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Abstract We present results from three-dimensional (3-D) processing of seismic reﬂection data, acquired
in June 2005 over the Lucky Strike volcano on the Mid-Atlantic Ridge as a part of the Seismic Study for
Monitoring of the Mid-Atlantic Ridge survey. We use a 3-D tomographic velocity model derived from a
coincident ocean bottom seismometer experiment to depth convert the poststack time-migrated seismic
volume and provide 3-D geometry of the axial magma chamber roof, fault reﬂectors, and layer 2A gradient
marker. We also generate a high-resolution bathymetric map using the seismic reﬂection data. The magma
chamber roof is imaged at 3.4 ± 0.4 km depth beneath the volcano, and major faults are imaged with dips
ranging between 33° and 50°. The magma chamber roof geometry is consistent with a focused melt supply at
the segment center and steep across-axis thermal gradients as indicated by the proximity between the
magma chamber and nearby faults. Fault scarps on the seaﬂoor and fault dip at depth indicate that tectonic
extension accounts for at least 10% of the total plate separation. Shallow dipping reﬂectors imaged in the
upper crust beneath the volcano ﬂanks are interpreted as buried lava ﬂow surfaces.
1. Introduction
The process of oceanic crustal accretion is less-well understood at slow spreading than at fast spreading
oceanic spreading centers. A crustal melt lens is ubiquitously observed by seismic reﬂection studies
beneath fast spreading centers but, until recently, only limited geophysical evidence was found for the
presence of a crustal melt lens at slow spreading centers. Seismic refraction experiments (e.g., MARK
[Canales et al., 2000] or OH-1 [Hooft et al., 2000]) found evidence for interstitial crustal melt, but no melt
lens reﬂector was imaged despite several reconnaissance multichannel seismic reﬂection proﬁles across
portions of the Mid-Atlantic Ridge (MAR) rift valley [e.g., Detrick et al., 1990; Sinton and Detrick, 1992].
Moreover, microearthquake [e.g., Toomey et al., 1985] and teleseismic [e.g., Huang and Solomon, 1988]
studies have shown that earthquakes can occur down to depths of 8 km or more beneath the median
valley of the MAR, suggesting the cooling of the entire crustal section to temperatures within the brittle
regime. These studies led to the belief that slow spreading ridge crustal magma chambers were of small
extent and short lived [Sinton and Detrick, 1992; Cannat, 1993].
More recent seismic reﬂection studies have revealed evidence for crustal melt lenses or bodies beneath slow
spreading centers. The Reykjanes Axial Melt Experiment: Structural Synthesis from Electromagnetics
and Seismics at 57°45′N [e.g., Sinha et al., 1998; Peirce et al., 2007] revealed a seismic reﬂector 2.5–3 km
beneath the seaﬂoor on the Reykjanes Ridge underlain by a larger low-velocity zone interpreted as a
magma chamber that could contain up to 20% melt. Subsequently, the Seismic Study for Monitoring of
the Mid-Atlantic Ridge (SISMOMAR) seismic reﬂection experiment imaged a bright crustal reﬂector
beneath the central volcano of the Lucky Strike segment of the MAR, interpreted as the roof a magma
chamber [Singh et al., 2006]. The bright reﬂector overlies a low-velocity zone of decreased velocities that
can be explained by elevated temperatures (800–1000°C) and possibly a small amount of melt [Seher
et al., 2010a].
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Singh et al. [2006] used 2-D processing and showed the result as a function of two-way time beneath the
volcano. Here we present results obtained using a complete 3-D processing of the SISMOMAR reﬂection
data in the time domain followed by depth conversion, which allows us to constrain the geometry of the
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axial magma chamber roof, faults, layer 2A, and other seismic events within the upper crust and provides a
detailed map of the seaﬂoor topography. We use these results to shed light on the magmatic and tectonic
processes that are involved in the formation and evolution of the oceanic crust at slow spreading ridges
with robust melt supply to the axis.

2. Geological Context
The Lucky Strike volcano, located at ~37°17′N along the Mid-Atlantic Ridge (MAR), is situated at the center of
the 70 km long Lucky Strike segment (Figure 1a). The Lucky Strike segment, which has a full spreading rate of
~2.1 cm/yr [Demets et al., 1994], is located approximately 400 km southwest of the Azores hot spot’s probable
location [Zhang and Tanimoto, 1992; Schilling, 1991; Ito and Lin, 1995; Moreira et al., 1999]. The segment’s
basalt geochemistry [Dosso et al., 1999; Gale et al., 2011] and topography [Detrick et al., 1995] indicate that
it is inﬂuenced by the hot spot. An along-axis southward propagation of a magmatic pulse from the
Azores hot spot is indicated by V-shaped ridges and by two anomalously shallow regions, the eastern and
western Jussieu plateaus, located on either side of the MAR at the latitudes of the Famous (36°50′N) and Lucky
Strike segments [Cannat et al., 1999; Escartin et al., 2001; Gente et al., 2003]. More generally, the Mid-Atlantic
Ridge deepens gradually southward from the Azores region near 40°N (axial depth: 1800 m on average [Detrick
et al., 1995]) to about 26°N (axial depth: 3850 m on average [Thibaud et al., 1998]). This long-wavelength
bathymetric gradient coexists with similarly long gradients of gravity anomalies and basalt geochemistry,
suggesting that regional crustal thickness, the buoyancy of the upper mantle beneath the ridge, and its
content in incompatible elements (characteristic of the lower mantle composition) all decrease slowly away
from the Azores region [Vogt, 1976; Schilling, 1985]. These gradients indicate that the plume of anomalously hot
and/or enriched mantle (hot spot) thought to feed volcanism in the Azores islands also inﬂuences the nearby
Mid-Atlantic Ridge over more than a thousand kilometers along axis.
In spite of its proximity to the Azores hot spot, the Lucky Strike segment exhibits a morphological and
tectonic architecture with many of the characteristics of a slow spreading ridge. The Lucky Strike segment
is characterized by a well-developed, ~13–20 km wide axial rift valley, whose depth increases from
~1550 m at the segment center to ~3700 m at the nodal basins near the segment ends (Figure 1a). Two
major normal faults (hereafter called the eastern and western bounding faults, EBF and WBF) bound the
rift valley with vertical throws of 500–900 m. Beyond the rift walls, the seaﬂoor morphology is dominated
by fault-controlled abyssal hills [Detrick et al., 1995]. The center of the segment is dominated by the 8 km
wide, 15 km long, and 500 m high Lucky Strike volcano, one of the largest central volcanoes along the
MAR axis. The SISMOMAR experiment [Singh et al., 2006; Dusunur et al., 2009; Crawford et al., 2010; Seher
et al., 2010a, 2010b, 2010c; Arnulf et al., 2012, 2013, 2014] provided seismic data used to characterize the
magma chamber beneath the volcano: the roof of the axial magma chamber (AMC) imaged by multichannel
seismic reﬂection [Singh et al., 2006] is underlain by a low-velocity zone imaged by travel time tomography
of ocean bottom seismic data [Seher et al., 2010a]. The crust is ~7.5 km thick beneath the volcano and
has thinned to less than 5.5 km at 20 km from the segment center [Crawford et al., 2010; Seher et al.,
2010a]. Arnulf et al. [2014] studied the ﬁrst kilometer of the upper crust with travel time tomography and
full waveform inversion of downward continued streamer data. Their studies suggest that seismic layer
2A within the volcano is anomalously thick and displays low seismic velocities, consistent with the
emplacement of a >700–900 m thick sequence of extrusives [Arnulf et al., 2014].
The volcano summit shows three local highs enclosing a depression where lava recently ponded [Fouquet
et al., 1995; Ondréas et al., 2009; Humphris et al., 2002]. The depression is part of a recent axial graben
up to ~1 km in width that dissects the volcano (axial graben Ra on Figure 1b) [Escartín et al., 2014]. The
depression is surrounded by numerous hydrothermal vents that constitute one of largest hydrothermal
sites on the MAR, extending over ~1 km2, with numerous active and inactive vents and zones of diffuse
ﬂow [e.g., Fouquet et al., 1995; Langmuir et al., 1997; von Damm et al., 1998; Humphris et al., 2002; Barreyre
et al., 2012] (Figure 1b).
A microseismic experiment conducted in the area revealed microseismic events in the immediate vicinity
of the AMC [Dusunur et al., 2009] and sustained activity above the AMC and along the most recent
graben attributed to cooling associated with along-axis hydrothermal cells feeding the volcano summit
vent ﬁeld [Crawford et al., 2013]. Hydroacoustic monitoring in the area also suggests that a dike intrusion
COMBIER ET AL.
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Figure 1. (a) Location of the 3-D seismic reﬂection survey on the Lucky Strike segment bathymetry. WBF: western bounding
fault, EBF: eastern bounding fault. The 3-D seismic reﬂection area is outlined by the black rectangle. Neovolcanic zone
[Escartín et al., 2014] is outlined by pink dashed lines. (b) The 3-D seismic reﬂection survey area. Small crosses indicate the
location of known Lucky Strike hydrothermal vents. Structural interpretation of the volcano from Escartín et al. [2014] is
reported. Unfaulted initial volcano ﬂanks (vf) and two more recent volcanic cones (v2 and v1) are colored in red. The initial
volcano with ﬂanks (vf) was emplaced within the axial valley bounded by the EBF and WBF. Then, two successive axial
grabens dissected the volcano (Rb and Ra). The most recent axial graben, Ra, has dissected the two summit volcanic cones
(v1 and v2). The neovolcanic zone (coutours outlined by pink dashed lines) is focused within graben Ra.

