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[1] We present a three‐dimensional velocity model of the upper crust around the central volcano of the
Lucky Strike Segment, Mid‐Atlantic Ridge. The model, constructed from a 3‐D array of air gun shots
(37.5 m spacing along line and 100 m between lines) to ocean bottom seismometers fired during a 3‐D
seismic reflection survey, shows an off‐axis velocity increase (∼1 km/s), a low‐velocity region within the
median valley, and a low‐velocity anomaly underneath the Lucky Strike volcano. Our observations indicate
a porosity decrease of 1%–9% (corresponding to a velocity increase of ∼0.5–1 km/s) over a distance of 8 km
from the ridge axis (∼0.7 Ma) and a porosity decrease of 4%–11% (corresponding to a velocity increase
of ∼2 km/s) between a depth of 0.5 and 1.75 km below seafloor. A sinusoidal variation in the traveltime
residuals indicates the presence of azimuthal anisotropy with cracks aligned approximately along the
ridge axis. We favor an interpretation in which upper crustal porosities are created by a combination of mag-
matic accretion (lava–sheeted dike boundary) and active extension (faults, fractures, and fissures). The
porosity variation with depth probably depends on pore space collapse, hydrothermal alteration, and a change
of stress accommodation. The off‐axis porosities are possibly influenced by both hydrothermal precipitation
and the aging of the crust.
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1. Introduction

[2] The most popular model for young upper oce-
anic crust consists of an extrusive and an intrusive
volcanic layer that overlie an axial magma chamber
[e.g., Karson, 1998]. For fast spreading oceanic
ridges such a model can be justified by seismic
observations [Detrick et al., 1987; Toomey et al.,
1990; Harding et al., 1993; Kent et al., 1993;
Christeson et al., 1996; Hooft et al., 1996], obser-
vations of seafloor outcrops [Francheteau et al.,
1990; Karson et al., 2002], and ophiolite studies
[Nicolas et al., 1988; Nicolas and Boudier, 1995;
Boudier et al., 1997]. On the contrary, at slow
spreading ridges, where crustal melt lenses may be
ephemeral or not exist at all [Nisbet and Fowler,
1978; Sinton and Detrick, 1992; Smith and Cann,
1993], upper crustal structure may not follow this
simple model.

[3] Seismic studies indicate a similar velocity var-
iation with depth for both slow and fast spreading
upper crust with an upper layer of very rapidly
increasing velocities and a lower layer of shallower
velocity gradients, except that the upper crust is
generally two times thicker at slow spreading ridges
[Hussenoeder et al., 2002a, 2002b]. Furthermore,
upper crustal velocities increase with distance from
the ridge axis in both slow and fast spreading
environments [Houtz and Ewing, 1976; Carlson,

1998] and provide a temporal record of crustal
development. Last, near‐surface seismic velocities
commonly exhibit significant azimuthal anisotropy
consistent with a preferred orientation of large‐
scale fractures and fissures in the upper crust
[White andWhitmarsh, 1984; Stephen, 1985; Shearer
and Orcutt, 1986; Barclay et al., 1998; Dunn and
Toomey, 2001; Tong et al., 2005]. Different pro-
cesses have been suggested to explain these seismic
observations. The dominant factor determining
seismic velocities of upper oceanic crust is porosity,
as pillow lava and sheeted dikes have similar com-
position [Becker et al., 1982; Carlson and Herrick,
1990; Jacobsen, 1992]. The upper crustal porosity
variations have been attributed to the following
causes: (1) the pillow lava to sheeted dike boundary
(Figure 1a) [Herron, 1982; Harding et al., 1993;
Christeson et al., 1994; Schouten et al., 1999; Becker
et al., 2004]; (2) active extension and deformation
(Figure 1b), faults, fractures, fissures and cracks;
(3) an alteration front (Figure 1c), where pores have
been sealed by alteration products below a certain
depth [Rohr et al., 1988; Shaw, 1994; Carlson,
1998; Grevemeyer and Bartetzko, 2004]; and (4) a
porosity threshold (Figure 1d), where pores have
been closed by the overburden pressure below a
certain depth [Bratt and Purdy, 1984; Christeson
et al., 2007]. These processes explain the velocity
increase with depth and crustal age commonly
observed near fast and slow spreading mid‐ocean

Figure 1. Illustration of different mechanisms changing the porosity structure of young upper oceanic crust. (a) Pillow
lava exhibit higher porosity than the sheeted dike complex, which is linked to a porosity decrease with depth. (b) Active
extension (faults, fractures, fissures, and cracks) creates additional porosity near the ridge axis. Near the surface
deformation is distributed and more localized at depth, which causes a porosity decrease with depth. (c) Hydrothermal
circulation can fill voids with alteration products leading to both a porosity decrease with depth and crustal age. (d) Pore
space collapse caused by overburden pressure leads to a porosity decrease with depth.
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ridges. However, there is no consensus about which
process is dominant at different times during crustal
accretion and about the role of the different pro-
cesses at slow spreading ridges.

[4] To date only a few three‐dimensional high‐
resolution tomography studies have been carried out
along the Mid‐Atlantic Ridge (MAR) that provide
constraints on upper crustal velocity and anisotropy
[Barclay et al., 1998; Dunn et al., 2005]. This lack
of detailed seismic studies at slow spreading ridges
impedes the further development of upper crustal
structural models at slow spreading ridges. Our
study contributes seismic constraints for upper crustal
structure based on observations from theLuckyStrike
Segment, where evidence for recent magmatism
[Fouquet et al., 1995; Singh et al., 2006], wide-
spread tectonics [Humphris et al., 2002; Escartín
et al., 2008] and high‐temperature hydrothermal
circulation [Langmuir et al., 1997] is found. This
setting allows us to evaluate the role of the different
processes in crustal creation and their development
over time.

[5] We apply high‐resolution seismic tomography
to image the upper crust beneath the hydrothermal
vents field on the Lucky Strike volcano, the sur-
rounding median valley and the adjacent median
valley walls. This wide‐angle study using Ocean
Bottom Seismometers (OBS) complements a con-

current 3‐D seismic reflection survey. Our new
results constrain the velocity structure beneath the
Lucky Strike volcano to a depth of 2.5 km below
seafloor (bsf) or 4.5 km below sea level (bsl). We
use these results to constrain the porosity in the
crust and discuss different mechanisms of upper
crustal formation in the vicinity of the Lucky Strike
volcano.

