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‘ ABSTRACT

The purpose of the Lopez Island Ocean Bottom Seismometer
Intercomparison Experiment was to determine the effects of coupling and
bottom currents on ocean bottom seismometers. Twelve operational OBS's,
three specially designed three-component systems and a hydrophone were
compared with each other. Unlike seismometers placed on hard rock at
land stations, ocean bottom seismometers can be affected by soft sediments
(which act as lossy mechanical springs) and by buoyancy. Coupling through
soft sediments can modify the response to ground motion much as a low pass
filter does, and high buoyancy tends to counteract this effect. These
effects are observed in the Lopez data, which consist of signals from
mechanical transient tests, cap shots, airgun pulses, and general back~-
ground noise. The modification of response is pronounced for some
instruments and barely noticeable in others. Instruments that stand high
in the water relative to their base width tend to be susceptible to rock-~
ing motion that shows up as a mechanical cross coupling between horizontal
and vertical motion. Correlation of Lopez results with coupling theory
, suggests that it is possible to design ocean bottom seismometers that will
H couple well to any sediment. Current levels at the Lopez site (<5 cm/sec)
were too small to produce noticeable effect on anv of the instruments;
however, the same design criteria that will minimize coupling problems will
also lessen problems caused by ocean currents.
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I. INTRODUCTION

Between June 13 and 30, 1978 a field intercomparison of several
ocean bottom seismograph (OBS) systems was conducted in Shoal Bay, Lopez
Island (Puget Sound), Washington. Participants in the experiment are
listed in Appendix A. The two main reasons for the field test were:

(1) to compare the responses of the instruments, which have quite varied
mechanical configurations, when coupled to the earth through soft sedi-
ments comparable to those of the ocean floor; and (2) to determine the
susceptibility of the instruments to noise induced by near-bottom ocean
currents. The results of this experiment should provide information
important for the design of OBS systems that will minimize noise and
optimize coupling characteristics.

Signals recorded on ocean bottom seismograph geophones are often
monochromatic and complicated. Whether these features are natural in
origin or caused by the presence of the OBS is a major question to be
answered by this test. Some data indicated that the presence of the OBS
on the soft sediments could severely distort the motion of the ground;
however, the extend of this problem for OBS's of different configurations
was unknown. The complications present on many geophone records are not
observed on ocean bottom hydrophones, thus the question: do geophone
data add any useful information that cannot be obtained from hydrophones?

Some data have indicated that near-bottom ocean currents can increase
noise levels on OBS's enough to make them unusable during high-current
periods; therefore, we wanted to test as many systems as possible for
susceptibility to ocean current noise.

In addition to 12 operational OBS's supplied by 10 different research
organizations, three sets of three-component (T, = 1 sec) seismometers
and a hydrophone were included to provide standards for comparison: a
"spike standard" was pushed firmly into the bottom; a '"plate standard"
with a smooth, hemispherical superstructure on a large, flat, circular
plate was placed on the sediments; and a "neutral density standard'" with
a roughly spherical shape was floated within the uppermost sediment
(Fig. 1-1). The instruments were placed within a few meters of each
other, and four current meters were installed around the array to moni-
tor water circulation in the bay.

Data were obtained from each sensor by hard wiring analog signals
to land where they were recorded by a 24-~channel digital system. About
250 seismic records were obtained; these include signals from mechanical
transient tests, seismic signals from 211 airgun shots and 8 blasting
caps, and 12 samples of background noise (Appendix B). In addition to
the digital recording, many of the Instruments recorded internally,
supplying valuable supplementary data.

Mechanical transient tests were conducted to provide some

quantitative estimate of the coupling function between the ocean bottom
and the OBS package, including possible cross coupling between horizontal

- e .




‘S1913WOWSTCS PIBPUBIS JudWIADAXY PUBTS] zado7 -71-1 *S1g4

ALISN3A Tvd¥LN3N

INRids

) - ‘ —— - I b ———— e

N




and vertical motions. The procedure is analogous to the classical weight
lift test for earthquake seismographs, although because of buoyancy the
response of the seismic system to the mechanical transient test is not
necessarily the same as that to a seismic input.

In this report we summarize the results of the Lopez Island
intercomparison test. Representative data are shown with the text, and
selected records from each recorded sensor are shown in Appendix C.
Additional justifications for the results are presented in the referenced
papers, included as appendices to this report.

I1. EXPERIMENT DESCRIPTION

Achievement of the test goals required: a logistically favorable
site that was reasonably seismically quiet and had sediments with physical
properties comparable to those of deep-sea sediments; a system for
digitally recording multiple channels simultaneously; a method for
measuring total instrument response, including the effects of the bottom;
and the measurement of physical oceanographic data such as tidal height
and current velocities. The implementation of each of these requirements
is described below.

Site Choice and Description

The requirements that a site have sediments with physical properties
similar to thoses of decep-sea sediments, reasonably low noise levels, and
be logistically accessible with respect to scuba divers, power, and
transportation, removed from consideration most sites in or adjacent to
open ocean, because of surf noise, and sites that were too remote. A
site that met all the requirements was situated at the northern end of
Lopez Island, in the San Juan Islands in Washington State. Its general
location is shown in Figure II-1 and the specific location, Shoal Bay,
Figure I1-2.

Shoal Bay lies between Humphrey Head and Upright Head, which
consist mostly of consolidated siltstone-sandstone conglomerates of
marine origin. The water depth in Shoal Bay is a fairly uniform
6 to 7 meters at low water and is underlain by a generally constant 3 m
of acoustically transparent soft silty wud; this latter fact was
determined from reflection profiles taken with a 3-KHz system (Fig. II-3).
It is not known whether this mud is underlain by the hard conglomerates
or by less competent glacial material that would in turn be underlain by
the conglomerates.

Several short gravity cores were taken in the area of the
instrument array and the physical properties of the top 7 cm were measured
(Table II-1). These sediments were almost exclusively silt and were

ol
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TABLE II-l.

DENSITY, g/cc

PGROSITY,

GRAIN SIZE

MINERALOGY

%

%

Physical Properties of Shoal Bay Sediments

sample: 1 2 3 average
1.60 1.56 1.54 1.57
71.66 68.03 64.40 68.03
sand 4.3
silt 93.6
clay 2.0
Quartz 55
Plagioclase 35
Mica-Kaolinite- 10

heavy minerals
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found to be slightly greater in density and lower in porosity than typical
deep-sea muds.

Recording System }

The general locations of the OBS array, current meters, and the
house used as recording base and workshop are shown in Figure II-2. The
relative locations of the instruments shown in Figure II-4 and Table II-2
were initially determined by sea surface triangulation with respect to
the current meters and later refined with seismic wave triangulation
(Tuthill, 1980). Instruments with only one horizontal geophone were
oriented to make the horizontal sensitive to North-South motion. To
transfer the data from the OBS's to the recording facility in the house,
a 24-channel cable with underwater pluggable connectors was deployed.
Each OBS was required to have matching connectors and cables that could
be plugged into this cable. The shore-based recording facility consisted
of analog recorders and a 24-channel digital recording unit. '

Measurement of Response

In addition to the recording of numerous noise samples, two types
of controlled source experiments were performed.

The first was from number 8 caps detonated on the bottom at distances
less than 100 m from the array and 211 40-cu-in.airgun shots fired at a
variety of distances and azimuths from the array. These sources were
used primarily to evaluate the response of the different OBS designs to
. the same source. Accurate source-receiver distances were not determined;

! in hindsight this proved to be an unfortunate omission since some

! interesting surface wave modes were observed and dispersion measurements

. were degraded by the lack of accurate distance measurements. (Informa-
tion on source times and locations is on file with groups at UW and HIG.)

s

The second consisted of mechanical transient tests applied directly
! to each instrument. The purpose of these transient tests was to provide
} a quantitative estimate of the transfer function between the ocean bottom
and the OBS package, including possible cross coupling between horizontal

" and vertical motion. The transients were obtained by electromagnetically
}, releasing a float from each system, thereby generating a step of force.

¥ Tests were per{ormed in the vertical and two orthogonal horizontal

j directions as shown schematically in Figure II-5. Signal size was

adjusted for each instrument by modifying the number of small wooden
floats used or the amount of scuba air trapped within an inverted tomato
\ can used as a float. The latter procedure was used for the larger
' instruments.

hL : - N .
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TABLE 11-2., Coordinates for Each OBS Determined
by Least Squares

(east,north), meters from center

SPIKE V (-3.53, 7.39)
SPIKE H1 (-4.31, 3.42)
SPIKE H2 (~3.90, 5.43)
PLATE (-9.84, 9.15)
NEUTRAL DENSITY (-2.03, 8.12)
UCSB (-2.28, -11.29)
BIO (6.24, -8.66)
S10 (2.96, 1.39)
| UW TRIPOD (3.73, 10.21)
x UW CONCRETE (24.25, 6.02)
USGS (9.82, 11.96)
osU (-1.27, 19.75) )
| MIT (-4.92, 20.26)
HIG BOOBS (-11.24, 16.44) .
HIG STANDARD (-12.35, 13.42)
UTG (-14.95, 13.58)
LDGO (3.39, 16.10)

t Coordinates for the Four Current Meters

South (0.00, -27.0)
X North (0.00, 27.77)
' West (-25.24, 7.57)

East (24.85, -3.30)
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Fivw. TT=-5. Mechanical transient tests. Impulses are applied to each instrument
to determine coupling parameters. A float is released by breaking the cir-
cait in an clectromagact holding the fleat to the instrument. From Sutton
et al., 1980 (Appendix F).
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Physical Oceanography Data

Physical oceanography information gathered during the intercalibration
study consisted of current records from four Anderaa current meters
surrounding the main instrument grouping. Currents were measured at a
distance of 2 m above the sea floor and recorded at 15-min intervals.

The current meter moorings were approximately 40 m from each other. Each
mooring was individually anchored with a single railroad wheel and

buoyeca ny a single ORE fleat of positive buoyancy (300 1b). The currents
were extremely weak; peak currents were 6 em/sec. Water temperatures
ranged between 11 and 12°C and salinites ranged between 35.9 and 36.5 ppt.

The SDS (sediment dynamics svstem) was deploved near the center of
the arrav. This device records tide clevations, temperature, and current
speeds and dircections, and photographs the bottom. Pressure, tempera-
ture, and currents were recorded at 15-min intervals. Photographs were
taken at l-hr intervals. A limited number of records are available of
1024 pressure measurements taken at l-sec intervals. Data are available
for the period June 20 to 28, 1978. Because of the weak currents, current
direction measurcments made with the SDS arce not reliable. The speeds
ayree with those measured with the Anderaa current meters.

Tidal records tor the experiment duration are shown in Figure II-6.

P11, INSTRUMENTATION

Twelve instrument svstems were tested at Lopez Island and their data
were compared with data from four "standuard" instruments. The characteris-
tics of the 12 instruments and the method used to record data are
discussed in this section.

Lach ol the 12 instruments records data ditferently when in use on
the ocean bottom; however, =ince the purpose of this test was not to
judge recording svstems, signals were taken from each system as analog
voltages before the normal recording systems. Each institute supplied
an external plug on its OBS for cach sensor, and voltages were condi-
tioned to be between 13 volts. Wires from each sensor were connected
to a junction box on the bottom that was wired to shore. An attenuator
panel on land allowed for wzain adjustment before digitizing. Data were
digitized with a 16-bit DFS-IV multi-channel system supplied by SIO and
were also recorded on monitor paper records. For distribution, the data
were translated into a standard format on 9-track digital tape. It was
possible to record only 22 sensors out of 36 at any one time; thus the
recording channels were rearranged occasionally so that representative
signals could he obtained from each component.

