velocity is also controlled 406 

by overall porosity. Hence, while an upper crust formed by successive sheet flows may 407 

have lower porosity and hence higher seismic velocities than a ‘regular’ ridge section 408 

with pillow lavas, the anisotropy associated with the sub-horizontal sheet flows (which 409 

may be assimilated to elongated cracks) may instead lower these seismic velocities in the 410 

vertical direction, perpendicular to flows (cracks). The presence of abundant sub-411 

horizontal lava flows may also increase the internal seismic reflectivity of these units. The 412 

competing effect of porosity and crack shape on upper crust seismic structure may thus 413 

depend on the detailed internal structure of the upper crust that is formed through 414 

complex interaction of different modes of lava emplacement with faulting (Figure 8c). 415 

Figure 8a shows the two-way travel time (TTWT) difference between the seafloor and the 416 

Layer2A/2B boundary identified along the axis of the Lucky Strike central volcano (Seher 417 

et al., 2010c). While the data shows significant scatter, there is a significant increase of 418 

~0.1 km/s of the TWTT ~15 km from the segment center (Figure 8a and b), and both 419 

towards the North and South. This TWTT may be attributed to an increase in Layer 2A 420 

thickness away from the ridge, to a reduction of the overall seismic velocity of this layer, 421 

or to a combination of both. Seismic velocity studies indicate an anomalously thick layer 422 

2A associated with the central volcano (~750-800 m), as well as anomalously low seismic 423 

velocities (~2 km/s) that are attributed to the intense faulting (Arnulf et al., 2014). While 424 



 

 

this excess Layer 2A thickness reported by Arnulf et al. (2014) is consistent with the 425 

presence of the central volcano, the TWTT increase away from the axis seems inconsistent 426 

with the focusing of melt to the segment center, where enhanced volcanism is expected, 427 

and the reduced melt supply at the segment ends where a thinner Layer 2A may develop 428 

instead. Therefore, this TTWT difference variation may be related to the change in the 429 

volcanic style instead of the Layer 2A thickness. With the increasing abundance of pillow 430 

lavas away from the segment center, that are associated with hummocky terrain and 431 

volcanic ridges, Layer 2A along the Lucky Strike segment may show lower overall 432 

seismic velocities, consistent with this TWTT difference increase (blue dashed lines in 433 

Figure 8a). 434 
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Captions and figures 670 

Figure 1. a) Shipboard bathymetry of the Lucky Strike ridge segment, showing camera tow tracks 671 

(numbered red lines), Nautile submersible tracks (black lines) and VICTOR remotely operated 672 

vehicle tracks (blue lines). Numbered black circles indicate the location of images in Figure 4. b) 673 

Near-bottom multibeam bathymetry surveys (~1 m resolution) underlain by ship multibeam 674 

bathymetry (with transparency). The blue line shows the extent of the Lustre’96 DSL120 deep-675 

towed sonar survey (Humphris et al., 2002; Escartín et al., 2014) ⁠. Black boxes represent the 676 

location of Figure 2. See text and Supplementary Materials for details on cruises and datasets. 677 

Figure 2. Shaded bathymetry (left) and slope (right) maps of the central section of the Lucky Strike 678 

segment (a and b), and of the rift valley floor towards the end of the segment (c and d). See Figure 679 

1 for locations. At the segment center (a and b), faults dissect two volcanic cones (V1 and V2) and 680 

crosscut a flat seafloor that is formed primarily by the accumulation of sheet flows (sf and pink 681 

shade in panel b; see text). This flat seafloor transitions to hummocks (h in panel b) and axial 682 

volcanic ridges towards the south, which are also faulted and fissured. This transition is indicated 683 

by the arrow labelled t. At the segment end (c and d) the seafloor is fully covered by hummocks, 684 

variably fissured and faulted. Hydrothermal deposits (h, orange transparency) are present at the 685 

center of the volcanic cones, and vents are indicated by red dots. Collapse pits are indicated by c. 686 