2. Geological Setting of the Lucky
Strike Segment

[6] The Lucky Strike Segment is located at 37°N
on the MAR south of the Azores triple junction
between the Menez Gwen and North Famous
Segments (Figure 2). The segment has a 15 km to
20 km wide median valley and a large volcano at
the segment center [Detrick et al., 1995; Parson et
al., 2000], where an axial magma chamber has
been imaged seismically as a 3–4 km wide and at
least 7 km long axial melt lens reflector at a depth
of ∼3.5 km bsf [Singh et al., 2006; Combier, 2007]
and underlying low‐velocity zone extending to the
crust‐mantle boundary [Seher et al., 2010]. Its crustal
morphology is intermediate between the deep
median valley of the relatively cold North Famous
Segment and the pronounced axial high of the hot
Menez Gwen Segment [Thibaud et al., 1998].

Figure 2. (a) Bathymetric map of the central part of the Lucky Strike Segment with important features of the sea-
floor. V, Lucky Strike volcano; R, volcanic ridge; V′, rifted volcanic edifice. The solid black lines mark the eastern
and western bounding fault and a nascent fault system. Black circles mark the OBS positions, and the black box marks
the shot used during the tomography study. (b) Seismic shots (grey lines) and OBS positions (circles) during the high‐
resolution tomography study. The outer black rectangle marks the lateral extent of the velocity model, and the inner
black rectangle marks the shots. The white triangles mark the locations where on‐axis and off‐axis porosities are
estimated and analyzed. The inset globe in Figure 2a shows the Lucky Strike Segment on the MAR. The major plate
boundaries are marked as solid black lines [Müller et al., 1997]. LS, Lucky Strike Segment.
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[7] The center of the Lucky Strike Segment shows
traces of recent eruptive volcanism: fresh pillow lava
on the western volcanic ridge [Ondréas et al., 1997]
and a short‐lived lava lake at the volcano summit
[Fouquet et al., 1995; Humphris et al., 2002;
Ondréas et al., 2009]. The subsurface beneath the
volcano and western volcanic ridge is characterized
by low‐resistivity anomalies [Barker, 2004], which
may be linked to regions of elevated porosities. A
regional hydrophone array recorded an earthquake
swarm in 2001, which has been linked to dike
injection [Dziak et al., 2004]. Gravity data indicate a
mantle bull’s eye anomaly at the segment center,
which suggests focused melt delivery and thickened
crust [Detrick et al., 1995; Thibaud et al., 1998;
Cannat et al., 1999; Escartín et al., 2001].

[8] There is some evidence that the Azores Hot Spot
has influenced the Lucky Strike Segment [Langmuir
et al., 1997]. V‐shaped ridges, which are normally
linked to high melt supply [Ito, 2001], propagate
south from theAzores Hot Spot [Cannat et al., 1999;
Escartín et al., 2001]. The V‐shaped ridges can
today be observed as far south as the AMAR Seg-
ment (∼36°40′N) [Escartín et al., 2001]. Rare gas
analyses shows hot spot derived melt on the MAR
south of the Azores until at least ∼37°N to the south
of the Lucky Strike Segment [Moreira and Allègre,
2002]. Global seismic observations indicate melt
deflection from the Azores mantle plume to the
southernMAR [Yang et al., 2006]. However, mantle
Bouguer anomaly and bathymetric variations are
relatively weak, which indicates that the Lucky
Strike Segment has a lower magma supply and is in
fact colder than several segments located both
farther from and closer to the Azores Hot Spot
[Thibaud et al., 1998].

[9] Active tectonics appear to be important even
during the current “magmatic” period. Axis‐parallel
faults are prevalent all along the seafloor [Escartín et
al., 2008] and there is evidence for a nascent fault
system that is rifting the central volcano. Past rifting
episodes are evidenced as faulted volcanic edifices.

[10] A high‐temperature hydrothermal vent field sits
on the summit of Lucky Strike volcano [Langmuir et
al., 1997]. This field has been active for hundreds
to thousands of years [Humphris et al., 2002]. The
total heat output of the Lucky Strike hydrothermal
site is of the same order as the heat output of
hydrothermal sites on intermediate spreading rid-
ges [Jean‐Baptiste et al., 1998]. The near‐axis
heat flux is consistent with fluid flow from the
ridge flank toward the ridge axis [Lucazeau et al.,
2006] and may cause a low‐magnetization anom-

aly underneath the Lucky Strike hydrothermal vents
field [Miranda et al., 2005].

3. SISMOMAR High‐Resolution
Tomography Experiment and Data
Analysis

[11] We acquired seismic reflection and refraction
data at the Lucky Strike Segment of the MAR
during the 2005 SISMOMAR experiment onboard
the French research vessel L’Atalante. The cruise
included a 18 × 3.8 km2 3‐D multichannel seismic
reflection survey while 25 OBS were deployed in
an 18 × 18 km2 box (Figure 2). The seismic source
was an array of 14 air guns tuned for a sharp first
break, with a total volume of 42.5 l. The air gun
array was fired every 37.5 m (distance‐triggered,
using differential GPS) along a regular grid of lines
with a line spacing of 100 m. Of the 39964 shots
fired during the 3‐D reflection experiment, 19539
fall along the regular grid of shot lines and were
analyzed in this study (Figure 2).

[12] Only 18 of the deployed OBS were used in this
study (Figure 2). The remaining seven OBS were
not used because one of the OBS did not record
data and the other six were located too far away to
provide useful additional constraints. Eight of the
18 OBS lay inside the 3‐D reflection box and ten
lay less than 3 km away. Fourteen of the OBS used
a 2 Hz vertical geophone and hydrophone with
2 ms sampling interval, two used a 4.5 Hz three‐
component geophone and hydrophone with 5 ms
sampling interval, and two used a broadband three‐
component seismometer and a 25 ms sampling
interval.

[13] The strongest arrivals registered by the OBS
correspond to direct (water) waves and crustal
turning waves (Pg) (Figures 3a–3d). We picked a
total of 166644 arrival times (Figures 3e and 3f),
which we used to construct a high‐resolution sub-
surface velocity model from the Lucky Strike vol-
cano and hydrothermal vents field to the median
valley bounding faults. Since the instruments were
located on a rugged seafloor, geophone coupling
to the ground was problematic. Therefore, we used
mainly the hydrophone channel for traveltime pick-
ing. Prior to traveltime estimation the two broadband
sensors were band‐passed between 2 Hz and 20 Hz.
All other data were band‐passed between 4/5 Hz
and 50 Hz. After manually picking the traveltimes,
we applied two corrections: (1) A static correction
of 20 ms for the time delay between the trigger
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signal and the release, and (2) a 7 ms shift of the
picks to the first break on the unfiltered data.