The standard instruments (plate, spike, and neutral density) were
devised bv HIC and LDGO to provide the best fidelity of ground motion
possible on the basis of three different assumptions. The plate (rL)
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provides a large bearing surface and very low bearing pressure, thus
causing coupling resonances to be above the seismic range. Its low
profile and streamlined shape should also minimize current-induced noise.
The spike (SP) instruments weredriven into the sediments to provide cou-
pling with material with higher shear strength than that of surface
sediments.  This should also move coupling resonances to high frequencies
and climinate current-induced noisce.  The neutral density standard (ND)
wias made with a density approvimately that of the sediment in which it
was buricd.  This instrument should respond without coupling cffects
because ot the lack of density contrast, and shounld be insensitive to
current- induced noise because otf its burial. Drawings of these instru-
ments are shown in Figures [Hi-1 to [11-3. Each of the standards
contained three orthoponal gsiu-1 ccophones connected to a preamplifier
(Fig. I11-4). Flectrical calibration transients were applied to all
standard components to insure proper (matched) operation.,

In addition to the peophone standards, a hvdrophone standard was
provided by Lo (Fies THI=500 0 Tt was supplied with an internal
preampliticr.

The 17 svstems testod were as Jdiftorent as any sel ol svstems can be.
Drawings of each svstem are saown in alphabetica! order in Figures III 6 to
17, and important phyvsical narameters of cach svstenm are given in Table 11I-1.
Blanks in the tu le reftect Information not available at the time of printing,
IV additional intornat jon concernine a particunlar instroment is required,

“ime the names and
colved i (he oxperiment and

endin Ay

the reader D= dsreotod o tac b i

addresses ot ocae Paslrtate, in

abbreviation o tro fastatut von SR

Fivure [11-18 hows the o clitate resporse of cach instrument used
in the syatem inctodine coeneor, electronica, and amoliticrs up to the
point whero the sisgnal was tahen ot tor the test. Although we attempted
to relvronce all inctiiaents to the wame leve 1, the reference level may

be in errer in o s=eme cases. Note also that the DO response curves are
for pain 7 oot their antomatic vain control svstess the absolute level for
anv particular siunal depends on the wain <tep in which the sensor ampli-
fier was operatineg.  Alwo, the University of Washington instruments employ
square root corpres~iom.  The sianal passed to the recorder s the square
root ol the values shown in Ficare TT1-18 In some vases where all
SCNSOFs have Lhe same responsc in a porticolar instrument, onlv one

response curve oo shoem

Table [11-0 pives the velocitye transtor function of cach instrument

toyotinr with the values ot dusociatod constants.,
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Fig. III-2.

Spike Standards

Two horizontal and one vertical
HS-10 1Hz geophones were configured
as shown in the sketches. The hori-
zontals were oriented N-S and E-W.
All were pushed into the sediment

a few CM below the mudline. The
spike frames were made of 1/2"

o aluminum plate.
| -
pit veRT'

¢ sp|‘€

Weight of vertical in air = 13.6Kg
i | Displacement = 4,750CC
Weight in sediment of p1l.57

L}

6.1Kg

30

Weight of horizontal in air
' Displacement = 4,950CC
Weight in sediment of pl.57 = 3.6Kg

11.4Kg
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ot
0 <=~ Mass ~ 135 Kg

/'/4,4’/ Wt. in water - 34 lz(g
_-~*" Bearing area -~ 3600 CM

// ;%/Bearing pressure - .95x10~2Rg/eM%

-~  Geophones - Geospace HS-2 4.5 Hz

Fig. 111~6. Bedford Institute ORS.
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0 5 meter

ek

[RO—

I meter

. f Geophysics Rurp-Out OBS.

Hawaii Insticute

111-7.

Fig.
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Wt. in air - 250 kg-

; ”i&. in water - 100 kg

. Bearing area ~ 220 cm
v Geophone HS10-2 located 15 cm from end of

' instrument cylinder

§

!

4

Fig. ITi-9. Lamont-Doherty Geological Observatory OBS.
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Arm to Deploy Ext.
Geophone Package
(Attached to Ext.

MIT OBS Only)

| \

H'.'g j

i
Cent. of Mass
1Y

1

/

\Qent. of Buovanly

\ f
B
I
N\ A !
Location of f 7 - f, . E 218
Internal Geo- = — 'Qi'f! \l
‘./\\phone Package (Int. ) ’-"-"‘{ 1
=) \' MIT OBS Only) A
FE T :
22(cM dL{}' Cent. *‘\:\ % O Mud
N§ T Yt At
—',JJ e Is \\\\\‘A., .""'/j \ Line )y |
i XA - — |
Y- RN by 7.5 oM
MIT OBS Ext, Package Int. Package
Total Air Weight 17 Kg 310 Kg
Total Water Weight 9 Kg 52 Xg
Bearing Pressure 70 K%/m2 41 Xg/m
Coupling Plate Area A3 m 1.27 n?

Fig. II1-10. Massachusetts Institute of Technology 0BS.
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wt.

we.

Center of Buoyancy Above
Bottom 105 CM

Center of Mass and Location
of Seismometer Above
Bottom 105 CM

136CM

in Air
190 Kg

in Water
38 Kg

40CM RELEASE

MECHANISM

STEEL ANCHOR

Fig. ITI-12. Scripps Institution of Oceanography OBS.

SI0




UCSB - OBS (Mod 1)

WEIGHT DISTRIBUTION:

A. Upper half of pressure
case including acoustic 4
transponder, transponder
electronics, batteries
and cassette deck

WO %91
WO €12

B. Lower half of pressure
case including the

seismometers, and = T .

electronics. ’/T \ T -

4 bouyancy \\ /

spheres rigidly J 8 —

attached Y, ® [
j ™

— e m— ———— — —

C. Release parts and
t tripod ballast

WY 9L

___S 140 M QJLJL

) SECTION  AIR WEIGHT (Kg)  WATER WEIGHT (Kg)

. A 38.0 18.0 Bearing Area
‘)! B 91.0 -31.0 2.2x10° ou?
i c 41.0 40.0

{ Fig. I1I-13. University of California at Santa Barbara OBS.
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A2 Wy 1601/k.
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F05. BOYAMY 205 164"

NET * =5EThS. /

==Zpla. 2.0'
A2 wr. 100K .
BOUYANCY +301bs

1)

260@ /10*

5Y57EM CG

DATUM_ Q)

BEARING AREA

/w/bx

C6 & Co AMCHOR

x~ 130 in®

PRroOJ.

Wo0oD5s HOLE OCCANOGRAPHIC INSTITUTION
wooos HoLte, Mass. 03542
KWl
oy K E LS

SHEET OF.

Davr 10-5=7

TITLE 0565

Osie Rororyee (1918 ores Zieme

Fig

. 1II-14. U.S. Geological Survey OBS.
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TEXAS

Wt. in Air 60 Kg
Wt. in Water 14 Kg
Geophone 4.5 Hz

Geophone located
in middle of lower

hemisphere

Fig. TIT-15. University of Texas at Galveston OBS.
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VELOCITY RESPONSE
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S 1.0 5 10 50 100
FREQUENCY, Hz
Fig. T11-18. Amplitude response of each instrument.
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IV. COUPLING

Response to Vertical Input on Vertical Geophones

The vertical motion of an OBS package (Fig. Iv-1) resulting from a
vertical seismic input can be approximated by the transfer function given
Equation 1 (Appendix E).

1. (l—C){;2+2h W S/(l—C)+m2/(1—C;ﬂ//// Sz+2h w S+(u2 (1)
ZS i cc c _J cc c
where

I= ZI+X0= displacement of instrument package

X = equilibrium value of X
Z_= displacement of water-sediment interface

w = angular frequency of OBS-bottom coupling

1 , e .
hC= ;6~ = damping coefficient of 0BS-bottom coupling
e

C = coupling constant

Thus, given values for C, h,, and ., the response can be determined.
Response curves for three values of coupling are shown in Figure IV-~2.

The coupling constant is given by

= (M_-M -M *
¢ (MI W sl///M I (2)
where
Ml = instrument mass
ﬁw = mass of displaced water at equilibrium
ﬁs = maus of displaced sediment at equilibrium
X kS * . )
M; = U A M, mass of OBS plus water and sediment that move with it.
w8
| The value for € can varyv from zero at neutral bouyancy where

— = 1 and scismic coupling is perfect for all frequencies, to some

7, R .
vilue less than one. & maximum value for C, independent of shape, can
be calculated from

C . = 1=0L A M (3)

5
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(For most present OBS designs the package is primarily in the
water and Mg=0.) Values of Cpyy calculated for the instruments compared
at Lopez Island are given in Table IV-1. The more flat the horizontal sur~
face area, the greater C is overestimated by equation (3).

Experimental values for hge (or equivalently, Q) and w, can be
obtained from mechanical transient tests such as those described in
section I1-C. In addition, M?, needed to estimate C, can be obtained
from the ratio of applied force to output amplitude. Equations(13)and
(L4) in Appendix E give the transforms of the output voltage from a criti-
cally damped geophone that would be expected from such tests. Theoretical
curves are matched to Fourier transforms of transient outputs from three
OBS's and the spike standard in Figure IV-3. (A complete set of transient
test outputs and spectra for each OBS and the standard instruments is in
Appendix C.) Although the observations are degraded by imperfect mechani-
cal testing procedures, we obtained fairly reliable estimates of h. and
we from these comparisons. Estimates of the coupling frequency obtained
from the vertical transient tests are listed in Tahle IV-1.

Theoretical values for Q¢ (Qe=1/2h.) and w¢ can be obtained from
Figure 1 in Appendix E and the data in Table I1I-2. Calculated mass
factors, Iy, which provide an estimate of Qq, and calculated coupling
frequencies are listed in Table 1V-1. These values are based on a single
vstimate of sediment rigiditv and demsity, do not include any entrained
sediment or water (Mf, M$=O) neglect the effect of buoyancy on uwe, and do
not take into account large differences in the configuration of the areas
in contact with the bottom (only the horizontal component of the contact
area is considered).

Ubserved and calculated coupling frequencies are compared in
Figure IV-4. Most of the operational 0BS's show fairly good agreement for
an assumed scdiment shear velocitv Vg=10m/s and denmsity pg=1/57g/cm3.
LDGO, UW, and UWF, however, fall well off the line with a higher observed
than calculated frequency. From Table ITi-1 we see that these packages
apply a braring pressure to the bottom sediment more than three times
greater than that of the next greatest. Therefore, it is likely that
they are coupled to a stiffer bottom; e.g., as shown in Figure 1V-4,an
increase in Vg to 33 m/s would bring theory and observation together for
LDGUs smaller increases are required for UW and UWF.

All three of the standard instruments show considerably lower
obscrved than calculated coupling frequencies. All three instruments are
tightlv ¢oupled to the bottom sediment and it is likely that there is
considerable error in neglecting M:. As indicated in Figure IV-4, calcu-
lated frequencies could be reduced to observed by addition of reasonable
amounts of sediment to the instrument mass, as follows: a 2-cm-thick .
laver surrounding the roughly spherical, buried NDj a 3-cm-thick layer
under the flat, circular PL; two hemispheres of radius equal to that of the
(horizontal) bearing arca ot the buried spike. The reader is referred .
to Appendix F otor an alternative investigation of these parameters.
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TABLE 1V-1, OBS Coupling Parameters
(2) (3) (4) (5) (6) .
0BS Ty -1
Coax V‘S‘/ .R (s7 ) F £ . (Hz) f o (Hz)
ND 0 56 2.7 17 14
PL .53/.27 18 0.22 19 14
sp .17 100 5.1 22 14
BIO .25 29 2.2 9.9 9.5
HIGE .41 120 8.9 20 17
HIGS .30 67 28 7.1 8
LDGO .40 120 270 3.6 12
MITE .53 50 1.4 21 22
0SU .21 26 2.5 8.1 10
s10' D) .19 56 6.9 11 11 ’
vess' .16 65/100 10/36 10/8.3 8 1/2
| USGSs .21 48 8.1 8.4 8-9
vt D .23 200 100 9.9 8 1/2
uw 1) 11 380 1700 4.6 8
UWF b 50 42 3.9 8 1/2

(1) O0BS's having three foot pads; others have a single base area

) (2) cCalculated from equation (3)
\ 3) VS = 10 m/s; R=(area of one footpad/‘rr)ll2
)g (4) Fm = MI/V quJ; n=number of foodpads; ps=l.57 g/cm3
1 S
" 1/2 2
= . N A . =

4 (5) fc (r RnS/A JI) 3o .SVS

(6) [ = observed coupling frequency estimated from spectra of vertical

transient tests
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The Q of the coupling resonance, theoretically, is proportional to
le/z. Fn» the mass factor, is listed in Table IV-1; a comparison with
the value for Q¢ shown in Figure IV-3 indicates rough agreement with
expectations. Transient test results in Appendix C can be used for more
thorough comparisons.

