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[1] We present a fine-scale 2D velocity structure beneath
the Lucky Strike Volcano on the Mid-Atlantic Ridge (MAR)
using an elastic full waveform inversion (FWI) method. The
FWI is a data driven procedure that allows simultaneous
exploitation of both reflections and refractions energy in
multi-channel seismic data to create a single self-consistent,
high-resolution velocity image of the upper crust that can
be used for geologic interpretation. The long-wavelength
background P-wave velocity model required by the local
optimization approach was created using a combination
of downward continuation and 3D first-arrival travel-time
tomography. The elastic waveform inversion was applied to
carefully windowed downward continued data, where wide-
angle reflections and refractions arrive in front of the water-
wave and are thus isolated from the high-amplitude seafloor
scattering energy that is particularly acute in areas of rough
igneous seafloor. Waveform inversion reduces the misfit
of the initial model by 76% after 19 iterations and strongly
reduced the size of the residuals relative to the signal size.
The final model shows fine scale structure beneath the
northern part of the Lucky Strike volcano on a resolution
of tens of meters. Evidence for successive lava sequences
testifies to the constructional origin of the upper section
of layer 2A. Normal faults are revealed within the shallow
crust and are strongly correlated with seafloor observations.
Citation: Arnulf, A. F., A. J. Harding, S. C. Singh, G. M. Kent,
and W. Crawford (2012), Fine-scale velocity structure of upper
oceanic crust from full waveform inversion of downward con-
tinued seismic reflection data at the Lucky Strike Volcano, Mid-
Atlantic Ridge, Geophys. Res. Lett., 39, 108303, doi:10.1029/
2012GL051064.

1. Introduction

[2] Numerous seismic investigations have been conducted
to study the structure of the upper crust at slow [e.g.,
Hussenoeder et al., 2002; Seher et al., 2010a; Arnulf et al.,
2011], intermediate [Canales et al., 2005] and fast spread-
ing ridges [Harding et al., 1989, 1993; Kent et al., 1993], but
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so far the only boundary that is usually imaged with multi-
channel seismic (MCS) reflection methods corresponds to
the high velocity gradient zone at the base of layer 2A.
Although the quasi two-dimensional nature of the oceanic
crust at fast spreading centers has lead several authors
[Christeson et al., 1996; Harding et al., 1993; Kent et al.,
1993] to associate the layer 2A/2B transition zone with a
lithological boundary between lava flows and sheeted dikes,
the heterogeneous and intrinsically 3D nature of the oceanic
crust at slow spreading ridges or in the vicinity of features
like transform faults make it difficult to accept that such an
association is universal [Christeson et al., 2007]. Traditional
travel time tomography methods over-smooth the vertical
and horizontal velocity structure of the upper crust while
MCS processing has concentrated on the wide-angle reflec-
tion imaging of the base of layer 2A with little emphasis on
the velocity, even interval velocity estimates for layer 2A can
be problematic because of non-hyperbolic moveout [Harding
etal., 1993].

[3] The conventional reflection and refraction methods
provide complementary but incomplete images of the oce-
anic crust. FWI is an attractive method because it allows
simultaneous exploitation of both wide-angle reflections and
refractions in MCS data to create a single self-consistent,
high-resolution velocity image of the upper crust that can be
used for geologic interpretation. The FWI technique is a very
powerful method that iteratively attempts to match syntheti-
cally calculated data with observed data. This approach is a
data-driven form of analysis that leads to high-resolution
imaging by extracting quantitative information from the
seismograms. Recent advances in high-performance com-
puting and MCS wide-aperture acquisition has made 2D FWI
feasible on multi-processor desktop computers. One aspect
of the mid-ocean ridge data that is a problem for 2D FWI is
the strength of seafloor scattering, which obscures later arri-
vals, is intrinsically 3D and hard to predict deterministically.
One way of avoiding this problem is to invert only energy
that arrives ahead of the seafloor reflection on surface data
[Canales, 2010], but this strategy would miss the shallowest
part of the crust in deep waters. Here, we combine downward
continuation [Arnulf et al., 2011] with FWI to determine the
fine-scale P-wave velocity structure across the Lucky Strike
volcano from the seafloor down to ~1 km depth. The down-
ward continuation brings more of the shallowest refraction
energy ahead of the seafloor reflection and simultaneously
acts as a 2D filter to improve the signal-to-noise ratio.

2. The SISMOMAR Experiment

[4] The Lucky Strike volcano is located at ~37°18'N along
the Mid-Atlantic Ridge (MAR) and lies in the middle of the
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Figure 1. Bathymetric map of the central part of the Lucky Strike segment. Black lines highlight faults, white lines show the
extent of the different summital constructional features and red dots over the volcano mark the hydrothermal vents. The blue
box shows the extent of the 3D SISMOMAR MCS experiment. The extent of the section from line 39 in Figure 3 is shown by
the dashed red line. The yellow rectangle marks the extent of Figure 4. S: southern, NW: north western and NE: north eastern

summital volcanic edifices; WVR: western volcanic ridge.

