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[1] We present the results of a study to invert microearthquake and explosive shot data from the Endeavour

segment of the intermediate-spreading Juan de Fuca Ridge. The average isotropic P wave velocity

structure, derived from the shot data, in the uppermost 1.5 km of the oceanic crust is characterized by an

increase with age of �8% from the axis to at least 0.5 Ma, that is attributed to the sealing of layer 2A

porosity by hydrothermal processes. Superimposed on this variation are axis-parallel, 2-km-wide,

alternating bands of high and low velocity with a peak-to-peak variation of 5–12%. High and low

velocities away from the axis correspond to bathymetric trenches and ridges, respectively and are likely

due to variations in layer 2A thickness. P wave azimuthal anisotropy is present in the data that is best fit

with a model of 9% anisotropy at 750 m depth, decreasing to 1% at 3 km depth and is likely due to the

preferential alignment of vertical cracks and fissures in the along-axis direction. Anisotropy and velocity

heterogeneity are coupled; anisotropy alone may explain the form but not the magnitude of the axis-

parallel bands. There are strong trade-offs between the hypocentral depths of microearthquakes and the P

and S wave velocity structures. Changing the mean hypocentral depth by up to 0.5 km leads to only modest

increases in the travel time RMS but the resulting velocity models appear more feasible when the

earthquakes are forced deeper than when they are forced shallower.
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1. Introduction

[2] Microearthquake studies on mid-ocean ridges

have generally been motivated by a desire to

constrain the characteristics of faulting and the

depth to the brittle-ductile transition. As such they

have contributed to our understanding of the

importance of tectonism in the accretion of oce-

anic crust and its variation with spreading rate

[e.g., Riedesel et al., 1982; Toomey et al., 1985;

Hildebrand et al., 1997]. On slow-spreading

ridges, where earthquakes are numerous and can

extend to lower crust, microearthquake arrival

time data have also been successfully combined

with small amounts of refraction data to image

seismic structure through the use of joint inver-

sions for seismic velocity and hypocentral param-

eters [Toomey et al., 1988; Kong, 1990; Barclay et

al., 2001]. These studies have constrained shear

wave velocities and imaged mid- and lower-crustal
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low velocity zones that result from thermal

anomalies and partial melt.

[3] Studies that have resolved lateral variations in

the velocity structure of the upper crust at mid-

ocean ridges have placed important constraints on

volcanic processes responsible for the formation of

young crust and how it varies between slow and

fast spreading rates. The fast spreading East Pacific

Rise is characterized by a narrow (�2–4 km wide)

band of high velocities directly beneath the axis

[Toomey et al., 1990, 1994; Harding et al., 1993;

Christeson et al., 1996; Hussenoeder et al., 2002].

This feature is restricted to the uppermost �800 m

in tomographic images [Toomey et al., 1994], is

continuous along-axis, and has been attributed to

the proximity of the sheeted dikes to the surface

that subside as they are progressively buried by off-

axis emplacement of extrusives [e.g., Hooft et al.,

1996]. The shallow velocity structure shows few

other features and has little variation in the along-

axis direction [Toomey et al., 1994] suggesting that

magmatic processes are fairly uniform along axis

as evidenced by the presence of a mid-crustal

magma lens that is continuous along-axis in many

locations [e.g., Detrick et al., 1993].

[4] In contrast, the slow spreading Mid-Atlantic

Ridge (MAR) shows a relatively high degree of

heterogeneity in both the along- and cross-axis

directions that has no along-axis continuity. In-

stead, the shallow crust at the MAR is character-

ized by discrete low velocity regions that are

spatially associated with seamounts. On the basis

of this association, these regions have been attrib-

uted to either the higher porosities of a locally

thicker extrusive layer or the higher temperatures

of the magma plumbing system [Barclay et al.,

1998; Magde et al., 2000]. Such observations

support models in which volcanic accretion is

discontinuous along axis [Smith and Cann, 1992].

[5] In this paper, we present the results of a study to

invert microearthquake and explosive shot data on

an intermediate spreading rate ridge; the Endeavour

Segment of the Juan de Fuca Ridge. The micro-

earthquake data set had previously been analyzed for

the distribution and characteristics of earthquakes

and their tectonic implications [Wilcock et al., 2002]

as well as for shear wave splitting [Almendros et

al., 2000] and tidal triggering [Wilcock, 2001]. Here

we present inversions of the shot and earthquake

data that constrain the upper crustal velocity struc-

ture and its variation with age and the trade-offs

between P wave velocity structure, VP/VS structure,

and the depths of axial earthquakes. The results are

used to constrain the processes of crustal accretion

at an intermediate spreading ridge.

2. Endeavour Segment

[6] The Endeavour segment (Figure 1) lies in a

tectonically complex region near the northern end

of the Juan de Fuca Ridge. Along the central

portion of the segment the spreading axis is defined

by a 0.5-km-wide and 0.1-km-deep axial valley

that splits a 4-km-wide axial high [Kappel and

Ryan, 1986; Karsten et al., 1986]. The bathymetry

on the flanks is dominated by <300-m-high ridges

that are parallel to the trend of the spreading center

and are spaced uniformly �6 km (0.2 Myr) apart.

These ridges are interpreted as volcanic highs that

formed periodically on the ridge axis and were then

split apart by the inward facing normal faults that

formed the axial valley [Kappel and Ryan, 1986].

The central Endeavour has been the focus of

intensive study because it hosts five high-temper-

ature vent fields [Delaney et al., 1992; Robigou et

al., 1993; Lilley et al., 1995; Kelley et al., 2001]

that are regularly spaced 2–3 km apart and are

characterized by sulfide structures that are unusu-

ally large for intermediate spreading ridges.

[7] Many of the characteristics of the Endeavour

segment suggest that it has a low magma supply.

Regional monitoring [Dziak and Fox, 1995] and

microearthquake experiments [McClain et al., 1993;

Wilcock et al., 2002] show that the Endeavour

supports high levels of seismicity. The presence of

enriched mid-ocean ridge basalts on the ridge axis

has been interpreted in terms of a low degree of

melting as a result of a cooler mantle adiabat

[Karsten et al., 1990]. Side scan data [Kappel and

Ryan, 1986; Delaney et al., 1991] and seafloor

observations [Tivey and Delaney, 1986] show that

the axial valley is extensively faulted and fissured.

These observations have been used to infer qualita-
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tively that there have been no recent eruptions on

this segment, but the youngest volcanics have not

been dated. The regular spacing of vent fields within

the axial valley and the large size of the sulfide

structures suggest that hydrothermal circulation

has had sufficient time to organize into a stable

configuration without interference from eruptions

[Wilcock and Delaney, 1996].

