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Abstract

The seismic anisotropy of the shallow oceanic crust across the East Pacific Rise (9°30'N) is studied with P-wave
refraction data collected during a controlled-source, three-dimensional tomography experiment. The anisotropy is
indicated by a cos(26) pattern of travel time residuals, where 6 is the receiver to shot azimuth. The travel time data are
best fit by a model containing 4% anisotropy from 500 m to 1 km depth below the sea floor, 2% from 1 to 2 km, and 0%
below 2 km depth. The upper 500 m of crust is not independently constrained by the data since ray paths at these depths
are oriented near vertically. The fast direction of P-wave propagation is aligned along a trend oriented 6% 10°
counterclockwise from the rise axis. The results are consistent with the presence of vertically aligned cracks that form on
or very near the rise axis, are oriented nearly parallel to the rise trend, penetrate to less than 2 km depth, and provide
< 10% of the total pore space in the shallow crust. In comparison with similar studies across slow- and intermediate-
spreading ridges, there is no apparent spreading-rate dependence of the magnitude of anisotropy. © 2001 Published
by Elsevier Science B.V.
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1. Introduction nar surveys reveal an elongate seafloor fabric that

is mainly related to sets of ridge-parallel faults

Faults, fissures, and fractures pervade the shal-
low oceanic crust. The orientation of these fea-
tures is sensitive to the local stress field such
that they tend to align perpendicularly to the min-
imum compressive stress. On a scale of kilo-
meters, the alignment is generally parallel to
mid-ocean ridges. Bathymetric and side-scan so-
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(e.g., [1]) and near-bottom imaging of the seafloor
along mid-ocean ridges reveals fissures that tend
to parallel the ridge axis (e.g., [2,3]). In addition,
the subsurface detection of faults and fractures
has been made by borehole measurements (e.g.,
[4,5]). Because the permeability of cracked rock
can be several orders of magnitude larger than
uncracked rock [4,6], open cracks likely provide
the dominant pathways for the hydrothermal cir-
culation that chemically alters the oceanic crust
and cools ridge magmatic systems. Aligned cracks
may create anisotropic permeability and perhaps
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control the pattern of hydrothermal circulation
[2]. However, the absence of data on the subsur-
face distribution of cracks inhibits our under-
standing of the relations between rock stresses,
cracking, and the localization of hydrothermal
activity.

Vertical, aligned cracks are detectable by their
seismic anisotropy signature. Shear-wave splitting
and polarization measurements [7-9], for exam-
ple, are often used to detect the presence of ani-
sotropy. Another means of detecting seismic ani-
sotropy is with a network of receivers and shots
that records P-wave travel times as a function of
the receiver to shot azimuth 6. For an anisotropic
medium, the travel time delays exhibit a cos(26)
variation (e.g., [10]). The fast direction of energy
propagation indicates the direction of the average
crack alignment, whereas the magnitude of the
anisotropy provides a measure of the crack den-
sity. Quantitative measurements of crack-induced
anisotropy have been made in a variety of oceanic
settings, including along mid-ocean ridge crests
[11-14], in older (>1 Ma) oceanic crust [7—
9,15,16], on ocean islands [17], and in back-arc
basins [18]. In these studies the anisotropy is pre-
dominantly restricted to the shallowest crust, seis-
mic layer 2, where the porosity is in general the
highest [19].

2. Experiment and methods

To quantify the anisotropic properties of the
crust formed at a fast-spreading ridge and to es-
timate the distribution and degree of aligned ver-
sus non-aligned pore space, we analyzed data
from a seismic tomography experiment located
near 9°30’'N on the East Pacific Rise (Fig. 1).
The seismic data were collected in 1988 as part
of a three-dimensional tomography experiment
that was designed to determine the velocity struc-
ture of the crustal magmatic system beneath a
fast-spreading ridge [20-22]. Here, we analyze P-
wave travel time data whose ray paths traverse
the upper 4 km of the crust. This experiment pro-
vides excellent spatial and azimuthal ray coverage
and allows us to determine the seismic anisotropic
and isotropic properties of the shallow crust. De-
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Fig. 1. Seafloor bathymetry and geometry of the seismic to-
mography experiment. The local rise trend and orientation of
the experiment are N8°W. Bathymetry is contoured at 100 m
intervals, gray shade changes every 200 m. An array of 15
ocean bottom receivers, seven near- and eight off-axis instru-
ments (numbered squares), recorded data from about 480 ex-
plosive sources (small circles), for a total of 3080 primary
crustal arrivals. The aperture of the experiment is 42X31
km?. The local, full spreading rate is ~11 cm yr—'.