Signals from controlled source and transient tests can be compared
in both the time and the frequency domains. Some of the comparisons are
discussed here (see also Appendix E) and the remainder are presented in
Appendix C. Data are processed and presented in as similar a format as
possible to aid in comparison. The reader is referred to Appendix C for
the format of the figures.

Some may question what is learned from the transient test, in that
it does not force the instrument to move in the same way as a seismic
wave, and the resulting motions can be complicated. The validity of using
the mechanical transient tests for obtaining the parameters fo and Q. is
shown in Figures 1V-5 and IV-6. The time signals and spectra obtained
for the early arrivals from airgun shot 182 on Pl., SP, and SI0O verticals
are shown in Figure IV-5 together with the vertical transient tests of
S10. Note that the spectra for PL and SP are similar, especially at
frequencies below 20 Hz. The SIO test, however, shows extra energy near
12 Hz and a flattening of the spectrum above 12 Hz. The vertical transient
test for SIO (bottom of Fig. IV-5) shows a peak near 11 Hz; thus it appears
that modification of the signal because of coupling causes the spectral
differences. A similar situation is shown in Figure IV-6 for a cap shot.
Here the SI0 test again shows amplification relative to SP near 11-12 Hz.
HIGS, however, shows amplification near 8 Hz. As shown at the bottom
of Figure IV-6, the HIGS transient has a peak near 8 Hz, again suggesting
that the effects of coupling are being observed in the seismic response.

Examples of good coupling are shown in Figure IV~7, Transient tests that
yield a sharp spike in the time domain, such as SP and MITE, yield relatively
flat spectral responses and good seismic response to both high and low
frequencies. Two examples of good coupling (SP and MITE) and two of poor
coupling (USGS and UTG) are shown in Figure IV-8 for the same CAP shot.

(The low sensitivity of MITE for frequencies below about 10 Hz is of
internal origin and is not related to coupling.) Near 11 Hz the USGS
instrument shows a strong resonance and UTG shows a somewhat weaker
resonance. Spectra for both cap and background noise for both OBS's fall
off above the resonance frequencies. By comparison, the SP and MITE
verticals show relatively flat spectra.

Response to Vertical Tnput on Horizontal Geophones. Cross coupling
between vertical seismic input and horizontal geophones does not appear
to be a serious problem. If a package is made reasonably symmetrical
around a vertical axis, then horizontal resonances will not be excited by
vertical inputs. Quantitative data are available from vertical transient
tests on UBS's containing horizontal component sensors, but they have not
been analvzed.

Horizontal Input Recorded on Vertical Geophones. A particularly
good example of this type of cross coupling can be seen in Figure IV-9,
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In this figure the signals from all components recorded for airgun

shot 182 are displayed. The horizontal geophones shown at the bottom

show a strong 6-Hz arrival from about 1.5 to 5 sec after the first
arrivals. The vertical standards and vertical MITE and HIGB sensors show
very little of this arrival, indicating that it is horizontally polarized.
Vertical geophones from other packages, however, show varying amounts of
signal arriving during this period which has been transformed by the instru-
ments from horizontal motion into vertical motion. This type of cross
coupling is undesirable in that it would be extremely hard to predict, and
1t represents a severe distortion of true ground motion. This problem is
discussed more thoroughly in Appendix H.

The horizontal transient test recorded on the vertical geophones
indicate the possible severity of this problem. Figure IV-10 (also
Fips. 5-10 in Appendix C) shows results of these tests. Note that in
tihwe horizontal tests a second signal is observed. This signal is believed
to be gencrated when the electromagnet armature hits the pulley rod
(Fig, T1-3).

In Figure [V-10 the Pl standard shows a relatively sharp response
and flat spectrum, indicating that cross coupling should not severely
attfect this instrument. BT0, however, shows a very strong resonance near
b Hz. This resonance indicates a possibly severe horizontal-to-vertical
cross—coupling problem, which is indeed seen in Figure IV-9. The
transicnt tests for UCSB are interesting in that the tests were done at
two different levels rather than two different azimuths, and the resulting
transicnts excited two different resonances that differ in frequency by a
factor of 2 (4 and 8 Hz). Note, however, that UCSB did not exhibit a
severe cross—coupling problem in Figure IV-9, indicatinyg that the wave
train obsecrved in Figure IV-9 did not contain sufficient energy at 4 or
8§ Hz to excite cvither of these resonances.

Rusponse to Horizontal Input on Horizontal Geophones. Transient
tests were conducted in two horizontal directions or at two different
clevations on each package. The resulting signals are shown in Figures 11
' to 13 in Appendix C. In most cases a resonance was observed that indi-

cates motion in at least one horizontal mode, either lateral sliding or

. rotation around a horizontal axis. The complexity reflects both the

, difficulty in obtaining reliable horizontal transient data and the true

} complexity of the motion of the packape, each with its own peculiarities
and svmmetries that modify this type of coupling.

\

!

V. NOISE MEASUREMENTS

-4

. Two tvpes ol noise studies were made: a description of the ambient
backeround noise and its mode of propagation and an evaluation of noise

” induced in the OBS's by water currents.

3 To describe the ambient backaround noise we used the frequency

spectra, the particle vector motion as determined from the three components
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of motion, and the frequency~wave number spectra determined from the array
of OBS's. We found that the noise spectra peaked very strongly around

2.5 to 3 Hz and in this frequency band the particle motion was elliptical
and had phase velocities of about 20 to 50 m/sec; these parameters are
consistent with the propagation of the noise as surface waves. We also
found that shot-generated, dispersed surface waves have properties similar
to the background noise, supporting the contention that the mode of
generation, propagation, and attenuation of the noise can be understood

in terms of dispersed surface waves. Further, and possibly of greatest
practical importance, we established that these surface waves are highly
attenuated in the water and weakly recorded on a hydrophone. This implies
that hydrophones in deep-sea sediment environments are likely to be
substantially quieter and give less complicated seismograms than geophones.
The determination of current-induced noise on the OBS's was evaluated by
comparing the spectra of several instruments against current speed. The
results from this comparison are not definitive.

A more detailed discussion of these results is given below.

Characteristics of Ambicent Seismic Noise

An example of ambient noisc and its amplitude spectrum as recorded
on the plate vertical is shown in Figure V-1, from record 210. The
spectrum shows that the noise is dominated by energy in the 2- to 4-Hz
band. A vector plot of the particle motion is shown in Figure V-2. In
these plots the vertical axis is one component of motion and the hori-
zontal axis is an orthogonal component. In these graphs rectilinear, or
bodv-wave motion, would appear in the vertical-horizontal plots as vectors
of constant slope, whereas elliptical particle motion would appear as
fan-shaped patterns. It ie clear from Figure V-2 that the predominant
motion is elliptical. Another example is noisc preceding airgun shot 182.
The three components of motion as recorded on the plate and the associated
particle motion are shown in Figures V-3 and 4.

In this experiment the two-dimensional arrav can be used to determine
the coherency and phase velocity of the noise by taking the three-
dimensional Fourier transform, or frequency-wave number spectrum of the
arrav data. An cxample of the wave number spectrum taken at 2 Hz is
shown in Figure V-5. From this spectrum the phase velocity at 2 Hz is
found to be ahout 30 m/sec. For a more detailed discussion of this
analysis see Appendix G.

Nearly all the cap and airgun shots penerated low-velocity surface
waves in the 2- to 4-Hz band. An example, airgun shot 182, as recorded
by the arrav is shown in Figure V-6. (See also Fig. 1V-9.) The spectrum
ot this wave as recorded on the plate vertical for airgun shot 131 is
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shown in Figure V-7 and is very similar to the noise spectrum in Figure V-1,
The particle motion tor this wave packet is elliptical, as shown in

Figure V-8. A group velocitv and phase velocity dispersion curve for this
wave packet is shown in Figure V-9 (from Tuthill et al., 1980 , Appendix G).

The similarity of the spectra, dispersion curves, and particle
motion lor the noise and the shot-gencrated surface waves strongly
suggests that the noise is propagating as short-wavelength dispersive
surtace waves.  The wavelengths in the 2- to 4-iiz band are found from the
corresponding phase velocities to be about 15 m to 6 m. ;

Comparison Between Hydrophone and Seismometer Data

Figure V=10 shows a comparison hetween the LDGO hvdrophone, the
plate vertical and the plate horizontal for airgun shot 182. 1t is clear
from this figure that the surface wave train is onlv weakly recorded on
the hvdrophone.  7This is to be expected since this motion is caused by
short-wavelength surtface waves that are highly attenuated in the water.
The previous discussion also implies that the 2 to 4~Hz noise should be
ereatlty reduced on the hyvdrophone.  This implication is verified in
Fivure V=11, a comparison of noisc spectra from the LDGO hyvdrophone and
the HIGS vertical.,  This result alone implies that hvdrophone records
should be quicter and simpler than geophone records because they will be
contaminated by short-wavelength ambient noise and short-wavelength signal-
induced noise.  This is particularly important in crustal refraction
srotiles because wavelengths of about 10 m will contain information about
the inmediate neighborhood ot the instrument only and is of no use in
determining average crustal properties. Worse than this, the short-
wavelength noise will greatly degrade thic long-wavelength signals.

’ Corrclation of Background Noise with Currents

The purpose of this section is to investipate the possibility that
(2) currents causce shaking of the instruments and hence noise; or alterna-
tivelv, (b) that water currents traversing the arrvav couple noise into
the hottom the propagates across the arvay.

' puring one li-hour period, hourly samples (of approximately l-min.
duration) of background noise were dipitized. Water currents recorded

; on cach of the four current meters for 15 min preceding and following

4 cach noise sample were averaged and ranked and are plotted in Figure v-12.
During this time period the currents ranged from 1 to 4-1/2 cm/sec. This
range is about as preat as was observed during the entire experiment. The
larger standard deviations for the higher current levels sugpest a :

. preater amount of irregularity in current across the 0OBS arrav during

theose times.

~ 4

Noise spectral estimates were obtained for ecach l-min sample by
' dividing the record into N 4-sec-long records (where N<30) and averaging
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the N spectra.  For cach frequency the mean X and the 2-sigma confidence
limits were obtained.  Tn addition, the normalized variance, defined by

Zi~
T~
LA
—~
>
—
|
>
-
N
e

i=1 ]

N-1

wis determined.  For a stochastic or random process the variance will be
proportional to the mean, wheras for a deterministic process the variance
will be zero. An additional statistic, the fractional standard deviation,
was also calculated and is defined by

[N )
| R o) _
|y (Xi—x)“!”“/x
{ io= 1 )

For a gaussian process this statistic will be equal to a constant, whereas
for a deterministic process this statistic will tend to zero.

Examples of these spectra and their statistics are shown in Figure V-13
tor the Spike Vo oand the UCSB V.o Tt can be seen from these figures that
Lthe bU-Hz noisce and noise peaks between 20 and 30 Hz have low standard
crrors, indicating that theyv are deterministic, as expected for the 60-Hz
noiwc.  Also, the 20 to 30 Hz may have a mechanical source (for example,
Ffrom a motorboat.) The predominant noise at 2 Hz is more nearly

stochastic.

Interpretation of these spectra is made difficult because of the
several possible wavs in which currents could induce noise. For example,
currents night shake one instrument (such as the moored current meters)
more than the others and this cncergy could be coupled to the bottom and
radiate across the array as surface waves in the 2- to 4-Hz band, or the
shaking of individual instruments mipght stimulate coupling resonances
ohscrved in the lift tests and these resonances would occur at frequen-
cies peculiar to cach OBS.

Fo test whether current-related neisce is coupled into the ground
and radiated across the arrav we have plotted the beight of the 2- to
4=z spoctral peak on the Spike V versus current speed in Figure V-14.
Fhe correlation boetween these two parameters is low, suggesting that
there is Little current-induced noise propagating across the arrav,  (Note
that the sSpike Vowds chosen tor this test hecause it was buriced and should

e incensitive to current-induced shaking.)