or volcanic eruption may have taken place within the segment in 2001 [Dziak et al., 2004], although
no seaﬂoor observations were available to document a possible seaﬂoor eruption and subsequent
observations in the area have not identiﬁed any structures that may be associated with such an event
(e.g., fresh-looking lava ﬂows).
COMBIER ET AL.
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On the volcano summit, the neovolcanic zone—determined from seaﬂoor texture on side scan data [Scheirer
et al., 2000; Escartín et al., 2014] and near-bottom observations [Ondréas et al., 1997; Humphris et al., 2002]—is
focused within the most recent axial graben. North and south of the summit, the neovolcanic zone is less
focused and widens [Escartín et al., 2014]. Recent pillow lavas were also observed on a volcanic ediﬁce
northwest of the volcano summit, known as the western volcanic ridge [Ondréas et al., 1997]. The presentday spreading axis determined from ship-board magnetic data [Miranda et al., 2005] is displaced slightly east
of the neovolcanic zone. Magnetic anomaly modeling using the present-day magnetic axis as a ﬁxed
spreading axis suggests that spreading has been asymmetric with faster spreading to the west over the past
0.7 Ma [Miranda et al., 2005], which is the period during which the present-day axial valley and Lucky Strike
volcano were built.
The history of volcano emplacement and rifting inferred for the area also suggests a complex magmatic
and tectonic history [Escartín et al., 2014]. The Lucky Strike central volcano is emplaced at the center and
within the main rift valley, but its structure shows several episodes of successive rifting and volcanic
emplacement at its summit (Figure 1b), which likely correspond to recent periods of decreased and
increased eruption rates [Escartín et al., 2014], demonstrating important interactions between faulting
and volcanism.

3. Survey Design and Data Acquisition
The SISMOMAR experiment is a seismic reﬂection and refraction study of the crustal structure beneath the
Lucky Strike segment of the MAR [Crawford et al., 2010], conducted on board the Research Vessel Atalante
in June–July 2005. The experiment was composed of a 3-D multichannel seismic reﬂection box (18.75 km
long, 3.8 km wide; Figure 1b), a 3-D seismic wide-angle box (50 × 50 km) [Seher et al., 2010a], and 2-D
seismic tomography and reﬂection lines along and across the ridge axis [Crawford et al., 2010]. In addition,
microearthquake data were collected during the time windows when no active seismic source was used,
totaling 6 days [Dusunur et al., 2009]. The seismic reﬂection experiment is the ﬁrst 3-D seismic reﬂection
survey of a magma chamber on a slow spreading ridge.
Three-dimensional seismic reﬂection data were acquired using a 4.5 km long digital streamer towed at ~15 m
depth. The streamer was composed of 360 channels with 12.5 m receiver group intervals. The minimum offset
(i.e., the offset between the source and the ﬁrst trace on the streamer) was 191 m, and the maximum offset was
4681 m. The energy source was a 42.5 L 18 air gun array towed at a depth of ~12 m and tuned to provide a
source with a strong ﬁrst arrival and a wide frequency range of 8–50 Hz.
The 3-D seismic reﬂection survey zone was designed to image the crust beneath the central part of the
volcano. Thirty-nine 18.75 km long seismic reﬂection lines were shot, spaced 100 m apart (Figure 1b). To
obtain a high-resolution image across the ridge axis, lines were shot perpendicular to the ridge axis (109°
azimuth), with a shot interval of 37.5 m. These survey parameters resulted in a common midpoint (CMP)
spacing of 6.25 m along the shooting direction and nominal fold of 60 (each CMP was in theory covered
by 60 traces, corresponding to 60 different source-receiver offsets). The full-fold area is 16.25 km × 3.8 km
after elastic binning (the binning process is explained in the supporting information). The vessel speed
was 4.5 knots, the record length was 11 s, and the sample interval was 2 ms. It took just under 7 days to
shoot the 39 lines, with 49% of the time spent on actual lines, and 51% of the time spent on turns. The
data were resampled at 4 ms interval out to 6 s for the present study.
The dimensions of a 3-D survey area should be deﬁned in such a way that dipping reﬂectors are correctly
imaged. The energy reﬂecting with zero-offset from a point P at depth Z on a reﬂector dipping with angle
α is recorded at the surface with a horizontal distance of X = Z tan α away from P in the downdip direction
in a constant velocity medium (X ≤ Z tan α in a medium where velocity increases with depth). Therefore,
for the steepest dip (~35°) at the seaﬂoor (~2 km depth) in the across-axis direction, we require X = 1.4 km,
whereas for the steepest dip at the seaﬂoor in the along-axis direction (~15°), we require X = 0.6 km. Our
survey area dimensions (16.25 km × 3.8 km), thus, allow us to correctly image the volcano and axial valley
seaﬂoor morphology. At 5 km depth, dips of 55°, typical of fault dips, are recorded with zero-offset at a
distance X ≤ 7 km. Our survey dimensions, thus, allow us to image all axis-parallel ridgeward dipping faults
in the survey area. The maximum dip in the along-axis direction that can be imaged at 5 km depth at the
center of the survey zone is 20°.

COMBIER ET AL.

MAGMA CHAMBER AND FAULTING AT LUCKY STRIKE

5382

Journal of Geophysical Research: Solid Earth

10.1002/2015JB012365

In order to migrate dipping reﬂectors or to correctly collapse dipping branches of hyperbolae, CMP spacing
should satisfy the following criteria: fmax = v/(4 Δx sin θ), where fmax is the maximum frequency that is not
aliased for a structural dip θ, a CMP trace spacing Δx, in a medium of velocity v.
In our case, the 6.25 m inline CMP spacing theoretically allows us to image all possible dips, as the maximum
unaliased frequency for 90° dips is 60 Hz at water velocity. By contrast, the 100 m crossline CMP spacing is too
coarse to allow proper imaging of dipping events (fmax = 11 Hz for 20° dips at 1500 m/s) but was chosen for
economic reasons since aliasing problems can be successfully overcome by trace interpolation without
compromising the accuracy of the 3-D imaging, as will be explained later.