scriptions of the instruments, the shots, and their
locations can be found in Fig. 1 and in [20-22].
Our analysis includes an examination of P-wave
travel time residuals calculated from seismic mod-
els containing no anisotropy or a fixed percentage
of anisotropy and direct inversion of the data for
anisotropic and isotropic structure. The forward
modeling of travel times and the inversion proce-
dure follow that of Toomey et al. [21] and Dunn
et al. [22] and are modified to include anisotropy
with an hexagonal symmetry system, where the
symmetry axis is confined to the horizontal
plane [14]. This symmetry system is useful for
vertical, aligned cracks in the shallow crust (e.g.,
[10]). The percent anisotropy is defined as:
100% X (Vp,max_ Vp,min)/ Vp,averagea where Vp is the
P-wave velocity. The starting velocity model is a
one-dimensional  (depth-dependent) isotropic
model taken from [21] (Fig. 2a). The model con-
sists of a 42X 31 X4 km? volume with a horizontal
grid spacing of 250 m and a vertical spacing of
200 m for ray tracing and a horizontal grid spac-
ing of 750 m and a vertical spacing of 200 m for
the isotropic perturbations. The anisotropic per-
turbational model is a function of depth only,
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Fig. 2. (a) Average, one-dimensional velocity structure used as a starting point for the tomographic inversions. (b,c) Vertical sli-
ces through the shallow crustal tomography model located beneath the westernmost and easternmost refraction lines, respectively.
Perturbations with respect to the starting model are contoured at intervals of 0.2 km s~!. This model was constructed using four
iterations of the forward and inverse problem with A4; = A, =125 (see [21] for details). (d) A horizontal slice through the model at
600 m depth. Dashed box indicates spatial extent of the previous tomographic imaging of Toomey et al. [21] and corresponds to
the inner box of Fig. 1. Model resolution, which depends on the density and angular distribution of rays, is estimated with the
reconstruction of a ‘checkerboard’ model. Travel times are computed from a model with 3 km blocks of +0.5 km s~! using a
fixed ray set (rays calculated with respect to the three-dimensional isotropic model of b-d) and Gaussian noise with a standard
deviation of 13 ms is added. The synthetic data are then inverted using the same model parameterization used with the real data.
A map view section at 600 m depth (e) shows that highs and lows are properly reconstructed over most of the model space, but
their magnitudes may be under-represented. In addition, a smaller 2 km checkerboard pattern was well constructed beneath the
outer refraction lines and within the dashed box of panel d.

with a 200 m spacing. The inverse problem is )(2=(1/N)(d—Gm)TCgl(d—Gm), provides a

regularized by assigning smoothness constraints
on the form of the model and by assigning un-
certainties of 20% in isotropic velocity and, when
also solving for anisotropy, 10% in percent aniso-
tropy and 15° in azimuth of the fast axis of ani-
sotropy. Vertical and horizontal model smooth-
nesses are controlled by independent weighting
values (4, and A, respectively), which allow the
user to control the trade-off between the data mis-
fit and model smoothness. The normalized misfit,

weighted measure of the data misfit with respect
to a velocity model, where N is the number of
data, d is the data vector, G is the Frechet matrix,
m is the model vector, and Cgq is a diagonal matrix
composed of individual travel time uncertainties.
If the data uncertainties are known accurately, a
solution can be chosen objectively by selecting
one whose degree of smoothness results in a y?
value near one [23].



4 R.A. Dunn, D.R. Toomey! Earth and Planetary Science Letters 5863 (2001) 1-9

3. Results

We first inverted the data for isotropic three-
dimensional velocity structure. The preferred iso-
tropic model (Fig. 2b—d) achieves a final y* misfit
of 1.2 after four iterations. Smoother models
yielded similar results except that the x> misfit is
higher and model perturbations are of lower mag-
nitudes. Rougher models do not appreciably re-
duce the »*> misfit. Our preferred model is similar
to that obtained by Toomey et al. [21], who im-
aged shallow crustal structure within a smaller
area (18x18 km?) centered on the rise (inner
box of Figs. 1 and 2d). Our model provides addi-
tional constraints on isotropic structure at distan-
ces greater than 10 km from the rise axis. At these
distances, velocities are generally faster to the east
than to the west and increase with crustal age.
Beneath the outer two rise-parallel shot lines (20
km to either side of the rise), velocities are up to
0.9 km s~! faster than average (i.e., the starting
model) and vary along the rise by up to 0.6 km
sL.