[14] After traveltime picking, we assigned an
uncertainty to every traveltime estimate. The total
average traveltime uncertainty is ∼30 ms and takes
into account the shot location uncertainty, the

receiver position uncertainty, the pick uncertainty,
the uncertainties related to ray tracing, the water
column velocity and the location of the seafloor. The
average traveltime pick uncertainty, the uncertainty
of picking a traveltime on a seismic record, amounts
to ∼25 ms of the total traveltime uncertainty. The

Figure 3. Example seismic data for the SISMOMAR high‐resolution tomography experiment recorded at the segment
center. (a, c, and e) Instrument A9 is located at the western edge of the median valley near the western bounding fault,
while (b, d, and f) instrument A12 is located in the east of the volcano between the eastern median valley bounding faults
and the Lucky Strike volcano (Figure 2). Record section for instrument A9 along profile A (Figure 3a) and instrument
12 along profile B (Figure 3b). Pg marks the arrival of upper crustal turning P waves, and Sg the arrival of upper crustal
turning S waves. To create the record sections we applied a gain correction, a band‐pass filter between 1.5 Hz and
36 Hz, a water wave mute, a predictive error filter [Buttkus, 2000], a linear moveout correction with a moveout velocity
of 6.5 km/s, and a five‐point moving average filter (trace mixing). Wiggle plots for instruments A9 (Figure 3c) and A12
(Figure 3d). To create the wiggle plots we applied an 11 trace local stack around the picked Pg arrival, a band‐pass filter
between 1.5 Hz and 36 Hz, and a 6.5 km/s linear moveout correction. The images in Figures 3a–3d are strongly filtered
to enhance the image but were not used for traveltime picking. Traveltime picks with uncertainties and synthetic
traveltimes associated with the best fitting velocity model for instruments A9 (Figure 3e) and A12 (Figure 3f) after
application of a 6.5 km/s linear moveout correction. The traveltime picks and associated uncertainties (2s) are marked
as grey error bars, and the synthetic traveltimes are marked as black points.
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pick uncertainty is assigned based on the cross
correlation between a single picked wavelet of one
arrival and the mean wavelet of all the picked arrivals
along one profile. A high cross correlation (>0.7)
indicates a high‐quality pick and is assigned a pick
uncertainty of ∼10 ms. A small cross correlation
(<0.3) indicates a poor quality pick and is assigned a
pick uncertainty of ∼40 ms. For intermediate cross
correlations of 0.5–0.7 and 0.3–0.5 we used a pick
uncertainty of ∼20 ms and ∼30 ms, respectively.
This method is based on the notion that the shape of
the seismic wavelet does not change along one
profile and can be approximated as the stack of the
seismic traces. A similar method is commonly used
in seismology to estimate time shifts between seis-
mic events [Dougherty and Stephen, 1988; Hung et
al., 2004].

[15] We used the traveltime inversion method of
Hobro et al. [2003] to constrain the velocity struc-
ture underneath the Lucky Strike volcano. In this
inversion method the interfaces and subsurface
velocities are described using a regular grid of

nodes, which are described mathematically using
B spline coefficients [Hobro, 1999; de Boor, 2001].
The velocity can be estimated at each location within
the model using the evenly spaced B spline coeffi-
cients. The inversion method solves the forward
problem, the calculation of synthetic traveltimes,
using a ray shooting approach [Červený, 2001]. Ray
perturbation theory is used to find a semianalytical
solution to the ray equations [Virieux and Farra,
1991; Chapman, 2004].

[16] The cost function implemented in the inversion
method by Hobro et al. [2003] contains two parts:
(1) The weighted misfit between the synthetic tra-
veltimes and the observed traveltimes, and (2) a
smoothness term, that penalizes changes in model
curvature [Constable et al., 1987; deGroot Hedlin
and Constable, 1990]. The relative importance of
the two parameters is controlled using a regulariza-
tion parameter. The inverse problem, the minimi-
zation of the cost function, is solved using the
conjugate gradient algorithm [Press et al., 1992].
We start the inversions with a large regularization
parameter and gradually decrease the regulariza-
tion with every iteration of the inversion following
a jumping scheme [Shaw and Orcutt, 1985]. The
inversion starts with both a large misfit and smooth-
ness; both values decrease as the regularization
parameter is decreased and more structure builds
up in the model. The inversion is terminated once
the inversion reaches a normalized misfit equal or
below unity. The final model is considered satis-
factory, if the ray success rate, the percentage of
traveltimes observations that can be explained by
tracing a ray through the velocity model, is larger
than 95%. Ray tracing for a traveltime observation
fails when no seismic ray arrives within 5 m from
the measurement location.

[17] To start an inversion, a reasonable starting
model is required. If the starting model is too far
away from the true structure, the inversion does not
converge. We constructed a starting model based
on the average crustal velocities observed along the
MAR [Purdy and Detrick, 1986; Barclay et al.,
1998; Hooft et al., 2000; Magde et al., 2000].
Figure 4 shows a comparison of our starting model,
the average velocity distribution of our best fitting
final model and velocity‐depth profiles for the
well‐studied OH‐1 Segment. Our final model stays
close to our starting model. However, given a rea-
sonable starting model (e.g., velocities increase with
depth) the final model found by the inversion
method is not very sensitive to the details of the
starting model. The jumping scheme [Shaw and
Orcutt, 1985] allows the velocities of the starting

Figure 4. One‐dimensional velocity‐depth profiles for
this study compared with profiles for the OH‐1 Seg-
ment (35°N) [Barclay et al., 1998; Magde et al., 2000;
Hussenoeder et al., 2002b]. The solid black line shows
the average crustal velocities for our best fitting velocity
model. The grey area corresponds to one standard devi-
ation around this average velocity model. The average
crustal velocities were estimated by averaging over all
well‐resolved velocity nodes at the same depth below the
seafloor. The standard deviation corresponds to the root
mean square deviation of the velocity nodes from the
average velocity model at a certain depth. The dotted
black line marks the starting model used in this study.
Our velocity profiles were clipped above a depth of
0.2 km bsf and below a depth of 2.5 km bsf due to
insufficient resolution.
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models to differ significantly without causing a
major change in the final solution.

[18] In this study the horizontal node spacing was
0.5 km and the vertical node spacing 0.2 km. The
seafloor node spacing was 0.1 km. To avoid arti-
facts introduced by the rugged bathymetry, we low‐
pass filtered the seafloor using a Gaussian filter
with a filter width of 2 km. Our preferred velocity
model had a normalized misfit of c2 ≈ 0.9 and an
unweighted misfit of RMS ≈ 23 ms and success-
fully reproduced 95% (159900/166644) of the tra-
veltimes. Figure 5 shows the improvement of the
traveltime misfit. While the initial model has a
positive mean and large standard deviation, the final
model shows a small standard deviation and zero
mean.

4. Results

[19] Our 3‐D velocity model covers the Lucky
Strike volcano, the surrounding median valley and

a part of the adjacent bounding walls. Here, we
analyze the 3‐D velocities, the velocity anomaly,
and the vertical velocity gradient. The velocity
anomaly is calculated by subtracting the average
crustal velocity from the 3‐D velocity model, after
taking into account the seafloor depth. The velocity
anomaly highlights deviations from a 1‐D velocity
distribution with respect to the seafloor. The vertical
velocity gradient makes changes in the slope of the
velocity model easily recognizable.