4. Processing
Accurate positioning of source and receivers for each shot is essential for 3-D processing. The position of the
ship was measured using a differential GPS, and the shape of the streamer was reconstructed using 16
compass birds along the streamer and a GPS on the tail-buoy. The method used for reconstructing the
streamer shape is described in the supporting information.
We performed conventional 3-D processing, including elastic binning into 6.25 m inline × 100 m crossline
bins with an elastic bin size of 18.75 m inline × 200 m crossline (the elastic binning method is described
in the supporting information), resampling to 4 ms, band-pass ﬁlter 5–50 Hz, predictive deconvolution
with a 12 ms gap to attenuate ringing from the air gun source, normal moveout (NMO), mute of the
seaﬂoor multiple and far offsets, 3-D dip moveout, spherical divergence correction, stack, poststack trace
interpolation in the crossline direction, 3-D time migration, gain application (proportional to v2(t).t, where t
is the two-way travel time and v(t) is the root-mean-square velocity derived from travel time tomography,
as an approximation to take into account attenuation [Newman, 1973]), and depth conversion. No trace
editing was applied, because stacking gave similar results with and without noisy trace edition. A complete
description of the seismic processing is given in Combier [2007].
4.1. Velocity and Offset Analysis
To perform velocity analysis, we used the constant velocity stack (CVS) method instead of a velocity spectrum
method (such as the semblance method). The CVS method consists of performing stacks using a range
of constant NMO velocity values, which allows the interpreter to directly choose the velocities yielding
the stack with the best possible event continuity. It is especially useful in areas with rough seaﬂoor
topography where the data are contaminated by energy scattered at the seaﬂoor that can show a strong
coherency on CMP gathers, but that does not show lateral continuity on the stacked sections.
Analysis performed on CMP gathers (Figure 2) and on “partial” stacks, including selected offset ranges
(<1500 m, 1500–3500 m, and >3500 m; Figure 3), allowed us to characterize different events in the data. A
subhorizontal event is present beneath the volcano, at ~3.75 s (i.e., ~1.5 s after the seaﬂoor arrival) stacking
at velocities ranging between 2500 and 3200 m/s. This event is a true reﬂection (energy starts arriving at
short offsets; Figures 2 and 3a) and is interpreted as the roof of an axial magma chamber (AMC) [Singh
et al., 2006]. Dipping reﬂectors that may correspond to faults are observed at all offsets (Figure 3), except
for a dipping event that we interpret as the western bounding fault, which is only observed at offsets
>2500 m and seen on Figures 3b and 3c (the 2500 m threshold was observed on partial stacks with
different offset ranges than the ones shown on Figure 3). Turning rays from within seismic layers 2A and
2B are observed at offsets >1500 m. An event is observed arriving in the farthest offsets (>4400 m),
between 3.5 and 4 s, at times close to the AMC arrival time (Figure 3c), which is more continuous than the
AMC event stacking at near offsets. This far-offset energy simulates the shape of layer 2A and extends
across the axial valley. Ray modeling shows that this event could correspond to a multiple of layer 2A that
is reﬂected down at the seaﬂoor interface.
Refracted arrivals from layer 2A have very high amplitude (comparable to that of the seaﬂoor; Figure 2) and
can mask upper crust events. In order to properly image true reﬂection events in the upper crust as well
as refracted energy coming from the base of layer 2A, we processed the data twice. The ﬁrst set of
processing was optimized to image layer 2A, with all offsets included in the stack and with a constant
NMO velocity of 1900 m/s in the upper crust throughout the survey area. Since layer 2A arrival time on
stacked sections is highly dependent on NMO velocity [Harding et al., 1993], the use of a constant NMO
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Figure 2. (a) SuperCMP gather located on the volcano (line 01, crossline number 1416–1517, CDP 4441–4542). (b) Same
supergather after NMO correction with a velocity derived from velocity analysis. A ﬁrst processing set was performed
with all offsets included in the stack. A second processing set was performed with including in the stack only the energy to
the left of the mute function (red dashed line); this allowed to image upper crust events otherwise masked by layer 2A
arrivals. Note that the CMP gather contains hyperbolae that have a strong moveout even at late times; they come from
energy diffracted at the seaﬂoor and do not stack coherently.

velocity for layer 2A avoided artiﬁcial variations in layer 2A thickness due to local velocity picking errors. In the
second set of processing, a mute function was applied before stack to suppress refracted energy: offsets
>1500 m were muted from the seaﬂoor to layer 2A time; at greater times, greater offset ranges up to
4300 m were progressively included in the stack. This mute function (shown in Figure 2b) allowed us to
reveal shallow reﬂectors in the upper crust that were otherwise masked by strong layer 2A refracted arrivals.
4.2. Interpolation
The 100 m trace spacing in the crossline direction causes spatial aliasing of dipping events (including dipping
branches of diffraction hyperbola) within the frequency range of our seismic signal. These spatially aliased
dipping events cannot be properly migrated. Spatial aliasing can be avoided by reducing trace spacing
using trace interpolation. The initial 100 m spatial sampling in the crossline direction was reduced to 25 m
by trace interpolation after stack, allowing dips up to 50°/70° in the crossline direction at the seaﬂoor/in
the crust, respectively, to be unaliased at 20 Hz, and therefore properly imaged by migration. A dipconsistent trace interpolation was performed, based on the local slant stack technique of Lu [1985] using
dip scans and semblance scaling. This technique consists in computing the semblance along a given
number of dips across a window centered on the output sample location. For every dip, an amplitude is
interpolated from the amplitudes of the two central traces to the output trace location. The amplitudes are
then scaled by the corresponding semblances, summed, normalized (divided by the number of dips), and
output as the interpolated sample. Because of computational limitations, we had to increase the CMP
spacing along inlines from 6.25 m to 25 m before migration with a 3-D velocity model, which resulted in a
data volume with a CMP spacing of 25 m in both directions.
4.3. Imaging
For all of the images presented in this paper, 3-D migration was performed using a ﬁnite difference algorithm
with a two-pass approach, where the volume is ﬁrst migrated in the inline direction and then in the crossline
direction. Three-dimensional migration provides an accurate image of reﬂectors in areas of complex
topography, which cannot be achieved by 2-D migration. This is particularly obvious on the seaﬂoor reﬂector
(Figure 4) where crossline migration performed during the second pass of 3-D migration effectively removes
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out-of-plane energy coming from the
crossline direction. Migration was performed using a velocity model derived
from the SISMOMAR 3-D refraction study
[Seher et al., 2010b], as this velocity
model gave similar but overall better
results than models derived from migration velocity tests. For example, Figure 5
shows that the velocity derived from
the 3-D refraction study best migrates
the AMC reﬂector. Migration with realistic
subcrustal velocities correctly collapses
diffraction hyperbolae and therefore
gives the real dimensions of the AMC
and moves dipping reﬂectors updip to
their subsurface location.
The time-migrated volume was then
“vertically” converted to depth using
the velocities derived from the 3-D
refraction study [Seher et al., 2010b].
The resulting depth image, which is a vertically stretched image of the timemigrated section, provides an estimation
of the depth and geometry of each reﬂector, which is sensitive to velocity errors.
The poststack migrated seismic cube is
shown in depth domain in Figure 6.
4.4. Accuracy of Final Seismic Images
We constructed a map of seaﬂoor bathymetry using picks of the seaﬂoor arrivals
Figure 3. Partial stacks of line 7 including selected ranges of offsets (NMO on the seismic volume (Figure 7). Our
was performed with a velocity derived from velocity analysis and the stacks
map agrees well with the multibeam
were migrated at 1500 m/s for clarity): (a) near-offset (185–1500 m)
bathymetry (the mean of absolute differstack, (b) midoffset (1500–3500 m) stack, and (c) far-offset (3500–4675 m)
stack. Layer 2A energy is observed at offsets >1500 m. Between 3.5 and 4 s, ences between the two bathymetries is
an event that is present only at far offsets follows the shape of layer 2A.
10 m), which indicates that our results
Ray-based travel time modeling shows that it could correspond to an intra- are accurate in terms of positioning at
crustal multiple of layer 2A (L2AM). See Figure 12b for proﬁle localization.
least for near offsets and that the 3-D processing is accurate as far as the seaﬂoor
reﬂector is concerned. The vertical uncertainty of our depth converted images varies from a few meters at the seaﬂoor to ~300 m at the depth of the magma chamber, taking into account uncertainty in the velocity used for
depth conversion. The horizontal uncertainty varies from a few meters at the seaﬂoor to a few hundred meters
at the depth of the magma chamber, given the fact that on time-migrated images, reﬂectors placed under dipping
seaﬂoor topography may be laterally displaced from their true subsurface location [Black and Brzostowski, 1994].