White and red boxes show the locations of Figure 3a, b and c, and the blue outlines in a) indicate 687 

the extent of seafloor optical photomosaics (pm). 688 

Figure 3. a) Shaded high-resolution bathymetry (~1m resolution) of the Lucky Strike axis along 689 

the southern flank of the central volcano (location of panels a, b and c is shown in Figure 2b) 690 



 

 

showing the most recent axial lava flow (a and b), and older (more sedimented) lava flows (c), and 691 

associated volcanic structures. b) Detail of the terminal portion of the axial lava flow. c) Lava 692 

flows, showing folded textures, emplaced at the base of hummock mounds. Labels correspond to 693 

location of images in Figure 4 and profiles (p) in Figure 5. Blue lines indicate location of 694 

topographic profiles in Figure 5.  695 

Figure 4. Examples of lava textures, tectonic and volcanic structures from seafloor imagery along 696 

the Lucky Strike segment. a) Photomosaic (ROV imagery) of the axial lava flow head, showing the 697 

main channel with lineations (yellow lines) and whorls (yellow dots at their centers), the broken-698 

up lavas (jumbled or hackly lavas) at the flow edge (dashed white line), and the bounding fault 699 

scarp. b) Oblique view of axial lava flow (Nautile video grab, dive#1624). c) Partially sedimented 700 

and faulted off-axis sheet flow with lava coils, adjacent to a fault scarp to the right (OTUS 701 

photomosaic). d) Lobate flows (CT#7). e) Pillow lavas on the flanks of a volcanic ridge, elongated 702 

in the downhill flow direction (CT#4). f) Collapse pit along a dike-related graben system (OTUS 703 

photomosaic, Bathyluck’09). Locations of images are shown in Figs. 1 (d, e) and 3 (a,-c, f). 704 

Figure 5. a) Profile along the center of the youngest axial flow, showing the location of the across-705 

flow profiles in b) and two of the detailed along-flow profiles in c). b) Across-flow profiles show the 706 

change in morphology, from a wide flow with a collapsed central channel (p1) to an inflated flow, 707 

bound by fault scarps (p5-p6). c) Detailed along-flow profiles showing the amplitude (1-2 m) and 708 

wavelength (~10-20 m) of the folds in the surface of the lava flow (see Figure 3). The location of 709 

profile pc is shown in Figure 3c. 710 



 

 

Figure 6. a) Along-axis bathymetry profile (top) and relative abundance of lava flow types along 711 

camera tow tracks CT01 through CT10 (locations shown in Figure 1a). b) Orientation of lineations 712 

identified both at camera tow tracks (CT#) and the photomosaics (PM) at the center of the Lucky 713 

Strike segment, and fault orientations digitized from side-scan sonar data (Escartín et al., 2014). 714 

For reference, the plot also shows the mean orientations of sheet flow lineations, faults, and the 715 

Lucky Strike segment (LS), indicated by inverted triangles, and the standard deviation when 716 

available (horizontal lines). 717 

Figure 7. Recent lava flows, shaded in red, steered by fault scarps from the Afar region, a) along 718 

the rift extending SE of Hayli Gub volcano, and terminating and spreading at the sedimented 719 

Afrera Lake plain and b) along the Northern Manda-Hararo Rift, SE of Dabahu volcano. Satellite 720 

imagery: ©CNES/Airbus provided by Google Maps (accessed March 2021). 721 

Figure 8. Geological interpretation of the upper oceanic crust, Layer 2A, at the Lucky Strike 722 

segment. a) Along-axis variations in Layer 2A two-way travel time (TWTT) difference between 723 

the seafloor and the Layer 2A/2B reflector (modified from Seher et al., 2010c). Towed camera 724 

transect numbers are indicated as TowCam track number). The red dashed line corresponds to the 725 

average TWTT difference for the segment center (sheet flow dominated), and the blue dashed lines 726 

highlight the gradients towards the N and S with increasing TWTT difference. b) Shaded 727 

bathymetric map from Seher et al. (2010c). c) Sketches showing the structure and construction of 728 

the upper oceanic crust at a slow-spreading ridge with high melt supply, from segment center to 729 

segment ends. Left: Sheet flow dominated seafloor, with interpreted high seismic velocity and low 730 

porosity. Middle: transitional crust between the end-members, characterized by a mix of sheet 731 



