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8. STRUCTURE OF UPPER OCEANIC CRUST FROM AN OBLIQUE SEISMIC EXPERIMENT AT
HOLE 418A, WESTERN NORTH ATLANTIC!

Stephen A. Swift, Ralph A. Stephen, and Hartley Hoskins, Woods Hole Oceanographic Institution, Woods Hole,
Massachusetts?

ABSTRACT

During the return to Hole 418A (110 Ma, magnetic anomaly MO0) of ODP Leg 102, a three-component seismometer
was clamped at five depths within oceanic basement. At most seismometer depths shots were aligned on eight radial
lines and four concentric circles, ranging up to 8 km. Over 2200 P-wave arrival times were picked. Traveltimes from the
radial lines were inverted to give a velocity-depth profile by 7-{ inversion and an inflection point method. Compres-
sional velocity increases nearly linearly at a gradient of +£1.5 s~! from 4.5 km/s at top of basement to 6.8 km/s at a
depth of 1.5 km. Below ~0.2 km our velocities are 0.25-0.5 km/s less than sonic-log velocities, suggesting local lithol-
ogy or crack porosity drilled at Hole 418A may not be representative of the upper crust within ~5 km. At 0.5-1.3 km
depth our velocities are ~0.25 km/s less than 7-{ inversion velocities at nearby Hole 417D. Traveltimes from shots on
circular lines indicate that P-wave anisotropy (180° period) of +0.22 km/s (~ 5%) in the upper 0.5 km is restricted to
within ~ 0.6 km of the hole. The horizontal symmetry axis is oblique to the paleospreading direction and rotates coun-
terclockwise with increasing seismometer depth. Significant anisotropy with a 180° period does not extend beyond a
~0.6-km range within the upper 0.5 km of crust and does not occur at depths of 0.5-1.5 km over ranges of 4-6 km.

INTRODUCTION

An oblique seismic experiment (OSE) differs from conven-
tional marine seismic-refraction studies in that the receiver is
placed within upper oceanic crust, the layer being studied, rather
than at the seafloor or at the sea surface. In practice, this re-
ceiver is a three-component seismometer sequentially coupled at
several depths within a basement borehole. The primary advan-
tages are (1) no direct water-wave arrival to obscure arrivals from
shallow crust at short range, (2) better signal-to-noise ratio than
seafloor receivers owing to direct coupling to basement rocks,
(3) unique shallow crustal velocity measurements from observa-
tion of the decay of the “direct root” phase (Stephen and Bolmer,
1985) and from an analysis of the inflection point in the travel-
time-range plot (Stephen and Harding, 1983), and (4) reduced
uncertainty in receiver location. With several borehole receiver
depths and closely spaced air gun shots (e.g., 0.1-0.2 km), an
OSE can yield seismic velocity models to depths of ~2 km over
ranges of 0.5-10 km; resolution is limited only by the seismic
wavelength (0.1-0.5 km) and the bandwidth of the source (5-
50 Hz). This scale of resolution is intermediate between that of
conventional marine seismic surveys and borehole logging stud-
ies. The primary objective, then, of an OSE is to obtain a seis-
mic structure model of upper oceanic crust on a scale of hun-
dreds of meters to a few kilometers, which can be compared di-
rectly to samples and logs from a borehole.

Current models of the seismic structure of upper oceanic crust
(Layer 2) are in general agreement that P-wave velocity increases
from 2.5-5 km/s at the top of igneous crust to ~6 km/s at
depths of 2-3 km (gradients up to 3 s~'; Spudich and Orcutt,
1980a; Purdy and Ewing, 1986). Ophiolite studies and drilling
of oceanic crust indicate that this portion of the crust is com-
posed of a layer of extrusive pillow and massive basalts overly-
ing a layer of sheeted dikes (each 0.5-1.5 km thick) and a transi-
tion zone to deeper gabbros (Christensen and Salisbury, 1975;
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Spudich and Orcutt, 1980a, 1980b; Anderson et al., 1982).
Cracks, fissures, and cavities between pillows in the extrusive
layer increase porosity and reduce seismic velocity. A large por-
tion of the increase in seismic velocity with depth may be due to
a decrease in the number and size of voids.

Azimuthal anisotropy of +0.2-0.5 km/s in upper oceanic
crust has been demonstrated on the basis of P-wave arrival times
(White and Whitmarsh, 1984; Shearer and Orcutt, 1985; Little
and Stephen, 1985) and particle motions of S-waves (Stephen,
1981, 1985). Different periods of variation have been found
(90°—White and Whitmarsh, 1984; 180°—Shearer and Orcutt,
1985; Little and Stephen, 1985); however, the phase of variation
has always been linked to the paleospreading direction. Shearer
and Orcutt (1985) and Stephen (1985) argue that fluid-filled
cracks oriented perpendicular to the spreading direction, rather
than dry cracks or a layered velocity structure, produce the ob-
served 26 velocity variations. White and Whitmarsh (1984) ar-
gue that such a model should produce 46 variations in velocity.

To try to resolve seismic structure on these scales, an OSE
was conducted during ODP Leg 102 at Hole 418A (110 Ma,
magnetic anomaly MO0) in the western North Atlantic (Fig. 1).
Basement penetration at Hole 418A (544 m) was deeper than
any other hole in crust older than 7 Ma (Hole 395A). Substan-
tial information was already known about this site and nearby
(~7.5 km) Site 417 from drilling, logging, and an an OSE in
Hole 417D (Donnelly, Francheteau, et al., 1980). The drilled
section at Holes 418A and 417D is predominantly pillow basalt
with smectite infilling, breccias, and massive basaltic sills or
flows; minor dikes occur ~0.5 km below top of basement. Lab-
oratory-measured velocities range from 4.0 to 6.7 km/s (Chris-
tensen et al., 1980). Bulk-rock velocity varies + 1 km/s (or 20%)
over a centimeter scale. Sonic logs (sensor spacing of 0.6 m) at
Hole 417D obtained velocities systematically lower than lab mea-
surements on basalts due to integration of crack porosity and
low-velocity void infilling by smectite within the basalt (Salis-
bury et al., 1980b). P-wave velocities measured on lab samples
from upper portions of nearby Hole 417A are ~0.5 km/s slower
than those in the equivalent section ~0.45 km away at Hole
417D, which indicates a minimum horizontal velocity gradient
of ~1 s~'. The velocity difference is attributed to alteration at
Hole 417A by seawater circulating through an originally sedi-
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Figure 1. Location of Hole 418A from Donnelly, Francheteau, et al. (1980). Bathymetry in meters.

ment-free basement high (Donnelly et al., 1980; Salisbury et al.,
1980b).

Hole 417D OSE velocities obtained by amplitude analysis
(Stephen et al., 1980) and inversion of P-wave arrivals (Stephen
and Harding, 1983) agree well with an average velocity of
~4.8 km/s from logging (Salisbury et al., 1980a). The inversion
results suggest a downward decrease in velocity gradient from
2.3s ' above ~1 km to ~1.0 s~! between 1 and 1.5 km.

In this paper we report velocity-depth analysis of P-wave ar-
rival times from shots on radial lines by the 7-{ inversion method
(Dorman and Jacobson, 1981; Stephen and Harding, 1983) and
anisotropy analysis by Fourier decomposition of arrivals from
shots on circular lines. We describe in detail the reduction of
these data because this information is critical to evaluating our
results and assessing agreement with future studies of the data
set.

FIELD METHODS

For this study a triaxial seismometer was clamped at 430,
330, 230, 81, and 41 m below the sediment/basement contact
(Fig. 2). After amplification, the voltage signal from the seis-
mometer was sent via coaxial cable to the Masscomp computer
in the underway geophysics laboratory aboard the drillship
JOIDES Resolution. The signal was digitized at 500 Hz for 20 s
and recorded on magnetic tape. Digitization began 3 s after re-
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ceiving a field break signal via radio from the shooting ship.
Seismograms are presented in the appendix to the Site 418 re-
port (Shipboard Scientific Party, 1986).