[20] Overall, seismic velocities increase rapidly in
the first kilometer bsf and more gradually below
(Figure 6). Interestingly, the high velocity gradient
layer (>2 s−1) has almost the same thickness in the
median valley and underneath the valley wall,
although the absolute velocities increase underneath
the valley wall.

[21] At a depth of 1 km bsf, median valley velocities
are at least 0.5 km/s slower than valley wall veloc-
ities (Figure 7). The low‐velocity anomaly runs
parallel to the ridge axis and is limited the median
valley bounding faults. At a depth of 0.5 km bsf, the
low‐velocity anomaly is asymmetric about the
Lucky Strike volcano. The low‐velocity anomaly
extends further to the west than to the east of the
volcano, similar to the morphology of the median
valley. The extent of the low‐velocity zone decreases
with depth. At a depth of 2 km bsf the low‐velocity
anomaly is symmetric about the Lucky Strike vol-
cano. The extent of the low‐velocity region
(Figures 6 and 7) coincides approximately with the
median valley bounding faults [Singh et al., 2006;
Combier, 2007].

[22] Recent volcanic edifices such as the Lucky
Strike volcano and the northwestern volcanic ridge
have the lowest velocities observed in our velocity
model (Figure 7). Comparing velocities inside and
outside the 2 km bsl bathymetric contour (this iso-
bath defines approximately the limits of the Lucky
Strike volcano) indicates that velocities underneath
the Lucky Strike volcano are ∼0.5 km/s slower than
velocities underneath the surrounding median valley
(Figure 7). The low‐velocity anomaly underneath
the Lucky Strike volcano is split into two distinct
regions, the first one underlies the eastern part of the
Lucky Strike volcano and the second can be found
underneath the northwestern volcanic ridge.

[23] On average, the low‐velocity anomalies are
limited to the median valley. However, we observe
an isolated velocity anomaly close to the eastern
bounding wall (across‐axis distance of +5 km
(Figures 6b and 7)), that coincides with a topo-
graphic high to the east of OBS A12 (Figure 2). The

Figure 5. Comparison of normalized traveltime residuals
for the starting model and the final model. (a) Variation
of traveltime residuals with source‐receiver offset.
(b) Distribution of traveltime residuals.
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topographic high likely corresponds to part of a
rifted volcano. Due to the fact that only relatively
few receivers are used in the inversion, single
receivers can have a large influence on the quality
of the velocity model. By removing single receivers
and restarting the inversion with the reduced data
set we can identify regions, where the anomalies
are only constrained by observations on a single
instrument and may be unreliable. However, the
velocity model after the removal of instrument A12
has a low‐velocity anomaly underneath the eastern
bounding fault.

[24] To further analyze the resolution of our velocity
models we applied: (1) ray density plots [Kissling,
1988], (2) analysis of the posterior covariance
matrix [Tarantola, 2005], and (3) checkerboard tests
and resolvability [Lévêque et al., 1993; Zelt, 1998,
1999].

[25] Raypaths reach a maximum depth of ∼4 km bsl
or ∼2 km bsf along the profiles shown in Figures 8a
and 8b. While the seismic rays have a large non-
vertical component near the seafloor, rays at depth
travel almost horizontally. The maximum turning
depth of rays during this experiment is ∼2.5 km bsf.
The ray density [Kissling, 1988], the number of
seismic rays crossing every grid cell, gives a rough
impression of the model resolution (Figures 8c and
8d). Velocity values in grid cells without ray cov-
erage cannot be constrained. However, a high ray
density does not necessarily indicate that a model
cell is well resolved, because seismic waves that
take the same path through the subsurface do not
contribute to the resolution.

[26] Analysis of the diagonal terms of the posterior
covariance matrix [Tarantola, 2005] allows an
assessment of the model parameter uncertainty. The
final model uncertainties for our favorite velocity
are shown in Figures 8e and 8f and correspond to one
standard deviation. The model uncertainty resembles
to the ray density; areas of high ray density are

Figure 6. Vertical slice through the best fitting velocity
model at an along‐axis distance of 0 km, i.e., directly
through the segment center. The grey triangle marks
the position of the Lucky Strike volcano (LS), the
dashed grey lines mark the positions of the major faults
(WBF and EBF, western and eastern bounding faults,
respectively), and the cyan line marks the location of
the axial melt lens reflector (AMC) [Combier, 2007].
Velocity nodes with no ray coverage have been masked.
The vertical exaggeration is 2:1. (a) Velocity distribution.
(b) Velocity anomaly estimated by subtracting the velocity
from the average crustal velocity structure (Figure 4).
(c) Vertical velocity gradient.
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Figure 7. Upper crustal velocity structure at a depth of 0.5, 1, 1.5, and 2 km bsf. The black circles mark the OBS
locations. The white circles highlight the locations of OBSA9 in the west and OBSA12 in the east. The dashed magenta
lines mark the positions of the eastern and western bounding faults and of a nascent fault system on top of the volcano.
The outline of the volcano, 2 km depth bsl, is marked as a solid grey line. The outline of the axial melt lens reflector
[Combier, 2007] is marked using a dashed cyan line. (a) Velocity. (b) Velocity anomaly.
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characterized by a low‐velocity uncertainty. These
uncertainties are valid for small perturbations around
the final model only [Hobro et al., 2003].

[27] Checkerboard tests [Lévêque et al., 1993; Zelt,
1998, 1999] are a systematic approach for ana-

lyzing the resolvability of velocity anomalies with
certain wavelength characteristics. Our velocity
model shows stronger vertical than horizontal
velocity variations. Therefore, the horizontal wave-
length lh for the checkerboard tests was chosen to
be approximately 2.5 times larger than the vertical

Figure 8. Resolution analysis for the best fitting velocity model. (a) Raypaths for six OBS located along a single
shot line across the volcano. The number of rays was reduced by a factor 10. OBS A10 was anchored 1 km above
the seafloor. (b) Raypaths for three OBS located around across‐axis distance 0 km for a single shot on all 39 profiles.
The number of rays was reduced by a factor 5. (c and d) Logarithmic ray density showing the number of rays crossing
each grid cell. (e and f) Velocity uncertainty. The vertical exaggeration is 2:1.
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wavelength lv. We analyzed three different per-
turbations patterns. Checkerboard pattern 1 (lh ≈
2.9 km, lv ≈ 1.2 km) corresponds to approximately
six times the node spacing, pattern 2 (lh ≈ 4.8 km,
lv ≈ 1.9 km) to approximately ten times the node

spacing, and pattern 3 (lh ≈ 6.8 km, lv ≈ 2.7 km) to
approximately fourteen times the node spacing of
the velocity model. To perform a checkerboard test,
a sinusoidal anomaly pattern is added to the best
fitting velocity model. This velocity model is used