[8] Although the magma supply to the Endeavour

may be affected by the ongoing reorganization of

plate boundaries in the region because both ends of

the segment are now dying rifts [e.g., Karsten et al.,

1990], the current configuration of the Endeavour

has been attributed to normal cyclical processes on

intermediate spreading ridges. Kappel and Ryan

[1986] argue that the periodic topography on the

flanks of the Endeavour and other segments of the

Juan de Fuca Ridge is the result of cyclical varia-

tions in the relative importance of volcanism and

tectonism. According to this interpretation, the En-

deavour has just entered a tectonic stage as the

central volcanic high has been rifted apart by the

formation of the axial valley. One implication of this

model is that the extrusive layer should be thicker

beneath topographic highs.

[9] In 1995 we conducted a 55-day microearth-

quake experiment on the Endeavour (Figure 1)

which recorded very high levels of seismicity both

Figure 1. Bathymetric map of the Endeavour segment, contoured at 100 m intervals with color changes at 200 m,
showing the location of receivers (filled yellow squares), explosive shots (filled green stars) and earthquakes (open
red circles) for the 1995 microearthquake study [Wilcock et al., 2002]. High temperature vent fields (black crosses)
are also shown. The large box delimits the region of the active-source inversion and is the area covered by Figures 5
and 11 and the two smaller boxes show the regions of the on- and off-axis joint inversions. The earthquakes used in
these inversions are shown by larger symbols. The faint line shows the orientation of the cross section shown in
Figure 3.
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on and off axis [Wilcock et al., 2002]. Off-axis

earthquakes on the Pacific plate are clearly affected

by regional north-south compression associated

with the deformation of the Explorer microplate.

On axis, intense seismicity is concentrated at 2–

3 km depth below the vent fields and the distribu-

tion of focal mechanisms is consistent with a stress

field that is affected by hydrothermal cooling. This

observation, coupled with the evidence for a low

magma supply and the high heat flux from the vent

fields, was cited as support for the hypothesis that

the hydrothermal systems on the Endeavour are

driven by a cracking front penetrating into the mid

to lower crust [Wilcock and Delaney, 1996].

[10] A recent multichannel seismic (MCS) reflec-

tion experiment [Carbotte et al., 2002; Detrick et

al., 2002; Van Ark et al., 2003] shows that this

hypothesis is wrong because the central Endeavour

is underlain by a reflector at �2.3–2.6 km depth

[Detrick et al., 2002] that has the negative imped-

ance contrast expected of a magma lens [Van Ark et

al., 2003]. The reflector is at the same depth as a

weak reflector imaged on a single MCS profile in

1985 [Rohr et al., 1988]. Since the depth of the

reflector is similar to the depth of axial earthquakes

reported in the 1995 experiment [Wilcock et al.,

2002], joint interpretation of the MCS and earth-

quake data will require an understanding of the

uncertainties in the inferred spatial relationships

between the earthquakes and seismic reflector. One

source of uncertainty is the bias in hypocenters and

in particular focal depths that may result from

errors in the velocity model used to locate the

earthquakes.

3. Microearthquake Experiment
Data Set

[11] The network for the 1995 microearthquake

experiment [Wilcock et al., 2002] comprised 15

Office of Naval Research ocean bottom seismom-

eters (OBSs) deployed for 55 days along a 5 km

section of the ridge axis near the Main vent field

and up to 15 km off axis on the west flank

(Figure 1). The OBSs recorded digital data at a

128-Hz sampling rate for four channels; three

orthogonal 1-Hz seismometers and a hydrophone.

Near the start of the deployment, 49 4.5-kg (10 lb)

explosive charges were detonated within and

around the network. The water wave travel times

for these shots were used to locate the OBSs on the

seafloor [Wilcock et al., 2002]. The crustal P waves

were also identified for each record and examples

are shown in Figure 2a. The shot P waves have

good signal to noise up to 20–30 Hz at all but the

longest ranges and the picking uncertainty ranges

from 8 to 32 ms with a root-mean square (RMS)

value for all shots of 13 ms.

[12] A total of 1750 earthquakes were located with

a minimum of one S wave and four P wave picks.

Examples of records are shown in Figure 2b and in

Wilcock et al. [2002]. The P wave arrivals for

earthquakes within or near the network are gener-

ally impulsive with good signal to noise up to 20–

50 Hz depending on the range and the picking

uncertainties range from 10–60 ms with an RMS

of 33 ms. The S wave arrivals tend to reverberate at

frequencies near 10 Hz and the picking uncertain-

ties vary from 20–150 ms with an RMS of 68 ms.

Of the earthquakes, 1134 lie within 3 km of the

nearest station and 670 are also within 1.5 km of

the ridge axis. All of the earthquakes are located

within the crust (Figure 3); the focal depths

obtained using a one-dimensional model are clus-

tered between 2 km and 4 km for off-axis earth-

quakes and between 2 km and just over 3 km for

axial earthquakes. A narrow depth distribution is

not ideal for joint inversions for hypocentral

parameters and velocity and the earthquakes do

not extend deep enough to constrain lower crustal

structure. However, the earthquake data, coupled

with P wave travel times for the explosive shots,

provide an opportunity to constrain upper crustal

structure and the trade-offs between velocity and

hypocentral depths in the axial region.

4. Tomographic Method

[13] We used a seismic tomography method

originally developed to invert controlled-source

travel times for isotropic P wave velocity structure

[Toomey et al., 1994] and since extended to include

seismic anisotropy [Dunn and Toomey, 1997;

Barclay et al., 1998], S wave velocities and hypo-
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Figure 2. Examples of seismic records for explosive shots and earthquakes. (a) A subset of the explosive shot P
wave arrivals recorded on the westernmost OBS plotted against range. The traces are aligned on the P wave pick
(solid red line) and the water wave has been masked at shorter ranges. The traces have been scaled to equal maximum
amplitude. (b) Four sets of earthquake records for the vertical channel (labeled V), two horizontal (H1 and H2)
seismometer channels and the hydrophone channel (H). The traces are scaled to equal maximum amplitude except
that the relative amplitude of the three orthogonal seismometer channels is preserved for each set of records. The left
half of the plots shows records on two off-axis OBSs at ranges (R) of 1.6 km and 7.4 km for an earthquake near the
northwesternmost OBS. The right half of the plot shows records on two axial OBS at ranges of 6.2 km and 3.7 km for
an on axis earthquake located just to the north of the seismic network. The traces are aligned on the P arrival and
arrival times are shown for P waves (solid red line), S waves (dashed red line), and for the PwP phase (dotted red
line). The PwP phase is a P arrival with one reverberation in the water column at the end of its path. Note that for the
second and third set of records, the first horizontal channel has bad data because the seismometer was poorly leveled.
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central relocation [Barclay et al., 2001]. For the

forward problem the P and S wave velocity

models are defined on a three-dimensional grid

of nodes that are spaced at 250 m. Travel times

and ray paths are calculated using the shortest-

time algorithm [Moser, 1991], modified to in-

clude the effects of seafloor relief by shearing

the velocity grid vertically and by interpolating

the seafloor ray-entry points at 100 m spacing on

a two-dimensional grid. P and S wave travel

times are calculated separately unless the VP/VS

ratio is constrained to be constant everywhere.