The R/V Fred H. Moore made 3296 shots oriented along ra-
dial lines and circles about the drill hole. Figure 3 shows loca-
tions of all shots for which traveltimes were picked. Locations
of individual lines are shown in the Site 418 report (Shipboard
Scientific Party, 1986). Explosive charges (15-30 1b Tovex) were
shot at 3-min intervals while moving at ~ 6 kt, giving shot spac-
ings of ~0.5 km. The shooting pattern for explosives included
radial lines at ranges of 4-10 km and circles at 6- and 8-km
ranges. The Moore air gun array (1-2 2000-in.? guns operated at
2000 psi and a tow depth of ~9 m) was fired every 1 min at
speeds of 3-6 kt to give shot spacings of 0.1-0.2 km. Radial air
gun lines ranged from 0.5 to 2 km and, rarely, from 0.5 to 8 km
(lines 1-6 at seismometer depth 330 m, shots 1011-1282 and
1724-1852). Circles were shot with air guns at radii of 2 and
4 km.

Aboard the Moore shot times were detected by monitoring a
blast phone on the air gun array during air gun shooting and a
hydrophone trailed behind the ship during explosive shooting.
Shot detection triggered radio transmission of the coded field
break signal to the recording system aboard the drillship.

Range and azimuth from shot to borehole receiver were cal-
culated during initial post-cruise data reduction from the range
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Figure 2. Borehole stratigraphy at Sites 417 and 418 from Donnelly, Francheteau, et al. (1980). Scale at right is depth in meters below sea level.
Arrowheads and boldface numbers indicate depths (m) below the sediment/basement contact at which OSE seismometer was clamped during Leg

53 (Hole 417D) and Leg 102 (Hole 418A).

and bearing recorded during the experiment between ships and
from the position of the borehole (25°02.10'N, 68°03.44'W;
Donnelly, Francheteau, et al., 1980). Range and bearing be-
tween the shooting location and the drillship were measured for
each shot by calibrated Del Norte transponders placed on the
bow and stern of the Resolution and the bridge of the Moore.

These fixes, corrected for the shot location behind the Moore
and for the center of the drilling rig, were accurate to + 10 m.

Errors in range, however, occurred because the drillship was
not positioned directly over the hole and thus, not directly over
the receiver, and because the drillship moved with respect to the
hole during the experiment. Due to flexing of the pipe string,
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Figure 3. OSE shot locations. Crosses mark all shots at all seismometer
depths for which traveltimes were picked. Circled X’s indicate Holes
417D (edge) and 418A (center).

the horizontal distance between the drilling rig and the hole in
the seafloor may vary during normal operating conditions by up
to 5% of the water depth. Thus, pipe flexing at Hole 418A
could lead to errors of up to 0.25 km. Furthermore, problems
with software and the placement of dynamic-positioning trans-
ducers aboard Resolution caused the dynamic-positioning sys-
tem to move the drillship whenever the heading was changed to
adjust for changing wind and swell conditions. Unfortunately,
transit satellite fixes were not recorded on the drillship during
shooting, so the location of the drillship relative to the hole is
uncertain. That an offset actually occurred was verified during
initial reduction of data from the 430-m seismometer location.
Fourier functions fit to P-wave traveltimes (method described
subsequently) showed a consistent 16 variation of +0.03 s, with
later arrivals from N52°E. These data indicated that the drill-
ship was northeast of the hole. During OSE operations, the
drillship made infrequent, episodic bearing changes of several
tens of degrees (Fig. 4). However, sufficient information about
the geometry of the drillship’s transducers could not be obtained
to calculate resultant changes in drillship position.

In an attempt to correct this source of range error, the posi-
tion of the drillship was calculated using the satellite positions
of the Moore and the relation of the Moore to the drillship. The
location of the Moore was determined by transit satellite fixes
recorded when available throughout the experiment. The event
times of all 73 satellite fixes recorded on the Moore during shoot-
ing were compared with shot times. For 65 fixes the difference in
time between a fix and a shot was less than 0.5 min. For each of
these fixes, a shot position was found by linear interpolation for
the exact time the satellite fix was made. These positions were
relocated to the satellite receiver on the Moore. The satellite logs
were reexamined, and 21 of the satellite fixes were judged to be
of poor quality (large standard deviations in latitude and longi-
tude) due principally to adverse satellite elevations (<20° or
>70° above the horizon). Table 1 gives the remaining 44 pairs
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Figure 4. Heading of JOIDES Resolution as a function of OSE shot
number.

of locations of the Moore from satellite navigation and from
range and bearing to the static hole location. The difference be-
tween these positions is an estimate of the offset of the drillship
from the borehole. Figure 5 shows the calculated location of the
drillship with respect to the position of Hole 418A. Using Fig-
ure 4, we determined those shots when the drillship heading
and, presumably, the drillship-to-hole distance remained con-
stant. The average offset between drillship and hole during
these periods is given in Table 2 and plotted in Figure 5. Because
the standard deviations in these offsets overlapped, the data
were judged too imprecise to detect systematic movement of the
drillship during the course of the experiment. In order to re-
move at least a portion of the error due to offset of the drillship
from the hole, the average of all 44 offsets (0.210 km at
N40.3°E; Table 2) was used to recalculate the position of each
shot in the experiment.

In general, the signal-to-noise character of records from all
three geophones was excellent. The only persistent degradation
of signal occurred while the seismometer was locked at 330 m.
In the return from the vertical geophone, noise at 30-35 Hz ob-
scures fine waveform features but not the general character of
the signal. The noise began during air gun operations at shot
1563 in the 4-km circle and continued through the 2-km circle
and radial lines 5 (ESE), 6 (ENE), and 7 (WSW) to the end of
shooting at that seismometer depth (shot 1899). In addition, the
signal from one of the horizontal geophones (H2) is degraded
by episodic, high-amplitude events. These events occur through-
out air gun shooting at 330 m, but the frequency and amplitude
of events is markedly higher between shot 1724 and the end of
shooting at this depth (shot 1899). For these shots (radial lines
5, 6, and 7) the quality of H2 data is very poor.

DATA REDUCTION

The object of this study was an analysis of P-wave travel-
times using inversion and Fourier decomposition techniques al-
ready developed for OSEs (Stephen and Harding, 1983; Little
and Stephen; 1985). These techniques require that picks of P-
wave traveltime along radial and circular shot patterns be re-
duced to the top of oceanic basement by subtracting the travel-
time through water and sediment. Thus, the seismograms col-
lected in this study were processed in three steps: (1) traveltime
corrections, (2) picking arrival times, and (3) reduction to
basement.
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Table 1. Comparison of simultaneous fixes for Moore from transit satellite and
from range and bearing to Resolution (using hole location from Donnelly,

Francheteau, et al., 1980).

Satellite fix

Range and bearing

Closest Julian
shot Latitude  Longitude day Hr Min S Latitude Longitude
112 24.9659° 68.0170° 90 10 10 48  24°57.987' 68°1.042'
144 25.0652°  67.9985° 90 11 59 12 25°4.032' 67°59.814'
165 25.0981°  68.0964° 90 13 8§ 48 25°5.903' 68°5.782'
187 25.0009°  68.1278° 90 14 14 0 25°0.049' 68°7.464'
200 24.9638°  68.0727° 90 14 54 48 24°57.951' 68°4.334’
221 25.0076° 67.9844° 90 15 56 24 25°0.584' 67°59.103"
234 25.0830°  68.0321° 920 16 56 24 25°5.092' 68°1.814'
250 25.0512°  68.1147° 90 17 45 12 25°3.137' 68°6.921'
361 25.0205°  68.0636° 90 22 14 48 25°1.367' 68°3.764'
469 25.0466°  68.0878° 91 0 3 12 25°2.774' 68°5.258'
484 25.0373°  68.0655° 91 0 18 0 25°2.388' 68°3.850"
515 25.0221° 68.0217° 91 0 49 12 25°1.383' 68°1.212'
590 25.0268°  68.0758° 91 2 4 24 25°1.691' 68°4.514'
619 25.0106° 68.1288° 91 . 34 0 25°0.675' 68°7.636'
892 25.0210°  68.0708° 91 7 5 36 25°1.284' 68°4.178"
1114 25.0713°  68.0438° 91 11 36 48 25°4.357° 68°2.574'
1310 25.1033°  68.0318° 91 16 6 24 25°6.280' 68°1.910'
1346 24.9856°  68.1160° 91 17 54 0 24°59.232' 68°6.831’
1372 24.9924°  67.9933° 91 19 12 24 24°59.718'  67°59.489'
1419 25.0046° 68.1064° 91 21 52 0 25°0.252' 68°6.239’
1527 24.9992°  68.0527° 92 1 26 0 24°59.974'  68°3.084'
1679 25.0516°  68.0498° 92 3 57 36 25°3.155' 68°2.991'
1737 25.0282°  68.0380° 92 4 56 0 25°1.790' 68°2.129'
1784 25.0240°  67.9793° 92 5 43 12 25°1.458’ 67°58.724’
1844 25.0423°  68.0391° 92 6 43 12 25°2.640' 68°2.281'
1979 25.0532°  67.9811° 92 11 14 24 25°3.288' 67°58.804'
2040 24,9809°  68.0575° 92 14 22 0 24°58.942'  68°3.255’
2059 25.0539°  68.0020° 92 15 17 36 25°3.250' 68°0.008'
2093 25.0162°  68.1136° 92 17 0 0 25°0.997' 68°6.698'
2116 25.0182° 68.0484° 92 18 48 0 25°1.210" 68°2.802"
2164 25.1006°  68.0270° 92 21 28 48 25°6.138' 68°1.393'
2216 25.0197°  68.0995° 93 0 17 36 25°1.168' 68°5.862'
2247 24.9864°  68.0325° 93 2 2 0 24°59.241'  68°1.746'
2280 25.0434° 68.0754° 93 3 8 24 25°2.609' 68°4.415'
2472 25.0458°  68.0197° 93 6 21 12 25°2.847' 68°1.084"
2797 25.0273°  68.0530° 93 11 46 24 25°1.666' 68°3.017"
2884 25.0365°  68.0546° 93 13 13 12 25°2.228' 68°3.135"
2905 25.0295°  68.0317° 93 13 34 0 25°1.871' 68°1.823'
2963 25.0371°  68.0597° 93 14 59 12 25°2.286' 68°3.495'
3038 25.0125°  68.0257° 93 16 14 0 25°0.863' 68°1.316"
3061 25.0366°  68.0405° 93 16 36 48  25°2.288' 68°2.543'
3231 24.9846°  68.0806° 94 0 53 36 24°59.141'  68°4.509'
3252 25.0807°  68.0268° 94 2 38 48 25°5.161' 68°1.418'
3275 25.0668°  68.0448° 94 4 3 12 25°4.066' 68°2.493"