5. Results
5.1. Bathymetric Map From 3-D Seismic Reﬂection Data
Bathymetric maps of higher resolution than those of ship-board multibeam data can be obtained by extracting
seaﬂoor arrival times from migrated 3-D seismic reﬂection data [Combier, 2007; Combier et al., 2008], owing
to the denser spatial sampling (6.25 m) along the shooting direction achieved during multichannel seismic
surveys compared to ship-board multibeam surveys. An estimate of the horizontal resolution of multibeam systems
is given by the vertical beam footprint dimension, which was 50–60 m across track and 100–120 m along track
at water depths of 1600–2000 m for the EM12D system used during the SISMOMAR cruise.
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In order to be conservative in describing our seismic data quality, we will
distinguish between “resolution” and
“detection.” Resolution means the ability to distinguish two features from
one another, and detection means the
ability to distinguish that some feature
exists; the resolution limit is obviously
always larger than the detection limit.
The detection limit at the seaﬂoor is
the CMP spacing, which is 6.25 m for
our 3-D survey in the across-axis direction. Horizontal resolution of seismic
data can be estimated by taking into
account the effects of spatial sampling,
the migration operator and the positioning uncertainty. First, the horizontal
resolution is limited by the spatial
Nyquist wave number (i.e., twice the
CMP spacing), which was 12.5 m along
track (inline) and 200 m across track
(crossline). Second, the horizontal resoFigure 4. Comparison of migration in (a) 2-D and (b) 3-D and its effects on
seaﬂoor reﬂector geometry. Line 7 is represented, with both migrations
lution of seismic data, which can be
performed at 1500 m/s with a frequency-wave number algorithm. The 3-D deﬁned on stacked sections by the
migration allows to effectively migrate energy coming from the cross-line
width of the Fresnel zone, is improved
dimension. Indeed, the image of a volcanic cone situated in the vicinity of
line 7 (see Figure 12b for location of line 7) appears on the 2-D migrated line, by the process of migration [e.g., Chen
and Schuster, 1999]. After poststack migrabut not on the 3-D migrated line. Moreover, real events are brighter after
3-D migration because their signal-to-noise ratio is increased by the
tion, the horizontal resolution Δx of seissummation performed during cross-line migration compared to inline
mic data can be approximated as [Chen
migration only.
and Schuster, 1999] Δx = λ Z/L, where λ is
the dominant wavelength, Z is the depth
of the target, and L is the survey migration aperture width. For a dominant frequency of 30 Hz (λ = 50 m), a water
depth approximated to 1.8 km and a migration aperture width of 7 km at the Lucky Strike volcano, Δx = 13 m in
the shooting direction. The positioning uncertainty of the ﬁrst trace is 10 m [Combier, 2007]. The overall resolution
of our seismic derived bathymetry is the geometric mean of the individual uncertainties: 21 m in the inline direction.
In the crossline direction, the resolution is 200 m (twice the CMP spacing).
The seaﬂoor arrival was picked on the time-migrated volume gridded at 6.25 m inline and 25 m crossline (this
is different from the rest of the data set, which was picked at 25 × 25 m). We picked the ﬁrst high-amplitude
positive arrival, both manually and using an automatic detection utility based on waveform correlation. The
seaﬂoor arrival times were then converted to depth using a velocity (1493 m/s) and a constant shift ( 20 m)
that were determined by least squares ﬁtting the arrival times with the EM12D multibeam bathymetry. The
average absolute difference between the two bathymetric grids is of 10 m, with a standard deviation of
10 m. The resulting bathymetric map is shown in Figure 7a. Comparison with bathymetric maps from the
onboard EM12D and deep-towed DSL-120 [Scheirer et al., 2000] systems shows that our seismic
bathymetry gives accurate results, except at the borders of the 3-D survey area due to errors in migration
(maps available in Combier [2007]). For example, on the northern border of our bathymetric map, where
the topography of the volcano is 3-D (with slopes dipping to the north), the seaﬂoor arrival was hardly
identiﬁable on the seismic image because of the out-of-plane seaﬂoor scattering effect.
5.2. Dipping Reﬂectors and Faults
5.2.1. Faults on the Seaﬂoor
We produced a tectonic sketch (Figure 7b) by interpreting our seismic-derived bathymetric map along with
bathymetric gradient maps and proﬁles extracted from this map. An exponential transform was applied
to the gradient map, and fault scarps were identiﬁed as the linear features whose slope is >90% of the
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Figure 5. Close-up on the AMC reﬂector of seismic line 5 with four different migration velocities. Migration was performed
in 3-D with a ﬁnite difference algorithm. (a–c) Migration is performed with a constant migration velocity of 2600 m/s,
3000 m/s, and 3400 m/s, respectively. (d) Migration is performed with the 3-D velocity model derived from travel time
tomography [Seher et al., 2010b]. Examination of the borders of the AMC reﬂector shows that it is undermigrated in Figure 5a
(borders dip down), overmigrated in Figure 5c (borders dip up), but migrated at the correct velocity in Figures 5b and 5.
Velocities derived from travel time tomography are thus suitable for migration. See Figure 12b for location of line 5.

largest slope. By order of decreasing importance (i.e., length of the fault and height of the scarp), the main
faults in the survey zone (Figure 7b) are the two faults bounding the axial valley (>30 km long): the
eastern bounding fault (EBF) and the western bounding fault (WBF), and four main faults dissecting the
volcano: F1 and F1b, which appear to link at the north of our survey area (17 km long), F2 (15 km long) and
F3 (10 km long). Other scarps of a few kilometers in length are present on the volcano and on the axial
valley ﬂanks. The eastern ﬂank of the volcano is notable for an absence of scarps.
5.2.2. Faults at Depth
The major faults identiﬁed on the
seaﬂoor (Figure 7) are also observed at
depth in the seismic sections, except
faults F2 and F3.

COMBIER ET AL.

Figure 6. The 3-D view of the Lucky Strike volcano seismic reﬂectivity.
Depth-converted poststack-migrated 3-D seismic cube. AMC melt lens,
faults, and shallow-dipping reﬂectors in the upper crust are observed.