For P waves, the percent magnitude and direc-

tion of anisotropy may be specified at each node.

Hexagonal anisotropy is assumed to have a

cos(2q) velocity variation, where q is the angle

between the ray direction and the fastest anisot-

ropy direction. The percent anisotropy is defined

as (Vmax � Vmin)/Vaverage, where Vmax, Vmin and

Vaverage are the maximum, minimum, and direc-

tion-averaged wave speeds, respectively. On the

basis of observations of P and S wave anisot-

ropies on the Endeavour segment [Almendros et

al., 2000] and other mid-ocean ridges [Shearer

and Orcutt, 1985; Stephen, 1985; Sohn et al.,

1997; Barclay et al., 1998; Dunn and Toomey,

2001; Barclay and Toomey, 2003], we assumed

that the anisotropy symmetry axis was every-

where horizontal and parallel to the plate-spread-

ing direction. For hexagonal symmetry, the

fastest P waves propagate in the plane that is

perpendicular to the symmetry axis.

[14] The inverse method solves for perturbations to

starting models of P and S wave slownesses and

hypocenters (x, y, z, and origin time) using the LSQR

algorithm [Paige and Saunders, 1982]. The pertur-

bational models are defined on a three-dimensional

grid that is distinct from the velocity grid and has

1 km and 0.5 km spacing in the horizontal and

vertical directions, respectively. Several iterations of

ray tracing and inversion are used until the pertur-

bations become insignificant.

[15] The inverse problem can be expressed as the

minimization of

s2 ¼ dTC�1
d dþ

X15
i¼1

lim
TC�1

i m; ð1Þ

where m is a vector of perturbational model

parameters, and d contains the travel and/or arrival

time misfits. The data covariance matrix, Cd is a

diagonal matrix containing estimates of the var-

iance in each observation. The right hand term

represents a series of constraints that regularize and

control the inversion, where Ci and li are the

Figure 3. Cross section oriented perpendicular to the ridge showing the projected location of earthquakes with well
resolved focal depths (red circles) and stations (filled yellow squares) [Wilcock et al., 2002]. Vertical dashed and dot-
dashed lines show the limits of the regions covered by the on- and off-axis joint inversions, respectively. The
earthquakes used in these inversions are shown by filled symbols. The ridge axis is located at x = 0 km.
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model covariance matrix and the weighting for the

ith constraint and the vector m can be written as

m ¼

uP

uS

h

sP

sS

2
6666666666664

3
7777777777775

; ð2Þ

where uP and uS are the P and S wave slowness

model vectors, h is a vector of the earthquake

hypocentral parameters and sP and sS are vectors of

the station corrections for P and S waves. Vectors d

and m are related by a sparse partial derivative

matrix G, such that Gm = d. The constraints in

equation (1) are summarized in Table 1. They

implement damping and smoothing of the slowness

parameters, damping of the VP/VS ratio and

hypocentral parameters, and damping and aver-

aging of station corrections.

[16] The method we used differs from that of

Barclay et al. [2001] in two respects. For some

of our inversions that involved one-dimensional

velocity structure, we solved for P and S wave

station corrections in order to account for the

effects of near-receiver velocity variations. This

modification required the addition of a penalty

constraint for each station correction and the con-

straint that the mean station corrections for P and S

waves are zero across the seismometer network.

For P waves these constraints can be written

l12

XN
j¼1

S2P; j ¼ 0; l14

XN
j¼1

SP; j ¼ 0; ð3Þ

where N is the number of stations and SP,j is the

station correction for the jth station.

[17] We also modified the penalty constraints on the

hypocentral depth to force the mean perturbation to

change by a chosen amount at specified iterations,

allowing us to explore the trade-offs between hypo-

central depth, origin time and velocity structure. The

modified constraint can be written

l10
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where M is the number of earthquakes, hz,k is the

perturbation to the starting depth of the kth

earthquake and zb is a bias applied to change the

mean depth of the hypocenters.

5. Inversions of Shot Data

[18] We applied the tomographic method in various

ways to our data and conducted inversion of the

explosive shots alone and joint inversion of the

shot and earthquake data. The shots are uniformly

distributed in and around the seismic network and

these data were inverted for one- and three-dimen-

sional isotropic structure and analyzed for anisot-

ropy in a 19 km � 15 km area (Figure 1).

5.1. One-Dimensional Structure

[19] We first inverted the shot travel time data for

the best fitting isotropic, one-dimensional P wave

velocity model. We did this in order to obtain a

starting model for the subsequent three-dimensional

inversions and to test our data against an existing

velocity profile from the Endeavour segment

[Cudrak and Clowes, 1993]. The profile of Cudrak

and Clowes [1993] was used as the starting model

for the one-dimensional inversion and comprised

the average of 10 seismic refraction lines that were

centered on the Endeavour segment and extended

out to �15 km on both sides of the axis. In order to

run the one-dimensional inversions, the horizontal

smoothing weight l4 was set to a very large value.

A variety of damping and vertical smoothing values

were explored and the best model (Table 1) was

chosen based on the goodness of fit and the

smoothness of the profile.

[20] The starting and best-fit velocity profiles are

shown in Figure 4a. The RMS misfits of the data

to the starting and final best-fitting model were

80 ms and 66 ms, respectively, a variance

reduction of 32%. The two models differ be-

tween the seafloor and 1.2 km depth. The

structure derived by Cudrak and Clowes [1993]

was based on the identification of layer 2A

arrivals at short ranges on the refraction profiles

and the matching of amplitudes as well as arrival

times and as a result the velocities and velocity

gradients in the shallow crust are well resolved.

Our travel time inversions, by contrast, do not

have good vertical resolution in the upper 1 km

although the vertically averaged slownesses of

the two models within this depth interval are

similar. Below �1.2 km depth both models were

nearly identical and minor differences are likely

Figure 4. Results of inversion for one-dimensional, isotropic velocity structure showing (a) P wave velocity, (b) S
wave velocity, and (c) VP/VS ratio. The Cudrak and Clowes [1993] P wave structure (labeled ‘‘C & C’’) was used as
the starting model for the inversion of shot travel times, the result of which (labeled ‘‘Entire region’’) was used as the
starting model for the on- and off-axis joint inversions. The starting S wave model for these inversions was derived
assuming a VP/VS of 1.8 for nodes at depths �0.5 km and 2.9 for nodes at depths 	0.25 km.
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due to differences in ray tracing, parameterization

of the velocity structure, and the study area.

5.2. Three-Dimensional Structure

[21] The results of a tomographic inversion of the

shot data for a three-dimensional isotropic model

are shown in Figure 5. The image is the result of

five iterations of the forward and inverse problems.

The weighting of constraints in the inversion

(Table 1) was based on fit to the data, the smooth-

ness of the model, and the need to minimize

spurious perturbations in regions of low ray cov-

erage. The RMS travel time residual, 24 ms,

represents an 87% variance reduction over the best

fitting one-dimensional structure.