Figure 9. Example of checkerboard test performed for pattern 2 (lh ≈ 4.8 km and lv ≈ 1.9 km). (a and b) Perturbation
added to best fitting velocity model and used in the forward calculation. (c and d) Perturbation recovered by the inver-
sion. (e and f) Resolvability or averaged semblance between true and recovered perturbations using four different check-
erboard patterns with the same spatial wavelengths as the one shown in Figures 9a and 9b. The slices shown here run
perpendicular and parallel to the ridge axis across the volcano. The vertical exaggeration is 2:1.
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in the forward calculation and later compared with
the velocitymodel recovered by the inversion.Where
the model is well constrained, each positive and
negative anomaly in the forward model should match
an anomaly in the inverse model (Figures 9a–9d).
The same procedure was repeated four times with a
checkerboard pattern shifted by a quarter wavelength.
Last, the semblance between the velocity anomaly
used in the forward calculation (Figures 9a and 9b)
and the recovered velocity anomaly (Figures 9c

and 9d) is estimated and averaged for four checker-
board patterns yielding the averaged semblance or
resolvability (Figures 9e and 9f). Comparing the
resolvability (Figures 9e and 9f) with the ray density
(Figures 8c and 8d) shows that a cutoff between a
resolvability of 0.7 and 0.8 is appropriate. Velocity
cells with a semblance below 0.7 or 0.8 commonly
have a ray density of zero and are not constrained
by any seismic rays. Zelt [1998] suggests a limit
of 0.7.

[28] The resolvability of velocity anomalies increases
with wavelength (Figure 10). Recovering the short‐
wavelength anomaly pattern 1 (Figure 10a) is more
difficult than recovering the long‐wavelength
anomaly pattern 3 (Figure 10c). All three checker-
board patterns cannot be recovered close to the
seafloor due to the geometry of the raypaths; that is,
most rays travel almost vertically.

[29] The different resolution tests demonstrate that
both the long‐wavelength velocity increase with
distance from the ridge axis and the short‐wavelength
low‐velocity anomalies underneath the Lucky Strike
volcano and eastern bounding wall are required by
our observations. However, all three methods (ray
density, resolvability and posterior covariance
matrix) have limitations. Ray density is insensitive
to the geometry and limited angular coverage of
an experiment. The averaged semblance tends to
overestimate the resolution both laterally and verti-
cally due to the influence of smoothing on the
inversion. The semblance may indicate a signifi-
cant resolvability (>0.7–0.8) in the absence of any
crossing rays. Estimation of the posterior covari-
ance matrix ignores the nonlinearity of the inverse
problem, the possible correlation between model
parameters and depends on the shape of the cost
function at convergence. While checkerboard tests
examine anomalies larger than one grid cell, analysis
of the posterior covariance matrix treats each model
cell separately. This explains, why the resolvability
shows that velocity perturbations smaller than 4%
can be recovered in well‐constrained region of the
velocity model, while the diagonal terms of the
posterior covariance matrix indicate that the velocity
uncertainty in this part of the model may be larger
than 10%.

[30] The most important test of model quality is,
whether the velocity model reproduces the observed
traveltimes to within the observed uncertainties. Our
velocity model permits us to fit the observed tra-
veltimes to within a root mean square misfit of
23 ms and overall the traveltime residuals follow
a Gaussian distribution with a zero mean. How-

Figure 10. Resolvability or averaged semblance for
checkerboard patterns (a) 1 (lh ≈ 2.9 km and lv ≈
1.2 km), (b) 2 (lh ≈ 4.8 km and lv ≈ 1.9 km), and
(c) 3 (lh ≈ 6.8 km and lv ≈ 2.7 km). The slices shown
here are located at a constant depth of 1 km below the
seafloor. The resolvability shown in Figure 10b corre-
sponds to the resolvability shown in Figures 9e and 9f.
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ever, we observe a systematic variation with both
offset and azimuth, but those variations (<10 ms)
are significantly smaller than the mean traveltime
uncertainty.

[31] The variation of traveltime residuals with offset
shows that at small offsets the calculated traveltimes
are systematically smaller than the observed tra-
veltimes (Figure 5) implying that the near‐surface
velocity model is too fast for those observations.
There are two possible explanations for this effect:
(1) The inversion method underestimates the velocity
gradient at shallow depth due to the smoothness
regularization or (2) there is a significant differ-
ence between horizontal and vertical velocity, i.e.,
anisotropy. In scenario 1 the inversion method over-
estimates poorly constrained velocities at shallow
depths, because the smoothness regularization
effectively minimizes the vertical curvature of the
velocity model. This causes the small velocity gra-
dient in the well‐constrained lower part of the
model to be extrapolated to shallow depths, where

a higher velocity gradient would be required. In
scenario 2 vertical velocities are faster than hori-
zontal velocities. In the near surface, most raypaths
are almost vertical and preferentially sample vertical
velocities. However, the near‐offset observations
have a significant nonvertical component, but very
little influence on the inversion compared to the
large number of far‐offset observations.

[32] Prior studies of the MAR have shown evidence
for anisotropic upper crustal velocities that cause a
sinusoidal variation of traveltime residuals with
azimuth [Barclay et al., 1998; Dunn et al., 2005;
Seher et al., 2010]. To assess whether an azimuthal
velocity variation is present in our velocity models,
we average the traveltime residuals (the observed
traveltimes minus the calculated traveltimes) with
respect to source‐receiver azimuth in 10° wide bins.
We then fit a sinusoid to the binned traveltime
residuals, which allows us to estimate an azimuth‐
independent residual as well as amplitude and phase
of the sinusoidal variation (Figure 11). A more
rigorous treatment is given by Backus [1965]. We
observe an azimuthal variation of traveltime residuals
consistent with an isotropic velocity model being
used for an anisotropic velocity distribution. The
amplitude of the sinusoid is 6 ms for rays with
turning depths smaller than 1 km bsf and 9 ms for
rays with turning depths between 1 and 2 km bsf.
Rays traveling parallel to the ridge axis show neg-
ative residuals and rays traveling orthogonal to the
ridge axis positive residuals. This implies that the
velocity model is too slow for rays traveling along
the ridge axis and too fast for rays traveling across
the ridge axis. The phase of the sinusoid is 73° for
turning depth of 0–1 km and 80° for turning depth of
1–2 km. The fast direction is oriented ∼0–5°N,
which is ∼10–15° toward the North away from the
ridge axis.

