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ABSTRACT

An Oblique Seismic Experiment (OSE) was carried out down DSDP Hole 504B, located south of the Costa Rica

Rift (crustal age: 5.9 m.y.).

A velocity-depth function with upper crustal velocities greater than 4 km/s was determined using linear traveltime
inversion, forward modelling, and amplitude analysis. Considerable lateral variability in shallow, upper crustal seismic
velocity and thus rock porosity is suggested by the misfit between forward models of the sonic logging results obtained

on Leg 83 and the data obtained from this OSE.

Traveltime analysis of this data set reveals the presence of horizontal anisotropy of magnitude 4-4.8 km/s, with the
higher velocity in the east-west direction, parallel to the ridge axis, and the lower velocity north-south, perpendicular to
the ridge axis. Large-scale fractures with preferred orientation probably cause the seismic anisotropy.

INTRODUCTION

The borehole seismic experiment conducted in DSDP
Hole 504B south of the Costa Rica Rift sought informa-
tion on the velocity-depth structure, seismic anisotropy,
and heterogeneity of Layer 2 in young oceanic crust. The
information obtained in this Oblique Seismic Experi-
ment (OSE) is on a scale of hundreds of meters and,
when compared with the extensive, smaller-scale down-
hole logging measurements made at Hole 504B, provides
a rare synoptic view of physical rock properties and large-
scale seismic structure.

The Oblique Seismic Experiment entails placing a
three-axis seismometer at various depths down a bore-
hole, generating a series of explosions on the sea surface
and recording arrival times and amplitudes for each shot
(Fig. 1). The data can then be used to determine the de-
tailed velocity—-depth structure, the presence and orien-
tation of seismic anisotropy, and lateral heterogeneity.
The OSE results, coupled with the recovered rock sec-
tion and various downhole measurements (e.g., porosi-
ty, sonic velocity, crack density, and resistivity), can help
resolve such questions as: (1) How is large-scale seismic
velocity related to in situ borehole mineralogy and crack
structure? (2) If there is anisotropy, what is its type and
significance? (3) Is it due to crack orientation and re-
lated to crustal formation processes?

The success of three previous Oblique Seismic Exper-
iments (Fig. 2): south of the Bermuda Rise on Leg 52
(Stephen, 1978, 1979; Stephen et al. 1979, 1980), in the
Tamayo Fracture Zone area on Leg 65 (Stephen et. al.,
1983) and near the Costa Rica Rift in Hole 504B on Leg
70 (Stephen, 1983; Stephen and Harding, 1983), has pro-
ven the value of such experiments. In the Bermuda Rise
experiment, good-quality three-component amplitude and
traveltime data helped produce velocity-depth functions
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Figure 1. A schematic diagram of a borehole seismic experiment. The
drill ship maintains its position over the borehole and monitors the
downhole geophone while a shooting ship sails concentric circles
and radial lines. A generalized oceanic crustal structure and veloci-
ty-depth function are shown.

for both compressional (P) and shear (S) waves. Polar-
ization analysis of the data revealed the shear-wave split-
ting indicative of seismic anisotropy (Stephen, 1981).

The Tamayo Fracture Zone OSE, near the Gulf of
California, yielded only vertical component data, but syn-
thetic seismogram analysis (Stephen, 1977; Stephen et
al., 1983) helped produce a well-constrained velocity-
depth function.

The previous Hole 504B OSE, on DSDP Leg 70, ob-
tained only traveltime data because the seismometer failed
when it encountered the high temperatures in the bore-
hole (120°C). The traveltime data alone from two ocean-
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Figure 2. The locations of the three previous oblique seismic experi-
ments. California Oblique Seismic Experiment (COSE) in the Gulf
of California, Bermuda Oblique Seismic Experiment (BOSE) south
of Bermuda, and Galapagos Oblique Seismic Experiment (GOSE)
in Hole 504B near the Galapagos Islands.

bottom hydrophones and two borehole geophone posi-
tions made it possible to determine a P-wave velocity-
depth function, but the lack of amplitude data precluded
further constraining the velocity-depth function with
forward, synthetic seismogram modelling.

This experiment, on Leg 92 (Fig. 3), obtained over
900 good-quality, three-component seismograms. As ex-
plained later, the Dorman and Jacobson (1981) inver-
sion scheme, modified by Stephen and Harding (1983)
for use with oblique seismic experiments, produced a ve-
locity-depth structure to a depth of 1.4 km below the
sediment/basement interface.