[22] The velocity model shows two systematic

features. First, the seismic velocity variations

averaged over the uppermost 1.5 km (Figure 6a)

increase by about 8% from the axis to a crustal

age of 0.5 Myr (x = �15 km). Second, eight

axis-parallel, alternating bands of high and low

velocity are superimposed on this increase. These

bands are of width �2 km and result in lateral

velocity variations of �1 km/s. Superimposed on

these systematic features are additional lateral

variations of up to �0.25 km/s. In many places

these are close to receiver locations in the

shallowmost slices and they are likely due to

near-surface velocity heterogeneity and/or uneven

ray distribution.

[23] Figure 7 shows contour plots for the derivative

weight sum (DWS), an estimate of ray density

[Toomey et al., 1994] for the inversion of Figure 5.

At all depths, the DWS is highest beneath the ridge

axis owing to the high density of near-axis seis-

mometers. However, at depths of 1 and 1.5 km, the

ray density is relatively high and smooth every-

where within the tomographic images, and we

conclude that the lateral seismic velocity variations

are well resolved. The density of rays is less

smooth at shallow depths with significantly better

sampling beneath the seismometers. As the posi-

tions of the seismometers also correspond to many

of the small-amplitude velocity variations at 0 and

0.5 km in Figure 5, we attribute these variations to

either velocity or sampling heterogeneity.

Figure 5. Results of inversion for three-dimensional isotropic P wave velocity structure. Contour plots of
perturbations to the starting velocity structure (Figure 4a) on horizontal slices are shown at depths of 0, 0.5, 1 and
1.5 km. The contour interval is 0.25 km/s. Triangles represent shot positions and circles are receivers. The area of
each slice is shown by the large box in Figure 1; regions of low sampling have been masked out.
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[24] The axis-parallel bands show an inverse cor-

relation with the bathymetry. This is apparent from

comparing the averaged percent velocity variation

(Figure 6a) with the average bathymetry in the

along axis direction (Figure 6b). Away from the

ridge axis, the high-velocity bands are consistently

located near bathymetric lows. The peak-to-peak

amplitude of the velocity variation decreases west-

ward, from 12% at x =�5 km to 5% at x =�15 km.

Near the ridge axis, the correlation between

velocities and bathymetry is less apparent and the

western half of the axial volcanic high (x = �2 km)

is underlain by high velocities.

5.3. Seismic Anisotropy

[25] The tomographic image in Figure 5 assumes

an isotropic crust. However, seismic P and S wave

anisotropy in the upper oceanic crust has been

noted at several sites [Shearer and Orcutt, 1986;

Sohn et al., 1997; Barclay et al., 1998; Dunn and

Toomey, 2001] and is usually attributed to the

preferential alignment of cracks normal to the plate

Figure 6. Cross-axis variation in P wave velocity and bathymetry. The ridge axis is located at x = 0 km. (a) Percent
variation of three-dimensional P wave slowness structure (relative to the starting model), averaged in the along-axis
direction and between 0 and 1.5 km depth. The mean depth-averaged velocity is 0.22 s/km. Results from inversions
of data assuming isotropy (Figure 5), constant 10% anisotropy, and the best-fitting anisotropy structure (Figure 8f )
are plotted against cross-axis distance. (b) Bathymetry averaged in the axis-parallel direction. (c) As for (a), but with
results from three-dimensional, isotropic inversions of synthetic data sets that were generated for models with
constant 10% anisotropy and the best-fitting structure. The detrended variation for the isotropic data inversion is also
shown.
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spreading direction. Crack anisotropy at the

Endeavour segment has been inferred from the

splitting of S wave arrivals from microearthquakes

[Almendros et al., 2000]. For P waves a hexagonal

anisotropy system has the effect of modifying the

isotropic P wave velocity with a cos(2q) azimuthal

variation, the slowest velocities being perpendicular

to the crack alignment. Although a cos(4q) variation
is also predicted [Crampin, 1993], its effect on

travel times is especially difficult to separate from

isotropic heterogeneity and is rarely reported [e.g.,

White and Whitmarsh, 1984]. The relatively low

ray density in our experiment is not ideal for

separating anisotropy from heterogeneity and we

therefore attempted to establish the existence of

an anisotropic signal in the data and to assess its

effect on the heterogeneous isotropic structure.

[26] Figures 8a–8e shows the travel time residuals

for the best-fitting isotropic model (Figure 5),

plotted as a function of source-receiver azimuth

and grouped by turning depth. There is a clear

cos(2q) signal in the plots, with the minimum

residual in the along-axis direction, consistent with

an anisotropic signal. We measured the amplitude

of the signal, and converted this to percent P wave

anisotropy assuming that the source-receiver

distance was the length of a ray traveling at the

velocity of the turning depth. The resulting depth-

dependent anisotropy structure (Figure 8f ) shows

anisotropy decreasing sharply from 9% at 0.75 km

depth to �1% at depths greater than 2 km. The

average value for all arrivals is �3%.

[27] We also estimated the level of anisotropy by

repeating the three-dimensional inversions of the

shot data with different percentages of fixed uniform

anisotropy. The resulting RMS travel time misfit

(Figure 9) shows a clear minimum between 4 and

5% that is close to the average value of 3% estimated

from the residuals for the best-fitting isotropic

model. A plot of the mean travel time residual versus

source-receiver azimuth for a variety of imposed

anisotropy models (Figure 10) shows that the

depth-dependent model of Figure 8f flattens out

the azimuthal variations in the residuals that are

seen for the isotropic inversion. The residuals

become increasingly overcorrected as the imposed

anisotropy is increased to 10% (Figure 10).

[28] It is possible that the banding in the velocity

structure in Figure 5 could be a result of anisotropy.

Away from the ridge axis, all of the OBSs were

deployed near bathymetric lows because these

Figure 7. Derivative weight sum (DWS) for the set of ray paths used in Figures 5 and 11, contoured at values of 1,
5, 10, 15 and 20. The DWS is a weighted sum of the length of ray paths that influence a model parameter [Toomey et
al., 1994] and thus an estimate of ray density.
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Figure 8. Travel time residuals from the isotropic, three-dimensional model versus source-receiver azimuth for
different turning depths. (a–e) Residuals for rays turning at 500 m intervals from 0.5 km to 3 km depth. The best-
fitting cos(2q) curve, constrained to have minima in the direction parallel to the trend of the ridge axis, is
superimposed on each plot; the amplitude of each curve is labeled in the upper right. (f ) Depth-dependent anisotropy
structure, derived from the best-fitting curves (Figures 8a–8e).
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regions have thin layers of sediment and the

smoother terrain increases the probability that the

freefall OBSs will deploy in a level orientation. If

the OBSs are in lows then all the ray paths with fast

ridge parallel orientations will also be aligned

along bathymetric lows and this may bias the

isotropic velocities beneath these regions to higher

values.

[29] We took two approaches to assess the degree

of mapping from anisotropy into heterogeneity.