Two dipping strong events are identiﬁed at depth in the seismic sections
whose geometry suggests that they
are the continuity at depth of the EBF
and WBF observed on the seaﬂoor
(Figure 8). The EBF is a strong reﬂector
that is imaged in the whole 3-D box. It
is observed from 1.5 km below the seaﬂoor
(bsf) down to 3.8 km bsf, with a dip
of 50 ± 3°. By contrast, the axial valley
eastern wall (the footwall of the EBF) has
a dip of 28–36° (dip calculated on proﬁles
extracted from the multibeam bathymetry,
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Figure 7. Seismic derived bathymetric map and structural sketch of the Lucky Strike volcano. (a) Seismic derived bathymetric
map overlain on the multibeam bathymetry (Kongsberg Simrad EM12 Dual system, data from the SISMOMAR cruise). Gridding
is at 5 m, and illumination is from the direction N289°E. (b) Structural sketch of the Lucky Strike volcano. Faults marked EBF,
WBF, F1, F1b, and F5 are observed at depth on the seismic section.

away from zones where major collapse features are inferred). The fact that the scarp on the seaﬂoor has a
shallower dip than that at depth may be explained by elastic rebound of the footwall after exhumation and
by the presence of collapse features. The EBF is observed reaching depths ~0.5 km deeper than the AMC
roof, but at a distance of 1.5 km from the AMC (Figure 8a); the EBF is not observed directly below the
AMC reﬂector.
The dipping reﬂector we interpret as the WBF is observed only at far offsets (offsets > 2500 m; Figure 8b). It is
visible from 1.5 km bsf to 2.0 km bsf, with a dip of 33 ± 5° at depth. The WBF is observed reaching a depth
~1 km above the AMC, 4 km away from the AMC. Since it is observed only at far offsets, the depth of the
event on a stacked section is highly dependent on stacking velocity; the depth of the event is thus
constrained with an uncertainty of a few hundred meters. On the seaﬂoor, the western bounding wall of
the axial valley is actually composed of three major scarps (Figures 7b and 1). These three scarps appear to
link at depth in a single fault damage zone that constitutes the WBF reﬂector.
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Figure 8. Seismic line 13 showing faults observed at depth on the Lucky Strike volcano. (a) Depth converted proﬁle with far
offsets muted. (b) Depth converted proﬁle with all offsets included in the stack. The layer 2A reﬂector as picked in Figure 8b
is shown as a black dashed line. Layer 2A (L2A) is visible (picks in black dashed line), along with its intracrustal multiple
(L2AM). EBF/WBF: eastern/western axial valley bounding fault, EDR/WDR: eastern/western dipping reﬂectors. See Figure 12b
for location of line 13. Depth conversion was performed with velocities derived from 3-D travel time tomography [Seher et al.,
2010b]. Vertical exaggeration 1:1.

A set of major faults is also observed at depth beneath the volcano. Two dipping reﬂectors seem to be the
continuity in depth of the faults F1 and F1b identiﬁed on the bathymetry (Figures 8 and 9). Although they
are visible at near offsets (Figure 8a), they are often brighter when far offsets are included in the stack. F1
is visible at depth throughout most of the survey area, whereas F1b disappears in the north. Both F1 and
F1b have a dip of 45 ± 5° at depth. They are not imaged in the ﬁrst 500 m of the crust, where a steeper dip
of 50–60° is required to link the reﬂectors with the seaﬂoor scarps (Figure 8a). Both F1 and F1b are
observed over lengths of 2–3.5 km. F1b reaches a depth of 2.5 km bsf, just 0.7 km above the AMC. F1
reaches a depth ~1.4 km above the AMC. A dipping reﬂector is imaged on the western side of the axial
valley that seems to correspond to scarp F5 identiﬁed on the seaﬂoor (Figure 8). It has a dip of 37° and is
observed down to 800 m bsf.
Three of the ﬁve major faults imaged at depth in our seismic sections have dips of 45–50° (the EBF dips
50 ± 3°, F1 and F1b dip 45 ± 5°); the WBF dips 33 ± 5°, and F5 dips 37°. The dips of the faults observed at
depth in the seismic image at Lucky Strike are consistent with the moderate dips of 30–60° inferred
from earthquake focal mechanisms at mid-ocean ridges [Toomey et al., 1985; Huang and Solomon, 1988;
Thatcher and Hill, 1995]. Fault dips at the seaﬂoor ranging from 30° to 80° have been observed from
submersibles [e.g., Karson et al., 1987; Mével et al., 1991]. Seismic reﬂection proﬁles at the Reykjanes Ridge
[Peirce et al., 2007] show reﬂectors dipping ~55° at depth, which can be traced to scarps within the axial
valley walls.
5.2.3. Fault Facing Direction
The structural sketch (Figure 7b) and seismic sections (Figure 8) show two distinct domains: a domain where
faults dip mostly eastward and another domain where faults dip mostly westward. The limit between these
two domains is relatively sharp and would be represented by an imaginary line passing through the center of
the circular depression between the three cones on the volcano and orthogonal to spreading. This boundary
between fault-facing directions is deﬁned within a width of 200–500 m. It is located within the neovolcanic
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zone determined by Escartín et al. [2014]
from interpretation of seaﬂoor texture
on side scan sonar data. It is also consistent (within ~200 m accuracy) with the
location of the linear high magnetization anomaly identiﬁed by Miranda
et al. [2005], which is commonly interpreted as the neovolcanic axis.
5.2.4. Shallow Dipping Reﬂectors
A set of reﬂectors dipping toward the
axis is observed in the upper crust
beneath the western and eastern
ﬂanks of the volcano; they are marked
Figure 9. Close-up (line 8) on dipping reﬂectors observed at depth on the western dipping reﬂectors (WDR) and
eastern dipping reﬂectors (EDR) in
Lucky Strike volcano and associated faults on the seaﬂoor. Dipping
reﬂectors in the seismics may correspond to faults F1 and F1b observed
Figure 8a and are also shown in
on the seaﬂoor. See Figure 12b for location of the section.
Figure 10. These reﬂectors seem to be
arranged in a fan-like structure, with
deeper reﬂectors having higher dips than shallower reﬂectors. On the western ﬂank, the WDR are
observed from the near-seaﬂoor level down to 1 km bsf. The deeper reﬂector has a dip of 18 ± 4°
whereas the shallower reﬂectors have dips of 2–8°. On the eastern side, the EDR are observed from the
near-seaﬂoor level down to 1 km bsf. The deeper reﬂector has a dip of 16 ± 2° whereas the shallower
reﬂectors have dips of ~3°. These reﬂectors are generally masked by the layer 2A turning ray arrivals on
images where layer 2A has not been muted (Figure 8b).
It is difﬁcult to interpret these reﬂectors as faults because the shallowest reﬂectors, while reaching the vicinity
of the seaﬂoor, are subhorizontal (3°–8°dips; Figure 10). Such shallow dips cannot correspond to active
normal faults: low angle normal faults, with dips <30° such as detachment faults, do occur in oceanic
crust, but are associated with large amounts of extension (>1 km) [Forsyth, 1992]. Moreover, most of these
reﬂectors cannot be linked to any visible scarp on the seaﬂoor. They are therefore unlikely to be faults;
instead, they may correspond to lithological alteration or porosity boundaries such as successive lava ﬂow
units that have subsided.
5.3. The Layer 2A Event
The layer 2A event is present throughout the study area. Because layer 2A arrivals are turning rays arriving at
far offsets, the travel time to layer 2A arrivals on seismic sections is highly dependent on the NMO velocity
[Combier, 2007; Seher et al., 2010c]. By changing the NMO velocity from 1800 to 2000 m/s, layer 2A
thickens by ~120 ms at the same CMP on a stacked section. We used a velocity of 1900 m/s for NMO, and
therefore, we estimate a 60 ms uncertainty in layer 2A two-way time due to NMO velocity uncertainty and
25 ms picking uncertainty (a quarter of the dominant wavelength) which gives a total uncertainty in layer