Houtz and Ewing (1976) defined seismic Layer 2A as
the low-velocity igneous layer in upper oceanic lithosphere
with P-wave velocity of about 3-4 km/s. This is the first
layer encountered below the sediment/basement interface.
They found, using conventional seismic refraction stud-
ies, that in the east Pacific the low-velocity seismic Lay-
er 2A thins with increasing age, from 700 m at the ridge
(zero age) to 100 m in 30 m.y. old crust. For Site 504 on
5.9 m.y. old Pacific ocean crust, they would predict
740 £ 230 m of Layer 2A. However, the lowest (and shal-
lowest) velocity detected on this experiment was 4.3 km/s.
The velocities found on the Leg 92 OSE agree with a pre-
vious sonobuoy seismic refraction experiment (Langseth
et al., 1983) carried out near Site 504 and with the OSE
conducted on Leg 70, both of which found unusually
high, shallow velocities in this area.

The sonic logging experiment run on Leg 83 (New-
mark et al., Salisbury et al., both this volume) did de-
tect low velocities in the upper portion of the hole, start-
ing at 2 km/s and increasing to 4.3 km/s at about 200 m
into basement. The logging results will be compared to
the Leg 92 OSE results later in this chapter.

Traveltime analysis of P-wave arrivals revealed seis-
mic anisotropy in upper Layer 2 near Hole 504B, with a
velocity of 4.8 km/s in the east-west direction parallel
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Figure 3. Location of this experiment, Leg 92, in Hole 504B, 200 km
south of the Costa Rica Rift: 1°14 N, 83°44 W.

to the Costa Rica Rift axis, and a velocity of 4 km/s in
the north-south direction. Preferred crack orientation on
a scale of meters may cause this anisotropy (Stephen,
1981). The linear block faulting observed at the Mid-At-
lantic Ridge (Ballard et al., 1975; Ballard and van An-
del, 1977; Macdonald and Luyendyk, 1977; Luyendyk
and Macdonald, 1977) produces cracks with a preferred
orientation parallel to the spreading axis. Macdonald and
Luyendyk substantiated this at one site by finding only
a 6° standard deviation in the orientation of 219 faults
and fissures. If similar block faulting helped form the
504B area, with fissures and fractures paralleling the
Costa Rica Rift spreading axis, then it appears that the
compressional wave velocity is a maximum parallel to
these cracks and a minimum perpendicular to them.
These traveltime anisotropy results will be checked in
a later paper by examining the polarization of shear
waves—another indicator of anisotropy.

BACKGROUND

Hole 504B is located 200 km south of the Costa Rica
Rift on 5.9 m.y. old crust in an area with a high sedi-
mentation rate. The 274.5 m of sediment at the drill site
effectively seal the upper crust from penetration by am-
bient seawater (Anderson and Zoback, 1982; Zoback and
Anderson, 1983; Langseth et al., 1983). Heat flow stud-
ies in the area indicate that near Hole 504B a region of



conductive cooling prevails (Hobart et al., this volume),
because the observed heat flow values match the theo-
retically predicted values for a conductively cooling crust
(Lister, 1977; Parsons and Sclater, 1977).

Site 504 was drilled in conjunction with Site 505, lo-
cated closer to the Rift on much younger, less sediment-
ed, 3.9 m.y. old crust. Here, numerous basalt outcrops
occur (17% of the seafloor) and heat-flow values fall be-
low those theoretically predicted by simple conductive
cooling. This means that Site 505 lacks an impenetrable
sediment cap, and hydrothermal circulation freely mixes
with ambient seawater (Langseth et al., 1983; Hobart et
al., this volume) to advectively cool the upper oceanic
crust. The initial purpose of drilling at these two sites
was to study the differences between capped and uncap-
ped upper oceanic lithosphere. Unfortunately, it is not
possible to reenter Hole 505 to conduct an OSE for com-
parison with Hole 504B.