70-km long Lucky Strike segment, ~400 km to the south-
west of the probable Azores hotspot location [Moreira et al.,
1999]. This is a typical slow-spreading ridge segment
with a 15-20 km wide axial valley that hosts a 0.3-0.4 km
axial high. The Lucky Strike volcano ~7 km in diameter is
bounded by two major normal faults with 0.5-0.9 km
escarpments, the eastern and western bounding faults (EBF,
WBEF, Figure 1) [Detrick et al., 1995]. Beyond the rift
valley walls the seafloor morphology is dominated by fault-
controlled abyssal hills [Detrick et al., 1995] and DSL-120
side scan data indicate that the central volcano is highly
tectonized [Humphris et al., 2002]. Recent magmatism has
been reported at several locations within the Lucky Strike
volcano, including the central lava lake location, the three
surrounding summital volcanic cones [Ondréas et al., 1997,
2009; Humphris et al., 2002], and at a volcanic edifice
located northwest of the central volcano, the western volca-
nic ridge [Fougquet et al., 1994] (Figure 1).

[5] The multichannel reflection data are from the 2005
SISMOMAR experiment [Singh et al., 2006] acquired
onboard the French R/V L’Atalante to study the central part
of the Lucky Strike segment. The data were collected as 11 s
long records sampled at 2 ms and contain usable frequencies
between ~6-45 Hz with a dominant frequency of 15 Hz.
Previous analyses of the 3D MCS data have imaged opposing
axial bounding faults down to 3—4 km depth, and a 7 km long
and 3—4 km wide axial magma chamber (AMC) [Singh et al.,
2006; Combier, 2007; V. Combier et al., Three-dimensional
geometry of magma chamber and faults at the Lucky
Strike Volcano, Mid-Atlantic Ridge, submitted to Journal
of Geophysical Research, 2011] in the intervening region
some 3.2 km below the seafloor. Furthermore, two OBS-
based tomography experiments were carried out during the
SISMOMAR cruise that revealed two low velocity zones
(LVZ) within this median valley: a lower crustal LVZ below
the axial melt lens that was interpreted as a region of par-
tial melt [Seher et al., 2010b] and a shallow crustal LVZ
that was linked to high-porosity volcanic formations [Seher
et al., 2010c]. However, due to the low resolution of the
OBS tomographic method, only large-scale velocity differ-
ences were determined. In order to increase the resolution,
Arnulf et al. [2011] have utilized a downward continuation
method, which they call Synthetic Ocean Bottom Experiment

(SOBE), to propagate the seismic streamer data backwards
in time and down to a datum close to the seafloor. This pro-
cess collapses the seafloor reflections while simultaneously
unfolding the triplication from the base of the layer 2A
and transforming the layer 2A refractions into first arrivals.
The isolation of refractions from seafloor scattering facil-
itates both travel-time and waveform analysis. A tomographic
inversion of these data combined with stacking of reflection
data revealed new shallow reflectors (2Aa) at the top of the
layer 2A gradient zone [Arnulfet al., 2011]. However, spatial
resolution is still on the order of hundreds of meters, pre-
venting the seismic images from determining the internal
structure of the lava sequences. In this paper, we examine the
fine-scale velocity structure (50—100 m scale) of the upper
crust by utilizing FWI of downward continued MCS data
to the seafloor.

3. Waveform Inversion

[6] Elastic FWI is a data-fitting method based on full-
wavefield modelling of all waveforms present in the data that
enables quantitative imaging of subsurface elastic parameters
from multichannel seismic data. The inversion algorithm
used here was originally developed by Tarantola [1986] and
refined by Shipp and Singh [2002] for long offset marine
data; Sears et al. [2010] extended this technique to ocean
bottom cable data. The forward modeling of the full elastic
wavefield and back propagation of the residual wavefield are
calculated in the time domain using a fourth order in space,
second order in time finite difference scheme [Levander,
1988], distinguishing this approach from frequency domain
methods [Pratt, 1999; Operto et al., 2004; Sirgue and Pratt,
2004; Virieux and Operto, 2009]. A common element of both
these methods is the iterative use of a local search direction
to solve the non-linear problem. Convergence to the global
minimum rather than a local minimum requires an accurate
starting model that contains the long and possibly the inter-
mediate wavelengths of the true velocity model.