Jo test whether iadividual instruments were sensitive to current

shakin s we used as an example the UCSB Vo data.
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Fig. V-14. Plot of the amplitude of the 3-Hz noise peak on the Spike
V versus current index. There does not appear to be a strong
correlation between noise level at 3 Hz and current speed. The
current index is the same as in Figure V-12.
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It can be scen on Figure V-13 that the UCSBV has a noise peak at
aboul Y Hz that is not scen by the Spike V. The horizontal pull lift
tests showed this instrument to have a strong resonance at this frequency
and it is clear that this resonance is being induced by the noise. To
evaluate whether this instrument was sensitive to the currents we plotted
the amplitude of the 2- to 4-~Hz and 9-Hz noise peaks versus current speed
in Figure V-1%, The lack of correlation suggests that the currents are
not causing the noisc.

We conclude that in this range of current speed (1 to 4 cm/sec) the
currents are not the source ot the noise. At this time we have no idea
what is causing the noise.

Additional noise data are presented in Appendix D.

V1.  CONCLUSTONS

On the basis of the preceding discussions we arrive at recommendations
for the desipn criteria for ocean hottom seismic systems. Although none
ol these recommendations is absolutels necessarv for obtaining high-
fidelity scismic signals at anv particular site, if the recommendations
are followed, OBS svstems can be built that will be able to obtain high-
tidelity seismic signals anvwhere.

The primarv purposce of an OBS is to record the motion of the ground.
It a record of this metion cannot be obtained with reasonable fidelity
boecause of cither (1) high noise, (2) poor coupling, (3) lack of dynamic
range, (4) lack of storage capacitv, or (5) lack of reliability, then the
OBS has at least partially failed. This test addressed the first two of
these problems.  Indeed, it coupling and noise problems are serious, no
amount ot dvnamic range or storage capability will help.

Several obscrvations from the Lopez Experiment are important when
considerineg modifications to present systems or design of new OBS's:

(1) The seophone standards produced generally consistent results and seemed
to record true ground motion. A design goal might be to build an OBS
similar to onc of the standards--cither plate-like, with neutral density
in the sediment, or shoved into the sediment. None of the standards
however, wias built to record data internally, free-fall to the bottom, and
return to the =urtace. Adding hvdrodvnamic stability during drop,
bnovancy tor return, and recording capability would change the basic
Features of these units unless the sensors were cavefully located in the
package or mechanically decoupled from the recordiag-retrieval unit.

Indecd, the MITE and HIGB instruments, which showed good coupling character-
ivtics, have characteristics similar to the plate standard. An OBS with
characteristics similar to the neutral density or spike standards would not
suitable tor hard-bottom applications, nor world emplacement and

e

retrieval be a simple matter in soft sediment.
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(2) Hydrophones yield records that are not distorted by coupling
problems or complicated by low-velocity shear arrivals. However, the
failure to record (near normally incident) shear arrivals can be a curse
as well as a blessing in some applications. This is easily seen in
Figure IV-9, where the hvdrophone sees very little signal after the first
arrivals. Although hydrophones may be adequate for most refraction work
and are useful for carthquake studies, the loss of shear wave data in
either application can be considered a serious shortcoming. Hydrophones
should be considered a valuablce sensor in OBS's, but not a replacement
for geophones.

(3) Maximizing base dimensions relative to height of the package
appears to reduce cross coupling caused by rocking. Placing geophones
near the center of cross-coupling rotation should also lessen this effect,
especially for the vertical component. Reducing the cross section in
water would certainly also lessen possible problems with bottom currents.
Although current-generated noise was not observed at Lopez, the highest
currents observed during the experiment are often exceeded in the deep
ocean (Kasahara ct al., 1979). There is some published evidence for
correlation of current-generated noise with OBS package configuration
(Bradner ¢t al., 1965 ; Kasahara et al., 1979: Kasahara et al., in press ;
and Duenncbicer et al. ,1980.) Intuitively one would expect a squat,
low-profile instrument design to be preferable; this intuitive argument
may extend even to the {lotation and recording packages of the instruments
with externally deploved sensor packages.

(4) First order theory, assuming a damped harmonic oscillator,
sugeests that increasing the surface area in contact with the sediment
increases the coupling frequency and the damping., This effect
forces the OBS motion to be closer to that of the sediment. 1In addition,
more sediment and water are likelv to be entrained with the OBS, thus
causing a drop in the coupling coefficient, C, and improved response to
frequencies above the coupling frequency. In general, the Lopez observa-
tions support this theorv.

The incorporation of an in situ transient test device on existing
0BS's appears feasible. In addition to providing a good check on overall
svstem operation, it would give two of the three principal coupling para-
meters, te and Qe, needed for calculating coupling response. The third,
the coupling coefficient, C, can be estimated, as discussed in section IV.

(5) Adjusting the density ot the package to be slightly greater than
that of witer also would decreasc the value of C, decreasing the effects
of coupling. This would make the instrument more sensitive to high
frequencies and reduce the resonant amplification. Special care must
be taken in this case to keep a low profile and good contact with the
bottom to reduce cross coupling and current problems,

One problem not discussed in this report is horizontal-to-horizontal
coupling. Unlike vertical-to-vertical coupling, it is much more

|
|

e aae e
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susceptible to torques and asymmetrics in package configuration and
emplacement, Asymmetry can cause considerable azimuthal variation in
response to horizontal motion. The complexity of the horizontal coupling
problem makes it difficult to understand, although following basic princi-
ples such as keeping asymmetries to a minimum and decreasing the cross
section in the water should help considerably.

In the lopez tests the amplitude responses of the spike and plate
standard instruments were generally within 2 dB of each other and the
waveforms were well duplicated. We judge from the similarity of the
respouses that these instruments were responding accurately to the motion
ot the upper few centimeters of the sediment layer. We believe that we
nowv know cnough about problems with noise and coupling to design an OBS
system that will sense true ground motion with fidelity equal to that of
the standards. We also know that in some places geophones will be
particularlyv noisv because of short-wave length signals in the sediments.
In these arcvas, particularly, the addition of a hydrophone to the OBS is
highly desirable.

Knowing how to sense the motion is only one problem. Recording and
retricving the data deserve equal studv and effort. Numerous technological
aptions arce available: analog or digital recording; acoustic or timed
releases; spherical or evlindrial pressure cases; motor or explosive bolt
refeases and so forth.  Unlike the problems with coupling and noise, we
can anticvipate that more and better solutions will become available for

these problems as technotopy advances.

VIT. FUTURE DEVELOPMENTS

The coupling and noise problems in existing instruments can be
reduced significantly by modifications suggested by the results of this
cxperiment. With such modifications these instruments will be adequate
to continue fruitful rescarch in marine seismology over the next few years.
This research not onlv will result in significant progress in seismology,
but also will provide additional valuable data on design parameters,
particularly if collaborative tield work continues in which the performance
of instruments oif different design can be compared.

The above notwithstanding, new instrumentation should be designed
and tested.  Ocean bottom seismology is far too new a field to permit
stagnation in the development of instrumentation.

Ihree svstems appear desirable for the foreseeable future: (1) a
simple, inexpensive thvdrophone ?) system that will allow use of a large
pumber of units for dense arravs; (2) a somewhat more cxpensive system
with a hvdrophone and three peophones to augment arrays of the simpler
svstems, to be used in detailed micro-earthquake studies, and (3) a
relatively expensive svstem capable of handling a variety of sensor systems
including hvdrophone arravs, peophones, and long--period sensors.

The wimple arravs could be easily deploved and retrieved and wotild
be cheap vnouph o that large number of units could be used in any
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cxperiment.  These units would be of primary value in refraction
vxperiments and could be used to provide dense coverage in micro-earthquake

studices.

The tour component units would supply sediment and shear velocity
intormat ion tor refraction lines and shear wave arrival times, particle
mot ion, and surface wave information in earthquake studies.  These units
would require more care in emplacement and recovery and would be more
costlve  The "expensive svsten'” would be the experimental unit used in
special studies and for testing of new fdeas.

Certain ocean bottom seismological rescarch is also expected to
require instrumoents capable of very long deplovment times.  Development

in this arca also snould be supported.
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U. S. Geological Survey
Woods Hole, Massachusetts 02543




UTG

WHOI

A. K. Ibrahim and P. Roper
Marine Science Institute
University of Texas
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Appendix B

CATALOG OF LOPEZ ISLAND
EXPERIMENT DIGITIZED EVENTS




CATALOG OF LOPEZ ISLAND EXPERIMENT DIGITIZED EVENTS

On the following pages is a catalog of the seven digital tapes
produced by the SIO Geospace recording system. Each component of each
instrument is identified by a code number described on the next page.
Catalog entries are listed according to Geospace record number. The
code numbers for all components recorded during an event are listed
next to each Geospace record number.

Record number 500 was not recorded digitally and was hand-digitized
from a paper recording. Records 146 to 148 were not recorded correctly.
Data for these events were re-digitized from the HIGS analog tapes
recorded inside the OBS. These records are not in this index but are
found elsewhere in the report (Appendix E, Fig. E-5).




B-3
LIST OF LOPEZ COMPONENTS
SI0
Code Digital Present
Number Log Book Notation Description
; 1 SP 1 SP V Spike standard vertical
: 2 SP 2 SP N Spike standard horizontal
3 SP 3 SP E Spike standard horizontal
4 ND 1 ND V Neutral density standard vertical
5 ND 2 ND N Neutral density standard horizonta?®
6 ND 3 ND E Neutral density standard horizontal
7 PL 1 PL V Plate standard vertical
3 PL 2 PL N Plate standard horizontal
9 PL 3 PLL E Plate standard horizontal
10 Uw 1 uw Vv Univ. of Washington vertical
11 Uw 2 UW H Univ. of Washington horizontal
12 UWFP UVF V Univ. of Washington Flower Pot vertical
13 SIO 1 Sio Vv Scripps Institute vertical
' 14 BIO 1 BIO V Bedferd Institute vertical
15 BIO 2 BIO H Bedford Institute horizontal
; 16 BIO 3 BIO P Dediord Institute hydrophone
\ 17 WHOI WHOTL P Woods Hole hydrophone
! 18 0su 1 ast v Oregon State vertical
4 19 osu 2 0sSU H Oregon State horizontal
20 osu 3 osu p Oregon State hydrophone
. 21 MITV MITE V M.1.T. vertical
N 22 MITH 1 MITE H M.1.T. horizontal
/ 23 MITH 2 MITM H M.1.T. horizontal
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B-4
S1O
Code Digital Present
Number Log Book Notation Description
24 HIGBV HIGB V H.l.G. burp out vertical -
25 HIGBY HioH H H.l.G. burp out horizontal
20 HiuBP HIGK P H.1.6G. hvdrophone
27 ure urG v Univ. ot Texas vertical
28 uess 3 VOCSB V Univ. o Calitornia vertical
29 vesB 1/2 Uuess i Univ. o1 €California horizontal
20 LDGO 1 P ha v Lamont-NDogherty vertical
31 LGy 2 e P Lawmont-Dhogherty hydrophone
32 HIGSV H1GS V H.1.6., standard vertical
33 H1GSH Hl1os H H.1.6. stundard herizontal
34 HIGSP Hics P H.T1.G. standard hvdrophone
35 uraes UsGs v U.s, Geological Survev vertical
36 LAND lLand base station vertical
'
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Appendix C

SELECTED DIGITIZED EVENTS RECORDED
DURING THE LOPEZ ISLAND EXPERIMENT




SELECTED DIGITIZED EVENTS RECORDED DURING THE LOPEZ ISLAND EXPERIMENT

This appendix contalns 111 records of signals recorded on ocean bottom
seismometers at Lopez Island. FEach recording was processed identically
within the bounds discussed below. Records are presented four per page
with time domain recordings on the left and frequency domain on the right.
Each time domain recording is 1024 samples long; the horizontal line under
cach recording is 2 sec (500 samples) long. The vertical lines under each
record show the scection of the recording that was transformed into the
frequency domain (power spectrum) shown on the right., In each case, the
section to be transtformed was convolved with a 10% cosine taper window
and placed in the middle of a 512-point window after decimation by a factor
of 2. No corrcections are made for possible aliasing. The resulting 512-
point time series was then fourier transformed and the "periodogram’ was
computed to obtain an estimate of the power spectrum. In addition to the
signal, a section of noise (the same length as the signal) was transformed
and plotted (lighter line). This makes it possible to distinguish energy
generated by signal from noise. The vertical scale for each spectrum is
dB referenced to 1 digital unit. The horizontal scale is in Hertz. Under
cach spectrum is the information necessary to identify each event. The
first two to four letters are the instrument identificer used throughout
this report followed by the component designation (V, H, or P, for
vertical geophone, horizontal geophone, or pressure). Then given are the
type of source., Geospace record number, and channel number from Appendix B,

1
i
i
{



!.’.'..-I--n-—f—-—f-n-----—-—uu-u—uuw-u—wuuw-uu-u . _T_!