Figure 10. Close-up on shallow-dipping reﬂectors WDR and EDR. The sections were depth converted. (a) Close-up on the
western ﬂank of the volcano (line 31). (b) Close-up on the eastern ﬂank of the volcano (line 12). WDR and EDR are marked by
a thick dashed line, and layer 2A is marked by a thin dashed line. See Figure 12b for location of the sections.
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2A two-way time of 85 ms, corresponding to ~110 m at 2500 m/s. We must add a 150 m uncertainty due to
the 3-D upper crust velocity model we used for depth conversion, because it is poorly constrained within
layer 2A due to the absence of clear prograde layer 2A arrivals [Seher et al., 2010c]. Layer 2A depth in our
study is therefore given with a total uncertainty of ~200 m (i.e., square root of the sum of square
uncertainties). Since a constant velocity was used to stack layer 2A, the relative thickness of layer 2A
throughout the survey area presented in this study is better constrained than the absolute thickness.
A map of layer 2A thickness is shown in Figure 11a. The pattern of variations in layer 2A thickness is similar
to the pattern of travel time variations observed between the seaﬂoor and layer 2A (map available in
Combier [2007]). The layer 2A thickness map shows three domains: a domain where layer 2A is >900
± 200 m thick, which corresponds to the volcano and to some regions to the west of the volcano; a
domain where layer 2A is within 500–700 ± 200 m thick, which corresponds to off-axis areas; and a third
domain, which consists in lineated zones that are found on the volcano and off-axis, where layer 2A is
the thinnest (<400 ± 200 m thick).
5.4. The AMC Reﬂector
The AMC reﬂector was picked on the depth converted volume, both manually and using an automatic
detection utility based on waveform correlation. The AMC reﬂector has a reverse polarity compared to that
of the seaﬂoor, indicating a decrease in velocity and/or density below the reﬂector. We picked the ﬁrst
negative amplitude arrival of the AMC event. The across-axis width of the AMC is maximum (2 km)
beneath the center of the volcano and reduces to 1 km toward the northern and southern borders of the
survey zone (Figure 12). The along-axis extent of the AMC reﬂector cannot be determined by our study
since the AMC extends beyond our survey area. A proﬁle that was shot along axis shows that the AMC
length is <7 km [Singh et al., 2006].
The topography of the AMC in time and depth is shown on Figure 13; it should be noted that only large-scale
variations in the topography of the AMC are properly estimated by our study. Indeed, unlike fast spreading
ridges where the topography is smooth (a few tens of meters topography on the ridge summit), the rough
seaﬂoor topography above the AMC reﬂector (a few hundred meters) at Lucky Strike causes curving of
raypaths, which is not taken into account in our depth conversion process which assumes that zero-offset
rays travel vertically (depth migration would provide a more accurate image of the AMC); this can lead to a
few hundred meters of inaccuracy in both the lateral and vertical positioning of the AMC. Moreover, while
uncertainties in stacking velocity and picking produce negligible (<0.07 km) errors in the AMC depth, an
uncertainty of 0.3 km/s in the mean upper crustal velocity used for depth conversion maps into an ~0.2 km
uncertainty in the AMC depth. Consequently, the position and depth of the AMC are given here within a
few hundred meters accuracy. Given these restrictions, general conclusions can be drawn from Figure 13:
the AMC depth varies between 3.0 and 3.8 km bsf, with a mean depth of 3.5 km bsf. The AMC reﬂector
overall shallows by ~0.2 km in the center of our survey area (where the AMC is ~3.3 km bsf) compared to
the northern and southern borders (where the AMC is ~3.5 km bsf). The AMC is also the widest in the
center of our survey area. The AMC therefore has the shape of an elongated dome which is shallowest
beneath the central part of the volcano.
A subhorizontal reﬂector slightly shallower than the AMC level is visible 300 m west of the AMC reﬂector on
lines 4 to 13. It is disconnected from the AMC reﬂector at high migration velocities (Figure 5c). The contours of
this AMC-like reﬂector are mapped on Figure 12.

6. Discussion
6.1. Implications of the Presence of a Melt Body at a Slow-Spreading Ridge
6.1.1. Thermal Structure
Evidence that the AMC reﬂector is associated with hot material is provided both by the polarity of the
reﬂector, which indicates a decrease in velocity and/or density below the reﬂector, and by tomography
results that show a low-velocity zone centered at ~3.5 km depth beneath the volcano [Seher et al.,
2010a]. The location, dimensions (<7 km long [Singh et al., 2006], 2 km wide beneath the volcano center),
and shape (dome-shape shallowing beneath the volcano center) of the AMC reﬂector at Lucky Strike
suggest that strong focusing of melt occurs at the segment center. By contrast, at fast spreading ridges,
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Figure 11. Layer 2A thickness variations. (a) Map of layer 2A thickness with the structural sketch of Figure 7b and bathymetric
contours 1700 m and 1900 m overlain. We picked the ﬁrst high-amplitude event in the layer 2A wavelet throughout the depth
converted volume (depth conversion with velocities from the 3-D refraction study of Seher et al. [2010b]) and subtracted
the seaﬂoor depth to obtain layer 2A thickness. A white transparent mask is overlain on zones where layer 2A arrivals could not
be identiﬁed with conﬁdence and correspond to steep slopes of the seaﬂoor. (b) Depth converted, time-migrated seismic line
35. (c) Time-migrated line 35.

the AMC reﬂector is observed continuously beneath ridge segments, over lengths of 50–100 km with a width
usually < 1 km [Hooft et al., 1997].
The Lucky Strike segment has an overall morphology typical of slow spreading ridges, as attested by the
presence of a well-developed median valley that implies a thick lithosphere [Tapponnier and Francheteau,
1978; Chen and Morgan, 1990]. The recording of earthquakes in very close proximity to the AMC during
the SISMOMAR experiment [Dusunur et al., 2009] also suggest that the Lucky Strike magma chamber is
surrounded by cold crust, with isotherms that steeply slope around the AMC both along axis and across
axis [Dusunur et al., 2009].
6.1.2. Magma Chamber Steady State or Ephemeral?
Classical thermal models that assume a standard melt supply (i.e., a melt supply that produces a 6 km thick
crust, with a 2-D geometry invariant in the along-axis direction) predict that the crust at slow spreading
ridges is too cold to hold a steady state melt body [Phipps Morgan and Chen, 1993; Chen and Lin, 2004].
However, the AMC at Lucky Strike may exist longer than predicted by thermal models because there
appears to be efﬁcient melt focusing at the Lucky Strike segment center, as attested by the geometry of
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Figure 12. Magma chamber roof contours overlain on bathymetry. (a) Close-up on the volcano. Seismic derived bathymetric
map is overlain on the multibeam bathymetry (Kongsberg Simrad EM12 Dual system, data from the SISMOMAR cruise).
Gridding is at 5 m, and illumination is from the direction N289°E. Faults from Figure 7 are reported. (b) Magma chamber
contours and localization of proﬁles shown in the paper. The red, green, and blue lines are proﬁles along which cumulative
fault heaves have been computed (Figure 14).

the magma chamber and the crustal thickening from ~6 km at the segment ends to ~7.5 km at the segment
center [Seher et al., 2010a]. This melt focusing probably yields a hotter crust at the segment center than that
predicted by classical thermal models where the melt supply is invariant in the along axis direction.
Dusunur [2008] ran analytical and numerical simulations of the Lucky Strike thermal structure, taking into account
an increased melt supply and/or melt focusing, along with the geometrical constraints on the magma chamber
derived from our seismic experiment. These simulations indicate that in the absence of replenishment, the Lucky
Strike magma chamber cooling time may range from a few thousands to a few tens of thousands of years.
The AMC-like reﬂector observed 300 m to the west of the AMC reﬂector in the south of the survey area
(Figures 5c and 12) may correspond to a small secondary melt sill emplaced in the vicinity of the main
AMC melt sill. This secondary sill is probably ephemeral.
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Figure 13. AMC roof topography with bathymetric contours. Bathymetric contour interval is 100 m; bathymetric values are
indicated along contours. (a) AMC roof in time below sea surface, (b) in-depth below sea surface, and (c) in-depth below
seaﬂoor. Depth conversion was done assuming vertical rays with velocities from the 3-D travel time tomography study
[Seher et al., 2010b]. Minimum-maximum values and mean values are, for each panel, 3550–3780 ms and 3660 ms
(Figure 13a), 4.76–5.50 km and 5.17 km (Figure 13b), and (c) 2.98–3.84 km and 3.46 km (Figure 13c).

