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ABSTRACT

Six additional Ocean-Bottom Seismographs, similar in design
and functionally int:rchangeable with existing units, "vere produced. Results
of testing the new units showed that system performance is not measurably
uffected by the unit modifications and that the replacement Hall-Seurs seis-

mometer package is operationally similar to the EV-17 but is more dependable.

Shallow bottom sediments in the test area are highly layered,
supporting several propagation modes. Shear velocities vary rapidly in these
shallow sediments. Very low-velocity Rayleigh-‘ype wave motion is observed
from explosions, following refracted arrivals and higher-velocity normal modes;
these low-velocity arrivals are probably dispersive Stoneley waves. Signal
energy on the horizontals immediately following.the refracted arrivals is a
combination of leaking modes and shear modes. The dominant ambient noise
appears to be isotropic and of low velocity; this results from unusually well-
defined s} allow mud layers and may egerve to explain much of the difference

between ogcean-bottom and land recordings.
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SECTION 1
INTECDUCTION £AND SUMMARY

Contract F33657-68-C-0242 provides for the production and
testing of six additional Ocean-Bottom Seismographs (OBS) which are to be
similar in design and functionally interchangeable with existing units. This
work is part of a continuing program of Ocean-Bottom Seismological Mea-
surements under the VELA UNIFORM research effort sponsored by the Ad-

vanced Research Projects Agency.

Before going into p-oduction, a field-testing program was un-
dertaken to check out some of the propo‘sed modifications. The key item to
be evaluated was a replacement 3-component seismometer package. As a
result of the t2sts, an Engineering Change Notice was forwarded to the moni-
toring agency recoramending the use of a different seismometer package in
the new units The field tests also produced some significant seismological
data worthy of additional analysis, which were added to the contract as Task e.

Section II of this report covers this analysis work.

Upon approval of the engineering changes to the sensor pack-
age, the six new units were fabricated. Individuzl components were tested
before assembly into the system. Tests included

¢ Pressure testing to 12,000 psi of beacon light,
hydrophones, and bottom plugs

e Various electrical tests of all sonar receivers,
radio transmitters, clocks, and amplifiers

® Shake-table testing of a representative seismom-
eter package
After assembly, each OBS unit was given a thorough system
test; then all six new units were placed in a cold-storage chamber set at 2°C

for a 30-day environmental operations check.
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The final task was updating and rewriting the operations manual.
The following paragraphs describe various tasks of the work statement in the

order in which they were performed.

A. DEEP-WATER TESTS
1. Objective

The 1967 Gulf of Mexico tests investigated Ocean-Bottom Seis-
mograph modifications to decrease the overall resonant character of the rec-
orde and to improve the sensor-package leveling ability and performance.
Actual sea tests were performed to confirm the reliability of the new seis-
mometer package, to experiment with various coupling configurations, and to

check system correlation between units planted in a close array.

Improved leveling and performance were to be obtained by using
a Geo Space 3-component sensor package, with individual sensors arranged

on a vertical axis.

Improvements in the coupling between the sensor and the sphere
by using various silicon rubber pastes were planned. This change also was in-
tended to imprové the leveling ability of the sensor. Increased coupling to the
ocean floor was to be gained through increased anchor weight and by placing

circular feet 1 ft in diameter on the anchor legs.

No modifications of the recording or release mechanisms were
made; however, a buoy, rope, and chain were attached to the anchor to insure

=etrieval of the units.

Three drops of four units each were scheduled. Modifications
were interchanged between units to insure that any improvements or deleterious

effect on the recorded data could be attributed solely to the modifications.

Ocean-current velocity and direction were measured during

each recording period to correlate ocean-current data with the recordings.

I-2 science services division
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2. Operations

Tests were conducted between 19 Octobe - and 11 November
1967, 75 mi southeast of Galveston, Texas, in the Gulf of Mexico. The M/V
JUPITER, a 150-ft long by 33-ft beam quad-diesel vessel, was used instead
of the M/V VIRGO, the vessel used in the Aleutian Islands Experiments, be-

cause of her previous commitments.

The drop area selected had a water depth of 200 ft and was far
enough from cultural features to prevent man-made aoises from contaminating
the records. The water depth was determined by a free-fall weight and wire-
rope measurement. A bottom profile was not made because the ship's fathom-
eter transducer was inoperative; however, an over-the-side transducer was

used to make spot depth measurements.

Navigation utilized Loran A, radar, and deadreckoning. Ac-
curate navigation was not required except to locate all drops in the same area.
Marker buoys were used to relocate the drop zone. Each of the two Loran-A
lines (3HO, 3H1) was accurate to +1/2 mi but, because of the small angle of
intersection, a Loran fix could be in error by as much as 10 mi. A radar fix
on an active drilling rig 17 mi away was used as an additional checkpoint.

One deadreckoning run of 8 hr in caim seas missed the marker buoys by 1
min (1/10 mi) of the original estimated arrival time. Marker buoys were
located on a subsequent run in heavy seas by using the 3H1 Loran-A line as 5
& course and traveling up and down this line for 1 mi from the deadreckoning
location. The buoy was located on the third pass. The drop-1 marker buoys |,
(styrofoam) were lost in a storm, and marker buoys for drops 2 and 3 were

located approximately 1.5 mi southeast of drop 1.

Core samples taken at the drop locations showed the bottom to

be blue clay, shells, and sand.

I-3 scilence services division
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Radio communications were maintained with TI Dallas through
the TI commercial station at Berwick, Louisiana, and through the ITT ter-
minal in Galveston. Fading conditions limited the Berwick contacts to early
morning, and the Galveston contacts were limited by the heavy traffic load
carried by that station. On several occasions, communications were relayed

through the TI ship M/V CECIL GREEN to Berwick and then to Dallas,

To have concurrent recording periods, four people simulta-
neously reset all clocks, with WWV recorded on only one unit. No attempt
was made to maintain precise time (0.1 sec) on the units or to time the 33-1b

detonations accurately.

3. Conditions

All units were moored to prevent possible loss of a unit. De-
coupling from the mooring was accomplished by attaching a chain to the anchor.
The chain itself was anchored by a 100-1b weight. Figures I-1, I-2, and I-3
: - show the overall mooring system. In case of recall-system failure, the unit -

and anchor were retrieved nsing the 1-in. rope. Units were dropped in 200 ft

of water. Figure I-4 shows the approximate configuration around the marker
buoy. Exact distances between units are not known, however, minimum sep-
aration is estimated to be 50 ft and maximum separation about 400 ft, Oceanc-

graphic survey reports show the water temperature to be 19°C (£2°).

a. Dropl

The recording periocd for dro:- 1 was from 1600% on 21 October
to 1600Z on 23 October. Seas and weather were calm through the entire
recording perioa. Two 33-1/2-1b charges were detonated 1 mi from the units.
The first shot was 30 ft deep at 1745Z on 22 October, axld the second was .0 ft
deep at 1758Z on 22 October. While the units were on the bottom, a seismic

(explosive) crew in the area detonated a shot approximately every 2 min,
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Figure I-4. Approximate Location of Units Around Marker Buoy

(minimum separation between units is about 50 ft, and 0
maximum separation is about 400 ft)
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b. Drop 2

The recording period for drop 2 was from 1625Z on 27 October
to 1400Z on 29 October. A frontal system passed through the drop zone at
1815Z on 27 October, with winds from 10 to 15 knots and seas of 5§ to 6 ft.
The disturbance continued until 0200Z on 28 October. Seas for the remainder
of the recording period remained at 3 to 4 ft. Two 33-1/3-1b charges were
detonated 1/4 mi from the units. The first shot was at 1616Z on 28 October
at a 30-ft depth, and the second was at 1626Z on 28 October at a 7-ft deptt..

A sparker seismic crew mapped the area and came within 4 mi of the units.
c. Drop 3

The recording period for drcp 3 was from 1530Z on 2 November
to 1300Z on 4 November. Seas were calm until 1630Z, 3 November, when a
frontal passage increased the seas from 3 to 6 ft. Winds increased to 46 knots
during the next 12 hr with seas of 12 to 15 ft which persisted to the end of the
recording period. Two 66-2/3-1b charges were detonated at 200 ft from the
units. The first shot was at 1450Z on 3 November at a 30-ft depth, and the

second was at 1502Z on 3 Novemnber at a 7-ft depth.
4. Performance
a. Dropl

The OBS unit was launched first, followed by chain, weights,
rope, and kuoy. No difficulty was experienced with the launch; however, the
Possibility of the mooring chain and weights falling directly onto the unit was

immediately apparent (Figure I-1).

Sonar recall was attempted on all units. Unit 21 responded im-
mediately, and unit 20 responded after approximately 10 min. Units 19 and
24 did not respond to 2 hr of sonar sounding at various power levels and ship

positions.
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All units were in the immediate vicinity of the ship and were O

located visually. Batteries had been removed from the beacon lights because
of insufficient water depth to activate the pressure turn-off switch. The
radio transmitter operated immediately on unit 21 but did not operate on any

of the other units until they were on deck.

Units 21 and 20 released normally and were recovered without

Rl Bkl [

difficulty. Unit 24 (with anchor) was retrieved from the bottom by using the

ek i ] e i WL

A d Ak 1 B 15

buoy line; however, the unit broke from the anchor and was retrieved by nor-

mal procedures from the floating position. Unit 19 (with anchor) was retrieved

+ bl bl :q;_.'b-_. whes

from the bottom with the buoy line and deliberately released from the anchor

b S8

by manually breaking the release fuse wire. The unit then was recovered

normally from the floating position.
b. Drop 2

Buoy, rope, chain, and weights were launched preceding the

OBS unit in an attempt to keep the chain away from the units (Figure I-2). 0

All units were released by the Bulova clock at the preset time.
The beacon lights were disconnected as in drop 1. All the transmitters op-
erated properly while the units were floating in the water in spite of relatively

heavy seas.