Fig. 3a shows the final travel time residuals for
the preferred isotropic model plotted as a function

of receiver-shot azimuth (6). There is a good azi-
muthal ray coverage in the shallow crust and evi-
dence for a systematic cos(26) dependence to the
travel time residuals for ray paths that turn in the
upper 2 km of the crust (upper plot, Fig. 3a). The
cos(260) curve that best fits the data has a peak-to-
peak amplitude of 12 ms and a phase shift that
aligns the fastest azimuthal direction along a line
rotated 6° counterclockwise from the rise trend
(N8°W).

We tested for simple spatial variations in aniso-
tropy by analyzing the residual patterns for se-
lected groups of receivers and shots (Fig. 4).
The best-fitting cos(26) curve for residuals whose
ray paths lie entirely to the west of the rise is
similar to that for residuals whose ray paths lie
to the east of the rise (Fig. 4a,b). We also tested
for a systematic dependence of anisotropy with
crustal age and found that the amplitudes of the
best-fitting cos(26) curves decreased with distance
from the rise, such that stations located 20 km
from the rise recorded no distinguishable cos(26)
pattern (Fig. 4c—e). However, since azimuthal ray
coverage decreases with the distance of a station
from the experiment’s center, any anisotropic sig-
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Fig. 3. Mean travel time residual versus source receiver azimuth for ray-turning depths of 0-2 km (upper figures), and 2-4 km
(lower figures). The azimuth is measured at the receiver and clockwise from the trend of the rise (N8°W), in a horizontal plane.
The data are binned and a mean is determined for each bin so that each point represents the mean residual of a 20° azimuth
bin. The vertical bars represent the 95% confidence interval of an estimated mean, as determined by Student’s 7-test. (a—c) Resid-
uals for imposed anisotropy of 0, 3, and 6%, respectively (see text). Also shown in panel a is the cos(26) curve that best fits those
residuals. As the amount of anisotropy is increased to 6%, the cos(260) pattern decreases in amplitude and then changes sign.
From 0 to 2 km depth, the average amount of anisotropy that best fits the data is about 3%. Below 2 km depth, an isotropic

model best fits the data.
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nal recorded by the outermost instruments may be
mapped into isotropic velocity heterogeneity. Fur-
thermore, for the outermost receivers, the ray
turning depths are on average deeper than for
other receivers and thus may not uniformly sam-
ple the shallowest crust that contains the aniso-
tropy. Therefore, the apparent decrease in aniso-
tropy may not be realistic. Lastly, we found
anisotropy to be present in young, 0-40000 yr
old, crust. For shots within 5 km of receiver 3
(see Fig. 1), the ray paths turn within 0-2.5 km
of the rise, and their residuals exhibit a pattern
whose best-fitting cos(26) curve has a peak-to-
peak amplitude of 20 ms (Fig. 4f).

We explored the magnitude of seismic anisotro-
py consistent with the data by carrying out tomo-
graphic inversions for models with a single fixed
percentage and direction of anisotropy, while
solving for three-dimensional isotropic structure.
Test cases ranged from 1 to 6% anisotropy and in
each case it was assumed that the fast axis of
anisotropy was oriented N14°W (on the basis of
the residual pattern of Fig. 3a). Except for the
addition of anisotropy to the starting model, the
inversion parameterization and method were the
same as that used for the best isotropic model
above. The final isotropic models for the cases
with 0-4% anisotropy were all similar. Higher
percentages of anisotropy resulted in models
that were noticeably different, but the maximum
difference did not exceed 0.3 km s~!. Fig. 5 shows
the final misfit for each model after four iterations
of the forward and inverse problems. Of these
models, which contain a constant magnitude of
anisotropy everywhere, the data are best fit with
a model containing 2% anisotropy.