Hydrothermal circulation may also occur in the re-
gion of Hole 504B, but beneath the impermeable sedi-
ment layer. After the initial penetration of the sediment
cap, temperature measurements on Leg 69 (December
1979) revealed a downhole flow of water at a rate of 90
m/hr. (Becker et al. 1983); by Leg 83 in November 1981
it had slowed to 25 m/hr. and by April 1983 to 2-3 m/
hr. (Becker et al., this volume). Anderson and Zoback
(1982) interpreted this downflow of water to be an indi-
cation of underpressure caused by the downgoing limb
of a convection cell. A high-porosity zone covering a
depth from 0-100 m below the sediment/basement in-
terface was determined from temperature, packer (pres-
sure), and porosity measurements (Becker et al., 1982;
Anderson and Zoback, 1982; Becker, this volume). This
zone within the hole is also marked by depressed water
temperatures, which indicate that all or nearly all of the
downflow of water is exiting through the wall between 0
and 100 m. The zone extends out to a radial distance of
at least 1 km, judging by water-volume flow estimates
(Becker et al., 1983).

The distribution of the size, shape, and orientation of
the cracks causing the porosity affects (or may even con-
trol) the circulation of water in upper oceanic crust. Since
the size, shape, and orientation of cracks also signifi-
cantly affects seismic velocity, seismic analysis can help
determine the porosity distribution and hence hydrother-
mal circulation routes. Further, correlations between the
large-scale crack and porosity structure seen with seis-
mic methods and smaller-scale logging experiments may
help generalize the results of borehole tests like porosity,
resistivity, and televiewer (cracks) to scales of kilometers
instead of meters.

EXPERIMENTAL PROCEDURE

On Leg 92, the Glomar Challenger reentered Hole 504B, lowered
the three-component borehole geophone into basement, and clamped
the receiver at four locations spaced approximately 200 m apart: 3780,
4010, 4190, 4405 m below sea level (BSL), or equivalently 42, 272, 452,
and 667 m into basement. The high temperatures (up to 160°C) in
Hole 504B, which caused the failure of the borehole seismometer on
Leg 70, necessitated the use of a new seismometer designed and tested
for temperatures up to 200°C. The pressure case, clamping mecha-
nism, and geophones were purchased from GeoSpace Corporation.
Woods Hole Oceanographic Institution (WHOI) added a three-com-

BOREHOLE SEISMIC EXPERIMENT

ponent variable-gain preamplifier, and the complete system worked well
throughout the experiment. While the Challenger maintained position
over the hole, the shooting ship, the Ellen B. Scripps, steered a series
of radial lines and concentric circles centered on the hole, firing 7 kg
shots (bubble pulse 0.10-0.15 s) every 500 m out to a distance of 8 km.
This sequence was repeated at each geophone position, with varying
degrees of success. The repeated failure of a high-temperature adapter
which connects the Gearhart-Owens logging cable to the Schlumberg-
er tool head on the borehole seismometer prevented the successful col-
lection of all 1600 planned shot records. Despite the repeated flooding
of this connector, the Challenger recorded three-component true-am-
plitude data on magnetic tape and ultraviolet (UV) paper while the
shooting ship completed a program of 994 shots.

The shot locations for each of the four geophone positions are
shown in Figure 4. With the geophone clamped at 3780 m BSL (20°C,
349 shots) and 4010 m BSL (100°C, 359 shots) complete shooting pro-
grams were obtained with four concentric circles (2, 4, 6, 8 km radius)
and eight radial lines to 8 km (N-S, E-W, NE-SW, NW-SE). At 4190
m BSL (120°C, 71 shots), a 6 km radius circle was completed, and at
4405 m BSL (140°C, 132 shots) a 6 km radius circle, N, S, E, and W
radial lines, and a SW quadrant line were shot. Because the connector
flooded, the geophone was not clamped in the dike sequence which
starts at about 4520 m BSL.

The depth under each shot was recorded on a Precision Depth Re-
corder. The shot range was measured with a Del Norte radar system
mounted on both ships to an accuracy of 10 m. The greatest source of
error in the traveltimes is the flight-time corrections used to account
for the fact that the explosions occur at some distance behind and be-
low the ship. A towed hydrophone behind the shooting ship records
the shot instant and then corrections are applied using the ship’s speed
and the sink rate of the shot to determine the actual time of the shot
instant. These corrections are on the scale of 0.106 +0.005s (Stephen
et al., 1979).

The dominant seismic wavelength is determined by multiplying the
bubble-pulse period by the seismic velocity of the crust. The seismic
wavelength limits the resolution of the velocity-depth function. In this
experiment the wavelength is about 400 m. Synthetic seismogram analy-
sis (White and Stephen, 1980) indicates for upper oceanic crustal models
that changes in gradient thickness of one quarter of a wavelength or
less cause considerable changes in compressional and shear wave am-
plitudes. We are confident that, under the assumption of lateral homo-
geneity, the resolution of our experiment is about 100 m.