Unit 20 was recovered without difficulty. Unit 24 went under
the ship, and its light was destroyed. External leads were broken during re-
covery on unit 15. The bail on unit 21 was broken as the ship rolled during

recovery.

¢c. Drop 3

Buoy, rope, chain, and weights were launched and towed by
the ship prior to release of the OBS unit (Figure I-3). This technique

undoubtedly increased the uncertainties in the estimated spacing of the

instruments, G\
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All units were released by the Bulova clock at the preset time.
Transmitters for units 15 and 21 were operating properly in heavy seas. The
unit-20 transmitter was inoperative, and the unit was visually sighted ap-
proximately 5 hr after the release time. The unit-24 transmitter began op-
erating after an unknown period (several days), and the unit was located 7
days after the release time. It is unknown whether unit 24 was on the bottom
or on the surface for this 7-day period; however, all power had been turned

off at the backup-clock release time. All units were recovered without damage.

5. Observations

A 3° to 5° tilt toward the heavy battery side of the sphere re-
sulted when the units settled into the clay ocean floor. (lay markings on the
anchors after retrieval (including those modified) indicate that the blue clay

covered approximately two-thirds of the anchor.

The silicon rubber pastes remained in a more pliable state in
the Gulf of Mexico than that experienced during the Aleutian Islands Experi-
ment. This pliable state permitted the sensor packages to relevel by the
time the lids were removed after recovery, and it can be reasonably assumed

that this ease of leveling also existed on the Gulf floor.

Insufficient ocean-current data were obtained to correlate the
current effects on the seismic data. The 28 hr of recording obtained during

drop 3 indicated that ocean-current speed never exceeded 0.06 knots.

6. Operational Conclusions and Recommendations

The deep-water tests result in the following conclusions and
recommendations.
e OBS units can be moored without contaminating

the seismic records by decoupling the mooring
through a chain.

I=11 sclence services division
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e To insure nearly 100 percent anchor-release O
probability, the release fuse wire can be elec-
trically fired from the surface when using a
i buoyed system.

e A pressure switch, paralleling the transmitter
& salt-water short system, is needed to insure
that the transmitter will operate upon surfac-
ing. (Note: This has been accomplished
under a parallel effort for Contract No. F33657- .
68-C-0875.)

i e A corrosive link should be incorporated in the
£ release mechanism to insure anchor release

‘:"5 if the electrical system should fail.
L_ ' e Low-value pressure switches should be provided
to permit use of the beacon light in shallow-drop
: 1,1 locations.
,&,“"i e The anchor weight could be increased witkout
= difficulty; however, the circular anchor feet are
:—' not recommended for general use. The current
= track system used for movement of the OBS units
y % aboard ship would be unusable in conjunction with O |
c@ the circular feet. |
. e The mixture of silicon compound and bouncing

putty proved more pliable and easier to handle
than the bouncing putty alone.

- B. PRODUCTION OF OCEAN-BOTTOM SEISMOGRAPHS

The six new OBS units designated as the Mark V models were

to be operationally compatible and interchangeable with the existing units pro-

:' duced under previous programs. The primary modification which was dic- s
'_-:__ tated by previous field experience and then tested in the Gulf of Mexico was

-: th . substitution of the HS-10 seismometer package for the EV-17. This modi- y
X F fication was justified through an engineering-evaluation and field-tests report

5 to AFTAC according to an Engineering Change Notice dated 19 January 1968.
Other modifications were minor and resulted in no loss of interchangeability.
These minor changes included the substitution of a different semiconductor

i netw. ~vk (used in the clocks) to replace a discontinued type, use of a new- D
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model transmitter board which increased the reliability of the radio beacon
over the manufacturer's older model, and use of a new-model operational
amplifier replacing the older discontinued type. Most of the fabrication and
manufacture was performed within Texas Instruments facilities in Dallas,
Texas. The one large outside purchase was the 41-in. -diameter spun alumi-
num spheres. These were produced by Phoenix Products of Milwaukee, Wis=-

consin.

The 30-day Ocean-Bottom Seismograph (Figures I-5 and I-6)
is described as a completely self-contained, free-fall, unattended, untethered,
retrievable seismograph system capable of recording seismic information con-
tinuously for 30 days at depths to 25,000 ft. Units are designed to provide a
maximum of 40 days' bottom time and up to 2 weeks of beacon signaling after

surfacing.

Data sensors for the OBS consist of a 3-component (one verti-
cal and two horizontal) velocity-type seismometer system and a pressure-
change sensing hydrophone. All four sensors are input to TI Model RA-6

amplifiers and then to trilevel (x1, x10, and x100) operational amplifiers,

thus producirg 12 data channels which are recorded on a slow-speed (0.0075)

ips) 14-channel magnetic tape recorder. A digital time code and a

12.5-pps tape-speed reference signal are recorded on the two remaining
tape channels. The digital clock which supplies these last two signals also
may be programmed to release the OBS from the bottom at any desired day

from 1 to 40 after reset.

The OBS is released by burning a short length of steel fuse
wire in the spring-loaded release mechanism. Upon release, the 335-1b ex-
pendable anchor is detached, and the buoyant instrument package rises to the
surface. Normally, release ic accomplished by sonar command; however,
if this system should fail, either the digital clock or the backup clock may

effect release at a programmed time.
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Figure I-5. External View of 30-Day Ocean-Bottom Seismograph
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Upon surfacing, a flashing beacon light and a pulsed radio bea-
con are turned on automatically. The harness and bail assembly design pro-

vides for easy attachment of a snap hook for overhead lifting.

Appendix A gives electrical and mechanical specifications of

the OBS.
C. TESTING OF OCEAN-BOiI'TOM SEISMOGRAPHS

A complete test of an OBS unit consists of an operational drop
to near-maximum-specification depths for a period in excess of 30 days. All
environmental factors (pressure, time, temperature, currents, corrosion,
weather, and wave and implantation motion)and all the stresses of physically
handling the w.nit are present only in such a test. Since it is not feasible to
drop a unit without some testing, subsystems and completed units are sub-
jected to simulated tests which approximate the environmental conditions.

It is therefore necessary an;i ;ﬁl:ropriate to devise and specify tests which
can be performed in the laboratory during the manufacturing cycle. This is
also a good manufacturing procedure and complies with the quality-assurance

program that is an inherent part of TI's production processes.

A unit-test-specification drawing is part of the required as-
sembly drawings on each subsystem or ""black box." Appendix B gives a list
of the applicable unit-test drawings. The unit-test-specification drawing
shows the test configuration, lists the test equipment required, and details
the test parameters to be checked. When-ver a voltage, current, frequency,
etc., must be measured, the test specification shows the nominal value and
gives the permissible tolerance limits. With each unit-test drawing is a re-

producible unit-test data sheet. The unit-test technician completes the data

sheet as he checks the subassembly. After cumpletion, the data sheet is filed
with thz permanent record file of the OBS system to which the subassembly

becomes a part. This permanent file is available in the TI plant at any time.
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In addition to the unit-test specifications, complete OBS

system test procedures and special procedures such as shake-table tests

or 30-day environmental tests are provided.

The majority of the unit tests are readily performed on the
laboratory workbench using standard test 2quipment and instrumentation.
These tests check such parameters as amplification, voltage or current
readings, output power, frequency, sonar coding, sensitivity, and polarity

to prove proper operation of the units.

A few of the unit tests require special equipment. These tests

are described in the following paragraphs.

l. Pressure Testing of Bottom Plugs, Beacon Lights, Hydrophones

Bottom plugs were tested in a TI pressure chamber. Plugs
were attached to a specially designed test fixture and subjected to pressures
of 12,000 psi while outputs of the Mecca terminals were monitored for elec-

trical leakage. The slightest amount of water leakage would be indicated im-

e m—— e

mediately on the monitor.

Beacon lights and hydrophones were too large for the TI test |
chamber. A larger test chamber at Jet Research Corporation was utilized
to test these two units. Beacon lights were tested for operation to 12,000 psi
without water leakage. The hydrophone test is more complicated. Operation
of the hydrophone is dependent upon both mcchanical and electrical character-
ittics. Pressure changes on the crystals (mechanical energy) are transduced
to electrical output. Output characteristics are dependent upon the rate of
change and impedance. The impedance changes with the mechanical coupling
of crystals (capacitance) and the resistance between terminals. These param-
eters were recorded while testing under pressures to 12,000 psi. All test re-

sults are on file in the permanent record book.
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2. Shake-Table Testing
The unit tested was one of the new HS-10 3-component seismom-

eter packages. Tests were conducted using GFE equipment at Geotechnical

Corporation and were limited to the vertical component only. Results of these
tests were submitted in an earlier report. 1 Results of these tests, together

with other electrical and mechanical comparisons, provided the technical justi-

fication to recommend that the HS-10 seismometers be substituted for the

EV-17 seismometers. Concurrence with this recommendation was received.

3. 30-Day Environmental Test

It is impossible to simulate all the environmental forces which
act upon the units, but temperature and time can be simulated. A refrigerated
trailer van of the type used to transport fresh produce was leased and parked
at the TI manufacturing facility. The van, 40 ft long by 8 ft wide, carried its
own refrigeration plant and thermostat controls for temperature regulation. O

The temperature was set to 36°F, equivalent to average ocean-bottom tem-

peratures of approximately 2°C. A chart recorder continuously recorded the

inside tei'nperature of the van.