 

 

flows deviated from the axis and ponding around axial volcanic ridges, and pillows accreting as 732 

axial volcanic ridges. Right: Axial volcanic ridge dominated seafloor, with feeding dikes. High 733 

porosity between pillows and may be associated lower seismic velocity. Colored arrows for each 734 

model are located along the axis (a and b). 735 
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3Université de Paris, Institut de Physique du Globe de Paris, CNRS, Paris, France 
4Centre for Deep Sea Research, University Bergen, Bergen, Norway 

Supplementary information 

1. Supplementary figures 

Supplementary Figure S1. A) Fissure cross-cutting sedimented pillows (CT07, N 
37.22699°N 32.29971°W). B) Fissure on sedimented seafloor (no volcanic texture visible) but 
showing underlying sheeted flows (CT07, 37.23124°N 32.31598°W). C) Sheeted flow and 
hackly margin, found off-axis and partially sedimented (CT10, 37.19636°N 32.33184°W). D) 
Sedimented sheet flow with lava whorls (CT10, 37.19630°N 32.33115°W). White scale bar is 
~10 m. 



Figure S2. Bathymetry maps acquired during ROV Victor and AUV AsterX surveys along 
the Lucky Strike rift valley floor (see location in Figure 1). 

 

Figure S3. Slope maps of the bathymetry shown in Figure S2, clearly revealing the differences 
in seafloor texture between zones dominated by lava sheet flows (north part of a) and areas 
dominated by hummocks and axial volcanic ridges (south of a and b, c). 



2. Data used in this study 

Data were acquired over several cruises as follows: 

1) During the 1996 KN145-19 “Lustre’96” cruise (http://www.marine-
geo.org/tools/entry/KN145-19) high-resolution side-scan sonar data were acquired 
with the DSL120 deep-towed sonar system. Black-and white vertical electronic still 
camera seafloor imagery was acquired with the deep-towed Argo-II camera system, 
in addition to observations during HOV Alvin dives.  

2) During the 2006 Graviluck cruise (doi:10.17600/6010110) vertical color seafloor 
digital imagery were acquired with the deep-towed TOWCAM system, while HOV 
Nautile acquired video imagery and recorded geological observations during dives. 

Photomosaics for these camera tows were generated from vehicle navigation (layback 
and depth) and attitude (heading and altitude), and assuming a flat bottom. Images 
were not matched nor renavigated owing to limited or no overlap along track. 

Photomosaics have been tiled as geotiffs, and are publicly available: doi: 
10.17882/80790  

3) During the MOMARETO, MOMAR’08-Leg1 and Bathyluck cruises in 2006, 2008 
and 2009 (dois 10.17600/6030130, 10.17600/8010110 and 10.17600/9030040, 
respectively), near-bottom, high-resolution bathymetry data were acquired with a 
multibeam system mounted on the ROV VICTOR 6000 and the AUV AsterX. ROV 
Victor also conducted geological surveys and observations, in addition to imagery 
surveys, using the OTUS black and white camera vertically mounted, to obtain 
photomosaics of the seafloor in 2008 and 2009. Open access links to bathymetry and 
photomosaics are indicated below. 