First, we calculated sets of travel times for the

one-dimensional starting model combined with two

separate anisotropy models: the best fitting anisot-

ropy structure shown in Figure 8f and a conserva-

tively high 10% constant anisotropy structure. We

inverted these travel times assuming an isotropic

structure with the same inversion parameters as

used for the inversion of Figure 5. The resulting

velocity model for 10% anisotropy is shown in

Figure 11. It shows alternating high- and low-

velocity axis-parallel bands resembling those in

Figure 5 although they appear less pronounced

because there are larger velocity variations in the

ridge parallel direction. We compared the percent

velocity variations averaged over the upper 1.5 km

Figure 9. RMS travel time residual for three-dimen-
sional inversions of the shot data versus assumed
constant percent anisotropy.

Figure 10. Mean travel time residual versus source-receiver azimuth for a variety of imposed anisotropy models.
Means are determined at 20� azimuth intervals. The curves depict the residuals for imposed anisotropy of 0, 5, and
10% and the depth-dependent structure of Figure 8f. The source-receiver azimuth is measured at the receiver and
clockwise with respect to the trend of the ridge axis, which strikes at N19�E. The vertical bars on the curve for zero
anisotropy represent the 95% confidence ranges for each mean determined using the Student’s t test and are also
applicable to the corresponding residuals for the anisotropic models.

Geochemistry
Geophysics
Geosystems G3G3

barclay and wilcock: seismic velocity structure 10.1029/2003GC000604

13 of 23



in the along axis direction for these synthetic

inversions with the detrended curve for isotropic

inversion of the real data (Figure 6c). For the best

fitting model, the percentage variations in the

synthetic inversions are about one third those in

the true inversions and even for 10% anisotropy,

the percentage variations in the synthetic inver-

sions are smaller than those obtained for the true

inversion and this is particularly clear 3–8 km off

axis. Thus we infer from this test that anisotropy

may have contributed to the axis-parallel banding

but is unlikely to account for the entire signal.

[30] Second, we looked at the isotropic signal in

the three-dimensional inversion of the true data

assuming the depth dependent anisotropy model of

Figure 8f and a constant anisotropy of 10%. The

RMS misfit for the imposed depth-dependent an-

isotropy model (19 ms) was lower than for the

isotropic (RMS = 24 ms) and 10% imposed con-

stant anisotropy (RMS = 22 ms) models. As

expected, increased anisotropy modifies the aver-

aged percent velocity variation and generally

reduces the amplitude of the banding (Figure 6a).

However, the effect is relatively small and even

with 10% anisotropy the amplitude of the banding

still exceeds half the value for the isotropic inver-

sion. Again we conclude that anisotropy may be

responsible for some of the heterogeneity but that

the banding in the isotropic inversion of Figure 5 is

not entirely due to anisotropy.

6. Inversions of Earthquake and
Shot Data

[31] We jointly inverted arrival times from micro-

earthquakes and the shots in order to determine the

S wave velocity structure and better understand the

trade-off between hypocentral depths and velocity

structure near the axis. We considered data subsets

within two 10 km by 10 km areas (Figure 1); one

centered on the ridge axis and the other 9.5 km off-

axis. Because of the relatively small number of

earthquakes within the uppermost 2 km of the

crust, we anticipated large trade-offs between

Figure 11. Results of synthetic test for anisotropy. Synthetic travel times were created for a velocity structure with
10% anisotropy assuming a one-dimensional model obtained by inverting the shot data (solid line in Figure 4a), and
were then inverted for isotropic velocity structure. (a–d) Contour plots of P wave velocity perturbations to the
starting velocity structure at depths of 0, 0.5, 1 and 1.5 km respectively. The plotting conventions are the same as for
Figure 5.
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velocity structure and hypocentral parameters and

we restricted our joint inversions to one-dimen-

sional P and S wave velocity structures. The axial

area includes a higher density of earthquakes and

here we explored the trade-offs between focal

depth and velocity by adding forcing constraints

to the mean hypocentral depth.

6.1. One-Dimensional Inversions

[32] We inverted subsets of the data for one-

dimensional P and S wave velocity structures

within the on-axis and off-axis subregions

(Figure 1). The starting P wave velocity structure

was the best-fitting one-dimensional structure

obtained from the shot data (Figure 4). The starting

S wave velocity structure was derived from the P

wave structure assuming a VP/VS ratio that was

fixed to 2.9 at depths 	0.25 km and to 1.8 at

depths �0.5 km. An average VP/VS of 1.8 has been

determined for the upper oceanic crust by several

studies [Shearer, 1988; Barclay et al., 2001] while

an average value of 2.9 is consistent with the high

Poisson’s ratios inferred for layer 2A [Collier and

Singh, 1998; Barclay et al., 2001]. These values

are also consistent with the analysis of the Endeav-

our microearthquake data [Wilcock et al., 2002].

For the earthquakes we used starting hypocentral

parameters determined with HYPOINVERSE

[Klein, 1978] by Wilcock et al. [2002] and we used

this data set to extract the earthquakes falling more

than 500 m within the model limits and with at

least two S wave and four P wave arrivals. A total

of 465 earthquakes, 8 OBSs and 17 shots were

used for the axial inversions; the corresponding

values for the off-axis inversions were 79, 8, and

17 respectively. Independent P and S wave station

corrections were included in the inversions and

nine iterations of the forward and inverse problems

were used in each inversion to obtain the best-

fitting structure. From a range of inversions using

different constraints (Table 1) we chose the best

fitting set of model parameters that were also

physically realistic.

[33] The best fitting models for the one-dimensional

inversions are shown in Figure 4. The RMS

residuals for the earthquake P and S wave arrival

times and the shot travel times respectively are 60,

34, and 67 ms for the axial region and 55, 65, and

35 ms for the off-axis inversion. The P wave

velocities for the on-axis inversion are <0.3 km/s

lower than for the starting model at all depths down

to �2 km. For the off-axis region, the velocities are

<0.2 km/s higher at depths shallower than 1.5 km

and�0.1 km/s lower at greater depth. Below 2.5 km

the magnitude of perturbations to the starting model

is <0.1 km/s for both inversions. The differences

between the on- and off-axis structures are in agree-

ment with the active-source results for the entire

region (Figures 4 and 5) that show an increase in

seismic velocity as the crust ages.

[34] The best-fitting S wave velocity structures

(Figure 4b) are both lower than the starting

model at all depths, with the on-axis velocities

lower by up to 0.2 km/s and everywhere lower

than the off-axis result for which the maximum

reduction is �0.1 km/s. Beneath 0.5 km, the

VP/VS results (Figure 4c) are on average

slightly greater than the assumed starting value

of 1.8. Above 1 km, VP/VS is markedly higher

off axis than on axis.

[35] Because the density of earthquakes is highest

on the ridge axis, we attempted three-dimensional

inversions of shots and earthquake travel times in

this region. However, inspection of the resulting

models and the results of checkerboard resolution

tests show that with the exception of shallow

regions imaged by the shots, the distribution of

data is insufficient to resolve even long-wavelength

three-dimensional structure.