The six new OBS units were modified so that important test
points could be monitored. In addition, a standard time signal was fed into
each unit from the central timing system. Thus, each OBS clock had a com-

mon standard time against which it could be calibrated. Fxternal monitoring

consisted of

. ¥
® Daily recorder motor current measurements
and recording

e Daily sample strips of clock output

e A single vertical component output for ob-
servation of noise levels

e Temperature O
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At the beginning of the test, all systems were reset simulta+
neously and then sealed. Amplifier attenuation controls were set much higher
than normal due to the noise level of the test chamber. However, the seismic

level often was higher than the saturation level of the tape.

At the end of the 30-day test, all tapes were transcribed to
16-mm film which was inspected for system operation. A sample ensemble
of film was spliced and forwarded to the AFTAC project officer, along with an

evaluatic:: of all the test results.

At this time, all six new OBS units were given a final check

before inspection and acceptance by the Government.
D. PREPAR.ATION OF OPERATIONS MANUAL

The many modifications and engineering changes in the OBS
units during the past 2 years necessitated a complete revision of the operations
manual. The manual contains operating and maintenance information for the
OBS and auxiliary shipboard equipment required for OBS support during field
operations. All three OBS configurations (Mark III, Mark IV, and Mark V)
are included in this manual, and the information presented pertains to all
configurations unless otherwise noted. The manual does not attempt to dupli-
cate the instructions and operations included in vendor manuals supplied with
auxiliary systems, e.g., Precision Instruments tape recorder, Honeywell
Visicorder, various power supplies, Cadre transmitters, WWV receivers,
automatic direction-finder equipment, Collins transceiver, precision depth
recorders, Omega-VLF navigation system, and other similar gear. An ef-

fort is made to maintain a file of vendor manuals.
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The manual, in addition to an jutroductory section, includes

sections on theory of operations, system test and calibration, operating in-

- structions, and schematic diagrams. The manual is written so that a tech-

nician with minimum training can operat: the system and so that a good tech-
nician has all the information needed to understand and maintain every part
of the system. All parts of the circuitry can be traced through the circuit
diagrams and schematics. For convenience, all drawings have been reduced
to a maximum size of 11 by 17 in. The very liberal use of many figures and

pictorials makes the manual easy to understand and use.
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SECTION II
ANALYSIS OF GULF DATA

A. INTRODUCTION AND SUMMARY

Analysis of digitized daia samples from the Gulf of Mexico
recordings was undertaken to evaluate the seismic performance of the
various OBS units. Principal objectives of the analysis included

e Evaluating total system performance in terms
of seismic validity

® Comparing the performance of the Hall-Sears
and the EV-17 3-component seismometer
packages

® Determining the effect of various unit modifi-
cations on system performance

® Defining system instrument noise levels and the
usable seismic spectrum

Following the system evaluation, an effort was made to model
the signal and noise characteristics measured by the four units and to obtain

from the model a consistent interpretation of the various observations.

Both system performance and seismic modeling employed
spectral analysis of signal energy density and noise power density. This
method yields amplitude and coherence as a function of frequency, thus
allowing a fairly direct investigation of the modal content and the direction-
ality of waves traversing the instrument-array site. In addition, rather
extensive visual analysis of signal recordings obtained from nearby geo-
physical exploration op%rations was conducted. Dispei'sion models were

fit to the observed data.

II-1 science services division




In general, the data were well-recorded. Noise levels were
appreciably higher than those in the Aleutian Islands: visual measurements
from film for drop 1 indicated peak noise levels at about 1 Hz of approxi-
mately 0, 5-micron ground motion as opposed to 0.1 to 0.2 microns in the
Aleutian Islands. Dufing drops 2 and 3, noise levels were from 3 to 6 db
higher than during drop 1; the increase was apparently related to local storm
fronts. With the exception of the pressure channels, the x10 and x100 channels

were generally overdriven; thus, the x1 channels were used for analysis.

Two major instrumental problems were noted: gain variations
in certain channels (possibly related to the switching connections) and some
difficulty in leveling the EV-17 horizontal instruments. Bottom slope was

estimated at 5°

in tl.e vicinity, No problems were experienced with the Hall-
Sears seismometers; however, amplifier adjustments inadvertently resulted
_1'.* in an overall response curve significantly different from the EV-17 above

r-::{u 1.0 Hz. Otherwise, the Hall-Sears system was more dependable. The heavy O

anchor, padded anchor, and different silastic modifications produced no

measurable change in unit performance.

The quality of the seismic data is generally excellent. Noise
power-density measurements indicate that most of the recorded energy is

concentrated between 0.5 and 3.0 Hz. Below 0.5 Hz, ambient noise is greatly

AR DU W S S 5

"N

attenuated by the system response; recorded energy appears to be nonseismic.

Peak power is concentrated in the 1.0- to 1.25-Hz range. Above 1.25 Hz, v

BN Rl e

noise power decreases exponentially and approaches system noise levels

again above 3.0 Hz.

Both signal and noise analyses suggest that the shallow mud

JLEAL

sediments are highly layered, supporting several propagation modes over

short distances. Signal analysis reveals the presence of a very-low-velocity

-2 sclence sarvices division




32
Rayleigh-type wave (500 fps near 1.5 Hz) appearing primarily on the
vertical-component instruments. For wavelengths much smaller than the
layer thicknesses of the semiconsolidated (i.e., fairly rigid) sedimentary

beds underlying the soft mud veneer at the water-earth interface, this mode

of propagation is identical to the dispersed Stoneley wave described by Davies.?
A study of digitized noise data obtained from the four OBS units also suggests
that the predominant vertical-component noise is propagating with a surpris-
ingly low velocity. Pressure-vertical amplitude ratios and interunit coher-
ences indicate isotropic noise around 1 Hz, with a phase velocity on the order

of 800 ips.

Because of the short wavelengths and the isotropic nature of
the noise, seismometer spacings were generally too large for measurable
interunit coherence. An exception was drop 1, where both pressure and ver-

tical instruments indicated coherent energy.

Intraunit pressure-vertical coherences were high for all units,
with 90° phase shifts observed between pressure and vertical. A 180° phase
shift was observed between the Hall-Sears and the EV-17 vertical-component
instruments. Improper polarization of the EV-17, resulting from ambiguous

polarity tests during instrumentation checkout, caused the phase shift.

Horizontal-component noise (and signal) was modal and com-
plex. A large part of the horizontal noise component appears to consist of
Love-mode energy, and vertical-horizontal coherence was correspondingly
low. During drops 2 and 3, a considerable amount of high-frequency energy
(4.0 to 6.0 Hz) was detected on the units nearest the ship. This energy at-
tenuated rapidly with distance and is believed to be directional Love-mode
energy produced by the ship. In addition to the low-velocity Rayleigh-type
signal, higher-velocity Love- and Rayleigh-mode energy was observed on the
10rizontals. The distribution of modal energy is strongly affe:ted by the seis-
mic source, and there has been no attempt to derive these experimental results

theoretically.
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In summary, the seismometers performed well, particularly
the Hall-Sears. Even on the x1 channels, system noisc levels were appre-
ciably down from recording levels (with the exception of Px 1), The data are
seismically valid and interpretable in a spatial sense. Particular insight into
the validity of the horizontal recording is obtained from the combined analysis

of the noise samples and the set of short-range shot recordings.

The modal character of the data traces indicates the presence
of well-defined layers of unconsolidated sediments in the top 300 ft of the
oceanic crust. With regard to differences in OBS observations and standard
land observations, a better understanding of the role and importance of modal
propagation of seismic ene rgy through these very soft (low-rigidity) sediments

becomes essential.
B. PREPARATION OF THE DATA ENSEMBLE

The analysis program was conducted using data recorded in
the Gulf of Mexico with an array of four OBS units. The units were dropped
three different times, all in the same approximate area (Figure II-1). Two-
day recording perliods were obtained for each drop. As a part of the expéri-
ment, two chemical explosions were detonated during each drop at distances

vé.rying from 200 ft to 10,000 ft from the array.

Additionally, numerous signals resulting from detonations set
off by a nearby seismic exploration crew were recorded and used in the signal
analysis because of their generally good signal-to-noise ratios. Resulting
seismic profiles also are shown in Figure II-1. An x-y plot of the se:ismic
profiles in Lambert coordinates, with individual profile shot locations, is
presented in Figure II-2 and may be used to determine shot-to- OBS array

distances.

Modifications were made to cevtain instruments prior to each
drop (Figure II-3). Unit 19 was damaged during drop-1 recovery operations,
and unit 15 was substituted. Modifications were switched between units before
each drop so that unit-related effects could be separated from operational

changes related to the modifications.
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Two data samples werc selected for digital analysis from each

drop. Each sample represented approximately 6 min of data and included a

signal from one of the explosive detonations. The signal in each case was
preceded by enough data to obtain an estimate of the ambient noise. Table -1
summarizes the digitized data ensemble. Listed sample times are relati

to the quoied unit reset time.

These data samples were field-recorded at 0.0075 ips. During
the analog-to-digital transcription process, playback was at 0.234 ips, re-
sulting in a 0.03125-sec digital sampling interval (32 samples/sec) and a
Nyquist, or folding, frequency of 16.0 Hz. Initial examination of the digital
data revealed an unusually high level of system noise, which was traced to
the transcription equipment. Some preliminary processing and araiysis was

conducted using these data.

Most of the noise and signal energy appeared to be located be-
low 6 Hz; thus, a 2-to-1 resampling appeared to be advantageous. Following
modifications to the transcription equipment, the data ensemble was redigitized
at a 16 sample/sec rate, yielding a 0.0625/sec sample interval and a folding
frequency of 8.0 Hz. Antialias filters using » 6.0-Hz corner frequency and

a 35-db/octave rolloff rate were applied to the data before digitization.