INDEX TO APPENDIX C
DATA SAMPLES
PAGE SENSOR RECORD-CHANNEL TEST
1 ND Y 3-10 Vertical pull on vertical sensor
PL v 10-6
SP V 7-2
BITO Vv 61-18
2 HIGB V 108-7 Vertical pull on vertical sensor
HIGS Vv 146-X4%*
LDGO V 500-2%%*
MITE V 233~7
3 osu v 141-3 Vertical pull on vertical sensor
SIo v 66-16
Uucss v 123-24
UsGs v 254-2
4 urTG v 102-9 Vertical pull on vertical sensor
' Uw vV 49-14
UWF Vv 226-13
B 5 PL \Y 12-6 Horizontal pull on vertical sensor
‘ BIO V 64-18
\ BL1O Vv 63-18
! HIGS V 110-7

3

Records 146-148 were digitized from analog tapes. The channel

1 refers to the OBS channel.

- **% Record 500 was hand digitized tfrom paper rcecordings.
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R

-~ >

ety V4

10

11

SENSOR
HIGB V
HIGS V
HIGS V
LDG V
LDG V
LbG V
MITE V
SI0O V
SI0O V
UCSB V
UCSB V
UCSB V
USGS V
USGS V
UTG V
urG v
Uw v
uw v
UWF V
UWF V
PL N
PL E
BIO H
BIO H

RECORD-CHANNEL

111-7
147-X4
148-X4
80-5
501-2
501-2
234-7
67-16
120-16
248-22
124-24
125-24
252-2
253-2
236-3
105-9
50-14
115-14
228~13

227-13

64-19

63-19

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

C-iv

TEST

pull on vertical sensor

pull

pull

pull

pull

pull

on

on

on

on

on

vertical sensor

vertical sensor

vertical sensor

vertical sensor

horizontal sensor




PAGE SENSOR RECORD-CHANNEL TEST
18 LDG V CAP 239-23 Lopez seismic on vertical sensor
LDG V CAP 242-23

MITE V AG 182 220-17

MITE V CAP 239-7

19 MITE V CAP 242-7 Lopez seismic on vertical sensor

: OSU V AG 182 220-12

0SU V CAP 239-12
0OSU V CAP 242-12
; 20 SIO V AG 182 220-5 Lopez seismic on vertical sensor
.2 SI0O V CAP 239-5
SIO V CAP 242-5

i UCSB V AG 182 220-22

21 UCSB V CAP 239-22 Lopez seismic on vertical sensor

UCSB V CAP 242-22
! USGS V AG 182 220-2
USGS V CAP 239-2
: 22 USGS V CAP 242-2 Lopez seismic on vertical sensor

UTG V AG 182 220-3

UTG V CAP 239-3
UTG V CAP 242-3
23 UW V AG 182 220-4 Lopez seismic on vertical sensor
; uw V CAP 239-4
é Uw V CAP 242-4
3

. UWF V AG 182 220-13

C-v




.

PAGE

12

13

14

15

16

17

SENSOR

HIGB

HIGB

HIGS

HIGS

MITE

MITM

oSy

Uw

ND V

PL V

SP V

SP V

SP V

BIO V

BIO V

BIO V

HIGB V

HIGB V

HIGB V

HIGB V

HIGS V

HIGS V

HIGS V

LDG V

AG 182
AG 182
AG 182
CAP
CAP
AG 182
CAP
CAP
AG 9
AG 182
CAP
CAP
AG 182
CAP
CAP

AG 182

RECORD~CHANNEL

110-8

109-8

147-X1

148-X1

234-8

230-9

144-4

116-15

220-14

220-7

220-1

239-1

242-1

220-10

239-10

242-10

160-9

220-20

239-20

242-20

220-11

239-11

242-11

220-23

- —

Horizontal pull on horizontal sensor

Horizontal pull on horizontal sensor

Lopez

Lopez

Loperz

Lopez

C-vi

seismic

seismic

seismic

seismic

S A

TEST

on

on

on

on

vertical

vertical

vertical

vertical

sensor

sensor

sensor

sensor




PAGE SENSOR RECORD-CHANNEL TEST
24 UWF V CAP 239-13 Lopez seismic on vertical sensor
UWF V CAP 242-13
LAND V CAP 239-9
LAND V CAP 242-9
: 25 ND N AG 182 220-15 Lopez seismic on horizontal channel

‘ ND E AG 182 220-16
PL N AG 182 220-8

PL E AG 182 220-9

26 SP N CAP 239-14 Lopez seismic on horizontal channel
N SP E CAP  239-15
SP N CAP 242-14
' Sp E CAP 242-15
27 BIO H CAP 239-18 Lopez seismic on horizontal channel
BIO H CAP 242-18

i HIGB H AG 182 220-19

X HIGS H CAP 239-24
t. 28 HIGS H CAP 242-24 Lopez seismic on horizontal channel
Vi MITE H CAP 239-8
ié MITE H CAP 242-8
X 0SU H CAP 239-16
' 29 0SU H CAP 242-16 Lopez seismic on horizontal channel
" UCSB H CAP 239-17
3 UCSB H CAP 242-17
UW H CAP 239-19

®..
A e

o

C-vii




PAGE SENSOR RECORD-CHANNEL TEST

; 30 UW H CAP 242-19 Lopez seismic on hydrophone
WHOI P AG 182 220-6

31 HIGB P AG 9 160-7 ‘Lopez seismic on hydrophone
LDG P AG 182 220-24
0SU P CAP 239-6

0SU P CAP 242-6

C-viii
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NOISE STUDIES

The {igures in thls appendix are discussed in section V of this
report. PFigures DI to DS were computed from the hourly noise samples of
June 25, 1778, The spectra are listed according to the current rank from
Figure V-1:. Tre number 1 represents a noise sample from the hour in
which the weakwest current was measured and 12 corresponds to the strong-
© ¢irrent. The wpectra otve lobeled withh the sensor name and digital
ord teanker from Sspendix B For LDCO and HIGS components, noise
samples wore usen 1uving the 1ast four sampiing periods only.

Det.:i s of the spectral anilvsis sre piven here. The hourly noise
Lampio- Lere abcut . cor 2 min long.  From thes2 samples, the "most quiet"
SO o el sample Rlock (about 4 osec) was decimated to 512 sample points
and wiaooees vich 2 107 cosine window, A Fast Fourier Transform was used
teoprodu e a JSkepaint power spectrum with a Nvquist frequency of 62.5 Hz.
Tho povr spectral estimates are pletted in dB refercnced to one digital

Lavres D to D37 contaia averaged spectra tor each current rank from
Sioan o U=ld0 Tnese averaged spectra were computed in order to verify the

Stoataseiows o reriabllity of the previows spectra, each of which was com-

e S--ec data hlock.
P cach bourly o vase sample e nlots were made for the SPV oand
W5V srponens s, The toamest ol of i rhe aversge of N oamplitude spectra

[P R DT LN

ia Lo and lousr two-ctipma coatadon e intercals. Fach such spectrum
SUYD ot 1 inrerval of N x4 sce, whero N i< Uhe pumber of spectra

Poer oo “hoomidd e picot is of the sany e areance divided by Noo The
I SR A racas the sample standord deviation at each spectral

P e G ued s R maan wnee (T e~timnte ot each frequency.  There

S s ol Ty niene e e viay the ranee 0074 to 62095 Helo Iaoall
ol plels e v il soae s in des ihele and toe corizontal scale is in
Lore? Teeorast oo L omay he o osed to exnmine the amount of randomness
s ~.f“.:.'.‘f o e e st o tra ;un’,%:.

- 4 \




INDEX TO APPENDIX D

Page Sensor Data
D-1 SPV Noise spectra
D-2 BIOV "
p-3 ostv "
D-4 UCSBY "
D-5 LDGOP and HIGSV Noise spectra comparison
D-6
to SPV and UCSBV Noise statistics comparison
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COUPLING OF OCEAN BOTTOM SEISMOMETERS
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COUPLING OF OCEAN BOTTOM SEISMOMETERS
TO SOFT BOTTOMS

G. H. Sutton, F. K. Duennebier, and B. Iwatake

Hawaii Institute of Geophysics
University of Hawaii
Honolulu, Hawaii 96822

Abstract

Unlike response of seismometers resting on hard rock where the
seismometer case moves with the rock to high frequencies, the response of
ocean bottom seismometers (OBS) can be strongly affected by the low me-
chanical strength of ocean sediments. The motion as measured bv the
seismometer will not fc¢ ow the expected relationships between pressure
and particle motion for different wave types. Cross coupling between
horizontal and vertical motions can occur, especially when there is
differential motion between water and sediment. Resonant amplification
and attenuation of higher frequencies also occur. Secondary seismic
arrivals are especially subject to distortion. Overall response is strongly
dependent upon the mass and configuration of the OBS and the rigidity and
density of the bottom material. Tests at Lopez Island, Puget Sound using
both directly applied mechanical transients and seismic signals with
various instrument configurations demonstrate the above effects and provide

some guidance for improved designs.
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Introduction

The usual reason for placing a seismometer anywhere is to measure
free-field particle motion in response to some seismic source. The
presence of the seismometer does not usually modify the particle motion at
seismic frequencies if care is taken to emplace the instrument on a rela-
tively rigid spot. On the ocean floor, however, the most common plant is
thick, soft, low-velocity sediment. For this case, the presence of the
seismometer can severely distort the free-field motion. In addition, the
seismometer is emplaced at a boundary between a liquid and a solid, unlike
land emplacement, and the effects of buoyancy can strongly affect the
observed motion. The boundary also complicates the situation because
strong differential motion can occur across it.

The problem to determine the response of an OBS to bottom motion is
similar to that faced a number of years ago by geophysicists concerned
with the response of prospecting geophones placed on compliant materials,
with the additional complication of water motion and buoyancy forces
(Washburn and Wiley, 1941; Wolf, 1944; Bycroft, 1956; Lamer, 1969).

For the prospecting case, the response depends principally on
rigidity and density of soil and mass and bearing area of geophone. Damp-
ing results from reradiation of seismic energy as well as from internal
dissipation (the latter is generally ignored) and depends upon the ratio
of instrument radius to a (shear) wavelength. With low rigidities of
ocean bottom sediments, these wavelengths can be shorter than we might
first guess, e.g., for Vg = 10 m/s and f = 100 Hz, A = 10 cm. The curves
in Figure E~1 show corner (resonance) frequency and resonance amplifica-
tion, Q, as functions of dimensionless instrument mass and ratio of shear
velocity to instrument radius. For a given uniform bottom sediment, corner
(resonance) frequency increases approximately as (R/M) and Q increases
as (M/R3)1/2 where R is the radius of the cross section in contact with
the sediment and M is the instrument mass.