6.2. Trade-Off Between Velocity and
Focal Depth

[36] Most of the earthquakes on the ridge axis were

located in the depth range 2–3 km with few events

at depths shallower than 1.5 km [Wilcock et al.,

2002]. With no P wave velocity constraints from

the shot travel times below 1.5–2 km depth and no

independent constraints at all on the S wave

velocity structure, hypocentral parameters (espe-

cially depth and origin time) may trade off against

seismic velocities and station corrections. To better

understand the trade-offs between focal depth and

velocity structure in the axial region, we increased
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and decreased the earthquake starting depths and

inverted for the model parameters that best fit the

data under the constraint of zero average depth

perturbation. The average depth was perturbed in

0.25 km increments from 0 km to 1.5 km deeper

and from 0 to 0.5 km shallower. Solutions with a

larger perturbation to shallower depths are not

presented because they led to a significant number

of earthquake hypocenters above the seafloor. For

each perturbation, five inversions of the forward

and inverse problems were used to find the best-

fitting model. The damping and smoothing con-

straints on all parameters were kept low in order to

maximize the fit (Table 1). For all of the inversions

the hypocenters, after correction for the imposed

depth perturbation, typically moved no more than

100 m from the locations shown in Figure 3.

[37] The results are summarized in Figure 12. The

RMS residuals for the earthquake P and S waves

are minima for focal depth perturbations of 0 km

and 0.25 km respectively (Figure 12d) and increase

by 10–20% for depth perturbations of ±0.5 km. As

the earthquakes are forced deeper, there is a ten-

dency for both P and S wave velocities to decrease.

For P waves (Figure 12a), the strong constraints

from the shot data inhibit changes above �1.5 km

depth and the velocities are essentially unchanged

Figure 12. Results of joint inversions for one-dimensional velocity structures and hypocenters with the average
hypocentral depths progressively forced. (a) P wave velocity profiles. (b) S wave velocity profiles. (c) VP/VS profiles.
(d) RMS of the misfit, for the shot, earthquake and all arrivals versus forced depth perturbation. In each case the RMS
is normalized with respect to the minimum. Depths were forced in 0.25 km steps to 1.5 km deeper (positive
perturbation) and 0.5 km shallower (negative depth perturbation) than the best fitting solution.
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in the upper 1 km. For an 0.5 km increase in

average focal depths, the P wave velocity

decreases below 1.5 km depth by up to �0.2 km/s.

The S wave velocity also decreases at all depths

(Figure 12b) andVP/VS increases slightly above 2 km

depth and decreases at greater depths (Figure 12c).

The P wave station corrections are insensitive to the

focal depth but the S wave station corrections

become increasingly negative as the focal depth

is increased. It may seem counterintuitive that

velocities tend to decrease when the earthquakes

are forced deeper but it can be shown that this

effect is an expected result of the trade-off between

velocities and origin time (Appendix A).

[38] The effects of forcing earthquakes 0.5 km

shallower are essentially the opposite of forcing

them 0.5 km deeper although the magnitude of the

change in P and S wave velocities is slightly larger.

The VP/VS ratio shows a pronounced minimum of

1.6 at 0.5-1 km depth and increases downward to

values exceeding 1.8 below 2 km depth.

7. Discussion

[39] In this paper, we have presented a series of

inversions of explosive shot and earthquake data

from the Endeavour segment of the Juan de Fuca

Ridge. The experiment geometry and depth of

earthquakes is inadequate to image the mid- to

lower-crustal low velocity zone that presumably

underlies the ridge axis but the inversions do place

strong constraints on upper crustal structure and the

trade-off between velocity structure and the focal

depths of axial earthquakes.

7.1. Increasing Shallow Velocities Off Axis

[40] The three-dimensional inversion of the shot

data shows that the P wave velocities averaged over

the upper 1.5 km increase by �8% between crustal

ages of 0 and 0.5 Ma. Comparisons of one-dimen-

sional inversions of the shot and earthquake data for

regions centered on-axis and 0.3 Myr off-axis show

that the P wave velocity increases off-axis at all

depths down to 2 km. The average change in the

upper 1 km is nearly 10%. Interestingly, Cudrak

and Clowes [1993] report no increase in velocities

off axis from refraction experiment in the same

area. This may be because they analyzed their data

for lateral variations in both the velocity and thick-

ness of layers 2A, 2B and 2C, an approach that may

have obscured trends in the average velocity of

layer 2. The average trends in velocity may also

have been masked by heterogeneity along a limited

number of refraction lines. Our inversions have

lower resolution but average structure over a

broader region.

[41] Our inversions have poor vertical resolution in

the upper 1 km. An increase in upper crustal

velocities with age is observed globally and is

generally attributed to the sealing of porosity in

layer 2A by hydrothermal processes [Jacobson,

1992]. An early synthesis of seismic data [Houtz

and Ewing, 1976] suggested that velocities in layer

2A increased uniformly from 3.3 km/s near the

ridge axis to 5.2 km/s at 40 Myr. However, more

recent compilations show that velocities increase

much more quickly in young crust [Grevemeyer

and Weigel, 1996; Carlson, 1998]. If we attribute

all the change in velocity we observe to a 400-m-

thick layer 2A and assume a velocity of 2.6 km/s

on-axis [Cudrak and Clowes, 1993], our data

would require the velocity to increase by about

30% to 3.3 km/s by 0.5 Myr. This result is

reasonably consistent with data from the East

Pacific Rise which shows that layer 2A velocities

increase by 45–50% between the spreading axis

and 0.5–1 Myr [Grevemeyer and Weigel, 1997].

[42] Rohr [1994] used multichannel seismic reflec-

tion data to infer interval velocities for layer 2A on

the heavily sedimented east flank of the Endeavour.

The results show relatively constant velocities of

3.0–3.5 km/s up to 0.6 Myr followed by a steady

increase in velocity to over 5 km/s by 1.2 Myr.

Rohr [1994] correlates this change with increased

basement temperatures as the hydrothermal regime

changes from fully open to mostly closed under the

thickening sediments. This explanation cannot

account for our observations because we observe

an increase at younger ages and the west flank is

not heavily sedimented. While we cannot discount

the possibility that evolution of layer 2A velocities

up to 0.6 Myr is different on the two flanks, it

seems more likely that the discrepancy reflects

differences in the resolution of the two techniques.
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The on-axis velocity (�3.3 km/s) and average thick-

ness (650 m) inferred by Rohr [1994] for layer 2A

are markedly different from the values of 400 m

and 2.6 km/s obtained from refraction profiles in

the same area [Cudrak and Clowes, 1993].