A library of permanent playbacks of the data ensemble was com-
piled. In addition, direct analog playbacks were made for many additional sig-
nals from the seismic exploration program. Processing data gates were de-

termined, and considerable visual analysis was conducted from these playbacks.
C. EVALUATION OF UNIT PERFORMANCE
Figure II-4 presents a flow chart of the data analysis program.

For purposes of discussion, analysis results are grouped into
two categories: ambient noise analysis and signal analysis. The conclusions
and observations are based on the study of several hundred spectra and co-
herences; therefore, in the interest of brevity, only a representative few are

shown in illustration and support of the points under dircussion.
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Appendix C presents a discussion of the mathematical ap-

proaches used in the spectral analysis,
1. Ambient Noise Analysis
a. Noise Spectza

Noise powe r-density spectra were computed for two data
samples from each drop. In each case, spectra were obtained for the ver-
tical (V x 1), pressure (P x 10), upper horizontal (Hlx 1) and l~wer horizon-
tal (Hzx 1) of each unit. The noise samples represent simultaneous record-

ings at each unit. (Table II-1 gives the sample lengths. )

Figure II-5 shows noise power-density spectral levels ob-
served with the unit-20 vertical-component instrument during the three drops.
Superimposed on the figure are two curves representing estimates of the sys-
tem noise levels, The relatively wide, shaded curve defines the extremes of
System noise introduced by the analog-to-digital transcription equipment as
measured on the xl1 channels with no input to the playback heads. The second
curve, broader thaa the ambient nois: spectra, is an indirect estimate of
total system noise resulting fro'n examiration of low-level or inoperable

traces.,

Between 0.5 and 3.0 Hz, the curves reflect valid seismic data.
A noise power peak is seen in the 1.0- to 1.25-Hz range, with energy de-
caying exponentially above 1,25 Hz, Peak noise levels during drops 2 and 3
are roughly 6 db above those for drop 1 at peak power; the increased levels
apparently are the result of stroag frontal activity along the coast. Attenua-
tion below 1.0 Hz is due primarily to instrument responses (Figure II-6),
The Hall-Sears amplifiers were inadvertently misadjusted during impedance-
matching changes, resulting in an amplitude response below the EV-17 re-

sponse at frequencies above 1.0 Hz.
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Figure II-7 shows superimposed noise spectra from the four 0
components of unit 19 (EV-17) for sampie 2 from drop 1. This direct com-
parison of component spectra illustrates the lower noise levels seen at peak

power on the horizontals. Ana.ysis or noise coherence (presented later) sug-

-

gests that the vertical component represents primarily low-velocity Rayleigh-
type energy, while the horizontal component represents a mixture of Love-
mode and Rayleigh-mode energy. The low-velocity waves comprising the

vertical noise field are not significant contributors to the horizontal noise

. _,ﬁﬁ:‘-:‘_hﬁ.-":.'_.' L
»

field. If the source mechanism favors excitation of predominantly vertical-
amplitude particle motion around 1 Hz, the 3- to 6-db reduction of horizontal
power-density levels displayed in Figure II-7 is a reascnable result. At the
higher frequencies (3.0 to 6.0 Hz), considerable horizontal-component energy
is seen. Analysis suggests that this is directional Love-mode energy, pos-
sibly from the marine geophysical exploration ship underway at approximately

1. 8-mi distance.

Figure II-8 presents the power-density spectra obtained for
drop 1, sample 2; spectra for like components from each unit are overlaid.
For each set of curves, a 30-db reference level is shown. The space-station-
arity of the spectra is very apparent. Also evident is the difference between
the Hall-Sears and EV-17 responses. The performance of the unit appears

not to be affected by the heavy anchor (unit 20), possibly because the OBS

spheres were supported by mud to some axtent. Again, considerable energy,
apparently from the ship, is concentrated at 5.5 Hz on the horizontals. This
peak is not seen in the other drop-1 noise sample; at that time, the ship was

R | approximately 5 mi distant.

4 Figures II-9 and II-10 present spectra in the same format from

: drop 2, sample 1, and drop 3, saraple 2, respectively. Higher noise levels

are evident for these drops. Again, the heavy anchor (unit 15, drop 2) does

not appear to have altered unit performance. The high level of noise concen-

trated between 5.0 and 7.0 Hz on unit-20 horizontals is believed to be directional O

energy from the ship, which was anchored very close to unit 20 during drop 2.
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This energy is apparently attenuated rapidly with distance and is horizontally
polarized. Similarly, this energy is see.. on the horizontals for both units
15 and 21 during drop 3 when th- ship was reported to have bee anchored

nearest these units. The padded anchor and different silastic do not appear

to have affected unit performances.
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SPECTRAL RATIO (db)

b. Spectral Ratios

The ratio of spectra as a function of frequency provides ad-
ditional insight into operatio. .l behavior. Various spectral ratios were
analyzed, particularly to determine whether unit modifications significantly

influenced unit performance.

Figure II-11 shows ratios of spectra computed for drop 1,
sample 1, which is typical of other samples. No appreciable difference is
detected for unit 20 (EV-17 with the heavy anchor) and unit 19 (a standard
EV-17) relative to unit 24 {another standard EV-17 within the seismic range

of 0.5to 3.0 Hz). The respons¢ difference encountered with the Hall-Sears

is quite evidert; the Hall-Sears is effectively 6-db down between 1.0 and 2.0 Hz.

At higher frequencies, system noise levels are high compared to the ambient
noise level and, therefore, the differences in the spectral levels preuicted

by the response curves are not observable.
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Figure II-11., Interunit Spectral Ratios: Vertical x1 Component,
Drop 1, Sample 1
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Fignre I1I-12 illustrat:s P x 1/P x 10 ard P x 100/P x 10 ratios Q

for spectra from drop 1, sample 2; all four units are shown. A direct mea-

’ gure of the relative amplifier gains as a function of frequency is indicated in

1 this manner. Relative to the P x 10 trace, all P x 100 channels are within

’jl 3 to 4 db of the theoretical factor of 10 differences (20 db) above 0.5 Hz. How-

ever, the P x 1 channels do not show the desired 20-db separation except mar-
ginally between 1.0 and 2.0 Hz; this is due to contamination of the P x 1 channel i

9 with system noise (both OBS-generated and laboratory-generated noise during

, playback and digitization). For this reason, the P x 10 channel was used in ’

%‘I‘" the data analysis. An estimate of total system noise as a function of frequency

i is poasible fror these ratios.
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Figure II-13 shows ratios of the xl1/x10 channels for the ver-
tical, upper, and lower horizontals of each unit. Generally, these are better
behaved thar. the P x !, illustrating that these x1 channels are usable. The
improper V x 1/V x 10 ratio for unit 24 is the result of a bad V x 10 ampli-
fier gain. Interestingly, the trough between 3.0 and 4.0 Hz on the vertical
ratios is the result of harmonic distortion of 1.0- to 1.25-Hz noise peaks re-

sulting from clipping.
c. Noise Coherence

Coherences determined for the vertical components of the
drop- 1 noise field are shown in Figure II-14. Vertical-component x1 in-
struments from each of the four units were used. Figure II-1% also shows

the coherences determined for the pressure (x17) transducers.

Both sets of curves indicate the largest coherence to be in the
0.7- to 0.8-Hz range. Below 0.7 Hz, instrument responses (which begin to
roll off at 1.5 Hz) result in an appreciable decrease in seismic energy rela-
tive to system noise levels. Below 0.5 Hz, the spectra apparently are domi-
nated by inccherent system noise, with coherence becoming negligible. Sim-

ilarly, above 3.0 Hz, any coherences reflect system noise correlation in mos

cases. The incoherent system noise below 0.5 Hz was likely unit-related, but

correlated system noise above 3.0 Hz probably was produced during the play-
back digitization process. Between 0.5 and 3.0 Hz, measured coherences

appear to reflect seismically valid data.

The rather wide range in coherence values resulting from the
various unit combinations strongly suggests that the noise field is not uirec-
tional; therefore, the most plausible model appears to be that of an isotropic

noise field.

.
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expected for constant-velocity isotropic noise with vertical-component in- O

Figure II-15 illustrates the 2-channel coherence theoretically

struments. The abscissa (d/)) represents the ratio of the spacing between
il seismometers (d) to wavelength (A). The theoretical coherence for isotropic
noise of a given velocity is essentially a zero-order Bessel function and ap-
proaches a null as the spacing between instruments approaches one-third of a
wavelength. In general, large spacing between seismometers will directly

reduce anticipated coherences. :

The coheences obtained here suggest that the seismometer
spacings are relatively large compared to the dominant ssismic wavelenght,
with the exception of units 19 and 21 (which appear to be located very close
to each other). While relative unit positions are not known exactly, approxi-
mate locations are available (Figure I-4), These suggest a surprisingly low

phase velocity for the isotropic component of the noise field.

?:.--': 1. DS O
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0 1 2 3 4
d/x

Figure II-15, Theoretical 2-Channel Coherence for
Isotropic Noise, Vertical Component
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Similar coherence measurements were made for a second noise
sample taken from drop-1 data. Results are essentially the same, with the
exception of measurements involving unit 20; these reflect complete lack of
correlation across the frequency band. An explanation for this behavior is not
now available, but the problem is believed to be related to the specific data
sample from unit 20 (possibly a tape speed variation) rather than with the unit

in general or with the postulated noise model.

Analysis of signal data (presented later) shows that the shots
excited a dispersive, very low velocity mode with a phase velocity of about
620 fps at 1.3 Hz, Both the frequency band and the amplitude relationships
among components for this mode were similar to that observed for the noise.
This information, combined with the coherences shown, strongly suggests that

the predominant noise is propagating at low velocity (about 620 fps).