DATA REDUCTION

This section discusses two methods for determining
the velocity-depth structure: (1) inflection point analy-
sis for finding the velocity at each receiver (Stephen and
Harding, 1983), and (2) a linear inversion method for ob-
taining the velocity-depth function using data from all
receiver depths simultaneously (Dorman and Jacobson,
1981; Stephen and Harding, 1983). These procedures need
data nearly equally spaced (in range) so that they use
only the radial lines for determining the velocity-depth
function.

Inflection Point Analysis

The traveltime/distance curve can help independently
determine the seismic velocity at the receiver. A sample
record section with the P-, S-, and direct water-wave ar-
rivals is shown in Figure 5, along with the ray paths for
these waves from a 6 km shot. All of the following state-
ments apply to S waves as well as P waves but only an
analysis of P waves has been done in this paper. In an
OSE, each shot has a P-wave traveltime (7'), a distance
(X), and a ray path characterized by a single ray param-
eter (P, units of time/distance). The ray parameter is con-
stant for each ray and is defined by:

P = sin (§)/V; (Snell’s law),
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Figure 4. The shot positions recorded with the geophone clamped at varying distances into basement. A, B. 42 m (3780 m BSL): (A) Eight radial
lines, E-W, N-S, NE-SW, SE-NW, shot out to a distance of 8 km, and (B) four concentric circles of radii 2, 4, 6, and 8 km. C, D. 272 m (4010 m
BSL): (C) Four radial lines, E-W, N-S, NE-SW, SE-NW, shot out to a distance of 8 km, and (D) four concentric circles of radii 2, 4, 6, and
8 km. The gaps in the circles are shots which were recorded on UV paper but not on magnetic tape. E. 452 m (4190 m BSL): One 6 km-radius

circle. F, G. 667 m (4405 m BSL): (F) two radial lines, N-S and E-W, out to a distance of 8 km, (G) 6 km circle and a SW quadrant line.
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Figure 5. A. The three major arrivals on a record section for a shallow
receiver (42 m into basement, line 4 SW, vertical), the first, a P
wave, the second, an S wave, and lastly the direct water wave. B.
Ray paths for a shot fired at 6 km (shallow receiver, 42 m into base-
ment) give some indication of the layers sampled by each type of

~ ray.

where i is the angle of incidence of the ray onto layer i
(measured from the vertical) and V; is the P-wave veloci-
ty in that layer.

In a medium where velocity increases with depth, a
ray will turn upward in the layer in which velocity equals
the inverse of the ray parameter; this will be the deepest
point reached by this ray. In this turning layer, ¢,

i =14 = 90°sin(i) = 1,and so P = 1/V,.

Thus, the ray parameter equals the inverse of the ve-
locity in the layer in which the ray turns, V;. In addition
to this, the ray parameter of a source-to-receiver ray equals
the slope of that point on a 7-X curve. This property
helps determine the wave velocity in the layer containing
the OSE borehole receiver.

This method cannot be used on conventional seismic
records where the receiver is on the seafloor because both
the traveltime inflection points and the low-amplitude
direct water-wave arrivals found on OSE time-distance
(T-X) curves are not found on those of normal, sea-
floor receiver refraction experiments (for more on OSE
water-wave arrivals see Stephen and Bolmer, in press).
These differences arise because the OSE receiver is bur-
ied in the basement rather than resting on the seafloor.
For receivers on the seafloor, the 7-X inflection point
occurs at zero range (no horizontal distance between
source and receiver), because there is no rock above the
receiver. Compounding this if sediment is present, the
water-wave arrival masks the P-wave arrivals at close range
and the inflection point becomes impossible to discern.
In contrast, the OSE 7-X inflection point occurs at a fi-
nite range (2-3 km for this experiment) and the water-
wave arrival does not mask the P-wave arrivals. Thus, as
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in Figure 6, the inflection point is quite evident and it
corresponds to the ray which turns in the layer contain-
ing the receiver (i.e., the geophone depth). All previous
rays impinge on the receiver from the rock above and all
subsequent rays come up from below. The reciprocal of
the slope at this inflection point equals the velocity at
the receiver. Thus, we have a direct measurement of the
P-wave velocity at each geophone to give an independent
check on the results of the velocity—-depth inversion. In
Figure 6, the slope at the inflection point, Useceiver» €quals
the reciprocal of the velocity of ray C when it turns at
the receiver. Determining the slope at this inflection point
for each OSE geophone position thus yields the P-wave
velocity of the layer containing each receiver.