Time Corrections

At sea, the data-logging system aboard the Resolution as-
sumed that shot time was the field break time, at which a coded
radio signal arrived from the Moore. The only consistent sources
that sum to greater than a millisecond of time lag between the
shot and triggering of the recording system are the flight time
from explosive to the shot-detection hydrophone and the encod-
ing-decoding of the radio signal. The flight-time correction for
explosives was calculated following Stephen et al. (1980). A de-
lay of 39 ms + 5 ms in the radio transmission system was mea-
sured in the lab and applied to all shot times.

We checked our timing method against two independent sets
of timing data. Shot times were also logged on the Moore. Shot
times from the Moore and from the data-logging system on the
drillship were corrected using drift rates measured against a sat-
ellite time standard and compared. In addition, analog tapes
were made on the drillship of the seismometer signal against a
clock that was independent of the digital data-logging system.
Arrival times for the same seismic event (e.g., P-wave arrival)
were determined using both digital and analog systems and com-
pared. These checks indicated a consistent error throughout the
experiment of ~0.25 s in our shot time. The source of this error

was located in the logic of the field break detection by the re-
cording system on the drillship. During the experiment, the re-
cording system triggered on the trailing edge of a voltage pulse
from the radio signal decoder instead of the leading edge. We
measured the pulse width as 0.242 s, with a standard error of
<0.005 s, and applied this correction to all shot times.

Picking Arrival Times

After static timing corrections were applied, seismograms
from 2444 shots sorted into radial lines and circles were avail-
able for picking. Compressional- and shear-wave arrivals were
picked on 2213 shots. Because the density of shots along lines is
high, traveltimes were not picked for shots with significantly de-
graded signal-to-noise ratios and ambiguous first arrivals. P-
and S-wave arrival times from the air gun source could be picked
reliably out to 8 km, the range limit of our experiment. S-waves
could be traced on some air gun lines as a low-amplitude phase
to shots within ~0.5 km of the receiver. Figure 6 shows seismo-
grams from a representative air gun line with shots between 0.5
and 4 km. The seismograms for the horizontal 2 and vertical ge-
ophones at ranges of 1-4 km have S-wave amplitudes much
greater than those of P-waves. At ranges less than 1 km, ray ori-
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Table 2. Average offset of drillship from position of Hole 418A during
periods of constant drillship heading. Numbers in parentheses are
standard deviations.

Offset
Shotnumbel  Ship  Latitude Longitude Range Number
Start End  heading (min) (min) (km)  Bearing of fixes
0 1360 130° 0.07308 0.05755 0.166 36° 23
1640 2010 (0.04866)  (0.06072)
2010 2540 165° 0.03720 0.1020 0.185 68° 15
2670 3170 0.1130)  (0.1177)
1360 1640 230° 0.05800 0.1100 0.214 60° 3
(0.1033) (0.03305)
3170 End 360° 0.1480 0.2380 0.483 56° 3
0.1472)  (0.07452)
All 0.07362 0.09534 0.210 40° 44
(0.06096)  (0.08484)
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Figure 5. Position of drillship relative to Hole 418A position. Hole 418A
marked by partially shaded circle. Small circles indicate the positions of
drillship determined from all high-quality satellite fixes received on the
Moore and from the relation of the Moore to the drillship, as deter-
mined by Del Norte transponders. The average of all offsets is marked
by an X within a circle. Other X’s mark offsets averaged over periods of
constant ship heading (Table 2). The radii of the octagons centered on
X's are the standard deviations of the average offsets.

entation becomes close to vertical, and, presumably, less com-
pressional-wave energy is converted to shear energy (White and
Stephen, 1980). Thus, the amplitudes of P- and S-wave arrivals
are more nearly equivalent. The horizontal 2 geophone is ori-
ented close to the azimuth of the shooting line, so the S-wave is
weak.

Traveltime picks have a measurement precision of +0.004 s.
Sources of larger traveltime error include noise obscuring a first
arrival, judgment in recognizing a first arrival, and receiver band-
width (Kennett and Orcutt, 1976; Bratt and Purdy, 1984). Bratt
and Purdy (1984) estimated these errors to be +0.030-0.150 s
(95% confidence interval) for seafloor receivers with explosion
sources. For borehole data, we estimate a significantly lower
picking error, +0.010-0.050 s, because of the much better coup-
ling, higher signal-to-noise ratio character of our data, and the
bandwidth of our receiver (4.5-100 Hz).
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Arrival times sometimes differ among the three channels by
up to 0.02-0.04 s (Fig. 7). Which channel receives the earliest
arrival depends systematically on the range and azimuth of the
shot. The differences are generally consistent with interpreted
changes in the direction of the particle motion with respect to
the triaxial seismometer. During picking of both P- and S-wave
arrivals, all three channels were usually scanned to assure that
the earliest arrival was found. Commonly, arrivals were picked
on more than one channel. For traveltime analysis, only the ear-
liest arrivals were used, regardless of the channel picked.

Reduction to Basement

Traveltimes were reduced to the top of basement by subtract-
ing the time for passage through water and sediment following
the water-path correction method of Purdy (1982). This method
finds the ray path length through water and sediment from the
horizontal slowness (p = (sin i)/V;) and the thickness of water
and sediment at the ray entry point. The method makes no as-
sumptions about basement velocity structure and has errors of
0.01-0.03 s due to uncertainties in estimating slowness, water
depth, and sediment thickness (Purdy, 1982; Bratt and Purdy,
1984).

For a buried receiver, horizontal slowness is low near the re-
ceiver, increases to a maximum at the range from which rays
travel horizontally into the receiver, and then decreases with range
(Stephen and Harding, 1983; Little and Stephen, 1985). In this
experiment, horizontal slowness was estimated for each seismom-
eter depth as a function of distance by differentiating a curve
fitted to traveltimes of shots made on radial lines (p = dT/dX).
The traveltime-range (T-X) data were fit with a cubic spline by a
least-squares method. Locations of knots (ranges between which
the T-X data are fit with a cubic polynomial) were adjusted by
trial and error to obtain a single inflection point. Data shot on
circles were not used because the resultant fit would be unduly
weighted at those ranges. Figure 8 shows the final fits plotted
with all T-X data.

This method is sensitive to outliers and to the tails of the dis-
tribution. Up to 17 shots at ranges much greater than the inflec-
tion point had to be excluded in order to get a fit with one in-
flection point. Arrival times for these shots were up to 0.160 s
earlier than those for most shots at these ranges. These shots
were all located to the east of the drill site over seafloor up to
150 m shallower than the regional average (Senske and Stephen,
this volume). Table 3 gives the number of shots used to get a fit,
inflection point ranges, and rms error for each seismometer
depth.