5. Porosity Estimate

[33] The velocity structure of young upper oceanic
crust (seismic layer 2) is mainly determined by dif-
ferences in porosity, which typically varies between
0% and 20% [Becker et al., 1982; Becker, 1985]. By
mapping velocity variations to porosity variations
we ignore the influence of (1) temperature, (2) pres-
sure, and (3) variable pore geometry.

[34] 1. Pillow lava are cooler than the sheeted dikes
and should therefore have higher matrix velocities.
However, the reverse is observed and velocities in
the lower crust are larger than near the surface.

Figure 11. Average traveltime residual for all instru-
ments. The traveltime residuals were averaged (a) between
0 and 1 km bsf and (b) between 1 and 2 km bsf. Below
2 km bsf insufficient azimuthal coverage does not allow
to estimate a reliable mean traveltime residual. The
formula gives the best fitting sinusoid. The error bars
show the uncertainty of the mean residuals. The inset to
Figure 11a illustrates the azimuths. 0° is parallel to the
ridge axis (≈19°N.)
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[35] 2. The presence of porosity leads to a pressure
dependence of upper crustal velocities, which is
primarily linked to the closure of pore spaces and
not the compaction of the rock matrix itself. The
pressure in the crust is determined by two factors,
the pressure of the water column and the pres-
sure of the rock matrix. Typical water depths are
1–2.5 km bsl and the depth range of interest
is 0–2 km bsf. Applying a simple velocity‐confining
pressure relationship [Christensen, 1984; Wepfer
and Christensen, 1991] shows that changing the
water depth by 1.5 km leads to a velocity change of
0.1 to 0.2 km/s. Similarly, moving from 0 to 2 km
bsf yields a velocity change of ∼0.3 km/s. These
velocity variations are significantly smaller than
the variations observed in our velocity models.

[36] 3. We assume that the nature of the porosity
remains the same down section and ignore possible
changes in pore geometry caused by a transition
from pillows/flows/sills to dikes.

[37] Any other process such as weathering or alter-
ation would effect porosity. Weathering would
likely decrease the overall velocity of basalt, but
this change would be small compared with other
causes for porosity reduction (pore space collapse
or alteration). Furthermore, the observed velocity
increase off axis is inconsistent with weathering,
since older crust would have experienced more
weathering and should therefore have lower veloc-
ities. Alteration by hydrothermal circulation is likely
heterogeneous and associated with hydrothermal
recharge and discharge systems (e.g., Lucky Strike
hydrothermal field). Alteration would weaken the
rock and promote pore space collapse and infill. This
process is probably secondary to porosity collapse,
particularly when we know that lava emplacement
results in large amounts of porosity.

[38] Porosity‐velocity relationships for a mixture of
basalt and water can be described using theoretical
bounds and deterministic models. However, the the-
oretical upper and lower Hashin‐Shtrikman bounds
for two‐phase materials [Hashin and Shtrikman,
1963] do not narrow the range of porosities because
of the large contrast in physical parameters between
water and basalt [Nur et al., 1998]. We will therefore
model the porosities required to explain the observed
velocities using effective medium theory (EMT).
There are two classes of EMT, the differential
effective medium theory (DEM) and self‐consistent
effective medium theory (SC). DEM describes a
composite material by introducing infinitesimal
changes into an already existing composite [Norris,

1985; Berryman et al., 2002]. SC on the other has
no host material and all components are treated
equal [Budiansky, 1965;Hill, 1965].While SC gives
accurate estimates for granular media such as sand-
stones, DEM gives better results for rocks having
isolated cracks like basalt [Berge et al., 1993]. Recent
geophysical EMT applications include the modeling
of the elastic properties of shales [Hornby et al.,
1994], hydrate‐bearing sediments [Jakobsen et al.,
2000] and axial magma chambers at mid‐ocean
ridges [Mainprice, 1997; Taylor and Singh, 2002].

[39] EMT allows the prediction of seismic velocities
assuming a porosity � and a given crack geometry
with the inverse aspect ratio r = c/a. Here, c and a
denote the polar and equatorial radius, respectively.
For spherical inclusions (r = 1) and random elliptical
inclusions (r > 1) estimated velocities are isotropic.
For aligned elliptical inclusions (r > 1) velocities
become anisotropic and we observe slower veloci-
ties parallel to the equatorial axis of the ellipsoidal
inclusion and faster velocities parallel to the polar
axis [Taylor and Singh, 2002]. To compare the
estimated anisotropic velocities to velocities in our
velocity model, we assume that the slow direction is
oriented horizontally and the fast direction verti-
cally. This choice is motivated by the observation of
axis‐parallel faults (Figure 2) [Escartín et al., 2008;
Ondréas et al., 2009]. There is a trade‐off between
the inverse aspect ratio and the degree of alignment
of the cracks; for a given inverse aspect ratio r
fully aligned cracks produce the slowest velocities.
Introducing random cracks increases the seismic
velocities. For a given inverse aspect ratio, our
estimated porosities will therefore be minimum
values.

[40] In our modeling we assume a two‐phase effec-
tive medium made up of basalt (Vp ≈ 6.4 km/s, Vs ≈
3.5 km/s, r ≈ 2971 kg/m3 [Johnston and Christensen,
1997]) and seawater (Vp ≈ 1.5 km/s measured during
the SISMOMAR cruise, Vs = 0 km/s, r ≈ 1030 kg/m3

[Telford et al., 1990]). The basalt values are based
on measurements on rocks recovered from bore-
holes at zero porosity (� = 0%) and a pressure of
200 MPa [Johnston and Christensen, 1997]. We
assume these values to be close to values for
unfractured basalt. The inverse pore aspect ratio
determined using the approach by Cheng and Toksöz
[1979] typically varies between 1 and 2000 for
basalt [Johnston et al., 1995]. The largest part of
the porosity is shown to be accommodated by pores
with an inverse aspect ratio between 10 and 1, but
the inverse aspect ratio is poorly constrained
[Johnston and Christensen, 1997]. Starting with a
solid basalt with � = 0%, we gradually increase the
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porosity to the critical porosity � = 20% [Nur et al.,
1998], where the rock would pass from frame sup-
ported to fluid supported.

[41] We apply EMT to analyze three features of our
velocity models, the velocity increase with depth,
the off‐axis velocity increase and last the azimuthal
distribution of traveltime residuals. First, we test the
EMT predictions using laboratory measurements
[Johnston and Christensen, 1997] (Figure 12a).
While assuming spherical inclusions (r = 1) the
EMT predictions do not fit the laboratory data.
Fully aligned elliptical inclusions (r = 5,10,20) and
disordered elliptical inclusions (r = 10,100) can
explain the laboratory data. However, the range
of velocities present in our models (Figure 12b)
requires the presence of fully aligned inclusions.