6.1.3. Cooling of the AMC
The top of the AMC is commonly interpreted to correspond to a thermal crystallization boundary [e.g.,
Phipps Morgan and Chen, 1993; Hooft et al., 1997] rather than a neutral buoyancy level. Crawford et al.
[2013] suggested that the present-day shape of the AMC roof, which is shallowest 1 km west of the
neovolcanic axis (Figure 13c), may be the result of cooling by hydrothermal circulation being the most
efﬁcient on-axis, pushing down the AMC there more than elsewhere. This interpretation is supported by
microseismicity measurements on the Lucky Strike volcano which showed most seismicity occurs along
two microearthquake clusters beneath the most recent axial graben and southern cone; these events
are interpreted as due to thermal contraction, mainly at the base of downgoing hydrothermal ﬂow
[Crawford et al., 2013].
6.2. Volcanism in the Upper Crust
6.2.1. Thickness of the Lavas Section
We interpret the shallow-dipping reﬂectors observed beneath the volcano ﬂanks down to 1 km bsf,
EDR and WDR, as lithologic boundaries such as successive lava ﬂows, which are now dipping toward
the axis as the result of subsidence. Arnulf et al. [2012, 2014] have identiﬁed very shallow reﬂectors
they also interpret as possible volcanic sequences, at very shallow depths (<150 m bsf) beneath the
Lucky Strike volcano. These very shallow reﬂectors are not identiﬁable in our study as we have lower
vertical resolution than the one obtained by Arnulf et al. [2012, 2014] using downward continuation.
Reﬂectors such as EDR and WDR beneath the volcano ﬂanks are not imaged by their study as they are
masked by layer 2A refracted arrivals. In our study, WDR and EDR are only observed beneath the
volcano ﬂanks and not in the axial part (area between 5.7 km and 10.5 km in Figure 8a). This is likely
due to the fact that in the axial area, buried lava ﬂows would be crosscut by a lot more dykes and
faults than in the less active volcano ﬂanks areas, destroying the continuity of lava ﬂow reﬂectors.
If our interpretation of WDR and EDR as lava ﬂow paleosurfaces is correct, the extrusive section
can reach a thickness of at least 1 km on the volcano ﬂanks (at the across-axis distance 4000 m in
Figure 10a and 10500 m in Figure 10b). We note that the WDR are observed deeper than the picked
base of layer 2A. However, as explained before, the stacking time of the layer 2A pseudoreﬂector
is very sensitive to NMO velocity and there is therefore a large uncertainty in the depth of the
layer 2A base; we therefore cannot constrain nor interpret the relative positions of the WDR and the
base of layer 2A.
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6.2.2. Geological Nature of Layer 2A
The oceanic crust is divided into seismic layers based on seismic velocities and velocity gradients, layer 2A
and 2B being the ﬁrst two igneous layers. In young oceanic crust (age <1–2 Ma), layer 2A is characterized
by velocities in the range 2.2–2.8 km/s with a high-velocity gradient at its base, where velocities >4–5 km/s
are reached in a few hundred meters [e.g., Harding et al., 1989; Christeson et al., 1994]. The gradient at the
layer 2A/2B transition is presumably due to a reduction in porosity, but the underlying cause of this
reduction is still the subject of debate: it could result from a transition in igneous rock type such as the
lavas/sheeted dyke transition [e.g., Harding et al., 1989, 1993; Toomey et al., 1990; Christeson et al., 1994;
Seher et al., 2010c; Arnulf et al., 2014] or it could be related to physical or chemical mechanisms affecting
porosity [e.g., McClain et al., 1985; Christeson et al., 2007].
Figure 11a shows that thick layer 2A is associated with volcanic topographic highs, e.g., the smooth eastern
ﬂank of the volcano, the volcanic ridge that composes the western ﬂank of the volcano, and the three
volcanic cones surrounding the lava lake. Figures 11a and 11b also show that elongated zones of thin
layer 2A are associated with major faults (this is also observed by Arnulf et al. [2014]). The above two
observations are consistent with a layer 2A horizon corresponding to the lavas/sheeted dykes transition,
with lava sections thicker beneath volcanic highs and thinner (through tectonic thinning) near faults.
However, we cannot discard the hypothesis stating that layer 2A marks another transition, such as an
alteration front below which pores and cracks would be sealed by mineral crystallization as proposed
by Christeson et al. [1994]. Pore closure with depth owing to conﬁning pressure could create a pore
diameter threshold at which cracks are easily sealed with alteration products. The thicker layer 2A
beneath volcanic topographic highs could in this case be explained by a higher porosity causing a lower
density and thus a deeper depth of pore closure. The layer 2A thinning associated with major faults
could be explained, as before, by tectonic thinning of the porous layer. It could also be related to a
porosity reduction due to faults in the highly porous upper crust: through grain size reduction in the
fault core and through mineral precipitation due to enhanced ﬂuid circulation along and around the
fault (e.g., during fault activity).
6.3. Tectonic Deformation
6.3.1. Faults as Seismic Reﬂectors in the Oceanic Crust
Faults are ubiquitous at mid-ocean ridges according to seaﬂoor observations, yet very few faults are imaged
in seismic data, in part due to the rough basaltic seaﬂoor surface that scatters energy throughout the section
[Mutter and Karson, 1992]. Still, some dipping reﬂectors interpreted as faults have been identiﬁed on old
oceanic lithosphere [e.g., Mutter and Karson, 1992; Morris et al., 1993; Salisbury and Keen, 1993; Reston et al.,
1996; Singh et al., 2007] and at mid-ocean ridges: Mutter and Karson [1992] interpreted shallow-dipping
along-axis reﬂectors in the Mark area of the MAR as detachment faults, and Peirce et al. [2007] identiﬁed
~55° dipping reﬂectors that can be traced to scarps within the axial valley walls of the Reykjanes Ridge. By
linking fault scarps on the seaﬂoor with fault reﬂectors at depth, our study allows us to discuss why and
when faults can be observed in the seismic section.
Fault zones are composed of distinct components: a fault core where most of the displacement is
accommodated and an associated damage zone that is mechanically related to the growth of the fault
zone [e.g., Caine et al., 1996]. Grain-size reduction and/or mineral precipitation generally yield fault cores
with lower porosity and permeability than the adjacent protolith. By contrast, in the fault damage zone,
porosity and permeability may be enhanced relative to the core and the undeformed protolith [e.g.,
Goddard and Evans, 1995]. Wide damage zones may indicate multiple episodes of slip and the overprinting
of successive deformation events [Caine et al., 1996].
The impedance contrast within faults that are imaged by seismic reﬂections may be caused by modiﬁcations
in porosity associated with the fault core or damage zone. It may also reﬂect a discordant contact between
two lithological units (e.g., gabbros in contact with lavas), as is probably the case for the axial valley
bounding faults whose large throw (>500–800 m) is likely to produce discordant contacts over signiﬁcant
lengths of the fault plane.
The upper part of the crust at mid-ocean ridges is likely to have a high porosity as shown by geological
observations of lavas (e.g., large voids between pillows in pillow lavas) and by the low seismic velocities
of layer 2A. In the highly porous upper crust, a fault may therefore represent an impedance contrast if
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Figure 14. Cumulative fault scarp height as a function of distance from axis, along the three proﬁles plotted on Figure 12b.
Black solid/grey dotted lines are percentage of tectonic extension over total plate extension, assuming 45%/55% fault dips,
respectively.