This procedure is used on each of the three receiver
depths to produce three points in velocity-depth space.

Velocity-Depth Inversion

The five steps which reduce the 7-X data to a veloci-
ty-depth function are: (1) fit the data with a smooth curve,
(2) reduce the data to the seafloor, (3) fit the data again,
(4) optimally parameterize the data, and (5) invert for
the velocity-depth function. These steps are outlined be-
low.

1. The data from each of the three receiver depths
are fit separately with a smooth curve to obtain the ray
parameters (slopes) of each shot in order to reduce the
data to the seafloor. The ray parameters for each shot
are needed to determine the angle incidence of the ray

e
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Ray 1

Receiver depth
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Figure 6. A typical OSE traveltime curve showing the inflection point
ULeceiver cOTresponding to the ray C. Before the inflection point all
rays impinge upon the receiver from above and after the inflection
point all rays impinge from below. This property can be used to de-
termine the seismic velocity at the receiver, which is just equal to
the reciprocal of the inflection-point slope.
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with the seafloor and, therefore, the distance traveled
by the ray through water and sediment. Once this dis-
tance is known, the effect of the water and sediment col-
umn can be removed from the total traveltime of that
ray.

A quadratic spline procedure does the curve-fitting.
This step in the inversion process does not follow the
curve-fitting method described in Stephen and Harding
(1983). For the procedure used here, a quadratic spline
(Shure and Chave, in press) fits a smooth curve to unre-
duced, P-wave, traveltime data. The spline procedure fits
second-degree polynomials to the 7-X curve. Initially,
the procedure calls for the input of an inflection point,
which automatically becomes a knot (node) for polyno-
mial fitting. Secondly, the procedure requests the num-
ber of knots; these are used to divide the 7-X curve into
approximately equally spaced sections on either side of
the inflection point knot. Finally, parabolas are fitted in
between these knots, minimizing the least-squares error.
To keep with the assumed earth model of ever-increasing

velocity with depth, the polynomials are constrained to
have increasing slope on the left (short-range) side of the
inflection point and decreasing slope on the right side
(long-range). In addition, the slope at the origin must be
zero since a ray incident from directly above the receiver
(zero range) where i = 0 has a ray parameter of sin (i) =
0 and consequently a slope of zero. For each of three ge-
ophone positions, only the P-wave first arrivals of the
radial lines are used. For geophone at 4190 m BSL only
a circle (6 km) was obtained, so data from that depth
were not used in this inversion scheme.

2. The slopes obtained in step 1 are used to reduce
the data from the sea surface to the sediment/basement
interface and corrections for topography are made. The
smooth bottom bathymetry, with variations rarely greater
than 50 m, is assumed to follow basement topography
(Fig. 7). Therefore, when reducing traveltimes to the sedi-
ment/basement interface, we correct for depth using the
Precision Depth Recorder output and assuming a con-
stant sediment thickness (275 m, P-wave velocity 1.6

1°13.6'N

—3500— - - _

83°43.8'W

Figure 7. The bathymetry near Site 504 in 50 m contours shows smooth relief, enabling simplified reduction of the shots to

the seafloor. The inner box (dashed line) is 18 km to a side.
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km/s). The constancy of sediment thickness in the two
reflection profiles across Site 504 supports this simplify-
ing assumption (Fig. 8).

3. We refit the reduced data (for each of the three re-
ceiver positions) with a smooth curve to obtain the least-
squares error estimate and the curvature, which are need-
ed for the subsequent parameterization. Again a qua-
dratic spline is used in the curve-fitting. Since the num-
ber of knots and the location of the inflection point can
vary the unreduced data are fitted, and the number of
knots can vary when the reduced data are fitted, some
criteria are needed to pick the optimum quadratic spline
solutions. Often this is done by eye: the best-looking fit
is picked from a series of plots. Dorman and Jacobson
(1981) fitted the data with a fourth-order polynomial,
then iterated through reducing it to the seafloor, fitting
the reduced data, and using those new slopes to re-re-
duce the original data.