[43] The joint inversions of the shot and micro-

earthquake data also show that S wave velocities

increase off-axis at all depths down to 2 km. Below

1 km, the inversions predict VP/VS = 1.8 � 1.9

(equivalent to a Poisson’s ratio s = 0.28 � 0.31),

values that are a little higher than most other

studies [e.g., Shaw, 1994] but probably reasonable

given the trade-offs between velocity and hypo-

central depth. At shallower depths the S wave

velocity increases less slowly with age than the P

wave velocity. Between 0.5 km and 1 km VP/VS

increases from 1.8 (s = 0.28) on axis to values as

high as 1.95 (s = 0.32) off axis. This change may

be an artifact of the limited resolution of our

inversions but it could also be a result of the

preferential sealing of thin cracks by hydrothermal

processes [Shaw, 1994].

7.2. Banding of Shallow Velocity Structure

[44] The three-dimensional isotropic inversions of

the shot data show ridge parallel bands of alternat-

ing high and low velocities that are best developed

in the upper 1 km. Away from the ridge axis the

shallow velocity is clearly correlated with topog-

raphy. Our analysis shows that anisotropy may

contribute to this signal but is unlikely to account

for more than one third of the heterogeneity.

Because our models have poor vertical resolution

we cannot distinguish between a periodic change in

the velocities of layer 2A and/or 2B or a change in

the thickness of layer 2A. However, the observa-

tion that the amplitude of the banding decreases

with age is consistent with the latter explanation

given our inference that layer 2A velocities in-

crease off-axis.

[45] Although the banding correlates strongly with

the seafloor depth, we used a tomographic method

that corrects for biases caused by bathymetry

variations. The maximum travel time delay due

to uncorrected bathymetry is �50 ms (for a vertical

ray traveling through 200 m of crust at 2.5 km/s

compared to 200 m of water), and this is compa-

rable to the �30 ms delay that is responsible for the

amplitude of the banding in Figure 6. The effect of

bathymetry is accounted for, however, by shearing

the velocity and perturbational grids to make them

conformal with the seafloor. We also ruled out

unevenly distributed or incorrectly calculated sea-

floor ray-entry points as possible sources of bias:

the relief was low enough that the calculated rays

entered the seafloor in troughs as well as on highs

and the ray-entry point solutions were unique and

robust.

[46] If we attribute all of the periodic signal to

changes in layer 2A thickness our data require

that layer 2A be 100–200 m thicker beneath

bathymetric highs. This result is consistent with

the interpretations of Kappel and Ryan [1986] who

attributed the ridges to periods of increased volca-

nic activity. However, it is important to note that a

200 m change in extrusive layer thickness is a

small perturbation to a system that generates 6 km

of crust; the periodic ridges may not be indicative

of large fluctuations in total magma supply.

[47] Near the ridge axis the correlation between

bathymetry and shallow velocity is less clear since

the bathymetric high to the west of the axial valley is

underlain by high velocities. Here our results are

difficult to interpret in terms of the model of Kappel

and Ryan [1986]. A thinner layer of extrusives on

the west side of the ridge axis might result from the

displacement of the axial magma chamber to the east

of the ridge axis [Detrick et al., 2002].

[48] The lateral velocity heterogeneity in the shal-

lowmost 1 km at the Endeavour segment can be

compared with the results of similar tomographic

experiments at the slow-spreading Mid-Atlantic

Ridge (MAR) [Barclay et al., 1998; Magde et al.,

2000] and at the fast spreading East Pacific Rise

(EPR) [Toomey et al., 1994]. At all three sites, the

shots and receivers were distributed over a similar

area (�300 km2), were located away from ridge-axis

offsets, recorded a large number of sea-surface

sources on a smaller number of ocean-bottom seis-

mometers, and used the same tomographic method.

[49] The comparison between the three sites is

limited by the vertical and horizontal resolution
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of the Endeavour experiment, which had the lowest

density of sources of the three experiments. For

example, we cannot state whether an EPR-like high

velocity band is present directly beneath the En-

deavour axial valley. We have interpreted the

banding at Endeavour as variations in the thickness

of layer 2A which is �400 m thick [Cudrak and

Clowes, 1993] but which is smeared to 1 km depth

in the tomographic model. Even with these con-

straints, however, comparison can be made of the

major features at the three sites.

[50] The Endeavour structure shares different char-

acteristics of the EPR and MAR structures. The

main features at the EPR and Endeavour (the high

sub-axis velocities and the banding, respectively)

are essentially invariant in the along-axis direction

and reflect crustal accretion and deformation pro-

cesses that are mainly two-dimensional. At the

same time, the correlation between bathymetric

highs and lower velocities is strong at both the

Endeavour and MAR, suggesting that the processes

responsible for the creation of the bathymetric highs

in each case result in a thicker extrusive layer.

The periodicity implied by the Endeavour structure

may be considered to lie between the steady state

EPR plate-spreading model [Hooft et al., 1996]

and the MAR where the structure is likely the result

of a complex accretion history.

[51] Although there are significant differences be-

tween the velocity structures at the three sites, they

are not necessarily representative of spreading rate.

The slowly-varying morphology along fast spread-

ing ridges suggests that the 9�N EPR site may be

representative, but the split volcanic ridges that

characterize the Endeavour site are not a constant

feature of other intermediate-spreading segments

which have a range of morphologies resembling

both fast- and slow-spreading centers. At slow-

spreading ridges, the large variations in along-axis

morphology imply that a large number of tomog-

raphy experiments would be necessary to establish

a representative structure.

7.3. Anisotropy

[52] The shot data set is not adequate to support an

inversion for anisotropy that discriminates between

anisotropy and heterogeneity. Nevertheless it is

clear from an analysis of the residuals of isotropic

inversions that our data set includes an anisotropic

signal. A cos(2q) fit to the residuals at different

turning depths suggests that the anisotropy is

concentrated in the uppermost crust. The anisotropy

of 9% inferred at 500–1000 m depth is rather

high. The average value determined by this method

for all the data is �3% and agrees reasonably well

with the value of 4–5% inferred from minimizing

the residual of isotropic inversions. It is also

reasonably consistent with studies at other ridges

[Sohn et al., 1997; Barclay et al., 1998; Dunn and

Toomey, 2001]. This apparent invariance of anisot-

ropy with spreading rate is an interesting result

since one could speculate the increasing importance

of tectonic extension relative to volcanic extension

at slower spreading rates might lead to increased

fracture related anisotropy.

7.4. Depth of Axial Earthquakes

[53] The geometry of our experiment and the

distribution of earthquakes near the ridge axis

cannot resolve three-dimensional structure beneath

the ridge axis. However, the joint inversions of

axial data do provide a means to assess the trade-

offs between one-dimensional velocity structure

and focal depths (Figure 12). It is not possible to

formally reject models on the basis of RMS. Since

the changes is travel time RMS are fairly small for

depth perturbations up to about ±0.5 km, all such

solutions might be considered an adequate fit to the

data.