In this paper we provide a simple extension of the theory to include
buoyancy forces (for vertical motion only), present the theory for a
mechanical transient test designed to excite coupling resonances, and
compare theoretical expectations with observational results obtained from
special tests in Shoal Bay, Lopez Island, Puget Sound. Sutton et al.
(1980), Zelikovitz and Prothero (1980), Tuthill et al. (1980), Lewis and
Tuthill (1980), and Johnson and McAlister (1980) present additional
results related to bottom coupling, based mainly on the Lopez Island OBS
Intercomparison Experiment,

Observations

Figures E-2 and E-3 show a P arrival and spectra for arrivals from a
local earthquake recorded in deep water off the southeast coast of the
island of Hawaii on three standard HIG OBS's (HIGS, Sutton et al., 1977a).
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The resonance peaks shown (3.7, 5.3, and 6 Hz) are found on all arrivals
on the respective 0OBS's during the game deployment. Interpreted as a
coupling resonance, the Q is about 7 to 20 and the sediment shear velocity,
Vo, is between 5 and 10 m/s (see Fig. E-1).

Figure E~-4 is a comparison of HIGS and HIGB recordings of the same
shot. The RHICB was developed to improve bottom coupling and reduce noise
from interaction with bottom currents and from the tape recorder (Byrne et
al., 1977). The geophones in the HIGB are placed in a small independent
pressure case and sceparated from the main package by about 1 m
(Sutton et al.,, 1980). The OBS's were located within tens of meters
of vacn other in deep water. The hyvdrophones are well correlated, showing
the similarities in wave forms expected for instruments next to each other.
There should be no difference between the hydrophones; however, the
modified instrument hvdrophone was recorded at 12-dB lower gain because of
a cross-talk problem with the time code channel. All channels have been
identically filtered to reduce high-frequency noise. The vertical geo-
phones show the effects of deploving the geophones away from the main
instrument package. The standard instrument (HIGS) gain was 18 dB lower
than the modified (HIGB) for both the vertical and the horizontal; thus,
since the gzains are sct automatically inside each OBS, the noise level is
about 8 times lower for the modified instrument than for the standard.
Note that the frequency content and wave forms received by the modified
instrument vertical component are similar to those of the hydrophone,
whereas the wave form of the standard vertical shows a strong resonance at
low frequency and little coherence with the wave form on the hydrophone.

A teleseismic event that was clearly recorded on HIGS and HTGB
instruments during the Lopez experiment (Sutton et al.. 1980,
is shown in Figures E-5 and E-6. The instruments were 3-1/3 m apart. At
270-km range, primarv arrivals should arrive within about 20° of vertical
and be of compressional tvpe for the time-interval shown. In the early
part of the record, the hvdrophone and HIGB (BOOBS) vertical show
excellent correlation as expected for near-vertical incidence. 1In the
latter part, correlation is not as good, with the vertical showing some
excess low-frequency energy and similarity with the horizontal component.
This may result from converted "granddaddy” tvpe waves that have a
relatively weak pressure component (Tuthill et al,, 1980). These
converted waves produce spectral peaks near 3 Hz on all the
components, The HIGS (POBS) vertical shows an emergent character
an excess of low frequencyv resulting from some combination of coupling
resonances, high-frequency attepnuation, and sensitivity to cross—-coupling
from horizontal input. Because of the stiffness of the Lopez sediments
the HIGS (and all the other OBS's) probably rested higher in the water
than for normal deep ocecan sediment. The spectrum from the HIGS horizon-
tal shows i resonance near 8 Hz and resulting drop at higher frequencies
in comparison with the HIGB horizontal, as expected from the coupling
theorv discussed in the following section.

I/ .
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Theory

We derive nere the tteory ot ¢
bottom to vertical motion of an OBS. The 08S shape is simplified to that
of a vertical cvlindes o enable us fo ignore complications from shape and
change in bearing area w-th baovancy and rigidity ol the betrom.

Roterring to Siore t- we dedine the Toillowing parameters:

AN A VIO TS S0 S Y S I SR SRS T SRS S TS PO

s :
Ay ® pusition crode crnon sndtace ande T LBy

K= tteetive ~irioe - ondtant o the sediment=0B5 contact area
DooE o0 egtive dnngins oo tant o8 hotion

NF e ar OB

My >

Mo K i i . water

Mo oTooeAX F omass ol T cn sedinent

¢ = acculeracion of RN

Assuming all coeiticicuts o coa-tang, the equation of motion is

—M?EI+U&7K; = MTe M 4 Ny g ) (1)

1 -
I \ b A - S5

DM e e wase 7 U eRd and the sodiwent and water that
redsiny i fnertia. ve o0 net know how to evaluate M? at

witere

move wice it
Tals time (sev Zoiivevivs ol Praviere. 9800 and will carry it through
the derivatioo,

St n Y ) (2)
1 W 5 ) s
Vedne the e lnttions o Mooant Mo,
0% REAG (- i
| w2 ( o w)l
= (M- AR e+[M - ALl -0 aax)l . (3)
[ "w : I RN N
in cquilibrium, ¥ = % = 2 = 0, and '

Ovy= A)ed iR+ G - )N . (4
P w s Wy
Lot v o= -5, the Jevlection of the OBS from cquilibrium with respect
to the ocean bot o, e varighie v ois thas the error signal between true
motion of the ocean borton and aetion of the OBS.

Substituting

\(_v+:<c)]'z'S . (5}
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The term on the right containing y will certainly be insignificant
compared to the othersj; thus,

K+(uq—t"w)Ag o "
oy = [(M.=M - o
M* Y L(MT M Ms)//MI]Zs i (6)

D_
%
T 1

v+

=
<.

where Hw and MS are the average displaced water and sediment masses.
Eq. (6) can be rewritten:

o

v+2h w Yo Ty = CZ N
¢ C c - S

where hC = l/ZQC, the damping coefficient of the bottom coupling,

K+({ - ) Ag,

S W
o= —__%%‘ (“c is the natural angular (8)
N N

{

frequency of the bottom coupling) and

Mo-M =M
I w s . ..
C = ° , the coupling coefficient. (9)
M

Taking the transform of (7)

\,2 2 (10

The position of the bottom of the ORS,

Z, = 2z =X =T zZ —-v-X
I s S €

fherefore the input signal to the OBS (motion of the case) is

i =z +x = 2z -y
I e 87

whose transiorm is

and tho transfer tunctions of the OBS package is
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2h w W
cc

= - + c 2 2
= (1-C) S (1-0) S + (1-0) (s +2hcmcS+wc) . (11)

L
2,
8

From Eq. (1l) it is evident that, given the constants C, h., and wg,
the response is completely described. The amplitude response curves for
six cases of Eq. (11), shown in Figures E-8 and E-9, demonstrate good
response when w<w.; hewi; and/or C--0. The coupling coefficient, C, can
be determined with the aid of Eq. (9) provided a reliable value for Mf
can be obtained (see Zelikovitz and Prothero, 1980). The counling
frequency, we, can be estimated by using Eq. (8). Experimental values for
.¢c and hg can be obtained from mechanical transient tests to be described
in the following secticn.

When conditions are such that C=0, coupling is perfect, and the OBS
moves exactlv with the ocean bottom, although the package may still have
a resonance aL we for other types of input (such as the transient tests).
C=0 is the neutral buoyancy case where the mass of the displaced water
and sediment equal the mass of the OBS. Earlier workers studying coupling
in swamps ignored the effects of buoyancy and the sediments that move with
the instrument, thus arriving at the case where {=1. We see from Eq. (9)
that, sincv Mf will always be greater than My and since My and Mg will
probablv never be negligible, ¢ will never reach a value of 1. Note that
tqs. (8) and (9) do not require that the OBS be cylindrical in shape to
be valid. As long as the area in contact with the bottom does not change
with motion of the 0BS, both equations will hold.

The buovancvy effect, in addition to modifying the shape of the
responsc, modifics the resonant frequency and damping from that obtained
for the "swamp' case by previous authors. From Eq. (8) we see that the
resonant frequency is the RMS of that produced by the effective spring
constant of the bottom alone, and by the buoyancy effect alone. As a
numerical example, for the HIGR geophone package (Sutton et al., 1980) in
average scdiments the iIncrease in we would appear to be less than 17%.
However, the effect could he important for systems with large surface areas
in contact with the bottom,

We can investigate, further, the eofiects of bearing area on the
coupling frequency by rewriting Fa. (8).

SR CRSUCS IV GRS (8"

where

r- represents bearing ared
'3 represents the volume o scdiment and water entrained with

the NHS
¢y depends upon the centisuration i the OBS
My is OBS mass
ag is proportional to sodiment rigidity modulus
be depends upon sediment density
R
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The rz term results from buoyancy and the r'3 term from the
entrained sediment and water. Assuming r' is proportional to r, for a
given set of constants (including instrument mass), we varies as r
and r-1/2 for small and large r, respectively, and varies at most by
cither r or r-i, depending upon the values of the constants, for inter-
mediate values of r.

Ihe case C=1 mentioned earlicr is appropriate for the horizontal
response of the OBS package to horizontal input signals (provided by the
rigidity of the bottom, onlv). For horizontal input. Eq. (11) reduces to

— = 2 "" N R TR / 2 ) ’“ 12
2h c(‘+"c/‘hc (s +2h o SHo 7). (12)

In this casc the response decreases continuously at frequencies higher
than the coupling frequency; as 1/. for frequencies above w(/2h(.

Mechanical Transient Tests

A schematic diapgram for a simple mechanical transient test to
determine the frequency and damping of OBS-bottom coupling (wc and h.) is
shown in Figure F-10. This test is analogous to the classical weight
lift calibration for earthquake seismographs. The float, which provides
a constant upward or sideward force on the OBS package, is released at
t=0 when the currvent throush an electromagnet is interrupted. With use
of a small magnet armature and light string or thread the step in force
can be made quite pure.  However, the pulley rod used for the horizontal
test can generate a second signal when the armature hits the pulley. 1In
solt sediment a separation of the pulley from the OBS of 1 or (preferably)
2 m is generally adequate to separate the primary and secondary signals.
The size of the float can be adjusted to provide a signal in the normal
operating range of the ORS and to test for possible system non-
lincarities.

An upward or sideward step of force on an OBS at t=0 produces initial
conditions of z((0) = zyq, 271{0) = 0 and z1(0+) = Kzyg/M for the position
of OBS base relative to its cquilibrium position at rest on the sediment.
We assume that the OBS moves as a rigid mass, that the motion is recti-
linear, and that the wotion of the incrtial masscs in the geophones does
pot affect the motion of the OBS (i.e., no back coupling).

The cvquation of motion for the OBS is:

*x., R . . .
le[+Dzl+K ZI = () (assuming no scismic input) (13)
S

wheore

M1 = OBS mas: plus mass of sediment and water included in the
motion of the OBS

e a .
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Fig. E-10. Schematic for mechanical step of force test to determine

W, .
Ui ind hc




D = damping constant
effective spring constant of the OBS-bottom coupling,
including any buoyancy effects.

~
1]

Rewriting (13) we have

. . 2
2 . L7 =
zI+-hCﬂCZ‘* cll 0 (14) i

2 _ . * . .
where ac = Kg/Mp and he = 1/2Q, = damping coefficient,w; is the free
angular frequency of the bottom coupling, and Qe = 1/2he gives the ampli-

fication (and bandwidth) of any coupling resonance.

Solutions for our initial conditions are:

5 = -at a o 3
z, 208 (b sin bt+cos bt) (15)
-2
_ a +h_7 -at .
v, =2 -L = z,g¢  sin bt hc‘ 1 (16)
2
where a = h o, b =4 1-h J
[AEN C C
2, = (1+. tr et (17
fp T Eppttte e c )
R et (hc = 1)
,'I = 2I = -HthIOU C (18)

The equation of motion for the seismometer mass is:

i . . 2 . .

+2 Y ooz = =

' Ay e T R T Y (19)
where zy is the relative displacement between inertial mass and OBS frame.