The coherence data can be used to chect. the field-estimated
locations. Assuming an isotropic noise field and a propagation velocity of

620 fps, then the separation between units, d, can be calculated from

d
ZTTfV = 2.4

where
f is the frequency of the first null in the coherence

V is the velocity cf propagation

2.4 is the value of the first null in a zero-order Bessel function
Solving for component pairs gives a minimum separation (units 19 and 21) of
40 to 90 ft, and a maximum separation (units 24 and 20) of 240 to 400 ft

(Figure II-16). These values and the relative positions of the units are con-

sistent with field information.

Ottrme—100-230 ft memeeeate 050~ 1 00 £t IO tbmmmmmeee9 0~ 180 £t e
24 71 19 > 20

Iigure II-16. Calculated Unit Locations
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instruments were also computed for noise samples from drops 2 and 3. With

Inte runit coherences between verticals and between pressure

minor exceptions, coherences were negligible, suggesting larger unit spacings
during these drops. Operational conditions also substantiate these conclusions
since field estimates of unit locations are approximations made from visual

il buoy sightings without benefit of reference points. Adverse weather conditions

during drops 2 and 3 alsc reduced the reliability of these estimates.

Coherences computed between the pressure (x10) and vertical

(x1) within each unit for all noise samples are iliustrated for drop 1, sample 1,
:T in Figure II-17. Very high coherence was obtained from 0.5 to approximately
E.L,E 1. 5 Hz, which includes the bulk of the seismic energy seen. This high P/V

*.":; coherence again reflects the extremely good quality of the vertical-component
};‘EJ data. Figure II-17 also shows the relative phase angles between pressure and
':.._. vertical instruments in each unit; the phase angles are derived from the cross-

_"" power term used for the coherence computation. All four units reflecta 90°
!,'ﬂ,% phase shift between pressure and vertical instruments, which is theoretically
3: predictable for Rayleigh-type propagation. Two anomalies appear: a 180°
# phase shift between the Hall-Sears and the EV-17 vertical-component instru-

: ments (caused by lead reversal on the EV-17, resulting from ambiguous

polarity-test procedures); and a gradual, approximately linear phase change
in unit 20 as frequency increases. This phase shift apparently is caused by
a slight misalignment between the P x 10 and V x 1 recording heads. Sucha

e | ; misalignment results in a time shift (= At) between channels with a corre-

R
=4 sponding phase shift ¢ (f) = 2n(At)f, yielding a phase difference which changes
at
] linearly wirh frequency. i,
o .
E From Figure 1I-17, an estimate of the magnitude of At can be
' made by using the relation
9(5,) - 9(f))
\ 4 At =

Zn (f2 - fl)

¢(2.3) - $(0.5) _ (175° -'95°)/57.3 _ 1,396
2m (2.3 - 0.5) =~ 6.28(1.8) ~ 11.304

At = = 0,123 sec
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Figure II-17. Pressure/Vertical Coherence and Phase Relationships, Drop 1,
Sample 1 i
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The At measured directly frém field records is 0. 14 sec; this

is in very good agreement with the time shift just computed.

Ccherences computed for vertical-horizontal pairs in each
unit are negligible within the valid seismic band of 0.5 to 3.0 Hz; apparently,
the horizontal motion is composed of a different combinatioa of modes than
is the vertical motion. Signal analysis (presented later) reveals the presence
of several propagation modes through the shallow sediments, with one of the
more important being a vertically polarized Rayleigh-type wave. The postu-
lation is that the vertical component of the isotropic noise consists mainly of
this low-velocity surface wave. Lower horizontal-component powe r-density
levels (6 to 9 db), relative to the vertical, support such a model of the seis-
mic noise field. The energy seen on the horizontals can be explained as a

combination of both shear- and Love-mode energy.

Coherences between the upper horizontals (Hl xl) and between
the lower horizontals (H2 x1) are shown in Figure II-18, a and b, respectively,
for drop 1, sample 2. Similarly, Figure II-19(a and b) presents coherence
measurements between the upper horizontal of one unit and the lower horizontal
of another. These measurements are more difficult to interpret than the ver-
tical coherences, since the direction of orientation of the horizontals is un-
known. Some horizontal alignments can be inferred, however, from the co-
herence functions; e.g., unit 20's upper horizontal does not correlate well
with any other upper horizontal and, similarly, its lower horizontal correlates
poorly with the other lower horizontals. Conversely, significant levels of co-
herence are observed between unit 20's upper horizontal and the other lower
horizontals and between its lower horizontal and the other upper horizontals.
Unit 20 appears to be oriented at right angles to the other units and this, in
turn, implies that the other units are all identically oriented. Signal analysis

(presented later) confirms the inferred orientation.
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L | ) Below 1.0 Hz, there are rough indications that horizontal co-

herence varies inversely with unit spacing, suggesting an isotropic noise field.

Results are inconclasive, however, due partly to the orientation ambiguity.

An additional coherent peak, seen at approximately 5.0 Hz for
certain korizontal-component pairs, is apparently Love-mode energy and may
result from ship-generated directional noise; the marine exploration ship was
approximately l.8 mi distant. Strong indications of such energy were obtained
during drop 3 when the TI ship (a few hundred feet from the units) changed

pcsition by running the anchor winch.
2. Analysis of Signal Data
a. Visual Analysis and Dispersion Estimates

During the field tests, low-frequency large-amplitude arrivals
propagating at velocities as low as 500 fps were consistently observed following
50-1b dynamite explosions from a nearby geophysical exploration ship. In Fig-
ures II-20a ard II-20b which present 21 vertical-component recordings from
unit 19, these unusual phases are clearly evident; they were observed by each

of the four spatially isolated units.

Figure II-21 displays 4-component (pressure, vertical, and
both horizontals) recordings from each of the four OBS units for a typical ex-
plosion wavetrain. Appearing on the data traces are a number of refractions
closely accompanied by a strong ringing waveform which is probably a leaking
mode. Both Love- and shear-mode energy are present shortly after the leak-
ing-mode arrivals, followed by a very low-velocity surface wave. This com-

. plex long-duration wavetrain indicates that the ocean-bottom sediments are
highly layered in the drop area, which overlies the Gulf Coast geosyncline.
As can be seen in Figures II-20a and II=20b the amplitude of the low -velocity
arrival dimiinishns with source-receiver distance, and its waveform is dis-
persive; it has been identified as a Rayleigh-type shea wave with mode of

Q propagation primarily controlled by the very low rigidity of the ocean-bottom

sediments.
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To verify the seismic source and to locate shot positions, a
request for assistance was made to agents of Superior Oil Company. Through
their cooperation, information was made available pertaining to the number of
profiles (nine) made on 21 and 22 October; included were the number of shots
per profile, the shotpoint spacing, and the endpoint coordinates of each pro-
file. A total of 199 explosions were detonated, and all were recorded by the
OBS units. The late-arriving surface wave was present only on the three
nearest shot lines (1, 2, and 4); from these three, however, excellent azi-

muthal coverage was obtained (as can be seen in Figures II-1 and II-2),

The marine seismic exploration ship employed a Raydist-
Hastings navigational system which yielded plare x, y coordinates of each of
the 199 recorded shots to an accuracy of +100 ft. For conversion to either
plane or geographic coordinates, Special Publication No. 252 of the U.S. De-
partment of Commerce, Coast and Geodetic Survey, was used. (This pub-
lication gives plane coordinates based on a Lambe rt conformal conic projec -

tion for the State of Texas. )

Receiver locations were less certain than the shot locations,
due to the limited accuracy of navigational aids emp>loyed by the TI research
ship, so recorded shots were used to determine the receiver location more
accurately by triangulation. A large graphic display of shot geometry was
constructed, and three pairs of recordings from the three lines (1, 2, and 4)
were carefully selected. Each pair exhibited the same relative arrival times
between phases and very similar amplitudes for the same refractions. There-
fore, any two shots comprising a pair were very nearly equidistant from the
receiver. The preservation of waveform between each of the three pairs
(five recordings) is evident in Figure II-22. Adjacent shotpoints were 1760
+100 ft apart, and the maximum error in the adjusted receiver location was
less than 1000 ft. Pressure traces were used in the alignment of the first
part of the explosion wavetrain, while vertical traces were used in the align-
ment of the last part; this was done because the various phases comprising the

signal waveform did not excite the same components equally.
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Several such trace combinztions were selected, and all yielded
consistent resulits. In effect, a visual least-means-square fit was performed,
and the receiver array location was graphically determined to be 28°26'N
lat., 93°51'W long., as compared to 28°24'N lat. » 93°51'W long. obtained

from shipboard navigation.

A knowleage of the traveltime for the first refractive arrival
was required to determine group velocities; this was obtained from a seisrmic
refraction profile published by Ewing et al3 for a section of the Gulf of Mexico
running frorn Galveston, Texas, to Cartegena, Colombia. Four unreversed
profiles were shot in various directions on the continental shelf and a compu-
tation made using average slopes and intercepts from all profiles to give a
rough approximation of :hicknesses and velocities in the general area. Pro-
file 32 described by Ewing had geodetic coordinates of 28°09'N and 93°41'W
for the receiving position — different only by 17' lat. and 10' long. from the

corrected position of the OBS unit.

A crustal model in agreement with Ewing's results was con-
structed and is displayed in Figure II-23 with the resulting traveltime and
traveltime-difference curves. Since shot times were not available on the
OBS recordings, only time differences were measurable (Figure II-24), Time
differences between the first break on the OES pressure trace and the second
strong refraction arrival are graphed as dots superimposed on the time-dif-

ference curves of the .wing model (Figure II-23), !