Traveltime corrections were calculated assuming velocities of
1.516 km/s in water and 1.8 km/s in sediment. The assumed
sediment velocity is higher than most lab measurements (Don-
nelly, Francheteau, et al., 1980) but close to a depth average of
sonic velocities logged at Hole 417D (Salisbury et al., 1980a).
The seafloor over the site slopes gently westward (Senske and
Stephen, this volume), so water depth at the ray entry point was
found by linear interpolation between the depth beneath the shot
and the depth at Hole 418A (5511 m).

We assumed that sediment thickness was equivalent every-
where to that drilled at Hole 418A: 324 m (Donnelly, Franche-
teau, et al., 1980). Because the seismic-reflection survey indi-
cates that sediment thickness varies over a range of 0.2-0.4 km
(Senske and Stephen, this volume), this assumption introduces
errors of up to +0.05 s into our corrected traveltimes. Analog
profiles made on the Moore during air gun shooting were not
used because the quality of records was poor; as a result, base-
ment was difficult to resolve. We tried a 7-{ inversion of P-wave
picks that had been reduced to basement using bathymetry and
depth to basement digitized from the maps of Senske and Ste-
phen (this volume). Traveltimes calculated by ray tracing through
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this velocity model (Fig. 9A) are significantly later than the ob-
served arrivals (Fig. 9B). Apparently, correcting traveltimes us-
ing these maps introduces systematic variation of sufficient mag-
nitude to distort the gross averaging of vertical velocity structure
done by the 7-{ technique, whereas the assumption of a con-
stant sediment thickness introduces errors that are more nearly

random. The systematic variation may be caused by lateral vari-
ation in crustal velocity or by errors in the maps. The primary
source of error in the depth-to-basement map is the inability of
reflection seismology using surface-towed gear to adequately re-
solve the true form of basement features. For example, note the
poor resolution of basement near Site 417 in Figure 7 of Senske
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Figure 7. Detail of unfiltered seismograms showing apparent difference
in P-wave arrival time (arrows) on different geophones (H1, H2, and V)
for one shot. Time reduced at 6 km/s. Shot 55 (Tovex) at 3.134-km
range and a bearing of 292° with seismometer at 430 m. Same ampli-
tude scaling for each geophone.

and Stephen (this volume) and the large difference between Holes
417A and 417D in depth to basement measured by drilling
(0.13 km, Fig. 2), which is not shown on the map.

To reduce arrivals from shots made on circles, we used hori-
zontal slowness vs. range functions estimated from the radial-
line data. The ranges of all shots on each circle were averaged,
and time was.added to or subtracted from each arrival time to
move the shot to the average range along the curve fit to radial
T-X data at the same seismometer depth. The horizontal slow-
ness of all shots on the circle is, thus, equivalent to the slope of
the radial T-X curve at the average range (Table 4). At the 81-m
seismometer depth, radial lines were not shot far enough to in-
tercept the 6- and 8-km circles, so the T-X relationship at 230 m
was used for these circles.

Figure 10 shows the reduced T-X plot for all seismometer
depths. These data were again fit with a cubic spline following
the procedure described previously except that it was not neces-
sary to exclude any shots to get fits with a single inflection point.

VELOCITY ANALYSIS

Inflection Point Analysis

For a buried receiver in a laterally homogeneous medium
where velocity increases monotonically with depth, the slope of
the T-X curve (horizontal slowness) at the inflection point is the
reciprocal of the interval velocity at the receiver depth (Guten-
berg, 1953; Stephen and Harding, 1983; Little and Stephen,
1985). Stephen and Harding (1983) weighted their estimates of
slowness at the inflection point with values at adjacent ranges.
For this experiment, the maximum slope of the cubic spline,
which is always at the inflection point, was taken as the inverse
velocity at the receiver depth. As a result, the velocity is sensi-
tive to the curve-fitting procedure and is probably not accurate
to better than +0.2 km/s. Curves fit to traveltime data before
reduction to basement (Table 3) yield velocities 0.25-0.35 km/s
higher than velocities from fits to data after reduction. Such
misfit was not found in earlier OSEs (Little and Stephen, 1985).
We attribute the discrepancy here to the curve-fitting procedure
and to unknown violations of assumptions in removing travel-
time through water and sediments.

Velocity Inversion

Dorman and Jacobson (1981) proposed a method of invert-
ing T-X data to a velocity-depth function. The method assumes
flat, laterally homogeneous velocity structure with linear veloc-
ity gradients within layers and no velocity discontinuities at layer
bounds. Data are first transformed to two new parameters:

7p) = T — pX
fp) =T + pX

These data are grouped by range using an optimization routine
that seeks segments having minimum variance of 7 and {. The
thickness represented by each segment is found by a linear inver-
sion method. A velocity-depth function can be found by down-
ward integration from an assumed surface velocity.

Stephen and Harding (1983) adopted the 7-{ method for use
with OSE data. Little and Stephen (1985) showed that inverse
solutions found by this method at Hole 504B agree well with ve-
locities found by inflection point analysis and sonic logging.
Synthetic traveltime curves generated by ray tracing through the
velocity-depth solution were consistent with the traveltime data.
In addition, amplitudes of synthetic seismograms calculated us-
ing the reflectivity method and 7-{ inversion velocities agreed
well with record sections.

For this experiment, a cubic-spline function was fit to the
T-X data after reduction to basement using only the criteria of
minimum least squares and a single inflection point. The func-
tion was differentiated twice to give values of slowness (p) and
curvature at each shot. The standard error of fit was recalcu-
lated on either side of the inflection point and used as a measure
of the scatter in 7. Data at the 81-m seismometer depth were not
distributed over a broad enough range to resolve an inflection
point and give a stable cubic-spline fit, so these data were not
used in the 7-{ inversion.

Following Dorman and Jacobson (1981) and Stephen and
Harding (1983), optimal segments were found in branches on
both sides of the inflection point, and average values of 7, {,
and p were calculated for each segment (Table 5). Energy re-
turned from shots beyond the range of the inflection point turns
beneath the receiver, so segments found in the far branch repre-
sent layers of constant velocity gradient. Three of the six seg-
ments found in this branch have significantly different values of
average slowness (Table 5; upward-directed rays). Depth to these
three slowness values (layer bounds) and their 95% confidence
intervals were found by linear inversion and downward integra-
tion (Table 6 and Fig. 11). For depth integration, we assumed
that the velocity at top of basement (V) was 4.545 km/s, the
41-m seismometer inflection point velocity determined on T-X
data reduced using bathymetry and depth to basement digitized
from maps in Senske and Stephen (this volume). Varying V.,
between 4 and 5 km/s had little effect on depth to deeper layer
bounds (Fig. 12).

To check our inversion results we made two forward models
of the data. In the first model, traveltime curves were calculated
by ray tracing from the inversion velocity-depth profile, assum-
ing flat, laterally homogeneous layers with constant velocity gra-
dients. These curves are in good agreement with the T-X data.
In Figure 13, the traveltime curve for a receiver at 430 m is com-
pared with observed T-X data. The curve fits most data. Be-
tween 1 to 2.5 km, however, the modeled arrival times offset the
cubic-spline fit to the data by ~0.035 s. Velocities above the re-
ceiver control traveltime at these ranges. The misfit suggests that
our assumed surface velocity may be 0.1 to 0.2 km/s too low.

The second model compares the range-amplitude relations in
our data with those of full-waveform synthetic seismograms cal-
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4

culated from the 7-{ inversion results using the reflectivity
method (Fuchs and Miiller, 1971; Stephen, 1977). A V,/V, ratio
of 0.55 (Poisson’s ratio = 0.28, from table 4 of Birch, 1961),
suggested by preliminary fits to the S-wave arrival times, was
used to determine an S-wave velocity-depth profile. Velocities
and densities used in the calculations are presented in Table 7
and Figure 14. Peak power of the source function used in mod-
eling was between 1 and 10 Hz. Seismograms were calculated

for a vertical geophone and for a geophone oriented horizon-
tally along the axis of the shooting line. Figure 15 shows reflec-
tivity and observed seismograms for vertical and horizontal geo-
phones as a function of range at each geophone depth. The seis-
mograms are overlain by smooth traces through our picks of
P- and S-wave arrivals. In selecting data for illustration, we tried
to be consistent as to line azimuth, to find good quality data
with broad range coverage, and to match the amplitude patterns
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Table 3. Inflection point velocities from fits to radial line data.