“ Taking the Laplace transform of (19) and (for example) assuming critical

damping hy = 1, the seismometer transfer function is:

)
7z
\ M_ S (h,\1 _ 1) (20)
vV 2 '
S+
! Lo (st
|
4 The em{ generated in the scismometer coil is #
ko= (;szM (21)
Y
- and the signal transter function is #
2
B 68T
EEENCRSE (22)

&" ' - e el L
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From Eqs. (18) and (16) the transforms of the transient input signal are

2
lc

and

2.2
-(a"™+bh )z

i

\Y

Tu 10

3
\ = \.CZIO/S*'(“C) (hC

/1(5+a) 2+b7) (h 1)

- 1) (23)

(24)

Comhining (23) or (24) with (22) we obtain

2 L2 2 2 )
£, = SEOCIINCE [ (8% (5+) (h, = D (25)
and
2 9
£ o= —(at+hT)z (68 (St )2[(S+a)2+b2] (h < 1) (26)
u 10 M c

We obtain the geophone output
by taking the inverse transform of

signals for the mechanical transients
(25) and (26):

_ ( hoe- l eyt 27N
e T T 2ot . .- 3
L(mc (e J
2 .
(e e e ety (e D)
—TTT 2 R
(™ “e) (JM Ye)
2 2
s +b ) {EL‘_,_ ¢ - 2;“(a —amM+b ) e—th (28)
T 2 2 2.2
N IO [(a*uw) +h2 [(a—m Y +bT]
. aZ+b e 3% in(bt+b) (h <)

-1 -2ab - b
where - = tan —'—'2”———— -2 tan _(_.__.;)
(a”-b") “M




Figure E~11 shows theoretical signals from mechanical transients for
tive different cases listed in Table E-l,and Figure F-12 shows amplitude
spoectra for three of the cases.  These results are appropriate for hori-
sontal and vertical inputs recorded on horizontal and vertical geophones,
respectively.  In addition, bv observing the vertical geophone output from
horizontal transients and vice versa the susceptibility of an OBS to cross-
coupling distortion can be evaluated. Some results from mechanical
transicnt tests conducted in shallow water off Oahu were presented by Sutton
et al., (1977b and 1978). Sample results from the Lopez Island experiment
tollow.

Table E-L. OBS coupling parameters for
curves shown in Figures E-11 and E-12.

Oy and hN are both equal to 1.0.

Casve W H QL
1 1 1/12 6
2 2 1/12 6
3 4 Prl2 6
4 8 ts12 6
) 4 0 .
6 3 1 1/2
7 1 1 1/2

Lopez Experiment Results

A great deal of information on coupling is contained in the digital
records from the mechanical transients and from the blasting cap and airgun
shots obtained during the Lopez experiment. These results are summarized
in Sutton ¢t al., (1980) and discussed further in Zelikovitz and Prothetro
(1980), Tuthill et al. (1980), Lewis and Tuthill (1980), and Johnson and
MeAlister (1980).

In peneral, the responses to the transient tests of the instruments
specialivc designed e use as standards at Lopos Island exhibit broad, .
rather featureless spectra, whereas most of the spectra from tests on the
operational OBS's show one or more spectral peaks with various bandwidths
and amplification (Fig. h-13). Most of the OBS's show a peak between about
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b=

8 and 1D Hz for both the vertical and horizontal inputs, suggesting some
kind of peological wave-guide resonance; however, its absence on the
special standard Instruments and general agreement with the coupling theory
trpie that it is a coupling resonance and that the OBS's have roughly
cquivalent, bottom-coupling design parameters. In this respect the MITEV
and HIGBY (both having geophones separated from the main package) appear

to be closest in respense to the standard instruments.

Comparison of the spectra from the mechanical transient tests with
those trom cap and airgun shots and from the background noise often show
similar peaks and attenvation of higher frequencies, in agreement with the
coupling theorv (Figs., E-8 and £-9). The Q of the coupling~resonances are
cenvrally greater than predicted from the published theories (Fig. I'-1)
that do not consider buovaney forces.  The coupling-resonance frequencies
mav be more reliably predictable,

Fisvre H-14 shows the sipnals recorded digitally from an airgun shot,
approximately 130 m southwest of the center of the 0BS array. Considering
differences in sensitivity and frecuency response of the various OBS's the
First tow cveles of the signal recorded on the vertical components agree
woell, although some arrivals scem somewhat more emergent than others.
Belween the firsce arrivals and the large "granddaddv' waves on the right, a
wave—train with predominantly horizontal (mainly north-south) motion is
obuserved on the plate (PLY and neutral density (NXD) standards and on HIGBH.
Nithough the sivnal is hardlv observablie on the vertical standards, it is
clearly recerded o most of the OBS verticals.  This sivnal appears to be
anoexanple 0f cross couplingg between o horizootal input and vertical output.
The ebserved =ignats tor cooioon da-trament are quite dependent upon the
stittness of the sheat Bav sediments aad upon the frequence of the input
ciznal (narrow Band near 6 Hedoo For example, BTOV exhibited a strong
response aear 5 Hey tooa horizental transient input (Fig., ©E-15), close to
the principal fregquency of the atrgun signal.  Other instruments that show
less relative cross coupling trom the airgun, e.g., UCSBV, also shown in
Pilgure BE=1%, exhibited equalle strong responses on the vertical sensors to
horizontal transicots, but at Jifrereer frequencies. Lewis and Tuthill
(1980Y present o wore complote discussion of the ecross-coupling phenomenon.

) Conelu=ion

\ The theory and mechanical transient tests outlined here and the results
! R s . . - " . . . .

Y oF the fepen Toland intercomparisen experiment provide reliadle gnidelines

wwopredicting the responsce of an OBy under various bottom conditions.

i ‘
4 This koowledse mites it peossible to ostablish parameters for ocean bottom
Seismomcter Jdesivn. Cenevad iy, o Tow smeothe protile in the water, a large
hoaring arei. and a1 low packace donsity shoutd provide optimum coupling
i to the hottan in ot sediment. Caretul de=ign shoutd result in a package
that will couple welt to anv tvpe of ccean bottom,
o
~
/
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Introduction

In seismology, it is desired to record ground motion accurately.
However, Ocean Bottom Scismometers (0OBS), which are usually rather massive
instruments, can significantly distort the measured ground motion,
particularly when they rest on sediments of relatively weak stiffnesses.
This response problem, which has been recognized in the case of land
seismometers for over 30 years, is known to depend on the physical pro-
perties of the instrument and of the soil on which the instrument rests.
It can be more acute for an OBS due to the possibility of deployment on
softer underlying sediments, and more complex due to water-instrument
interactions.

The original theoretical development in soil-structure interaction
(Richart et al., 1970) provides a framework within which we can study OBS
response. Work by E. L. Hamilton (1970, 197la,1971b) suggests treatment
of marine sediments as an elastiec solid that can be represented by a
spring-mass-damper svstem. (Normally, soil-structure interaction studies
require the use of finite element techniques because they most often
involve structures with manv degrees of freedom,resting on complex
foundations.) The stiffness and damping coefficients, or foundation
impedances, are functions of the bearing radius of the instrument and the
elastic properties of the soil. The presence of water can be accounted
for bv using an "effective mass™ for the OBS, which includes the inertial
effects of the surrounding luid. The theory and data analysis deal
strictly with the vertical motion. HNorizontal motions will also produce
important e¢ffects but are not treated in this paper.

Since the ultimate goal of this study is finding a calibration
technique for any OBS at anv site, we explore the response problem both
through modeling experiments and by analvsis of the Lopez Island vertical
transient tests. The Lopez results allow us to compare the output of

many instruments and standards subjected to identical step-function inputs.

The modeling cxperiments similarly consider the response of an ideal
model to a variable f{requency sinusoidal input. Foam rubber of known
clastic properties serves as a homogeneous "ideal' soil in the modeling
cxperiments. We investigate soil-instrument interaction bv applying
vertically oscillating forces to masses of varying bearing radius placed
on the foam so0il model. This enables us to verify the continuum
mechanical theory for the simple cases and model more complex configura-
tions, which do not casily lend theuselves to a theoretical treatment.
Mhe experiments with foam rubber alsco help us to identify some of the
important considerations in the analysis of the Lopez data. 1In addition,
thev sumuest that a possible in-situ technique for calibrating an OBS
might make use of an attached shaking unit.

A harmonic oscillator suvhjected to a step-function input force will
exhibit a Jdecaving sinusoidal output. Clearly, the Lopez transient test
data shows this decaving oscillatory behavior with a measurable frequency
tor every instrument. The decav rate can also be measured and is a
function of the damping in the svstem. By relating these "ringdown"
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frequencies to the effective masses and bearing radii of the OBS's, a

shear modulus value for Shoal Bay mud can be obtained. Since the OBS's

and standards were placed on the bottom in a circle of small diameter,

the shear modulus value felt by ecach instrument should be comparable.

We attempt to explain four notable discrepancies by examining the assump-

tions inhere¢nt in the simple model. Embedment due to bearing pressure

of the instrument in a nonuniform vertical soil profile provides a .
convincing explanation of why certain instruments feel a higher shear

modulus. i

Damping factors can also be obtained from the lLopez data. Although ,
the logarithmic decrement of the ringdown cannot be measured with high ;
accuracyv, a range in value for each damping factor is reported. These
values are compared to a theoretical damping curve for Lysmer's and
Richart's (1966) clastic half space analog.

Background and Theory

f.. 1.. Hamilton in several papers (1970, 1971a, 1971b) concludes :
that cquations of Hookean elasticitv can be used to calculate the elastic i
constants for water-saturated sediments. Therefore, we begin by model-~
ing an OBS as a ricid circular mass resting on an elastic half space with
propertivs, G-shear modulus, v-Puisson's ratio, and p-density (see Fig. F-1).
Hsich (1962) developed the Lumped parameter svstem shown in Figure F-1 as

tollows:
Mz = g - P (D
Po=C 2+ R (2)
z 2
.. s ., iwt
Mz 4+ CZ +K Z=0Q=4q.¢ (3)
z 4 0
Lysmer and Richart (1966) found frequency independent vertical stiffness
and damping constants as functions of the mass radius (R) and soil
properties G, -, and ,». The constants Kz and Cz are given by:
g AR 3.6R° e (4)
z I-v’ 7z JEEVIER S )

Substituting these constants into Eq. (3) yields a linear differential
equation with constant cocfficients, sometimes called Lysmer's analog.
Using Eq.(4) the natural frequency of this damped harmonic oscillator will be:

.o L A GR 22 5
f“‘"z:/j-v)m(l 2D%) (5)

where D is a damping constant which is the actual damping constant divided
by the critical damping constant CF/CC' Lvsmer's analog breaks down
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for D > .425. An excellent discussion of this subject is found in
Richart et al. (1970).

To this point, the instrument water interaction has been neglected.
There are three terms that enter the equation of motion: hydrodynamic
drag, wavemaking, and virtual mass. The size and depth location of the
instrument make the relative magnitude of drag and wavemaking forces
insignificant with respect to the inertial effect of the fluid (Byrd, 1978).

Figure F-2 shows the inertial and mechanical forces acting on a
submerged mass resting on an elastic solid, which is represented by a
spring and dashpot. The position of the mass relative to an inertial
frame of reference is x + Ry + AR, where Rg is the steady state radius
of the earth, AR is the free field displacement, and x is the displace-
ment of the mass relative to the free field position of the seafloor.

The acceleration of M relative to the seafloor is then x. There is also
a virtual mass term or added mass effect from the movement of the mass
through water. This effect is caused by hydrodynamic forces exerted on
an accelerating mass because of the necessary acceleration of the
surrounding water through which the mass moves (Batchelor, 1967). Since
the wavelength of sound at 100 Hz is about 15 m, we can assume, for OBS-
sized instruments, that the water surrounding the instrument moves with
the bottom. So, the virtual mass force due to the relative motion of the
instrument and water will be MyX. Now the buoyancy force is due to the
difference in the weight of the OBS and the weight of the displaced water,
which is its mass multiplied by the acceleration of its local frame of
reference. We must include the acceleration of gravity (g) and the
acceleration because of ground motion 'R, so the total buoyant force

is given by (M - My) (g + AR).

The use of this buoyancy term is the simplest way to include inertial
effects of the acceleration of the water-OBS system. The equation of
motion obtained by balancing these forces and the stiffness and damping
forces is:

Mx + va + CZX - KZ(XO - x) + (M- Mw)(g + AR) =0 (6)

where M is the mass of the instrument, M, is the virtual mass effect due

to the acceleration of surrounding water, My is the mass of the displaced
water, xg is the equilibrium position of the spring, and AR is the free
field ground motion acceleration. The weight of the instrument in water is

balanced by the equilibrium spring force. Therefore the equation reduces to:

(M+M)HIX +C %+Kx=-fR(M-M) . (7)
v FA Z w

We see that if the instrument is neutrally buoyant (M - M, = 0),
¥ and x will be zero as there is no input force to the mass spring system.
Thus, the OBS moves exactly with the bottom as expected intuitively.