Clearly, the first arrival is a refraction from the top of the 1
third layer of the model in Table II-2. Numerous arrivals were timed, but
only the first two were fitted to the mode} since they were the strongest and ‘
cleanest picks on the records and since the data did not warrant the construc-

tion of a complete refraction model.
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Figure II-24. Refraction Arrival-Time Difference, Model Verification
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Table II-2 /
REFRACTION MODEL FOR UPPER CRUST, GULF OF MEXICO
Compressional Velocity Thickness
Layer Identification (ft/sec) (ft)
Water 4,921 200
Unconsolidated sediments 5,576 1,117
Semiconsolidated sediments 6,563 3,937
Consolidated sediments 9,515 10, 044 .

Figures II-25a and II-25b show several models having slightly
different thicknesses for the unconsolidated (mud) layer and various compres-
sional velocities. In the distance range of 10,000 to 20, 000 ft, where the best
dispersive waveforms are observed, the traveltimes predicted for the initial

refraction arrival by the various models are within 0. 25 sec of one another.

Using the traveltimes from Case I in Table II-3 for the P3 re- ﬂ
fraction, group velocity as a function of period was measured; results are
plotted in Figure lI-26 for three shot-receiver distances. It is tacitly as-
sumed here that sufficient dispersion occurred for the various frequencies
being studied to be well-cer~rated in time (i.e., assumption of stationary
phase). These measurements are accurate to +15 percent at each period,

using

X
g £X , 4t) e
H(T,) = r (1 T ot 3 > = (1:t 50 * 10> .

The measurements were made irom shots 5, 7, and 9 (line 4) at

distances of 12, 144, 15,312, and 20,064 ft, respectively. One case of inverse

dispersion was observed; this was shot 1, line 1, at a distance of 25, 872 ft (which
will be discussed later in the report). The results presented here are pre-
liminary; digitized data were limited for the low-velocity shear arrival, and

Fourier analysis of its waveform possibly will yield an improved estimate of O
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Table 1II

-3
P3 REFRACTION TRAVELTIMES

Source-Receiver Traveltimes
Distance (sec)

(ft) Case I Case II Case III
12,144 2.032 2.070 2.076
18y, 7218 2,273 2.311 2.326
15,312 2.516 2,552 2.576
16,896 2,756 2,794 2. 826
20,064 3.239 3.276 3.326
21,648 3.480 3.518 3.576
23,232 3. 721 3.759 3. 826
25,344 4,043 4,081 4,160

Mud-layer 817 1017 Tk
thickness (ft)
Table 1I-4
EWING'S TRAVELTIME MODEL PARAMETERS, P3 REFRAC TOR
Compressional Shear Relative Layer
Velocity (a) Velocity (B) Density (o) Thickness (H)-
(ft/sec) (ft/sec) (ft/sec) (ft)
4,921 = 5,438 200
5,576 422 6,600 50
5,576 607 6,600 100
5,576 792 6,600 50
5,576 1,056 7,920 —_
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Table II-3
P3 REFRACTION TRAVELTIMES

Source-Receiver Traveltimes
Distance (sec)
(£ft) Case I Case II Case III
12,144 2.032 2.070 2.076
13,728 2,273 2,311 2.326
15,312 2,516 2,552 2.576
16, 896 2,756 2. 794 2,826
20,064 3.239 3.276 3.326
21,648 3.48C 3.518 3.576
23,232 3.721 3.759 3.826
25, 344 4,043 4,081 4,160
% — g
Mud-layer /?317 1017 817
thickness (ft
( )/
i
[ ]
{
Table JI-4
EWING'S TRAVELTIME MODEL PARAMETERS, P3 REFRACTOR
Compressional Shear Relative Layer
Velocity () Velocity (8) Density (p) Thicknees (H)-
(ft/sec) (ft/sec) (ft/sec) (ft)
4,921 — 5,438 200
5,576 422 6,600 50
5, 576 607 6,600 100
5,576 792 6, 600 50
5,576 1,056 7,920 -
1I-43 science services division

iy

1
1
i




T ———

6’1

) ] 0 - )

(1ed133109y ], pue P3AI38qQ) S313ID0[92A 3seydq pue dnoan °9Z-IT san3r g

(ZH) ADN3IND344
8°1 1 9°1 S°1 A €1 2’1 I'T 01 6 8

| | | | I I ! IR | i ]

WOIUROMH] —
ailvwiisy e
S3ILI1D0T3A ISYHd

6INIAI D
LINIAT v
SINIAJ O

7 NIT) SI1LI0TIA dNOY9

(99S/4) ALID0TIA

science services division

II-44




O

)

)

'l

the position of the various traveling wave components comprising the total
wave motion. As Laster et al® have observed, the stationary phase approxi-
mation for moderate distances and times may be more in error in scme cases

than is realized.

As mentioned earlier, observed wavetrains indicate the pres-
ence of well-defined sedir entary layers. Shear-mode energy near 1.0 Hz
would be confined primarily to the upper 240 ft of sediments (A =C/F s 800 ft,

0 ~ M/4 = 200 ft). More than one mode of propagation rmay be excited, leading
to complicated motion at di.tances sufficiently shoxt that the separale modal
waveforms overlap and interfere. This is apparently the case for the vortions
of the data traces denoted in Figure lI-21 as Love and shear energy. The hori-
zontals are responding to multiple-mode energy and are not ' :adily interpreted.
For the low-velocity wave, pressure and horizontal amplitudes are weak, while
vertical amplitude is strong. This result has been predicted from mode-theory

considerations.

A model of sedimentary layering in the upper 300 ft of the OBS
drop area was constructed to examine this low-velocity phenomenon further.
Model parameters are given in Table II-4. Theoretical dispersion curves can
be computed from this model and compared against experimental dispersion
measurements. In this way, shear-velocity structure in the upper ocean-
bottom sediments can be defined, making possible a better understanding of
the role and importance of modal propagation of seismic energy through these
very soft (low-rigidity) deposits. The theoretical phase-velocity dispersion
curve obtained for the model in Table II-4 is displayed by the continuous
curve in Figure II-26, Determination of the group-velocity dispersion curve
is not possible at this time because the computer program has been hampered

by accuracy problems over much of the frequency range of interest.

I-45 sclence services dlvision
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The behavior of the group-velocity curve is of great importance :
with regard to the branch of inverse dispersion that has been measured, since 0
the existence of a group-velocity minimum is implied to satisfy such observa-
tions. Higher-order modes also could possibly contribute to part of the ex-

perimental dispersion curves. At present, the question is an open one, and

further calculations are needed to resolve it.

An attempt was made to determine phase velocities by visual .
correlation of peaks between traces from 2djacent shotpoints. In Figure II-26,
the phase-velocity estimates are superimposed as data on the theoretically .
predicted curve. The general shear-velocity gradient and layer thicknesses
are certainly correct; however, the model phase-velocity dispersion curve
is quite sensitive to relatively small changes in the shear-velocity gradient
ir. the upper 250 ft of sediment. Improvements in the match between experi-
mental and theoretical dispersion curves depend on better estimates from the
data. If more of the shot data were digitized, a more precise determination
of the shear-velocity gradient in the Gulf Coast ocean-bottom sediments would O

be possible.
b. Signal Spectra and Coherence

Power spectra and 2-channel coherences were computed over
two intervals of the shot-1 (line-1) explosion wavetrain. This record (No. 1)
was the only one used for investigating the frequency-domain characteristics
of the various seismic arrivals (signal) displayed in Figure II-21. The first

gate consisted of 12.5 sec, beginning near the first refracted arrival.

Several refractions are visible on the vertical and pressure
traces. Strong motion of long duration also occurs on the horizontal traces.
Of the four instruments, the least excited is the vertical, with only the re-
fractions and a very high-frequency low-amplitude arrival clearly present in
most cases. On the pressure trace, a relatively large-amplitude more-oz-
less sinusoidal wave pattern (1 Hz to 5 Hz) can be seen. This phenomenon is
identified as being predominantly a leaking mode, similar to that described O
by Su et al. 6
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Power spectra of the pressure and vertical components are
shown in Figure II-27; their close similarity is apparent. Both the horizon-
tal and vertical signal spectra, as well as the corresponding noise spectra,
are displayed in Figure II-27, where strong narrowband energy is observed'f
to be centered about 3.5 Hz, 4 Hz, 5 Hz, 5.3 Hz, and 6.2 Hz on the hori-

zontal seismometers.

All instruments sense the relatively broadband noise peak
around 1 Hz, but the vertical componert additionally appears to have a small
signal peak just below 1 Hz. The existence of long-lasting s‘ rong motion on
the horizontal components can be partially interpreted using the normal-mode
results of Sykes and Oliver;7 they found that surface waves corresponding to
propagation in Love modes and in certain shear modes are very sensitive to
the shear velocity and thickness of a low-rigidity sedimentary layer. In par-
ticular, two families of shear modes exist: one, which includes the fundamen-
tal Rayleigh mode, is primarily sensitive to variations in water depth; the
other, to the properties of a low-rigidity layer. Thus, the horizontal motion
observed by the OBS units following the arrival of the leaky-mode energy may
consist of a mixture of these two types of shear waves. At frequencies above
1 Hz, both families of shear modes can exhibit large horizontal-to-vertical

motion at the water-sediment interface.