In this case, the procedure chooses knots and inflec-
tion-point locations to minimize both the least-squares
error in the spline fit and the difference between the slope
of the inflection point before and after reduction to the
seafloor. Reducing the data from the sea surface to the
seafloor should not change the value of the slope at the
inflection point, since this value corresponds to the P-
wave velocity at the receiver.

For the Leg 92 OSE this spline-fitting procedure re-
sulted in knot number, inflection-point values, and ve-
locities for the three geophone positions as given in Ta-
ble 1.
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Figure 8. A. The interpretation of a N-S reflection profile across Hole
504B. The sediment follows basement. In addition the zone within
1 km of the hole has a constant slope downward to the south. B.
The interpretation of an E-W reflection profile across Hole 504B.
The sediment follows basement fairly closely. In addition, the zone
within 1 km of the hole is approximately horizontal.
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Table 1. Quadratic spline fitting results.

Unreduced to seafloor Reduced to seafloor

Depth
into Inflection Inflection
basement point Velocity point Velocity
(m) Knots (m) (km/s) Knots (km) (km/s)
42 9 2.45 4.3 5 0.00 43
272 9 2.70 4.8 15 1.57 4.8
667 9 2.85 5.1 13 1.70 5.0

The spline-fitting procedures uses these values to find
the slope and curvature of each point on the fitted curve
and the least-squares error for the entire curve (for each
of the three geophone positions).

4. The next step, described in Dorman and Jacobson
(1979), uses the least-squares error estimates, slope, and
curvature to fit optimum straight lines to the 7-X data.
These straight lines are used to obtain meaningful ray
parameter estimates. The data are then parameterized by
tau and zeta, which are defined by:

T - PX,
T + PX,

T

¢

where T and X refer to the midpoint of the straight-line
segment and P is the slope of the tangent at that point.

In this data set, the optimization procedure finds be-
tween one and five straight lines per 7-X curve, depend-
ing on the geophone position. The parameterized lines
from all three geophone data sets and their error bounds
are then passed on to the inversion procedure.

5. The Herglotz-Wiechert formulas [relating Z(V) to
X(P) and T(P)] provide the physical equations for the
inversion. The change of variable yields a formula for
the velocity gradient as a function of depth. It is this ve-
locity gradient that the inversion procedure seeks to lo-
cate in Z, and a subsequent integration produces the ve-
locity-depth function. The inversion takes all the para-
meterized lines from the optimization procedure, and
assigns depths and error bounds to the constant-gradi-
ent layers between prescribed velocities. After integra-
tion, these become a mean velocity-depth function with
95% confidence limits (see Fig. 9). The uppermost ve-
locity has been chosen to be the velocity of the receiver
at 42 m into basement (4.3 km/s) since the inversion
procedure does not give a velocity for Z = 0.

To check the velocity-depth function we forward-model
it using ray calculations (Fig. 10). In this figure, the solid
lines represent the forward velocity-depth model with
its 95% confidence limits for each of the three geophone
positions involved in the inversion scheme. The upper
line in each corresponds to the deeper bound on the ve-
locity-depth curve and the lowest line in each corresponds
to the shallower bound. The points represent the real P-
wave first arrivals. The numerical values of the velocity-
depth function are given in Table 2. We further check the
velocity-depth function by fitting the real amplitude re-
cords with the synthetic seismograms generated using
the reflectivity method (Fuchs and Miiller, 1971). Figure
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Figure 9. The velocity-depth function obtained in this experiment compared to the lithostratigraphy and
appearance of alteration minerals. There is no strong correlation between the velocity-depth function
and the geologic transitions in the hole. Also note that the lowest velocity appearing is 4.3 km/s, signifi-
cantly higher than normal Layer 2A velocities. The open circles denote the independently determined
receiver velocities. The bounds are the 95% confidence limits to the mean velocity-depth function in the
middle. The dotted line depicts the velocity-depth function used for the forward modelling of the

bounds.

11, shows the comparison of real P- and S-wave ampli-
tudes with synthetic seismograms generated from the mean
velocity-depth function, shown in Figure 9, for the three
receivers: 42 m, 272 m, and 667 m into basement. Shot-
size variations can cause up to 12 dB of variation in am-
plitude between individual traces. Good fits are obtained
in the general trends.