Geophone Number Rms Inflection

depth of shots  error  point range  Velocity
(m) Data processing fit (s) (km) (km/s)

41 Before reduction 24 0.0362 2.43 4.71

3After reduction 24 0.0496 — 5.09

81 Before reduction 119 0.0098 3.18 4.63

After reduction —_ - —_ —_

230 Before reduction 294 0.0212 3.95 4.92

After reduction 302 0.0234 2.45 4.67

330 Before reduction 245 0.0198 3.73 4.93

After reduction 284 0.0224 2.35 4.59

430 Before reduction 305 0.0315 4.55 5.03

After reduction 305 0.0236 2.59 4.79

2 Straight line fit.

in the synthetic seismograms. It is reasonable to be selective in
choosing which of the 2 to 8 azimuthal lines at each seismome-
ter depth are to be used for comparison because the orientation
of the horizontal geophones varied among geophone depths and
because significant amplitude variations occur due to real lat-
eral variations in velocity structure and basement topography
that are unaccounted for in our model calculations.

For the three deepest seismometer locations at ranges beyond
4 km, a discrepancy occurs between synthetic and observed seis-
mograms. In the synthetics, the amplitude of the first 0.1-0.2 s
of the P-wave arrival is much lower on the vertical geophone
than on the horizontal geophone, whereas in the observed data
the difference in amplitude is not as dramatic. Because the P-
wave angle of incidence from these ranges is nearly horizontal
on the receiver, the particle motion is principally horizontal. As
a result, the amplitude of the vertical component in the syn-
thetic seismograms is small in comparison to the horizontal
(Stephen et al., 1980). Energy observed from the vertical com-
ponent in the data is probably due to scattering within the base-
ment.

In general, the synthetics agree with the observed seismo-
grams. Our criteria are (1) the relative energy in P- and S-waves,
(2) the range-amplitude relationship of the S-wave, and (3) the
relative energy from the vertical and horizontal geophones. Syn-
thetics and observed data differ primarily in the range-ampli-
tude relationships of the S-waves. Because we were able to find
at least one line in good agreement, we are confident that the 7-{
velocity profile represents the “average” velocity structure within
~6 km of Hole 418A. The variance in amplitude among the ob-
served S-wave arrivals may indicate lateral variability in either
the P-wave velocities, which is smoothed by the 7-{ inversion
method, or in the ratio of P- to S-wave velocities.

Interval Velocities

Energy from a shot fired close to the drillship presumably
follows a near-vertical path to the borehole receiver. Assuming
that the ray path is vertical and linear, average velocities for
depth intervals between receiver clamping locations can be esti-
mated from differences in arrival times. Table 8 and Figure 11
show interval velocities calculated for P-wave arrivals at Hole
418A. We used only air gun shots at ranges between 20 and 175
m (ranges include correction for the offset between drillship and
hole). Interval velocity between the sediment/basement contact
and 41 m depth was determined from traveltime to the 41-m re-
ceiver (range of 117 m) after reduction to basement by the wa-
ter-path correction method described previously. The results have
uncertainties of up to 1 km/s because the traveltime differences
(0.015-0.030 s) are the same magnitude as our picking error
(+0.010-0.050 s). Overall, the results are in fair agreement with
velocities determined by the inflection point and 7-{ inversion
methods.
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Discussion

The slope of the velocity-depth model at depths less than
500 m agrees well with inflection point velocities determined on
T-X data before reduction to basement (Fig. 11). This agreement
supports our assumption that velocity at the top of oceanic base-
ment is 4.5-4.6 km/s. These velocities are at the high end of
seismic velocities measured in upper oceanic crust (2-5 km/s)
but are well within the range of velocities (4.3-5 km/s) from
OSE data gathered at sites with a wide range of crustal ages (1-
110 Ma; Stephen and Harding, 1983; Little and Stephen, 1985).
Stephen and Harding (1983) argue that the relatively high, uni-
form velocities are due to sealing effects of sediment cover
(~0.1 km) on young crust. Sealed from hydrothermal circula-
tion, the upper crust heats up. Mineralization increases sealing
cracks, reducing porosity, and thus, increasing seismic velocity.
However, Purdy (1987), using a unique seafloor source and re-
ceiver geometry on the Mid-Atlantic Ridge, found that refrac-
tion velocity structure beneath a site with no sediment cover was
indistinguishable (~4.2 km/s) from that beneath a site of simi-
lar age (7 Ma) with ~0.2 km of sediment cover. These results
suggest that the relatively high, uniform seismic velocities (4-
5 km/s) measured by OSE methods may be characteristic of
most upper (0-1 km) oceanic crust over horizontal scales of 10-
20 km. Lower velocities (2-3 km/s) may be characteristic only
of fracture zones, very young crust, and off-ridge crests, small
(less than 10 km) regions of anomalous crust.

Figure 16 compares downhole sonic tool velocities logged on
Leg 102 with the velocity-depth function from our 7-{ inversion.
The depth ranges analyzed overlap about 350 m. For the inter-
val as a whole, the average velocity from the sonic log is similar
to that from the OSE. By both methods, velocity generally in-
creases with depth, but the gradient measured by the OSE is
slightly less than that measured by the logging tool. Salisbury et
al. (1980b) found similar results at Hole 417D. They attributed
the downhole velocity gradient to a downhole decrease in frac-
tures on a scale less than the sensor spacing of the sonic tool
(0.6 m), that is, cracks between pillows and radial cracks within
pillows.

The difference in gradient measured by the sonic log and the
OSE may reflect a difference between the vertical sequence of li-
thology sampled at Hole 418A and the average sequence within
a distance of 6 km. Massive basalts were cored between the bot-
tom of the log, ~6290 m below sea level (mbsl), and the bottom
of the hole (6389 mbsl). The ratio of massive basalt to pillow
basalt increases with depth in the hole, so massive basalt may be
in greater proportion below the bottom of the hole. Because
massive basalts at Hole 418A generally have high velocities
(~6 km/s) and low porosities (Salisbury et al., 1980b), the ve-
locity below the deepest log penetration is unlikely to decrease
to the velocity-depth trend measured by the OSE. We suggest
that downhole velocity gradients measured by the two methods
are different because the lithology and/or porosity at Hole 418A
is not representative of the local region. On the scale of the OSE
(~12 km), either pillow basalts are not as well cemented or mas-
sive basalts are not as common as at Hole 418A.

The OSE does not sample velocity fluctuations with depth
resolution less than the seismic wavelength (~0.5 km). In the
sonic log (Fig. 16), however, vertical velocity gradients occur over
shorter distances (0.15-0.2 km). Small deviations of ~0.1 km/s
in inflection point velocities from the average 7-{ trend follow
these gradients. This is surprising because we judged the accu-
racy of these velocities to be no better than +0.2 km/s. At Hole
504B, inflection point velocities also followed gradients with a
scale of one tenth of a kilometer in sonic log velocities (compare
figures 9 and 12 in Little and Stephen, 1985).

The OSE results at Hole 418A differ slightly from those at
Hole 417D (Fig. 17) but agree well with those at Hole 504B
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Figure 9. A. Velocity profile from 7-{ inversion of data reduced to basement using digitized bathymetry
and depth to basement. Solid line connecting crosses shows best depths as determined by inversion;
dashed lines indicate 95% confidence limits on depths. Circles are inflection point velocities determined
on fits to T-X data before reduction to basement (Table 3). Triangles are inflection point velocities from
fits to data after reduction to basement. B. T-X data reduced to basement using digitized bathymetry
and depth to basement. Time reduced at 6.8 km/s. Solid line connects arrival times calculated by ray
tracing using model velocities in Figure 9A with seismometer at 430 m. Dashed line is cubic-spline fit to

data.

(Fig. 18). The confidence limits at Hole 417D are broader than
those at Hole 418A. This may be due to the considerably larger
number of shots and two additional seismometer depths used in
the inversion at Hole 418A rather than to a real difference in ve-
locity variability between the sites. The primary difference be-
tween the OSE results at the two holes is that velocities between

0.5-1.3 km within the basement are higher at Hole 417D than at
Hole 418A. Although the velocity profile at Hole 418A lies
mostly within the 95% confidence interval of the Hole 417D ve-
locity profile, the difference is probably significant because the
rms error of fit is similar at the two holes (~0.020-0.035 s) and
the differences in gradients are well supported by the confidence
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Table 4. Data processing for circles. Numbers in parentheses are
standard deviations.