Figure II-28 gives the frequency-aligned power spectra and
2-channel coherences for the horizontal components of unit 19. This figure
implies a strong similarity between horizontal waveforms within a unit. A
notable degree of similarity across a very broad frequency band above 3 Hz
is indicated by the 2-channel coherence for the pressure traces between units
(Figure II-27), Such behavior is consistent with the presence of high-phase-

velocity leaking-mode energy.
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UNIT 19 (3

RELATIVE POWER DENSITY (db)
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. Figure II-27. Early-Arriving Signal Spectra: P x10 and V x1, Unit 19 (Top);
: P x10 and Noise Coherence (Bottom)
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The second data gate consisted of approximately 17.2 sec, be-
ginning with the predominantly horizontal motion which precedes the larze,
slow, shear-wave arrival midway on the signal wavetrain. The first part of
this interval may be partly occupied by Love-mode energy followed by at
least one and probably several shear modes. An estimate of the group ve-
locity near 1.4 Hz for the large-amplitude shear.arrival is approximately

800 fps.

Figure II-29 gives vertical and horizontal signal and noise
power spectra as observed on unit 19. Also in this figure are the correspond-
jng 2-channel coherences computed between unit-19 horizontals. Again, the
signal energy is concentrated in narrow frequency bands; the virtually identi-
cal horizontal power spectra peak around 1.5 Hz, 1.9 Hz, 2.7 Hz, 3.5 Hz,
and 4.8 Hz, respectively, and the signal energy is strongly coherent. The
vertical seilmométer measures narrow energy bands around 2.7 Hz, 3.6 Hz,
4.5 Hz, and 5.5 Hz. There has been no atterapt to derive a theoretical am-
plitude spectrum from normal-mode theory to compare with these experimen-
tal results. Proper definition of the seismic source will be one of the greatest

uncertainties in any such calculations.

D. CONCLUSIONS s
The spectral analysis of the Gulf recorded data resuits in the

following conclusions.

e System performance is not measurably affected
by the described unit modifications {e.g., heavy
anchor, anchor pads, different silastic).

o The Hall-Sears seismometer package is opera-
tionally similar to the EV-17 and more depend-
able since its horizontals are less sensitive to
leveling problems.
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e Shallow bottom sediments in the test area are
highly layered, supporting several propagation
modes. Shear velocities vary rapidly in these
shallow sediments. Very low-velocity Rayleigh-
type wave motion is observed from explosions,
following refracted arrivals and higher-velocity
normal modes; these low-velocity arrivals are
probably dispersive Stoneley waves of the type
described by Davies. 2 .

o Signal energy on the horizontals immediately
follewing the refracted arrivals is a combination
of leaking modes and shear modes.

e The dominant ambient noise appears to be iso-
tropic and of low velocity (approximately 600 fps);
this results from unusuaiiy well-defined shallow

mud layers and may serve to explain much of the
difference between ocean-bot4om and land re-
cordings.

The degree to which these results, especially those pertaining O
to the noise field, can be extrapolated to other ocean-bottom areas is not
known. Certainly, continued investigation in other oceanic areas is indicated.
However, previous OBS experimentSB’ 9 indicate general agreement with these
results, and ocean-bottom ambient noise appears likely to be generally iso-

tropic; very low propagation velocity due to mud-layering also could exist.
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@ APPENDIX A

ELECTRICAL AND MECHANICAL SPECIFICATIONS
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APPENDIX A
ELECTRICAL AND MECHANICAL SPECIFICATIONS
OF CCEAN-BOTTOM SEISMOGRAPHS
Dlmensions Weight Electrlcal and/or Mechanical
Unit (in.) {1b) Speclfications

Anchor 42,5 diameter x 16 helght =~ 335 None
Sphere (upper and lower 40.5 OD x 36.75 ID ~ 1000 Spun from 7178 alumlnum alloy

hemispheres and Maximum operating pressure: 11, 500 psi

pressure ring)
Release mechanism 15.5x3.5x 1.5 2.5 15-v dc input to burn fuse wire

Hydrophone 5.5 dlameter x 8. 625 helght 12 Capacitance® 0.0158 to 0.0168 uf
Sensltivity: 2.2 v/psi
Impedance: 20 MQ} negative to ground;
(mlnimum) 50 MQ} positive to ground;
100 M) positive to negative
Crystal type: Clevite PZT-4
Radio beacon 12.6 x 4.3 x 2.4 2 Power output: 3 w
Antenna length: 48 Power Input: 15 v dc at 1 amp (during
ON time)
Frequency: 26,670 MHz (+0.005%)
Modulation:  90% with 400-Hz tone
Duty cycle: nomlnal 0. l-gec ON time
every 0.5 sec
Standby power input: 15 v dc at 3 ma
Power source: B- 1000
Seismometers:
Mark Il and Mark 1V 15x 13 x 13 35 Coil excursion: vertical - $0.125 in,

»

Mark V

15.75 x 6.875 x 6.875

(Mass of suspension:

2760 gm)

35

(Mase of suspension:
(941 gm)

horizontal - +2 mm
£2° all directions with
no more than 2% fre-
quency change

Tilt angle:

Sensitivity: 480 v/m/sec open circuit;
384 v/m/sec at 0.6 critical
damplng

Coil resistance: 50001

Damping: 20, 000 Qfor 0.6 critical

Natural frequency: 1{+0.05) Hz

Coil Excursion: vertical: £0.250 in.
horizontal: £0. 250 in,
3° all directlons with
no more ihan 2%
frequency change.

Tilt Angle:

258 v/m/sac at 0. 6 critical
damping

Coil resistance: 4100 (+25) ohms

Damping: 21,000 Q for 0. 6 critical
Natural frequency: 1(10,03) Hz

Calibratlon coil sensltivity: 1.1 mu/pa at
0.6 critical

Sensitivity:

8.0x4.25x4.75

Oscillator frequency: 1.6384 MHz

Digltal clock 2.25
. Outputs: 400-Hz square wave at 3 v pp;
12. 5-He square waveat 1.5 v PP
Retl-time and identificatior code; 1/mln super-
' posed over l-sec timing pulses
at2. lvpp
Anchor release pulse: 4 sec (Mark IiI);
9 sec (Mark 1V and Mark V)
Timing accuracy: 0,1 sec/30 days
Power input: 3 vdc at 100 ma from B-409;
15 v dc at 5 ma from B-200
Backup clock 7.75x5.5%x2.0 1. 50 Power input: 3 vdc at 50 ma from B-500;
15 vdc from B-600
Output: relay clusure and time signal
to recorder
Release setting accuracy: ¢ 1f min
Clock drift: 2 sec/day maximum
A-1 science services division
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Dimensions Waelght Electrical and/or Mechanical
Name (in.) (1b) Speciflcations
Bias osclllator 6.0x2.25x3.0 0.75 Power inpuit 12 v dc (regulated) at 3.4 ma
Output: 1.5 v pp, i45-Hz slne wave
Temperature range: -20 to 130°F (ambient)
Sonar receiver 9.7 x4.5x2.25 2.0 Power input: 3 vdcat30ma
Signal lnput capacltance: 0.0033 uf,
resonant at 5.9 kHe, 6.5 kHz
Seneltivity: 1 pv rme for actlvation of
release relay
Output relay closure: Relay with 2 amp SPST
normally open contacts
Code frequencies: Code 1 - 5,9 kHe;
Code 2 - 6.5 kHz
Releaes relay box 4.5x2.25x2.5 == Inputs: Sonar coded;
digital -clock presslected tlme;
backup-clock preselected time;
sump-swltch emergency water leak
Battery power supply Outputs:
B-100 10,75 x7.0x 4.0 14. 4 15 vde, 27 ma
B-200 10.75x7.0x 4.0 14.4 15 vde, 32 ma
B-300 6.0x3.25x17.5 1.7 -12 v de, 7 ma (except Mark LII)
B.400 9.5x4.0x3.0 1.7 3 vde, 100 ma
B.500 3.043.75x6.25 5.0 3 vde, 80ma
B-600 8.5x3.25x2.0 2.8 15 vde
B-700 3.0x 1,59 x 5.625 1. 62 510 vde
B-1000 10.75%x 7.0 x 4.0 14. 4 15 vde
Beacon light 9.5x12.75x 8.0 12 Power input: 510 v dc from B-700
Flash rate: 0.25 sec each 5 sec
Recorder 16.5x10.5x 5.5 14 (with reels) Tape speed: 0.0075 lps

10 {without reels)

Speed variation: wow and flutter <1%
Res! capacity: 1800 ft, 1 mll thick, 1 ln. wide
Resl slze: 8-1n, diameter
Power Input: 12 vdc at 30 ma (regulated)
Signal input impedance: 10 K, 5 v pp for full-
level recording

Frequency response: 0,25 to 14 Hz
Magnetic head:

Inductance: 100 mH

dc resletunce: 1500

Tracke: 14 IRIG etandard

Track width: 0,050 in,

Track spacing: 0.070in, on centers
Dynamle range: 39 db
Type of recording: dlrect record
Number of tracks: !4 IRIG analog standard
Recording time: 33 days

Control box 10x7x3 ORI None
Reactance amplifler 12x6x5 5,06 Input power: 15 v dc at 27 ma from B-200
{(Mark IV and Mark V) Volage galn: 106 db, 60-db attenuation
provided in 6-db steps
Input impedance: 20 X to seismometer channels,
6 M to hydrophone channels
Frequency response: 1.5 to 8.5 He 43 db
(limited by filters)
Trilevel ampliifier 7.25x 3.25 x 3,25 2 Input power: +15 v dc from B-200

{Mark 1V and Mark V)

Voltage galn: presetat factory, no adjuet-
ment required; each gein labeled
on the circult board
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APPENDIX B
TEST SPECIFICATIONS

M’l& . Name
121900 OBS System Test Procedure
121901 Pressure-Transducer Unit Test
121903 Seismometer-System Unit Test
121904 RA-6 Preamplifier Unit Test
121905 Trilevel-Amplifier Unit Test
121906 Bias-Oscillator Unit Test
121908 Sonar Receiver Unit Test
121910 Digital-Clock Unit Test
121913 Blinker-Iight Unit Test
121914 Recorder Unit Test
121915 Recorder 30-Day Test
121916 Radio-Beacon Unit Test
121918 Trilevel-Amplifier Unit Test
121917 Operational-Amplifier Unit Test
128982 Backup-Clock Unit Test
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o APPENDIX C
MATHEMATICAL DERIVATIONS OF COHERENCES

Defined are some of the mathematical forms used in the spec-
tral analysis. Two types of spectra are considered: energy-density spectra
and power-density spectra. Energy-density spectra measure the energy

P density of a transient waveform as a function of frequency. Power-density
spectra are similar functions which estimate the power density of a random

stochastic time series.