its core hosts a signiﬁcant enough reduction in porosity. In deeper levels of the crust where porosity is
small, the visibility of a fault in seismic reﬂections may depend on the porosity increase associated with
the fault damage zone. The fact that faults are hardly identiﬁable in the shallower part (the ﬁrst 500 m)
of the crust, but are better observed in deeper levels (Figures 8 and 9), may be due to the fact that
faults are observable in our area only when the porosity of the surrounding rock is sufﬁciently reduced
compared to the fault damage zone porosity. An alternative explanation could be that fault dips in the
ﬁrst 500 m of the crust are steeper than 70° and therefore are not imaged because of aliasing problems
(frequencies >21 Hz are aliased for dips > 70°, Δx = 25 m, and v = 2000 m/s; from equation giving fmax in
paragraph 3).
Most reﬂectors that are observed in the seismic image (EBF, WBF, F1, and F1b) correspond to major scarps
identiﬁed on the seaﬂoor. This is consistent with both explanations for the impedance contrast linked with
faults: they are the faults with the greatest throw and therefore the longest discordant surface, but they
are also likely to have the widest associated damage zone. The detection limit of a planar heterogeneity is
commonly within λ ÷ 10 and λ ÷ 8 depending on the noise level, λ being the dominant wavelength of the
seismic wave. For the SISMOMAR survey where λ~120 m in the shallow crust and λ~325 m in the midcrust
(at 3 km depth bsf), a fault damage zone would be imaged if it is wider than 15 m in the shallow crust and
40 m in the midcrust. The WBF is particular because it is only visible at far offsets (Figure 8b). This may be
due to a very progressive damage within a wide damage zone, which would produce an impedance
gradient rather than an impedance contrast.
6.3.2. Tectonic Extension
Tectonic extension through slip on faults accounts for at least 10% of the total plate extension (considering
fault dips of 45°; Figure 14). This strain rate is similar to that observed near 29°N on the MAR and greater than
that observed near 19°30′S on the superfast spreading southern East Paciﬁc Rise, where the average tectonic
strain is found to be ~11% and ~4% of the total plate extension, respectively [Escartin et al., 1999; Bohnenstiehl
and Carbotte, 2001]. Tectonic extension is visible mainly within 2.5 km of the axis along faults rifting the
volcano (a few meters to 150 m vertical heave) and on the axial valley bounding faults (Figure 14). The EBF
and WBF, with an apparent vertical heave of 600–800 m, represent 85% and 75% of the total vertical
heave of axial valley faults to the east and west of the axis, respectively (Figure 14). The outer ﬂanks of
the volcano, with smooth seaﬂoor textures, show no sign of active deformation, although ancient fault
scarps may be buried under lava ﬂows. These smooth seaﬂoor textures to the west of fault F1 and to the
east of fault F2 (Figure 7) suggest that an initial volcanic ediﬁce has been rifted by faults F1 and F2 as
proposed by Escartín et al. [2014].
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Figure 15. Interpretative sketch of the crustal structure beneath Lucky Strike volcano based on seismic observations.
Sketch is based on seismic line 13 (Figure 8). If shallow-dipping reﬂectors WDR and EDR represent lava ﬂow units as we
suggest, the extrusive section can reach at least 1 km thick on the ﬂanks of the volcano, by piling up and subsidence of
successive lava ﬂows erupted at the volcano.

6.4. Interplay Between Tectonics and Magmatism
6.4.1. Dyke-Associated Faults and Neovolcanic Axis Location
Studies conducted at slow spreading ridges and on their aging lithosphere have shown that nearly all faults
mapped at slow spreading centers dip toward the axis [Buck et al., 2005]. At a large scale, this is explained by
the fact these faults result from stretching of thickening lithosphere [Buck et al., 2005]. Faults present over the
2 km wide AMC, where the lithosphere has a constant thickness, also dip toward a single axis, indicating that
another mechanism controls fault-dip orientation at a smaller scale. Normal faulting can be induced by dike
emplacement as described by Rubin [1992], where normal and shear stress perturbation in the vicinity of a
dyke that has not reached the surface is such that faults are more likely to develop with a dip facing
toward the dyke [Pollard and Segall, 1987; Rubin and Pollard, 1988]. Considering such a mechanism, our results
suggest that consecutive dyking events have occurred repeatedly in the same place, that is the 200–500 m
wide zone delimiting the two fault-facing direction domains, which represents the plate boundary (Figure 12).
If we assume that faults facing away from the axis have not all been buried under lava ﬂows, we see no
evidence for a recent shift in the spreading axis location. The western volcanic ridge where Ondréas et al.
[1997] identiﬁed recent pillow lavas may only be an occasional magma exit where diking has not been
frequent enough to control fault facing direction. The fact that shallow-dipping reﬂectors which likely
represent subsiding lava ﬂow units also dip toward the present-day spreading axis is a further indication that
the spreading axis has remained in the same location throughout the construction of the volcano.
6.4.2. Evolution of the Lucky Strike Volcano
Our interpretation of the Lucky Strike volcano based on seismic observations is shown on Figure 15. Faults
observed at Lucky Strike can be divided into two categories: superﬁcial faults (throw up to a few tens of meters;
they are not imaged at depth in the seismic and certainly reach less than 1 km depth) and deeply rooted faults
(throw >100 m, most often imaged in the seismic reaching depths >1 km). Superﬁcial faults are observed
dissecting the seaﬂoor in the region above the AMC and are likely related with dyke emplacement as discussed
above. Deeply rooted faults are not many (EBF, WBF, F5, F1, F1b, and possibly F2) and are responsible for a
signiﬁcant part of the plate extension as shown on Figure 14. F1-F1b and F2 that rift the volcano seem to be
presently constrained in depth by both the AMC presence and by their geometrical situation (F1 and F2 cannot
cross each other). When the AMC cools down, or when plate spreading has rafted F1 and F2 far enough away
from the AMC, F1 and F2 may become the new main axial valley bounding faults, replacing the EBF and WBF.
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7. Conclusion
A full 3-D analysis of the seismic reﬂection structure of Lucky Strike volcano provides insights into the mechanisms
of crustal accretion at the center of the Lucky Strike segment. The Lucky Strike segment shows a strong focusing of
melt delivery at the segment center, which is occupied by a large volcano covered by a lava section reaching at
least 1 km thick, as attested by shallow-dipping reﬂectors that we interpret as lava ﬂow units. A magma chamber is
present at 3.4 ± 0.4 km depth beneath the volcano; it is <7 km long and reaches a maximum width of 2 km at the
center of the volcano. Major faults are observed at depth in the seismics, including the axial valley bounding faults
and some of the faults that dissect the volcano. The fault reﬂector observed reaching the closest from the AMC is a
fault that rifts the volcano (F1b), observed down to ~700 m above the AMC. Most melt extrusion through dyking
from the magma chamber to the seaﬂoor is focused within a narrow axis (width < 500 m) that delimits two faultfacing domains (eastward and westward dipping) and that corresponds to the present-day plate boundary. This
axis of extrusion seems to have remained stable throughout the construction of the volcano as suggested by faultfacing directions and the dip of reﬂectors we interpret as lava ﬂow units. Magmatic production at the center of the
segment is accompanied by synchronous faulting: tectonic extension through slip on faults accounts for at least
10% of the total plate extension.
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