Examination of the form of the residuals for
cases with 0, 3, and 6% anisotropy as a function
of azimuth and for different ray turning depths
(Fig. 3) provides further insight into the amount
of anisotropy that is allowed by the data. As the
amount of assumed anisotropy increases, the am-
plitude of the cos(26) curve of the residuals de-
creases and then changes sign, such that the 6%
model overcorrects the cos(26) variation at all
depths. The model with 3% constant anisotropy
best fits the data for rays that turn between 0 and
2 km depth (Fig. 3b, upper plot). An isotropic
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Fig. 4. Mean travel time residuals for different receiver-shot
groupings. The azimuth is measured at the receiver and
clockwise from the trend of the rise (N8°W), in a horizontal
plane. The data have been binned as in Fig. 3. Also shown
are the best-fitting cos(26) curves. (a) Shots and receivers lo-
cated west of the rise; ray paths lie solely on the western
side of the rise. (b) Shots and receivers located east of the
rise; ray paths lie solely on the eastern side of the rise. (c)
Receivers located on the rise axis; rays turn within 0-5 km
of the rise axis. (d) Receivers located 10 km from the rise
axis; rays turn within 5-10 km from the rise axis. (¢) Re-
ceivers located 20 km from the rise axis; rays turn within
10-20 km of the rise. (f) Receiver 3, located in the center of
the experiment and on the rise axis; ray paths turn within 0—
2.5 km of the rise.
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model best fits the data for rays that turn at 2-4
km depth (Fig. 3a, lower plot).

Finally, we performed inversions where both
the percent anisotropy and angle of the fast axis
of anisotropy were determined by the inversion
itself (all other parameters were unchanged). The
starting model was isotropic and the anisotropic
solution was a function of depth only. The result-
ing model has approximately 4% anisotropy from
0 to 1 km depth, 2% from 1 to 2 km depth, and
0% below that (Fig. 6a). The upper 500 m of the
model is not well constrained since most ray paths
are oriented near vertically in this part of the
model. The azimuth of the fast axis was deter-
mined to be ~NI14°W (6° west-of-north of the
rise trend). The azimuth, however, is not well con-
strained and may be in error by as much as 10°.
Changes larger than about 10-15° give rise to
significantly larger travel time misfits. Inspection
of the final form of the residuals (Fig. 6b) shows
that the inversion has removed the original
cos(20) signal in Fig. 3a. Similar results were
found when the starting model contained 2% ani-
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Fig. 5. The normalized travel time misfit y* versus percent
anisotropy. Different amounts of uniform anisotropy (0-6%)
were included in the starting model with the fast axis of ani-
sotropy aligned N14°W (6° west-of-north from the rise
trend). The data were then inverted for the best-fitting iso-
tropic structure. The dashed lines indicate the 26 uncertainty
of the model with 2% constant anisotropy. The diamond
symbol indicates the y> value for the model with depth-de-
pendent anisotropy as determined by a tomographic inver-
sion (Fig. 6a). This model provides a significantly better fit
to the data than achieved by models with constant anisotro-
py.
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Fig. 6. (a) Percent anisotropy versus depth as determined by
an inversion of the data. (b) Final mean travel time residuals
versus receiver-to-source azimuth for rays turning at depth
of 0-2 km (similar to Fig. 3a). The joint inversion for aniso-
tropy and isotropic heterogeneity has removed the cos(26)
pattern that was present in Fig. 3a.

sotropy everywhere. This depth-dependent model
achieves a significant improvement in data misfit
(x> =1.01) over the previous models with constant
anisotropy or no anisotropy (Fig. 5). Additional-
ly, the maximum difference between the final iso-
tropic portion of this model and the purely iso-
tropic model determined previously (Fig. 2) is not
significant (<0.2 km s™'), indicating that the
trade-off between anisotropic and isotropic pa-
rameters is not significant to the interpretation
of the isotropic component of the model.

4. Discussion
4.1. Isotropic structure

Large lateral variations in isotropic velocity
were detected, whose origins likely lie in the dis-
tribution of pores, cracks, and alteration prod-
ucts. The seismic results for the axial region (inner
box, Figs. 1 and 2d) have been discussed previ-
ously [21]. Beyond the axial region, the observed
increase in velocity with distance from the rise is
consistent with a general observation that shallow
crustal velocities increase with crustal age (e.g.,
[24,25]). This trend is generally attributed to the
filling of pore space with hydrothermal alteration
products (e.g., [26-28]), although other factors
may also be important [29,30]. Slower velocities
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to the west of the rise than the east are likely the
result of a thicker layer 2 to the west [31]. The
data rule out the possibility of a significantly
greater density of aligned cracks to the west (an
increase in aligned cracks reduces the average ve-
locity) because an east-west difference of 0.2 km
s~! in isotropic velocity requires a difference in
anisotropy of ~7% to lower the isotropic aver-
age, a value too large to be allowed by the data.