Both types of spectra may be obtained by Fourier-transforming
an autocorrelation function of the transient or time-series sample under con-

sideration. The autocorrelation function @kk('r) is defined s

T
| lim _l
(T = oL 3T f ) f(e+mdt  -T<r<T

A T
where 2T is the length of the sample of time series fk(t) under consideration.

The Fourier transform 3%(w) of function 3(t) is defined as

-iwT

lw) = f (r) e dr co < W< @

where @ is angular frequency.

. Estimates of the coherence C(w) between any two time series

(k and j, for instance) are obtained by computing

ij(w) ij*(w)

Qkk(w) ij(w?

C(w) = co < < ®
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where Qkk(w) and ij(w) are the power-density spectra at frequency w of the

kth and jth time series, respectively; ij(w) is the crusspower density spec-
trum for the same pair of time series; and the asterisk denotes complex con-
jugate. Crosspower-density spectra are estimated by Fourier-transforming

the crosscorrelation function ij('r), which is defined as
T
_lim 1 f .
ij('r) = T uw 2T {k(t) fj(t + 7)dt T<r<T
-T

Coherence as a function of frequency is a measure of the sim-
ilarity of two time series. This similarity does not require identical wave-
forms for the two time series but rather an unvarying phase or time depend-
ence of one or the other. Ifthere is complete phase dependence at a particular
frequency w, one time series is completely predictable from the other at that
frequency and C(w) is identically 1. If the two time series have no constant
phase relationship at a particular frequency w (such as two random number
series), no prediction is possible and C(y) is identically 0. Values of C(y)
between 1 and 0 indicate that only a portion of the energy at frequency y is

coherent.

This definition for coherence (which is used in this report) is

more properly termed coherence squared, when compared with the definition

given by Amos and Koopmans, 10 Ghich appears to be in more common usage:
cw 3 i (w) & (0w xo
= $..(Wzxo
Vgl 8500 3

The function is a normalized measure of coherence and, in
general, is complex-valued. When written in the polar form, the modulus
v(w) measures the intensity of the coherence and the argument 9(y) measures

the average phase difference between ik(t) and fj(t) at frequency (w).
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In practice, infinitely long data samples and infinite frequency
ranges are impossible to consider; thzrefore, many techniques have been de-

veloped to obtain valid power estimates from finite samples. 11,12 i

This problem does not arise with transients since the interval
: 2T can be made sufficiently long to encompass the entire transient function.
M Transient functions are not often treated, however, but rather mixtur~es of

transients and random time series.

] The technique used in this report to obtain stabilized spectral

estimates has involved computation of the autocorrelation of the time series

¢ and then design of a time-domain filter to ""whiten'' the autocorrelation (i.e.,
a filter, the frequency-domain response of which is the inverse of the Fourier

% transform of the autocorrelation). The filter's response (and ultimately its

: inverse) is exact and can be directly estimated without the distortion normally

encountered when Fourier-transforming a truncated autocorrelation.

=t SRR T L SR
-
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C-3/4 science services division




UNCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA - R&D

(Sacurity ciassification of title. body of abstract and indexing anactation must be entered when the oversll report ls classified)

1. ORIGINATING ACTIVITY (Corporate author) 28 REPORT SECURITY C LASSIFICATION
Texas Instrun..nts Incorporated Unclassified
Science Services Division 26 cmour
P,.O., Box 5621, Dallas, Texas 75222

3. REPORT TITLE

OCEAN-BOTTOM SEISMOGRAPH PRODUCTION AND GULF OF MEXICO
DATA ANALYSIS — FINAL REPORT

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Final Report

8. AUTHOR(S) (Last nams. firat name, initial)

BeAbout, Edgar G. Howard, R. Fred Johnson, William A.
Harris, Hugh K. Kimler, Benjamin F.

6. REPORT DATE 7@ TOTAL NO. OF PAGES 75. NO. OF REFS
31 July 1968 87 12

8a. CONTRACT OR LRANT NO. 94 ORIGINATOR'S REPORT NUMBEN(S)
F33657-68-C-0242

b. PROJECT NO.

VELA T/8701/ASD
c. . a'{:czn RSFORT NO(S) (Any other n.wmbere & i»ey be wesigned

a.
10. AVAIL AIILITY/LIHITATION NOTICES ¥
This document is subject to special export gontrols and each transmittal to

foreign governments or foreign nationals may. be made only with prior approval
of Chief, AFTAC o

11. SUPPL EMENTARY NOTES 12 SPONSOING WILITARY ACTVITY
ARPA Order No. 624 Advanced Research Projects Agency
Department of Defense
ARPA Program Code No. 7F10 The Pentagon, Washington, D,C. 20301
13. ABSTRACT

\.5ix additional Ocean-Bottom Seismographs, similar in design and functionally
interchangeable with existing units, were produced. Results of testirg the new
urnits showed that system performance is not measurably affected by the uait mod-
ifications and that the replacement Hall-Sears seismometer package is operation-
ally similar to the EV-17 but is more dependable.

Shallow bottom sediments in the test area are highly layered, supporting sev-
eral propagation modes. Shear velocities vary rapidly in these shallow sedirnents
Very low-velocity Rayleigh-type wave motion is observed from explosions, iol-
lowing refracted arrivals and higher-velocity normal modes; these low-velocity
arrivals are probably dispersive Stoneley waves. Signal energy on the horizontals
immediately following the refracted arrivals is a combination of leaking modes
and sheai :n2odes. The dominant ambient ncise appears tc be isotropic and of low
velocity; t:is results from unusually well-defined shallow mud layers and may
serve to expiain much of the difference between ocean-bottom and land recordings.](

I

DD .fo, 1473 > UNCLASSIFIED
' ‘ Security Classification



!

UNCLASSIFIE D

Securitz Classification

18.
KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wWT ROLE wT

Ocean-Bottom Sesimograph

Highly-T.ayered Shallow-Bottom Sediments
Low-Velocity Rayleigh-Type Wave Motion

Isotropic Ambient Noise

INSTRUCTIONS

1. ORIGINATING AL TiVITY: Enter the name and address
9f the zontractor, subcontractor, grantee, Department of De-
fense activity or other organis:.den (comorate author) lasuing
the report.

2a. REPORT SECURITY CL/SSIFICATION: Enter the over
all security classificstion of the report. Indicate whethes
‘‘Reatricted Data’’ ia included Marking Is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-

rective 5200. 10 and Armed Forces Industrial Manual. Enter

the group number. Alao, when applicable, show that optional
in::’kln‘l have been used for Group 3 and Group 4 as author-
zed,

3. REPORT TITLE: Enter the complete report title in atl

capital letters. Tltlea in all cases should be unclassifled,
¥ « mesningful title cannot be selected without classifice-

tlon, show title clasaification in all cepitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If eppropriate, enter the type of
report, e.g., interim, progress, summary, snnual, or final.
Give the inclusive dates when a specific reporting period is
covered. :

5. AUTHOR(S): Enter the name(s) of autbor(s) as shown on
or in the report. Enter l1aat name, first name, middle initisl.
If military, ahow rank sad branch of service. The name of
the principal suthor ia an absolute minimum recuirement.

6. REPORT DATZ: Enter the date of the report as day,
month, yerr; or month, year. If more thsn one date appcars
on the report. use date of publication.

7a. TOT' . NUMBER OF PAGES: The total page count
should fol ' & normal pagination procedures, i.e., enter the
number of pagea containing information.

76, NUMBER OF REFERENCES Enter the total number of
references cited in the repost.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written,

8d, 8, & 8d. PROJECT NUMBER: Enter the appropriste
military depertment idertification, such as project number,
subproject number, sy:siem numbers, task number, etc.

9a. ORIGINATOR'’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlied by the orlglnating activity. This number must
be unique to this report.

956. OTHER REPORT NUMBER(S): If the report has been
asulgned any other report numbers (either by the originator
or by the aponsor), alao enter this number(s),

10, AVAILABILITY/LIMITATION NOTICES: Enter any lim-

thltlom on further disseminatlon of the report, other than those

imposed by security classification, using standard statements
such as:

(I) ‘‘Qualified requesters may obtain copies of this
report from DDC.’*

(2) ‘“Foreign announcement and dissemination of this
report by DDC is not authorized.”’

(3) **U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

"

(4) ‘‘U. S. military agencies may obtain copies of this
report directly from DDC, Other qualified users
shall request through

"
.

(5) *“All distribution of this report is controlled Qual-
ified DDC users shall request through

"
»

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additionsl explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enater an abstract giving a brief and factual
summary ot the document indicative of the report, even though
it may also appear elcewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no Laitation on the le.ngth of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key worde are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, mi litsry
project code name, geographic location, may be used as key
words but will be followee by an indication of technical con-
text. The assignment of links, rules, and weights is opiional.

UNCLASSIFIED

Security Classification