 

 

 

 



Data publicly available and used in this paper include microbathymetry and seafloor 
photomosaics: 

High-resolution bathymetry. Near-bottom multibeam bathymetry data were 
processed post-cruise (cleaning, filtering, gridding), to obtain bathymetry grids at 
resolutions of either 1 m (surveys along the LS segment) or 0.50 m (survey at segment 
center acquired during photomosaic survey). The AUV or ROV was flown at ~70 m 
in average (varying between 50 to 100 m) for surveys with a resolution of 1 m per grid, 
and ~10 m for the surveys conducted in combination with optical imagery, and 
gridded at 0.5 m. Grids from different dives were manually shifted and adjusted to 
combine them into a single one in the central part of the segment (See Supplementary 
Figure S2a). Details of resulting grids and processing are partially published 
elsewhere (Escartín et al., 2015). Here we release the full set of near-bottom, AUV and 
ROV bathymetry grids: doi: 10.17882/80574 

 

Seafloor imagery and photomosaics. Vertically acquired imagery during ROV 
VICTOR6000 surveys and TOWCAM tracks were processed by the Girona University 
for illumination corrections, renavigation, and mosaicing. VICTOR survey processing 
included blending of imagery to obtain seamless photomosaics that facilitate their 
interpretation (e.g., Barreyre et al., 2012), while imagery from tracks were 
photomosaiced solely on navigation and altitude information (e.g., Escartín et al., 
2008), with no blending; these mosaics provide information on scale and orientation 
of structures, even if images are not matched and blended locally. Details on 
mosaicing procedures are described elsewhere (e.g., Escartín et al., 2008; Prados et al., 
2012; Barreyre et al., 2012). 

The 2008 photomosaic is publicly available as a series of GEOTIF tiles at doi: 
10.17882/77449 

The 2009 photomosaic is publicly available as a series of GEOTIF tiles at doi: 
10.17882/80447 

The photomosaic from the Lustre’1996 cruise (Escartín et al., 2008) is publicly available 
at: http://www.marine-geo.org/tools/search/Files.php?data_set_uid=6138 



ROV and HOV observations. ROV and HOV dives provided geological observations 
throughout the study area during different dives. All imagery available to us (still 
images and video) was examined to extract relevant geological observations (types of 
lava flows, orientation of structures, sedimentation, etc.). The observations of this 
study complemented those reported by the different science parties in each of the 
cruises listed above. 

Video imagery along ROV Victor and HOV Nautile tracks from the 2006, 2008 and 
2009 cruises can be made available upon request to J. Escartín. 

 

Acoustic backscatter: Acoustic backscatter data acquired with the deep-towed 
DSL120 sonar was used to provide a broader context to the near-bottom bathymetry 
data, and to extrapolate observations among survey areas, as it has a more continuous 
coverage. Details on sonar data acquisition and processing are given elsewhere 
(Scheirer et al., 2000; Humphris et el., 2002; Escartín et al., 2014), and the gridded sonar 
data with a resolution of 10 m are publicly available at:  http://www.marine-
geo.org/tools/search/DataSets.php?data_set_uids=7527,21460 

Here we used this processed dataset, as well as its published tectonic interpretation 
(Escartín et al., 2014) for fault orientations. 

 

Identification and quantification of seafloor textures and flow lineations. TowCam 
photomosaics were used for identification and classification of lava flow 
morphologies and sediment presence or absence, and for quantification of the 
resulting abundance of classes. For camera tows, the dominant seafloor texture was 
visually defined every 50 m along-track, identifying at the same the transitions, to 
define along-track segments. Each segment was attributed then a seafloor texture. 
Calculation of proportions along each TowCam track (Figure 6a) is then derived from 
the cumulative length of segments for each seafloor texture, normalized by the total 
length of each camera transect. No quantification of lava textures was done on the 
ROV OTUS photomosaics.  



Where sheet flows with lineations were identified along the TowCam tracks, the most 
prominent structures where digitized to calculate their orientations. Due to the 
narrow across-track coverage of the seafloor, of approximately ~10 m, we were not 
able to map the full extent and limits of each flow. Hence lineations provide a flow 
direction locally, that we assume to be representative of the overall lava flow direction, 
that is dominantly along-axis (Figure 6b). 
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