Anisotropy Analysis

The traveltimes of concentric circles were used to help
detect azimuthal anisotropy. They have been range-cor-
rected for the deviations of the shooting ship’s paths from
true circles. They have not been corrected for topography.

DISCUSSION

Heterogeneity

The record sections show considerable variation in am-
plitude for a given range depending on the bearing of
the shot. This suggests some lateral inhomogeneity which
can be verified with further synthetic modelling using the
finite-difference method (Stephen, 1983).

Velocity-Depth Function

Figure 9 illustrates the lithostratigraphy of the hole
compared to the velocity-depth structure from this OSE.
There are no sharp transitions in velocity which could
correspond to the transitions in either the rock type (pil-
low basalts to dikes) or the mineralogy. The large-scale
velocity-depth structure cannot predict local geology,
which has large variability within 8 km of the hole.

The velocity-depth structure has a low velocity of
4.3 km/s. This leads us to conclude, supported by the
sonobuoy experiment and by the previous Leg 70 OSE,
that there is a shallow, unusually high velocity layer in
the vicinity of Hole 504B. Perhaps the thickness of Lay-
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er 2A is more correlated to sediment thickness than to
crustal age. Sediment thickness affects temperature and
water circulation; thus, the thinning of Layer 2A may be
related to elevated temperature and a change in water cir-
culation patterns (Stephen and Harding, 1983; CRRUST,
1982).

Logging experiments from Leg 83 (Salisbury et al.,
this volume) detected a shallow, low-velocity layer and a
negative velocity gradient somewhat deeper (Fig. 12). The
velocity-depth function from these logging results has
been forward-modelled here, using synthetic seismograms,
to determine whether the amplitudes of the P- and
S-wave arrivals match the OSE results. The synthetic
seismograms for a receiver at 32 m into basement are
compared in Figure 13. The upper portion shows the
seismograms obtained when using the logging results.
Note especially the low amplitudes on the S waves. The
lower portion displays the synthetic seismograms result-
ing from the OSE velocity-depth function (which were
also plotted in Fig. 11). These seismograms have signifi-
cantly higher S-wave amplitudes, by an order of mag-
nitude, than those from logging results. The velocity-
depth function obtained on the logging experiment does
not produce seismograms which match the data recov-
ered on the OSE. The logging results give a detailed, lo-
calized velocity-depth function which cannot be gener-
alized to scales of kilometers. In contrast, the OSE pro-
duces a large-scale velocity-depth function which does
not give detailed information about the environment im-
mediately around the borehole (scale of meters).

Anisotropy

The only circle with significant azimuthal variation
in traveltimes is the 2 km circle shot to the receiver lo-
cated 42 m into basement (see Fig. 14). There is an obvi-
ous two period variation indicative of anisotropy. This
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Figure 10. Comparison of the forward model of the velocity-depth
function and its bounds, using ray theory, with the actual data. A.
Receiver 42 m into basement. B. Receiver 272 m into basement. C.
Receiver 667 m into basement. The traveltimes have been reduced
it 4 km/s so that any horizontal line corresponds to a velocity of 4

m/s.

Table 2. Numerical values
of velocity-depth func-
tion, Leg 92 OSE.

P-wave
velocity Depth
(km/s) (km into basement)
4.30 0.000
4.83 0.264
5.11 0.476
5.67 0.766
5.92 0.876
6.16 1.017
6.43 1.231

is confirmed by Fourier decomposition of the data (Ta-
ble 3). Two reflection profiles from this area (Langseth
et al., unpublished data), one east-west and the other
north-south (Fig. 8), show a sloping basement in the
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zone sampled by the 2 km shots (see Fig. 15 for the ray
paths of the 2 km circle). This topographic variation
would cause a one-period traveltime dependence and is
not responsible for the observed two-period dependence.
The dominant, two-period variation corresponds to a high
east-west velocity of 4.8 km/s and a low north-south
velocity of 4 km/s. The traveltime analysis based on the
radial data from all azimuths gave an average velocity of
4.3 km/s and is consistent with the anisotropy results.
Note that the 2 km circle samples only approximately
the upper 50-100 m and at a range of less than one kilo-
meter from the hole (0.75 km of rock, nominally 4.3
km/s). Therefore, the anisotropy must be localized, per-
haps because the cracks are oriented to the axis of crust-
al spreading. Possible reasons for the absence of this an-
isotropy in the larger circles are:

1. The lower signal-to-noise ratio in the longer-range
shots makes picking the first arrivals more difficult and
increases the scatter in the traveltimes. This reduced sig-
nal may result from the facts that longer ranges have turn-
ing rays with more emergent wave forms, and longer ray
depths increase the chance of attenuation and scattering
and subsequent loss of wave energy.