[7] The 2D P-wave starting model (Vp) along our pro-
file was extracted from the high-resolution 3D tomographic
velocity model of the downward continued data [Arnulf et al.,
2011]. The initial Vs velocity model was calculated from Vp
assuming a Poisson ratio of 0.4 in the shallow crust and 0.3 at
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Figure 2. Data Misfit corresponding to our windowed waveform inversion. (a) Shot gather 38550 from the SISMOMAR
data downward continued to a datum 75 m above the seafloor. This shot gather is located at 2.375 km across axis and the recei-
vers are located east of the shot. Only refractions and reflections observed in front of the water wave were inverted. (b) Initial
synthetic. (c) Final synthetic. (d) Final source wavelet. (¢) Initial residuals (~123% of the data size). (f) Final residuals (~17%
of the data size). The initial correlation coefficient computed between the initial synthetics and the field data for this specific

shot was 0.23; it was increased to 0.915 for the final residuals.

the base of layer 2A. We did not inverted for density, which
was updated after each iteration using empirical relationships
with P-wave velocities [Gardner et al., 1974; Hamilton,
1978]. No attenuation was included in the modelling. The
initial waveform forward modelling showed that the back-
ground velocities can accurately predict first arrival travel
times within ~10 ms, consistent with the tomographic
inversion estimates. Besides the starting velocity model,
inputs for the waveform inversion included preprocessed
shot data and the recovery of a source wavelet. The required
initial preprocessing of the field data was however straight-
forward and accomplished as part of the downward contin-
uation stage. A 4th-order Butterworth band-pass filter with
corner frequencies of 3 and 10 Hz was first applied to win-
dow the data in the frequency range that satisfies the stability
criteria of the 12.5 m regular finite-difference grid [Levander,
1988]. Second, the data were pre-processed by multiplying
the amplitudes of the real data by /¢ (where t is the two-way
traveltime) and convolving with 1/4/7 to correct the ampli-
tudes and phases from 3D (point source) to 2D (line source)
[Shipp and Singh, 2002]. Then the observed data were
rescaled using a common scaling factor for the whole seismic
line and resampled to 1 ms to match the sample interval of
the finite-difference modeling. A Kirchhoff implementation
of the downward continuation method was used to trans-
form the surface data to a datum 75 m above the seafloor

[Berryhill, 1979, 1984; Shtivelman and Canning, 1988;
Larkin and Levander, 1996]. Using the downward continued
data for waveform inversion has several advantages. The
wavefield can be sampled at the exact grid point locations
defined by our finite-difference grid leading to a more accu-
rate computation of the misfit function for each shot. It
greatly increases the efficiency of the time domain modeling
by deploying sources and receivers deeper in the water layer.
It allows straightforward windowing of the data to include
the refraction arrivals and wide-angle reflections of interest
(Figure 2). The estimation of the original source wavelet was
carried out following the method presented by Collier and
Singh [1997]. An appropriate source wavelet was extracted
from stacks of the nearest 3 traces of 20 shots over the
smoother eastern flank of the volcano, 1.4-2.2 km distance
(Figure 3), then band pass filtered to match the downward
continued data (Figure 2d).

[8] The inversion strategy targeted the energy corre-
sponding to the refraction events and wide-angle reflections.
A total of 148 shots, spaced at 75 m were inverted. Inversion
was stopped after 19 iterations, when the misfit was reduced
to ~76% of the initial value (Figure 2). The source wavelet
was also updated during the inversion following the frequency
domain procedure of Pratt [1999]. Figure 2 shows that wave-
form inversion has been able to fit a significant part of the data.
The data residuals, which were originally 134.4% of the data
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Figure 3. Upper crustal velocity structure of the Lucky Strike volcano beneath the seismic line 39. (a) Velocity section.
(b) Velocity anomaly section created by subtracting the average 1D velocity profile from the 3D SOBE tomography survey,
within —6 and —4 km in the median valley [Arnulfet al., 2011]. (c) Vertical velocity gradient. The thin vertical dashed black
line shows the location of the vertical velocity profiles presented in Figures 3d and 3e. The thick black line and the thick
dashed lines mark, respectively, the bottom and the top of the layer 2A high velocity gradient zone. (d) Representative 1-D
velocity models of the Lucky Strike volcano from OBS tomography (blue line [Seker et al., 2010b]), from SOBE tomography
(green line [Arnulf'et al.,2011]) and from waveform inversion (red dots, this study). The grey line corresponds to the interval
velocity model related to the typical RMS velocity model used to stack events within the layer 2A (vgms = 1500 m/s in the
water layer, vrys = 2200 m/s in the layer 2A, vrys = 3000 m/s just above the AMC reflector [Singh et al., 2006]). (e) Velocity
differences between the SOBE tomography and the waveform inverted velocity models.
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Figure 4. Three-dimensional schematic view of the shallow crust. The background represents the vertical P-wave velocity
gradient of the best-fit FWI model. Grey line and dashed grey line represent respectively the bottom and the top of the
layer 2A high velocity gradient zone. The black lines and the dashed black lines mark the main regional faults within the

velocity model and on the bathymetry respectively.

signal because of phase errors, were reduced to 31.6% by the
final iteration. Furthermore, the correlation coefficient between
the observed data and synthetics, another objective measure
of fit increased from 0.29 to a final value of 0.81.