[42] Explaining the velocity increase with depth
requires cracks with an inverse aspect ratio of
∼5–20 and a porosity decrease with depth of 6%–
17% on axis and 4%–11% off axis (Figure 12c).
Explaining the velocity increase with distance from
the ridge axis requires a porosity decrease of 4%–
9% at 0.5 km bsf and 1%–3% at 1.75 km bsf
(Figure 12c). In our model porosities have been
sealed off axis at a depth of 1.75 km bsf. However,
porosities could be nonzero, if a higher velocity
were chosen for unfractured basalt. The magnitude
of our porosities estimates agrees well with the

Figure 12. (a) Estimation of subsurface porosity. White
circles show subset of laboratory measurements [Johnston
and Christensen, 1997]. The grey area in the background
shows the upper and lower Hashin‐Shtrikman bounds
(HS− and HS+) for two‐phase materials. The solid and
dashed linesmark velocity estimates using self‐consistent
(SC) and differential effective medium theory (DEM).
For SC cracks are aligned, while for DEM both aligned
and randomly oriented crack distributions were used. The
number denotes the inverse of the aspect ratio (the quo-
tient of polar and equatorial radius) [Taylor and Singh,
2002]. A value of 1 denotes spherical inclusions, and a
value larger than 1 corresponds to prolate inclusions. For
elliptical aligned inclusions the velocity in the slow
direction is shown. (b) Vertical velocity profiles at on‐axis
and off‐axis reference locations (Figure 2). The values
were obtained by averaging in an 2 × 2 km2 area. The grey
area corresponds to twice the standard deviation for the
averaged depth interval. (c) Subsurface porosity distri-
bution estimated using aligned DEM. The dashed and
sold lines mark the porosities on and off axis. The num-
bers give the inverse aspect ratio. The data show apparent
bulk porosities for ODP Hole 504B [Becker et al., 1982;
Becker, 1985, 1990] for comparison.
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porosities measured in Hole 504B [Becker et al.,
1982; Becker, 1990].

[43] Lastly, we observed a sinusoidal variation of
traveltime residuals with azimuth with an ampli-
tude of 6–9 ms (Figure 11). To link the observed
traveltime residuals to anisotropy, we estimate syn-
thetic traveltimes for a constant velocity gradient
model, that best fits our mean velocity model to the
approximate turning depthwithin each depth interval.
The observed peak‐to‐peak variation requires a
velocity anisotropy of ∼1.5%. This compares well
to the velocity anisotropy of 2%–4% observed in
the OH‐1 Segment using a tomography method
including velocity anisotropy [Barclay et al., 1998;
Dunn et al., 2005].

[44] This anisotropy can be explained by EMT
using an inverse aspect ratio r = b/a, where b and a
stand for the crack radius in along‐ and across‐axis
direction, respectively. This azimuthal anisotropy is
consistent with aligned cracks that are compressed
in across‐axis direction and elongated in along‐axis
direction. At a porosity of 12% typical for a depth
of 0.5 km bsf, an inverse aspect ratio of 1.1 creates
3% velocity anisotropy, while at a porosity of 3%

typical for a depth of 1.5 km bsf an inverse aspect
ratio of 1.3 is necessary to explain a similar velocity
anisotropy. In conclusion, aligned cracks that are
10%–30% more elongated along the ridge axis than
across the ridge axis are sufficient to explain the
observed azimuthal anisotropy.

6. Discussion

[45] Our high‐resolution 3‐D tomography study
contributes to our knowledge of the upper crustal
seismic structure in the Lucky Strike Segment
(Figure 13). The upper crust underneath the Lucky
Strike volcano and the western volcanic ridge shows
pronounced low‐velocity anomalies. Similar low
velocities were observed beneath an axial seamount
at 35°N on the MAR [Barclay et al., 1998].

[46] Magmatic processes have a significant influ-
ence on the upper crustal structure in the central
Lucky Strike Segment. Younger pillow lava are
commonly characterized by lower velocities because
of their higher porosity, since both tectonic and
hydrothermal processes have not yet significantly
decreased crustal porosities. A link between younger
crust and low velocities explains why the lowest
velocities are found underneath recent volcanic
edifices (e.g., the Lucky Strike volcano and the
western volcanic ridge). These edifices contain large
amounts of relatively fresh pillow lava [Humphris et
al., 2002; Escartín et al., 2008; Ondréas et al.,
2009], which would create higher porosities and
thereby lower velocities. Furthermore, the low‐
velocity anomalies are located above the seismic
layer 2A‐2B boundary (T. Seher et al., Seismic
layer 2A variations in the Lucky Strike segment
at the Mid‐Atlantic Ridge from reflection mea-
surements, submitted to Journal of Geophysical
Research, 2010) (Figure 13), which is commonly
identified with the lava to sheeted dike transition
[Herron, 1982; Harding et al., 1993]. While layer
2A velocities are poorly resolved, systematic reso-
lution analysis has shown that the velocity model is
reliable at least in the lower part of seismic layer 2A.
We, therefore identify the upper crustal low‐velocity
anomalies with recently erupted pillow lava.

[47] The local low‐velocity anomalies are located
above the seismic layer 2A‐2B boundary. While a
coincident segment‐scale seismic reflection study
(Seher et al., submitted manuscript, 2010) has
shown that the layer 2A‐2B event does not require
large‐scale variations in layer 2A thickness, a high‐
resolution reflection study of the Lucky Strike

Figure 13. Sketch integrating results from different
seismic studies of the Lucky Strike Segment. The loca-
tion of the faults (dashed grey lines) and axial melt lens
reflector (AMC) is based on the seismic reflection study
by Combier [2007]. The location of the segment center
low‐velocity anomaly beneath the axial melt lens reflec-
tor is based on the seismic tomography studies by Seher et
al. [2010]. The location of the layer 2A event (dashed
black line) is based on the study by Seher et al. (submitted
manuscript, 2010). The location of the upper crustal low‐
velocity anomalies were derived in this study. The black
circle marks an upper crustal microseismic event observed
by Dusunur et al. [2009]. LS, Lucky Strike volcano and
hydrothermal system; WBF and EBF, western and eastern
bounding faults, respectively. The vertical exaggeration
is 2.

Geochemistry
Geophysics
Geosystems G3G3

SEHER ET AL.: SEISMIC STRUCTURE OF CENTRAL LUCKY STRIKE SEGMENT 10.1029/2009GC002894

16 of 21



volcano indicates that such layer 2A thickness
variations may exist [Combier, 2007]. Our study
does not allow any conclusion about the nature of
the seismic layer 2A‐2B boundary, since layer 2A
velocities are only poorly constrained by OBS
tomography studies (this may also explain the uni-
form upper crustal velocity gradient). Any abrupt
change at the layer 2A‐2B boundary would appear
smooth in our velocity models. However, the
observed velocities allow inferences about upper
crustal porosities. The pillow lava to sheeted dike
transition is commonly linked to a large porosity
contrast [Herron, 1982; Harding et al., 1993]. If the
pillow lava to sheeted dike transition occurs over a
large depth range [Barclay et al., 1998], a lithologic
boundary explains the gradual increase of upper
crustal velocities with depth. Alternatively, a porosity
threshold may create a depth below which pores
have been closed by the overburden pressure [Bratt
and Purdy, 1984; Christeson et al., 2007], which
would explain the velocity increase with depth. Last,
an alteration front can create a depth below which
pores have been sealed by alteration products [Rohr
et al., 1988; Christeson et al., 2007].