2. The anisotropy could be confined to the upper hun-
dred or so meters of crust, where this anisotropy would
have less effect on the traveltime of the deeper rays from
larger ranges.

3. The anisotropy could be localized to 1-2 km lat-
eral blocks, where the longer ray paths of the larger cir-
cles average out this small-scale anisotropy.

CONCLUSIONS

The Leg 92 Oblique Seismic Experiment succeeded in
collecting an impressive amount of data, including re-
cords from a seismometer 667 m into basement, the deep-
est in oceanic crust.

The velocity-depth function obtained from these da-
ta shows an unusually high velocity in the upper crust,
compared to other crust of this age. This could be due
to the unusually high amount of sediment in this area
sealing the crust from ambient seawater, raising the tem-
perature of the crust, and accelerating crack infilling and
cementation. This change in circulation causes the up-
per crust to have velocities similar to those of much old-
er crust.

Changes in the slope of the velocity-depth function
do not match changes in lithostratigraphy or mineralogy
of Hole 504B. Therefore, the velocity-depth function
obtained with this OSE could not be used to predict the
downhole geology of Hole 504B.

The velocity-depth function obtained by well logging
in the upper 200 m is not consistent with the OSE obser-
vations. The deeper velocities, however, are consistent
between the OSE and logging results. In addition, the
sonic logging results agree with in situ electrical resistivi-
ty and bulk porosity measurements made in Hole 504B
(Becker et al., 1982, Newmark et al., Salisbury et al.,
Becker, all this volume). Thus, we conclude that the ve-
locity structure in the upper 200 m is highly variable within
the survey area. Borehole logging and geologic results
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Figure 11. The reflectivity method was used to forward-model the mean velocity-depth function to obtain synthetic seismograms with amplitude information, to be compared with the real ampli-
tude data. A. Receiver 32 m into basement. B. Receiver 272 m into basement, P and S wave only. C. Receiver 667 m into basement, P and S wave only.



0.0 e
95%
Confidence

-0.5
= Leg 92
§ 1.0 OSE
< P wave
=]
a
3
[a]

-1.5 ~

20

1 1 1 1 1
1 2 3 4 5 6 7

Velocity (km/s)

Figure 12. This figure compares the P-wave velocity-depth function
obtained on this experiment and the S-wave velocity-depth func-
tion by assuming a constant Poisson’s ratio of 0.25 to the velocity-
depth function obtained during the last OSE on DSDP Leg 70 in
Hole 504B, and the P- and S-wave velocity-depth functions ob-
tained by downhole logging on Leg 70. Note that the logging ex-
periment obtained lower, shallower velocities than did the OSE/s.

Acoustic log
5.0
Direct
3.0 3 L s
,—-—j:/‘
K E—
: —1
£
<
510 I | L | ! |
°
:
g OSE
=50
@
E
= Direct
3.0
1.0 I 1 1 1 1 1 |
3.0 5.0 7.0 9.0

Range (km)

Figure 13. The synthetic seismograms of the logging velocity-depth
function are compared to the synthetic seismograms of the Leg 92
OSE for a receiver at 42 m into basement. Note that the ampli-
tudes of the S and P waves are quite different. This indicates that
the logging results cannot be generalized to crust in the surround-
ing few kilometers.

should not be extrapolated to lateral ranges of more
than several hundred meters.

Anisotropy was detected from the traveltimes of the
2-km-radius circle shot to the receiver 42 m into base-
ment. The higher velocity of 4.8 km/s east-west paral-
lels the Costa Rica Rift axis, whereas the lower velocity

BOREHOLE SEISMIC EXPERIMENT

of 4 km/s north-south is perpendicular to it. This an-
isotropy could be due to cracks oriented east-west, par-
allel to the spreading axis and formed when the crust
around Site 504 was created at the ridge, 5.9 m.y. ago.
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seconds).
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Figure 15. The ray paths for the circles in Figure 14 (2, 4, 6, and 8
km). Note that the 2 km ray path samples the area near the drill
site, within a 1 km radius and 100 m depth. This indicates that the
anisotropy is localized and shallow.