4. Results and Discussion

[v] The P-wave velocity structure beneath the seismic
line 39, north of the Lucky Strike volcano is presented in
Figures 3 and 4. Several 50-150 m thick layered features are
observed within the shallow crust above the main layer 2A
high velocity gradient zone, and might correspond to discrete
steps in the average porosity. Geological mapping and rock
sampling observations carried out at Lucky Strike site [Fouquet
et al., 1994; Ondréas et al., 1997, 2009; Humphris et al.,
2002], record a wide diversity of volcanic deposits — massive
flows, pillow lavas, draped lavas, and lobate lavas and even
volcanic breccias, resulting from explosive dynamics, but
these are, in general too thin to account for the observed
layers. However, the increase in upper layer 2A velocity with
age is sufficiently rapid that these layers may correspond to
different eruption sequences that are separated by a period of
quiescence. The velocity anomaly section (Figure 3b), com-
puted by subtracting the average 1D velocity profile from the
3D SOBE tomography model [Arnulf et al., 2011], further
shows that the upper layer of highly variable velocity gradient
is thicker beneath the central volcano and if this layer repre-
sents stacked lava sequences, it suggests that the central
volcano is a constructional feature emplaced within the axial
valley. Furthermore, Figures 3 and 4 and Figures S1, S2, and
S3 in the auxiliary material show that the faults mapped on
the seafloor are identified at depths as they shift and rotate
different lava sequences on the vertical velocity gradient
section, notably in the vicinity of the two main faults that
bound the nascent rift valley at —1.6 km and 1 km across axis.'
Moreover, these faults are located in the vicinity of some
recent volcanic edifices, suggesting the continuing interplay of
magmatic and tectonic processes near segment center. A syn-
thetic test was further performed to assess that the fine-scale
structures present in the shallow crust beneath the Lucky-
Strike volcano are required by the data and are not an inver-
sion artifact (Figures S4 and S5 in the auxiliary material).

'Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051064.

[10] In addition, Figures 3d and 3¢ show that compared to
the OBS tomography model [Seher et al., 2010b], the SOBE
tomography model [Arnulf et al., 2011] improves velocities
in the upper ~700 m of the crust and the waveform inversion
improves the gradient information. A comparison with the
interval velocity model related to the typical root mean square
(RMS) velocity model used to stack events within the layer 2A
(VRms = 1500 m/s in the water layer, vgyms = 2200 m/s in the
layer 2A, vrms = 3000 m/s just above the AMC reflector)
[Singh et al., 2006] is also shown. One can see that the
structural/layered model from stacking of seismic reflection
data and smooth velocity model from OBS tomography both
give conflicting but incomplete images of the upper crust;
One overemphasizes the structure whereas the other smooths
it. The strength of FWI is that it unifies the structural and
velocity information into a single consistent model.

[11] Finally compared with a previous frequency-domain
acoustic waveform tomography experiment carried out over
the Kane oceanic core complex on the Mid-Atlantic Ridge by
Canales [2010], our methodology based on a combination of
SOBE method and elastic waveform inversion has achieved a
significantly higher misfit reduction, 76% compared to 2—9%
in the work by Canales [2010]. Differences in misfit reduc-
tion could reflect both the adequacy of the initial model, the
effectiveness of the waveform tomography as well as differ-
ences in the tectonic setting. However, there are identifiable
elements of our waveform inversion flow that help explain
the larger misfit reduction. The downward continuation fil-
ters much of the background noise that can’t be modelled,
and the use of time domain computations permits tighter
windowing of arrivals. The improved signal to noise ratio
permits much large misfit reduction and possibly also enhances
the convergence of the waveform inversion. An auxiliary
advantage of the time domain is that we can look directly at
residuals, leading to a more confidence in the inverted model.

5. Conclusion

[12] In this study we have shown that elastic full waveform
inversion when used in combination with downward con-
tinuation is a powerful tool for determining the fine-scale
seismic structure of the oceanic crust. This combination side-
steps the problem of the high amplitude seafloor scattering
effects that degrades common post-stack seismic images and
does not allow a fine-scale imagery of the oceanic crust. The
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young shallow crust beneath the Lucky Strike volcano is
interpreted as piled up volcanic sequences emplaced within
the axial valley. These volcanic units are shifted and rotated
by several normal faults that are strongly correlated with
seafloor observations. Our results have thus demonstrated
the advantage of using a waveform inversion technique to
unify the wide-angle reflection/refraction energy and the
true refraction arrivals into a single high-resolution, self-
consistent image, which could help to better understand the
links between magmatic, tectonic and hydrothermal processes
at ocean spreading centers.
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