[54] However, the velocity models obtained for a

small increase in focal depth are probably more

geologically plausible than those obtained for a

small decrease. It is more likely that the seismic

velocities in the axial region are anomalously low

than anomalously high. The tomographic experi-

ment of White and Clowes [1990, 1994] imaged a

low velocity zone at 0.5–2 km depth with velocity

anomalies of up to 0.3 km/s, a result that is not too

inconsistent with the inversion with average focal

depth perturbation 0.5 km deeper. In addition, the

inversion with the average focal depth perturbed

0.5 km shallower leads to a VP/VS that decreases

to 1.6 at 0.5 km depth. This is equivalent to a
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Poisson’s ratio, s = 0.18 which lies well below the

range of values reported for the oceanic crust [e.g.,

Shaw, 1994]. We infer that it is unlikely that the

axial earthquakes are substantially shallower than

reported by Wilcock et al. [2002] and that inter-

pretations of axial processes on the Endeavour

must account for the presence of microearthquakes

near the axial magma chamber.

8. Conclusions

[55] 1. Average P wave velocities in the upper

1.5 km increase by �8% between crustal ages of

0 and 0.5 Ma. This increase is most likely due to

the sealing of layer 2A porosity by hydrothermal

processes. VP/VS between 0.5 and 1 km depth

increases from 1.8 on axis to 1.95 off axis, possibly

as a result of the preferred sealing of thin cracks

below layer 2A.

[56] 2. The shallow P wave velocity structure is

also characterized by axis-parallel alternating

bands of high and low velocity with a peak-to-

peak velocity variation of 5–12%. There is an

inverse correlation away from the axial region

between velocity variation and bathymetry, with

low velocities associated with axis-parallel seafloor

ridges. The velocity variations can be explained by

a 100–200-m increase in layer 2A thickness be-

neath the split volcanic ridges.

[57] 3. There is a significant cos(2q) azimuthal

velocity variation in the P wave travel time resid-

uals with respect to the best-fitting isotropic model.

The residuals are best fit by a model with 9%

anisotropy at 750 m depth decreasing to <1% at

3 km depth. The RMS travel time residual for

inversions with constant anisotropy has a minimum

at 4–5% anisotropy. The anisotropy is likely due to

vertical cracks and fissures that are preferentially

aligned in the along-axis direction. Although an-

isotropy may also contribute to the axis-parallel

banding in the isotropic tomographic image, its

effect is relatively small, with the best-fitting

anisotropy model being responsible for about one

third of the banding amplitude.

[58] 4. Trade-offs exist between the hypocentral

depths of microearthquakes and the P and S wave

velocity structures. Changing the mean hypocentral

depth by up to 0.5 km leads to only modest

increases in the travel time RMS but the resulting

velocity models appear more feasible when the

earthquakes are forced deeper. The axial earth-

quakes are unlikely to be substantially shallower

than reported by Wilcock et al. [2002].

Appendix A: Trade-Offs Between Focal
Depth and Velocities in Joint Inversions

[59] The effect of changing earthquake depths on

the velocities obtained through joint inversions for

velocity and hypocentral parameters can be under-

stood by considering the simple two-dimensional

configuration shown in Figure A1. Three stations

are evenly spaced on a horizontal surface that

overlies a medium of uniform seismic velocities.

An earthquake occurs at time T0 and depth Z

beneath the central station and P wave arrival times

are recorded at all stations and an S wave arrival

time is recorded at the central station. The P wave

arrival times on the exterior stations are identical

and constrain the earthquake to lie beneath the

central station. The travel times can be written in

terms of P and S wave slownesses , UP and US as

TP1 � T0 ¼ ZUP; ðA1Þ

TS1 � T0 ¼ ZUS ; ðA2Þ

and

TP2 � T0 ¼
Z

cos q
UP; ðA3Þ

where q is the incidence angle for a ray traveling to

an exterior station. If the depth of the hypocenter is

now forced to change by DZ and the origin time

and slownesses are allowed to adjust, the travel

time equations become

TP1 � T0 � DT0 ¼ Z þ DZð Þ UP þ DUPð Þ; ðA4Þ

TS1 � T0 � DT0 ¼ Z þ DZð Þ US þ DUSð Þ; ðA5Þ

and

TP2 � T0 � DT0 ¼
Z

cos q
þ DZ cos q


 �
UP þ DUPð Þ; ðA6Þ
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whereDT0 is the change in origin time, andDUP and

DUS are the changes in P and S wave slowness

respectively and we assume DZ 
 Z in

equation (A6). Using equations (A1)–(A3) to

substitute for TP1, TP2, TS1 and T0 in equations

(A4)–(A6) and solving forDT0,DUP andDUS gives

DT0 ¼
�Z DZ UP 1þ cos qð Þ

Z � DZ cos q
� �DZ UP 1þ cos qð Þ; ðA7Þ

DUP ¼ DZ UP cos q
Z � DZ cos q

� DZ

Z
UP cos q; ðA8Þ

and

DUS ¼ DZUP

1� fð ÞZ þ Z þ fDZð Þ cos qð Þ
Z þ DZð Þ Z � DZ cos qð Þ

� DZ

Z
UP 1� fþ cos qð Þ; ðA9Þ

where

f ¼ US

UP

¼ VP

VS

; ðA10Þ

and the right hand expressions assume DZ 
 Z.

[60] We can see that DUP is positive when DZ is

positive and hence the P wave velocity decreases

when the earthquake is moved deeper. The

corresponding change in origin time has two com-

ponents. It moves earlier by a time DZUP to

account for the increase in focal depth and by an

additional time DZUPcosq to account for the

change in P wave velocity. For this geometry, the

sign of DUS is dependent on the aperture of

the network. For a typical value of VP/VS = 1.8,

the S wave velocity will decrease when the focal

depth increases if q < acos(0.8) = 37�.The change

in VP/VS is given by

Df ¼ DUSUP � DUPUS

UP UP þ DUPð Þ ¼ � DZ

Z þ DZð Þ 1þ cos qð Þ f� 1ð Þ

� �DZ

Z
1þ cos qð Þ f� 1ð Þ; ðA11Þ

and is always negative for an increase in focal depth.

[61] We can see from the inversions shown in

Figure 12, that the changes in the P wave velocity

are consistent with predictions of equation (A8)

except at depths less than �1 km where VP

velocities remain unchanged because they are

strongly constrained by the explosive shot data.

The S wave velocity and VP/VS models of Figure 12

are not consistent with equations (A9) and (A11).

However, this is because the inversions of

Figure 12 result in S wave station corrections that

become increasingly negative as the average focal

Figure A1. Cartoon showing the geometry of the initial (solid) and perturbed (dashed) ray paths used to calculate
the effect on seismic velocities of changing the focal depth. The initial and perturbed earthquake hypocenters are
shown by circles and the seismic stations by squares. The mathematical notation is defined in the text.

Geochemistry
Geophysics
Geosystems G3G3

barclay and wilcock: seismic velocity structure 10.1029/2003GC000604

21 of 23



depths are increased. If the station corrections are

held fixed in the inversions, the changes in S wave

velocity are more muted than shown in Figure 12b

and VP/VS decreases at all depths.
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