[48] The local low‐velocity anomalies underneath
the Lucky Strike volcano are embedded in a zone
of decreased velocities that spans the entire median
valley and is limited on both sided by the eastern
and western median valley bounding faults. The
low‐velocity anomaly inside the median valley is
similar to that observed at 35°N [Magde et al.,
2000]. The low‐velocity zone narrows toward the
axial magma chamber characterized by a lower
crustal low‐velocity zone [Seher et al., 2010] and
axialmelt lens reflection [Singh et al., 2006;Combier,
2007]. Interestingly, we observe an asymmetry of
the zone of decreased velocities with respect to the
Lucky Strike Volcano that disappears with depth.
While this asymmetry could be caused by the loss
of resolution with depth, it may be linked to the
geometry of the median valley bounding faults.
Magmatic accretion is likely limited by the median
valley bounding faults and the zone of decreased
velocity underneath themedian valleymay be linked
to volcanic accretion limited by the faults. The
asymmetry may be caused by a thicker lava layer
underneath the Lucky Strike volcano. Alternatively,
the median valley bounding faults may limit a zone
of active extension (faults, fractures, fissures) and
widespread normal faulting, that causes the creation
of additional pore spaces. Last, the tectonic defor-
mation may be distributed in the near surface and
focused along major faults at depth, which explains

the asymmetry as well as the velocity increase and
associated porosity decrease with depth.

[49] We observe a rapid velocity increase coincident
with median valley walls. Velocities underneath
the valley walls at a distance of 8 km from the
ridge axis (∼0.7 Ma) are ∼1 km/s faster than under-
neath the Lucky Strike volcano. A similar velocity
increase within 1Mawas observed at 14°14′S on the
East Pacific Rise and was interpreted as filling of
porosity with hydrothermally generated minerals
[Grevemeyer and Weigel, 1997; Grevemeyer and
Bartetzko, 2004]. Such off‐axis hydrothermal pre-
cipitation is the common explanation for the
increase of crustal velocities with age [Carlson,
1998]. An alteration front may create a depth below
which pores have been sealed by alteration products
[Rohr et al., 1988; Christeson et al., 2007]. This
sealing depth may vary, if thin cracks are sealed
near to the ridge axis and larger cracks are filled
off axis [Shaw, 1994]. Another possible explanation
for the off‐axis velocity increase may be a porosity
collapse with age, since off‐axis crust is signifi-
cantly older than crust in the median valley.

[50] The presence of an axial magma chamber, the
abrupt velocity increase across the median valley
bounding faults and the low‐velocity anomalies
below the Lucky Strike volcano have implications
for fluid circulation in the subsurface. The Lucky
Strike volcano hosts a high‐temperature hydrother-
mal vent field [Langmuir et al., 1997]. The heat
source for the hydrothermal field is likely the axial
magma chamber and the fluids discharge through a
zone of increased porosities underneath the volcano,
whereas zones of increased porosities underneath
the western volcanic ridge show no evidence for
high‐temperature hydrothermal discharge. The loca-
tion of the median valley bounding faults and the
velocity increase indicate that at least some fluid
recharge is occurring at the median valley bounding
faults. The abrupt velocity change at the median
valley bounding faults may indicate that fault acti-
vation increases hydrothermal activity facilitating
secondary mineralization. While this simple circu-
lation pattern is consistent with our observation, we
cannot rule out a more complex circulation pattern.
Lastly, our porosity estimates indicate that on the
ridge axis significant porosity exists to the bottom of
our model near the axial magma chamber. Applying
the same method off axis shows that porosity is
sealed porosity by ∼1.75 km depth bsf. This obser-
vation indicates that off‐axis hydrothermal circula-
tion is either shallower than on the ridge axis or
localized along major faults below the resolution of
our velocity models.
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[51] Finally, we observed an upper crustal azimuthal
velocity anisotropy similar to the one observed at
35°N [Barclay et al., 1998; Dunn et al., 2005]. The
azimuthal anisotropy appears to be slightly mis-
aligned with the ridge axis. A possible explanations
for this misalignment is a spreading axis that is not
completely parallel to the ridge axis. Alternatively,
the regional extensional stress field may not be
perpendicular to the ridge axis. The direction of
subsurface faults, fractures and cracks may differ
slightly from the direction of the ridge axis. Most
importantly however, axis parallel faulting and
aligned cracks explain the upper crustal anisotropy
observed above and are consistent with the exten-
sional faulting observed on the seafloor of the
median valley [Escartín et al., 2008].

7. Conclusions

[52] A detailed 3‐D model of the upper crust,
obtained using closely spaced 3‐D air gun shots to
OBS, shows significant variations in upper crustal
velocities beneath Lucky Strike volcano and its
bounding axial valley. Our models show a low‐
velocity region within the median valley, low‐
velocity anomalies of the Lucky Strike volcano
and an off‐axis velocity increase of ∼1 km/s over a
distance of 8 km. The 3‐D crustal velocity structure
of the Lucky Strike Segment appears to be very
similar to the one observed at 35°N [Barclay et al.,
1998; Magde et al., 2000; Dunn et al., 2005]. Our
observations indicate a porosity decrease of 4%–
11% with depth between 0.5 and 1.75 km bsf.
Furthermore, we demonstrate a porosity decrease
of 4%–9% at 0.5 km bsf depth and 1%–3% at a
1.75 km bsf depth over a distance of 8 km from
the ridge axis (∼0.7 Ma). Last, our velocity models
require the presence of azimuthal anisotropy in the
upper crust.

[53] The studies presented here help to understand
the role of tectonic, magmatic and hydrothermal
processes in defining the upper crustal seismic
structure of the Lucky Strike Segment. It is important
to realize that all three processes may be occurring
synchronously and the observed porosity structure
is likely effected by different processes. We favor
a model, where upper crustal porosities are created
by both magmatic accretion (lava–sheeted dike
boundary) and active extensions (faults, fractures and
fissures). The porosity variation with depth probably
depends on both pore space collapse, hydrothermal
alteration and a change of stress accommodation
from distribution along minor faults, fractures and
fissures to localization along major faults. Lastly,

off‐axis porosities are likely controlled by both
hydrothermal precipitation and the aging of the
crust.
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