Slowness Average range
Geophone  Nominal Average  at average after reduction

depth range Number range range to basement
(m) (km) of shots  (km) (s/km) (km)
81 4 37 4.070 0.2039 2.162
(0.134) (0.007)
6 63 6.005 0.1852 4.289
(0.133) (0.005)
230 2 77 2.022 0.1554 0.594
(0.153) (0.001)
4 144 4.009 0.2040 2.092
(0.156) (0.006)
6 65 5.995 0.1853 4.283
(0.139) (0.021)
8 71 8.010 0.1745 6.408
(0.140) {0.019)
330 2 80 1.990 0.1541 0.574
(0.141) (0.001)
4 112 3.980 0.2020 2.083
(0.168) (0.006)
6 69 6.011 0.1877 4.273
(0.163) (0.013)
8 80 8.009 0.1786 6.365
(0.135) (0.019)
430 2 75 2.004 0.1422 0.704
(0.122) (0.001)
4 141 4.004 0.1974 2.155
(0.123) (0.006)
6 67 6.010 0.1893 4.256
(0.129) (0.014)
8 83 7.995 0.1456 6.671
(0.126) (0.015)

limits. Because velocity in the upper crust, which is measured
on a scale of seismic wavelength, is thought to be controlled by
crack porosity (Anderson et al., 1982; Stephen and Harding,
1983), the difference between Holes 418A and 417D may be due
to more extensive fracturing of massive basalt flows and dikes at
Hole 418A or to more extensive sealing of fractures away from
the spreading axis at Hole 417D.

ANISOTROPY

Methodology

After the traveltimes from circle shot patterns had been re-
duced to basement, the times were fit by least squares with
Fourier functions:

y = a, +a,sin(f) + b,cos(d) + a,sin(20) + b,cos(26) + ...
. +agsin(60) + becos(66),

where y is traveltime, @ is azimuth of the shot from the hole, and
a; and b; are Fourier coefficients determined by regression. Only
data shot on circles were used; data on intersecting radial lines
were excluded. Phase and amplitude calculated from the coeffi-
cients are given in Table 9. Apparent velocity was calculated
from the average range and traveltime for each circle, assuming
rays traveled a straight, horizontal line through homogeneous
crust from the ray entry point to the receiver. In Figures 19-22,
the data are plotted with the sum of the 26 and the 260 + 46
components.

Ray diagrams calculated using the velocity-depth function
from the 7-{ inversion were used to estimate the depth of pene-
tration of energy from each circle (Fig. 23). In general, energy
from circles shot at radii of 2 and 4 km pass through only the
crust above the seismometers. Energy from circles shot at 6 and
8 km dive beneath the seismometers and sample crust down to
~ 1.6 km. Note that at each circle radius, with the exception of
the 2-km circles, the average traveltime tends to increase as the
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depth of the seismometer decreases (Table 9). This reflects the
slightly shallower depths and, therefore, slower velocities at
which rays turn.

If our corrected T-X data still contained significant system-
atic error due to the offset of the drillship from the hole, we
would expect large amplitudes in the 10 variations (period of
360°) among circles shot at any one seismometer depth. With
one exception, the seismometer at 81 m, this is not the case. For
the 4-km circle, the high 16 amplitude is due to the data gap be-
tween 175° and 250°. For the 6-km circle, the variation may be
due to offset of the drillship from the hole that was not cor-
rected for by the average offset applied to the shot navigation.
Significant 16 variation occurs in all 4-km circles. It is unlikely,
however, that errors in navigation can account for these varia-
tions because other circles without significantly high 16 ampli-
tudes were shot in between these circles. We conclude that navi-
gation errors are negligible with the possible exception of the
6-km circle with receiver at 81 m.

Results

8-km Circles

Circles were shot at 8-km radii with the seismometer at 230,
330, and 430 m depth. The rays entered basement at a range of
~6.5 km and turned at a depth of ~1.5-1.6 km (Fig. 23). The
large discrepancy between apparent velocity (5.2 km/s) and ve-
locity at the ray turning point from the inversion model (6.8-
6.9 km/s) is due to significant departure of the ray paths from a
straight line.

The Fourier component that consistently has the highest am-
plitude is 30 with a phase consistently toward the west (250°-
300°). In the plots (Fig. 22), traveltimes appear almost ran-
domly distributed with azimuth suggesting little significance to
either the 36 or the 20 and 20 + 46 variations predicted by
crustal models. At seismometer depths of 330 and 430 m, a sig-
nificant decrease in traveltime (0.080-0.100 s) occurs between
260° and 300°. This feature also occurs at circles with radii of
4 km and is discussed subsequently.

6-km Circles

Circles were shot at 6-km radii with the seismometer at 81,
230, 330, and 430 m depth. Rays entered basement at a range of
~4.3 km and turned at depths of ~0.6-0.9 km (Fig. 23). The
discrepancy between apparent velocity (~4.9 km/s) and inver-
sion velocity at the turning depth (5.3-5.9 km/s) is less than
that for the 8-km circles because the curvature of the ray paths
is less.

For 6-km circles, no single component has the largest relative
amplitude at all seismometer depths. At three out of four (430,
330, and 81 m), 16 variation has the largest amplitude (Table 9).
In these three circles, early arrivals consistently occur from the
west to northwest (250°-360°). This feature also occurs at the
fourth seismometer depth (230 m; Fig. 21), but the anomaly is
apparently too narrow to produce a significant 10 signal.

Traveltime variations with periods of 180° at 330 and 81 m
depth have large relative amplitudes (Table 9) and appear in azi-
muth plots (Fig. 21). The amplitude of the 44 variation at 430 m
depth and the 36 variation at 230 m are relatively large, but vari-
ations at such periods are not obvious in azimuth plots.

4-km Circles

Circles were shot at 4-km radii with the seismometer at 81,
230, 330, and 430 m depth. All amplitudes for the 81-m seis-
mometer depth are unreliable because a large data gap influ-
enced the Fourier decomposition (Fig. 20). Rays entered base-
ment at a range of ~2.1 km and reached the receiver traveling
downward only a few degrees above horizontal (Fig. 23). The
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Figure 10. T-X plot of P-wave first arrivals after reduction to basement using interpolated water depth and constant sediment thickness. Time reduced
at 6 km/s. Triangles indicate shots on radial lines; circles indicate shots on circles. Line is best cubic-spline fit to radial data only. Seismometer at (A)

41, (B) 81, (C) 230, (D) 330, and (E) 430 m.

apparent velocity (~ 5.2 km/s) exceeds the inversion model ve-
locities (~5 km/s) only slightly.

Large-amplitude 16 variations occur in traveltime at all 4-km
circles, with the latest arrivals (slowest inferred velocity) from
the south. In data from the three deeper receiver locations, a
significant traveltime anomaly (hereafter, the “290° anomaly”)
of 0.080-0.100 s occurs between 250° and 300°. The feature has
azimuth and amplitude similar to anomalies previously described
in data shot at the 8-km range; however, the angle subtended by

the anomaly at 4 km is broader. The 2¢ variations have large
amplitudes. However, these variations are not significant be-
cause the earliest arrivals in the 290° anomaly occur 90°-100°
clockwise of the late arrival peak in the 16 variation (Fig. 20).

2-km Circles

Circles were shot at 2-km range to seismometers at 230, 330,
and 430 m depth. Rays from these circles enter basement at
ranges of ~0.6 km and pass obliquely to the receiver. Apparent
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Table 5. Segments of radial line data used in 7-{ inversion.

Geophone  Number Mean ¢ rms 7 Ims
depth of Ray slowness Mean 7 Mean ¢ error error
(m) shots direction® (s/km) (s) (s) (s) (s)
41 24 Up 0.19840  1.22197 0.00662 2.61293  0.04960
230 60 Up 0.17925  1.63182 0.10594 0.20412  0.03610
179 Down 0.15292  0.23628 0.03140  0.05261  0.01880
59 Down 0.20642 0.73679 —0.02796 0.11085 0.01880
330 113 Up 0.18722  1.46193 0.07200 0.14878  0.02900
29 Up 0.14602  1.99476 0.25159 0.14430  0.02900
113 Down 0.14662  0.23167 0.04413  0.04271 0.01280
29 Down 0.20903 0.72171 —0.02138  0.09567 0.01280
430 85 Up 0.18311 1.68962 0.07638 0.20258  0.02940
3 Up 0.14825  2.39790 0.24610  0.17443  0.02940
146 Down 0.13776 0.28263 0.05676 0.04772  0.02070
69 Down 0.20070 0.79905 -0.01860 0.11221  0.02070

A Direction of rays at geophone relative to horizontal plane.