4.2. Anisotropy structure

The observed cos(26) relationship for crustal P-
wave travel times is consistent with crack-induced
anisotropy for vertical cracks aligned within a few
degrees of the trend of the rise axis [8,10,32].
Although not well constrained, the alignment di-
rection as estimated from the seismic results
roughly agrees with seafloor observations of crack
orientations that are oriented subparallel to the
rise trend [1,33]. The 26 pattern indicates that
the travel time signal is dominated by cracks
with aspect ratios >0.01 (thinner cracks give
rise to a dominant cos(46) signal [34]). Using
Hudson’s crack theory [34] and 4% anisotropy,
aligned cracks with aspect ratios of 0.01-0.1 give
rise to porosities of =<1%.

On average, seismic velocities, which vary in-
versely with porosity, are low in the shallow crust
and increase with depth. The introduction of
aligned cracks to an uncracked basalt, such that
4% seismic anisotropy is produced, is not suffi-
cient to reduce the average velocity of the basalt
in its uncracked state (~6-7 km s !) to the ve-
locities observed in the shallow crust (~3-5 km
s~!; Fig. 2a). Cracks producing 4% anisotropy
lower the average velocity of the rock by only
0.14 km s~!. Therefore, the low velocities in the
shallow crust (<2 km depth), with respect to the
deeper crust, require the presence of one or more
additional mechanisms for decreasing seismic ve-
locity, such as the presence of non-aligned cracks,
variations in pore pressure with depth [29], a
higher vesicularity of the rock [29,31,35-37] that
is perhaps, but not necessarily, related to a higher
proportion of porous extrusive rocks to low-po-
rosity sheeted dikes [20,29,38-40], or a difference
in metamorphic grade [29,41]. At 500 m depth the

average P-wave velocity is about 5 km s~!. This
corresponds to a total of about 12% porosity us-
ing the theoretical calculations of Berge et al. [42]
or the downhole logging results of Carlson and
Herrick [43]. Therefore, seismically detectable,
aligned cracks (providing < 1% porosity) supply
less than one-tenth of the total porosity of the
shallow crust. Below 2 km depth, where no 26
pattern is evident, aligned cracks may not exist,
be closed by higher pressures, be cemented shut,
or are too few in number to be seismically detect-
able.

Within ridge hydrothermal systems, fluid con-
vection may follow rise-parallel cracks and faults
(e.g., [2,44]). Our results indicate that seismically
detectable, aligned cracks, which may act as fluid
pathways, do not penetrate deeper than ~2 km
below the seafloor. However, in a previous study
we have shown that the thermal structure of the
axial magmatic system (estimated from the P-
wave velocity structure) requires hydrothermal
circulation into the lower crust [22]. Furthermore,
ophiolite studies indicate that hydrothermal alter-
ation penetrates into the lower crust [45]. These
other studies indicate that a relatively high perme-
ability can be achieved with only a few cracks or
faults that are not detectable with the methods
presented here.

The small proportion of aligned cracks relative
to all cracks and pores suggests that fluids within
seismically detectable, aligned cracks do not con-
tain the bulk of the volume of hydrothermal fluids
in the shallow crust. However, since porosity is
not a general indicator of permeability, the seis-
mic results alone cannot constrain the degree and
orientation of fluid convection in the crust. To
better understand the role of aligned cracks in
the permeability structure of ridge hydrothermal
systems, future approaches may include the use of
seismic results along with other geological infor-
mation to develop numerical models of hydro-
thermal circulation (e.g., [46-48]).

A comparison of our results with similar qual-
ity studies along intermediate- [13] and slow-
spreading [14] ridges indicates that the crack-in-
duced anisotropy of the shallow crust is not a
function of spreading rate. In each case, detect-
able P-wave seismic anisotropy is restricted to the
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upper ~2 km of the crust and the percent aniso-
tropy is similar. Collectively, these results indicate
similar densities of aligned cracks are present in
these three different spreading environments. The
data from each of these three experiments have
been jointly inverted for velocity and anisotropy
structure and the estimated magnitudes of aniso-
tropy are considerably lower than in some pre-
vious experiments [11,12] that did not account
for lateral velocity variations when estimating
the anisotropy magnitude. As the isotropic veloc-
ity structure of intermediate and fast-spreading
mid-ocean ridges is known to be largely two-di-
mensional, it may add an apparent azimuthal ani-
sotropy to the data. An analysis of the anisotropy
structure that does not take into account lateral
variations in velocity structure may thus overesti-
mate the magnitude of the crack-induced aniso-
tropy.RV
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