Table 6. Results of 7-{ inversion. Minimum and
maximum depths are 95% confidence intervals.

Velocity Depth  Minimum depth  Maximum depth
(km/s) (km) (km) (km)
4.545 0.0
5.342 0.637 0.546 0.729
5.580 0.770 0.687 0.854
6.849 1.511 1.397 1.624
VELOCITY (km/s)
4.0 5.0 6.0 7.0
0.0} 1
0.2 F
0.4
—~ O -
c 6
< 0.8f
= &
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Figure 11. Velocity profile from 7-{ inversion of data using interpolated
water depth and constant sediment thickness (Table 6). Solid line con-
necting crosses indicates best depths determined by inversion. Dashed
lines are 95% confidence limits on depths. Inflection point velocities are
from Table 3: circles, before reduction to basement; triangles, after re-
duction to basement. Vertical lines connecting stars are interval veloci-
ties from Table 8. Interval velocity between 41 and 81 m (2.4 km/s) is
off scale to left.
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velocities for these circles (~4.4 km/s) agree with the surface
velocity assumed in the inversion model (4.54 km/s).

The 26 component of all 2-km circles has high relative ampli-
tude (Table 9). The azimuth plots indicate that addition of the
46 component adds little to the quality of fit (Fig. 19). The trav-
eltime anomaly can be interpreted as P-wave velocity anisotropy
with an amplitude of +0.22 km/s (~ 5%). Late traveltimes (slow
velocities) arrive from the north and south. The phase rotates
counterclockwise from 8° to 322° with increasing seismometer
depth (Fig. 24). The average phase (346°) is ~ 54° oblique to the
paleospreading direction (~292°; Rabinowitz et al., 1980).

DISCUSSION

Buried Seamounts

The traveltime anomaly centered at 290° is probably due to a
buried basement peak or seamount. Navigation error cannot be
responsible. Using the variation in traveltime with range observed
on radial lines (Fig. 8), the magnitude of the anomaly (0.08-
0.10 s) requires a systematic range error of 1.5-2 km that is
much larger than potential navigation errors. Simple traveltime
calculations show that the observed traveltime anomaly (~0.09 s)
could be produced by a seamount, assuming a velocity of
4.5 km/s, with 0.27-km relief buried beneath sediment with a
velocity of 1.8 km/s. For a seamount with a height equal to the
assumed sediment thickness (0.324 km), a lower seamount ve-
locity of 3.6 km/s would be required to produce the observed
traveltime anomaly. Although mineral alteration associated with
long-term exposure of basalt to seawater reduces seismic veloc-
ity, alteration at Hole 417A reduced velocities by only ~0.5 km/s
below the average at Hole 417D (Salisbury et al., 1980b). So if
the seamount exists, it is likely buried.

In reflection profiles, such a seamount would have relief of
~0.3 s two-way traveltime. A seamount does not appear in the
depth-to-basement map of Senske and Stephen (this volume).
However, the profiles may have been interpreted incorrectly. Fig-
ure 25 shows three profiles that cross near the ray entry points
of the anomaly. Although there is no obvious basement high
and no significant hyperbolae within shallow portions of the
sediment section at ranges of ~2 km, there is a region where
sediment returns show unusual lack of coherence. This absence
of reflectors may indicate anomalous structure. Embley et al.’s
(1983) interpretation of basement peaks in the eastern Nares
Abyssal Plain on the basis of heat flow shows a similar absence
of reflectors in surface-ship 3.5-kHz profiles. Elsewhere in the
Nares Abyssal Plain, faulting in 3.5-kHz records is often an in-
dication of a basement peak that cannot be resolved in air gun
reflection profiles (Tucholke et al., 1986). The top of these base-
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Figure 12. Velocity profiles from inversions assuming different velocities
at top of basement. Solid lines connecting crosses are from Figure 11
(Table 6) with V. = 4.545 km/s. Dashed lines connecting crosses and
stars indicate results assuming, respectively, Vg, = 4.0 km/s and V;y =
5.0 km/s. Inflection point velocities (Table 3) agree best with inversion
using a surface velocity near 4.5 km/s.

ment structures may be too narrow and their sides too steep to
return coherent side echoes.

If the anomaly were due to crustal velocity variation in the
upper 500 m, a relatively small, high velocity block would have
to be present. Distributing the traveltime anomaly evenly be-
tween the ray entry points of the 4- and 2-km circles (~ 1.5 km),
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Table 7. Velocities and densities used in calculating
full-waveform reflectivity seismograms. Depths indicate base
of intervals, Last column gives the number of layers into
which each interval was divided in order to perform

calculations.
P-wave S-wave

Depth velocity  velocity  Densit Number
(km) Composition  (km/s) (km/s) (g/cm”) of layers
5.511 Water 1.516 0.8753 1.0300 1
5.521 Sediment 1.800 0.5000 0.9338 1
5.835 Sediment 1.800 0.5000 0.9338 1
5.840 Basement 4.545 2.4998 1.9736 1
6.472 Basement 5.342 2.9381 2.2755 25
6.605 Basement 5.580 3.0690 2.3657 6
7.346 Basement 6.849 3.7670 2.8464 14

the apparent velocity increase would be 2.5 (230-m seismome-
ter) to 3.7 km/s (430-m seismometer), or 50%-70%. These ve-
locities (7.8-9.0 km/s) indicate upper mantle rock. The absence
of a consistent traveltime anomaly at similar azimuths from shots
in the 6-km circle indicates that the hypothetical high-velocity
block would have to be detached from the underlying mantle.

A similar traveltime anomaly occurs at similar azimuths in
data from 8-km circles at 2 of 3 seismometer depths: 330 and
430 m (Fig. 22). These ray paths probably pass through another
seamount (Fig. 25) located 4 km away along a tectonic flow line
(the azimuth, 290°, is nearly parallel to the paleospreading
direction).

Anisotropy in the Shallow Crust (0-0.5 km)

The OSE at Hole 418A resolves velocity variations horizon-
tally to ~0.5 km. Anisotropy corresponding to 26 variation in
the arrivals from shots at 2 km (~0.6-km radius on basement)
is £0.22 km/s or +=5%. At Hole 504B, Little and Stephen
(1985) used similar methods and found amplitudes twice our
value. If velocity variation is due to seawater-filled cracks (Little
and Stephen, 1985; Stephen, 1985; Shearer and Orcutt, 1985),
the smaller magnitude may be due to infilling of voids by diage-
netic minerals. At Hole 504B, slow velocities were oriented in
the spreading direction, whereas at Hole 418A the phases are
24°-68° oblique to the paleospreading direction. Elsewhere, we

0.35F
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Q.25 |
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Figure 13. Traveltimes calculated by ray tracing through the 7-{ velocity model in Figure 11. Time re-
duced at 6.8 km/s. Solid line shows traveltime curve calculated for model velocities. Data (triangles)
and best cubic-spline fit (dashed line) are from Figure 10E.
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Figure 14. P- and S-wave velocities (from Table 7) used to calculate re-
flectivity seismograms. Constant water velocities above 5.1 km are not
shown.

suggest that the cracks and voids that affect seismic velocity in
the shallowest crust are related to extrusive processes rather than
(or in addition to) tectonic stress (S. A. Swift and R. A. Ste-
phen, unpubl. data). Velocity anisotropy unrelated to spreading
direction may be produced by small volcanoes (0.2-0.3 km high)
that are common at slow-spreading centers like the Mid-Atlan-
tic Ridge (Ballard and van Andel, 1977) but uncommon at fast-
spreading centers (Ballard et al., 1979).

Anisotropy in the Mid-Crust Region (0.5-1.5 km)

The mid-crust region was sampled by circle shooting at ranges
of 6 and 8 km. Velocities indicate that this depth region corre-
sponds with seismic Layers 2B and 2C. The geology of these
layers has been interpreted as sheeted dikes and transition zones
to pillow basalts above and gabbros below (e.g., Anderson et
al., 1982; Shearer and Orcutt, 1985).

No significant traveltime variation with either 26 or 26 + 44
periods was found in 6- and 8-km circles at Hole 418A.. Else-
where, anisotropy has been reported in arrivals passing through
these layers. Shearer and Orcutt (1985) found significant 26 var-
iation in data from 140 Ma crust in the South Pacific. P-waves
arrived early from azimuths at 90° to early arrivals from the up-
per mantle, and thus were inferred to have traveled parallel to
the former ridge crest. Shearer and Orcutt (1985) attributed an-
isotropy to velocity reduction by saturated cracks oriented par-
allel to the ridge crest. In a study of 1-3-Ma crust in the North
Atlantic, White and Whitmarsh (1984) describe a 46 variation in
P-wave arrival times oriented oblique to the trend of magnetic
anomalies. They also attribute anisotropy to saturated cracks.

The absence of significant 26 or 40 traveltime variation from
crust >0.5 km depth at Hole 418A appears unrelated to age,
even though the number of studies (3) is small. We suggest that
the mid-crustal voids or cracks interpreted elsewhere do not oc-
cur at Hole 418A either because they did not originally pene-
trate deep enough during ridge crest faulting or because such
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cracks were sealed off-ridge either by compression during plate
realignment or by diagenetic mineralization. Deeper crustal drill-
ing may be able to distinguish between these hypotheses.

CONCLUSIONS

P-wave velocity at Hole 418A increases with depth at a gradi-
ent of ~1.5s~! from 4.5 km/s at top of basement to 6.8 km/s
at 1.5 km depth. The velocity profile at Hole 418A differs from
that at Hole 417D. Between 0.5-1.2 km, the velocities at Hole
418A are ~0.25 km/s lower than at Hole 417D. Higher veloci-
ties at Hole 417D may be due to lower porosities caused by less
initial fracturing at the spreading center or to more complete
sealing of fractures off axis.

Lithology below ~0.2 km at Hole 418A may not be repre-
sentative of the local region. OSE velocities measured within a
radius of 6 km are 0.25-0.5 km/s lower than sonic log veloci-
ties. Either the volcanic extrusive layer of relatively low-velocity
pillow basalts is thicker elsewhere or closing of cracks on the
same scale as the pillows is more prevalent at Hole 418A.

Horizontal anisotropy of P-wave velocities in the upper crust
is +0.22 km/s (~ 5%). The phase is oblique to the paleospread-
ing direction and rotates counterclockwise with depth. Anisot-
ropy was measured only within the extrusive layer (upper 0.5 km)
and only within +0.6 km of the hole. Velocities measured on
rays turning between 0.5-1.5 km depth from ranges of 4-6 km
did not show significant variations with 180° periods.
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Figure 15. Comparison of reflectivity seismograms with data from each geophone depth. In synthetics, the vertical component is the solid line, and
the horizontal component is dashed. Observed seismograms were bandpass filtered at 5-50 Hz and scaled by range as in Figure 6. Amplitude scaling
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Table 8. P-wave interval
velocities from near-vertical

incidence arrivals.
430 M GEOPHONE

G
Depth interval Velocity
VERTICAL (m within basement)  (km/s)
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Figure 15. (continued). Figure 16. Comparison of velocities from 7-{ inversion and inflection

point method with velocities from the sonic tool. Sonic log is flat mov-
ing average of velocities over ~7 m.
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Figure 17. Comparison of 7-{ inversion profile at Hole 418A (solid line) Figure 18. Comparison of inversion profile from.Hole 418A with pro-
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indicates the best depths determined by the inversion; upper and lower  ing, 1983) and at Hole 504B (6 Ma, Costa Rica Rift; Little and Stephen,
traces are the 95% confidence limits. 1985). See Figure 17 for key to traces.
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Table 9. Fourier decomposition of P-wave traveltimes from circles. Numbers in pa-
rentheses are standard deviations.

Average range (km) Mean Apparent

Geophone traveltime velocity Amplitude
depth (m) Shooting Basement (s) (km/s) Theta Phase (s)
81 4.070 2.162 0.416 5.20
(0.134) (0.007) 1 46 0.059
2 259 0.055
3 108 0.058
4 338 0.026
5 190 0.024
6 21 0.010
81 6.006 4.289 0.892 4.81
(0.133) (0.005) 1 128 0.025
% 146 0.020
3 46 0.013
4 330 0.007
5 271 0.004
6 40 0.005
230 2.022 0.594 0.126 4,71
(0.153) (0.001) | 1 156 0.008
2 8 0.006
3 125 0.004
4 133 0.006
5 174 0.003
6 96 0.001
230 4.009 2.092 0.398 5.26
(0.156) (0.006) 1 145 0.041
2 21 0.020
3 223 0.010
4 180 0.010
5 130 0.012
6 286 0.003
230 5.995 4.283 0.893 4.80
(0.139) (0.021) 1 42 0.017
2 273 0.012
3 236 0.029
4 224 0.021
5 172 0.028
6 136 0.027
230 8.010 6.408 1.268 5.05
(0.140) (0.019) 1 289 0.013
2 20 0.013
3 248 0.022
4 340 0.014
5 239 0.015
6 76 0.009
330 1.990 0.574 0.133 432
(0.141) (0.001) 1 221 0.005
2 349 0.009
3 83 0.004
4 106 0.003
5 215 0.001
6 153 0.0002
330 3.980 2.083 0.392 5.31
(0.168) (0.006) 1 196 0.046
2 59 0.026
3 176 0.019
4 297 0.015
5 66 0.007
6 169 0.001
330 6.011 4.273 0.862 4.96
(0.163) (0.013) 1 138 0.034
2 96 0.025
3 42 0.008
4 304 0.008
5 161 0.013
6 360 0.008
330 8.009 6.365 1.230 5.17
(0.135) (0.019) 1 60 0.011
2 70 0.011
3 299 0.019
4 258 0.014
5 263 0.009
6 64 0.015
430 2.004 0.704 0.162 4.34
(0.122) (0.001) 1 242 0.005
2 322 0.007
3 113 0.004
4 136 0.003
5 154 0.002
6 326 0.001
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Table 9 (continued).

Mean Apparent

Geophone _Avemge range (km) traveltime velocity Amplitude
depth (m)  Shooting  Basement (s) (km/s) Theta  Phase (s)
430 4.004 2,155 0.408 5.28
(0.123) (0.006) 1 161 0.031
2 17 0.018
3 251 0.017
4 198 0.009
5 105 0.014
6 348 0.004
430 6.010 4.256 0.839 5.07
(0.129) (0.014) 1 78 0.036
2 122 0.008
3 126 0.013
4 330 0.015
5 173 0.013
6 354 0.010
430 7.995 6.672 1.253 5.32
(0.126) (0.015) 1 141 0.006
2 80 0.003
3 267 0.015
4 228 0.015
5 174 0.009
6 68 0.009
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Figure 19. P-wave arrivals reduced to basement from shots on circular
lines plotted against azimuth of shot from drill hole. Circles shot at a
radius of 2 km. Triangles are data; crosses are arrivals from shots on ra-
dial lines within a range window of 0.2-0.3 km centered on the inter-
sected circle. Solid line is the best-fit curve with only the mean and the
26 components; dashed line includes 40 component as well. Traveltimes
have not been range reduced.
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Figure 20. P-wave arrivals reduced to basement for shooting radius of Figure 21. P-wave arrivals reduced to basement for shooting radius of
4 km. Symbols as in Figure 19. Range window for intersecting radial 6 km. Symbols as in Figure 19. Range window for intersecting radial
lines is 0.4 km. lines is 0.6 km.
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Range (km)
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~ 120} Figure 23. Rays traced through velocity model in Table 6 for circles with
w shooting radii of 2, 4, 6, and 8 km. Seismometer locations labeled with
= 1.15F depth (m) below sediment/basement contact. Velocity model was modi-
Lol fied by linearly extrapolating the gradient between 0.770 and 1.511 km
1.10E + - to 2 km depth.
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Figure 22. P-wave arrivals reduced to basement for shooting radius of T
8 km. Symbols as in Figure 19. Range window for intersecting radial ™o
lines is 0.5 km. N N

SPREADING DIRECTION

Figure 24. Rotation of the slow direction with seismometer depth in the
2-km circle.
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Figure 25. Water gun reflection profiles (from Auroux and Stephen, 1986). A. Location of profiles (dotted lines) on depth-to-basement map from
Senske and Stephen (this volume). Solid arcs show entry points of rays displaying traveltime anomalies in 4- and 8-km circles discussed in text. Crosses
show locations of Sites 417 and 418. B. East-west profile (E) crossing within 0,15 km of Hole 418A. C. Southwest-northeast profile (M) across 290°
traveltime anomaly observed in 4-km circles. D. Southwest-northeast profile (K) across 290° anomaly observed in 8-km circles.
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