A similar cquation of motion has been derived by Sutton et al. (1980,

Eq. (5)). Our equations differ in that we include virtual mass effects
from hydrodvnamic theorv and ignore their term Ms, which is the mass of

IO
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the displaced sediment, which gives rise to an additional bhuovancy fovoe.
This force may boe neslected for the Lopen experiment. These eqiatiens of
motion lead to a coupling consrant, C = (M - M) (M + M5, whicp
represents the ratio of the buovant mass to the dvnamic mass of tha OBS-
water svstem (Surfon et al. 1980a). € = O represents nerfect coupling,
and € =1 is the worst vase.  Stated another way, the OR5 yesponse can Le
compared to that of a harmonic oscillator _th input forcoe proportional
to the unbalanced buovancy of the OBS in the water and a mass equal to
the OBS-water dvnamie mass. The <spring constant and damping are caunsed
byothe soil stiffress and enerpy radiated to infinity.

Since the tree ficld groun? motion (MR) is zero for the vertical
transivnt tests at Lopez, the equation is modified by replacing the
right-hand side by the {orce induced by a step tunction transient input:

(M 4+ M)OX + 0 X+ KX = F(t). (8)
A 7z A

For sinusoidal oscillatien of the instrument with an attached
shaking unit:

(M +MIN+ 0S4+ K Y= =MV (9
t v z P =
whory M., 7 mass of shaking unit
MLoom e L
N is the acceleration of the ghaking mase,

Caod) vives the natural frequency for anv of the ahove three cases if M
iv replaced boe the ot fective mass Mp where

Moo= MR N (10)
\

I .
Those tamitiar with various OAS's realize that theyv are generally
complex in iorm; aowever, most can be approximated by combinations of
simple veometric shapes. The added mass terms for a sphere (M, M), a
dise C% oWk, and a evlinder {.OMy) are used to calculate the effective
mass of vach instrument and =tandard (Batchelor, 1967; Byrd, 1973). M,
je the mass of the displaced waver, .y is the water density, and R is the

racias of tho dise.

b 7)Y, 08, and {9) asaome @ mass with a circular bearing radius.
Cor vertical motion, (Lo theory is valid for all tripod-based instruments
Wiih civeuniar contact-. A3z well, OBS's where one dimension does not oxceed
twice the other mav he similarlv treated (Richart ot al., 1970). (The
pearing radius is computed by assuming the rectangular area to he circular.)




Damping in Lysmer's analog is due to radiation losses by the
propagation of seismic energy to infinity and can be calculated:

C
z
) = <
1 c (11)
e
= 2,K
Yo T (12)
D= .425/v8 (13)
where Co is critical demping and B is a dimensionless mass factor
1 M
= 2=y E y
B i R (14)

B is a comparison of the mass ol the instrument to the mass of the
soil influencing the instrument. In terms of a harmonic oscillator model,
it is a ratio of the moving mass to the mass of the spring. A high B
value signifies a comparatively massless spring and therefore correspond-
inglyv low radiation damping. However, low B values signify a spring with
mass appreaching that of the instrument. and thus high radiation damping
would result. The analogy to a mass sprang svstem differs, however,
since the enerpy is radiated away to infinity in the half-space but it is
contained in modes of oscillation of the spring in the mass-spring system.
The effect of the mass of the hali-space that moves with the 0BS is
included in Eq. (3) in the damping coeflicient, D. It should be noted
that under the conditions that Lvsmer's analog bholds (B > 1), the mass of
the OBS must be relativelv larse compared to the mass of the sediment
that would move under its int luence.

The above theory includes several idealizations. OBS's do not rest
on the bottom sediments but embed themscelves to a depth depending most
importantlv on their bearine pressure. Also, the soil beneath the
instrument is neither homogencous, isotropic, nor semi-intinite. These
assumptions and others of a morce subtle nature will be discussed further
in the analvsis and discussion section.

Model Investigation

For (+.mer's and Richart's (1966) mass-spring-damper model, a
reciprocity exists between response due to ground motion {(from Eq. 7):

(15)

3
L3
|
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and the response computed by shaking the instrument with a displacement
y = v oexp(iot):
- M 1
X S
_ e (e e e .
X M +M i, C ) (16)
t 0 . z
— -1+ Rl ")'"
U { t lv 0

the only difterence is an anplitude factor reflecting the inertia transfer
between the shaker and the larger instrument mass.

In order to veritry the theory arnd develop a procedure for studying
more complex cases, experiments were performed with foam rubber. The
experiments were conducted in aiv (My, M, = 0) and were intended to study
soil-structure interaction. Difterent masses of varving bearing radius
were placed on foam rubber and oscillated with a sinusoidal input force.
The resonant frequency depends on the stiftfness and damping constants and
therefore on the elastic properticvs of the roam (Eq. 4). Young's Modulus,
the medulus of rigidity and the density of several tyvpes of foam were also
measured in static experiments. A high-density loaded foam
(G = 3.5 x LO'N/M, E = 1.1 x 1O N/M, and . = 31 kg/M') was chosen for
use in all experiments because ot its linear stress-strain relationship
over a wide range of stresses.  We then compared values of the elastic
paramcters determined from the static tests to those determined by shak-
ing a model OBS resting on foam.

Fivure F=3% shows the cxperimental contiguration used in tfinding the
resonant trequency of  the mass—-spoing-damper analog. A sinusoidal
voltave is applicd to weophone A, causing the moving mass to oscillate
and tious applving a sinusoidal torce to the svstem. Geophone B acts as
the seismometer, which senses the motion induced by Geophone A.  Both
svophones are mounted rigidly in a PVC holder that is fastened to discs
ol various radii. The mass ot the model includes the mass of the geo-
phones, holder, disc, and any added weights. The arca of the foam, on
which the model rests, is larece enough to approximate the elastic half
space in two dimensions.  The thickness of the foam can be varied to
allow us to model the transition between an elastic half space and an
clastic laver on a rivid stratum. ®y slowlv varving the input frequency,
the resonant frequency is determined for each disc-mass system. Plotting
the natural frequence against (R/M)V2 should return a line proportional to
the dvnamic shear modulus of the foam according to Eq. (5), assuming
small damping.  The results are shown in Figure F-4 along with a hashed
linv corresponding to the shear modulus cbtained in static tests. One
source vl variation in the points from the static shear modulus value is
the neslecting damping.  The radiation or geometric damping computed
using bgs. (9) and (10) is neglipible because ol the low density of the
Coam; however, the viscous and waterial damping, although unaccounted tor
in an clastic model, will caus. deviations of the points from the line.

The ratio of the thicknuss of the foam (H) to the bearing radius of
the di=<c (R)Y is also tabulated for each puint on Figure F=4. For H/R
larye, the toam can be treated as a semi-infinite clastic half space, but
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for large bearing radius discs, the rigid stratum beneath the foam must
be taken into account. Note points 2, 3, and 6 which show progressively
larger shear modulus values with respectively decreasing H/R values.

Lopez Data Interpretation

The elastic soil model was also applied to the Lopez vertical
transient test data. The bearing radius and mass of each instrument was
calculated from the phvsical properties supplied by its institute of
origin (Table F-1). The error estimate associated with each OBS effec-
tive mass is based on the degree to which it could be thought of in terms
of simple geometric shapes.

The natural frequency of each instrument-soil-water system was
measured directly from the vertical transient test data acquired at Lopez.
(For data playouts, see Loncarevic, 1979; Sutton et al., 1980b.) Measured
ringdown frequencies, as recorded in Table F-2,have an estimated error of
.5 Hz for fyy < 10 Hz and + 1 Hz for fy > 10 Hz. fy is plotted against
[R(1 - 2D2)/}|'E]/2 in Figure F-5. Two lines are superimposed to illustrate
the trends in the data, including approximate shear modulus and velocity

values.

Damping factors can also be retrieved from the original transient
test data by modeling the decay of a damped harmonic oscillator (see also
Sutton et al., 1980a). The decay time is quite sensitive to the damping
for most of the transients. In Figure F-6 the damping factors are plotted
against B values, calculated using Eq. (10) and the data in Table F-I. For
comparison the D versus B curve for a true elastic half space is also
plotted. A value for v of the .48 is used throughout.

Analysis and Discussion

If all the assumptions implicit in the proposed model were valid,
all the plotted points in Figure F-5 would fall on a single straight line
corresponding to the shear modulus of Shoal Bay mud. Also, some
variation in the soil beneath each instrument is expected and will cause
scatter in the computed shear modulus values.

Up to now, we tave treated the Shoal Bay mud as a semi-infinite
elastic half space. We do, however, have reflection data (Sutton et al.,
1980b) from this site indicating that the top silt layer under the
instruments is only 2¥2t0 3 m deep. The properties of the 'basement
rock" are not known. Intuitively, it might be either a glacial deposit or
a hard siltstone or sandstone, but it is definitely of higher rigidity

than the overlying silt.

Arnold et al. (1955 and Bycroft (1956) studied the effects of a
rigid boundary under an elastic layer and Luco (1974) investigated
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Table F-)
Relevant Physical Properties of OBS's and Standards

0BS Mass Effective Error Bearing* Bearing Bearing

in Air (kg) Mass (kg) tMe Area (m?) | Radius (m) | Pressure

(kg) | per foot pad (kg/m?)
B10 135 200 5 .36 .34 94
HIGB 8 10.4 ] .022 .084 150
MIT 310 610 25 1.27 .64 41
MITEX 17 28 2 .13 .20 70
PLS €3 260 10 .98 .56 34
SI0 190 250 5 .08 (3) .16 (3) 173
Jesa 170 220 10 .073 (3) .152 (3) 123
USCS 118 163 5 .14 .21 150
uTe 80 83 3 .008 (3) .05 (3) 470
JA 144 180 4 .003 (3) .03 (3) 2000
UWF 530 680 10 .13 .20 1800

*The quantity in parentheses represents the number of footpads.




Table F-2
0BS Coupling Properties .
08S Freq. (Hz) Freq. (Hz) Inferred Damping Effective H/R
Measured Corrected Shear Modulus Factor Mass Ratio
: G - (N/m?) (Be), V=48
i ) 5
; 810 9.6 9.7 2.3 X 10 15 - .18 43 3
HIGB 17 17 1.9 X 10° 14 - .15 1.5 3
MITEX 22 23 5 x 10° 3- .32 .27 14
PLS 10.2 10.3 2.6 X 10° A3 - .15 12 4.9
' S10 N 1 3.3 x 19° .09 - .1 1.7 13
‘ UCSB 3.2 8.2 1.7 X 10° .06 - .07 1.7 18 .
USGS 3.9 8.9 3.1 1107 04 - .05 1.4 13
uTG 7.3 7.3 1.7 x 10° 04 - .06 17.8 55
‘ m 7.5 7.5 5.6 X 10° .05 - .08 168 98
N JF 8.5 | 8.6 1.3 x 10° .09 - .24 6.7 13
x ! ! |
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® G=2.5x10%35 Vg=13. M

= - M
@ G-1.8x106;§‘2- Vg=34.gp¢

b BIO s SIO
h HIGB u UCSB
g USGS
e MITEX t UTG
n ND w UW
p' PLS f UWF
1 1 ] 1 1 L |
0.08 0.12
R(1-202)(1/2
ME
Is tip. F=3. This plot of ringdown freguency versus [Ro] - _'D“Z)/ME]I/2 should return
the shear modulus of Shoal Bay mud. The two lines represent the shear velocities
of 13 and 34 m/sec, respectively.

4'1" . - - N - - ,-,_.,‘J .\L . R - I




*TeTaslew I13J3JTIS 0] SIUSWIPIS 4J0S 9yl uy

13d29p HUTS SIUBWNIISUT IDTABOY IBYI PO3BOTPUT ainssaid 3utaeaq Surseaiout
YiTA sSnInpow i1esys 3UTSEIIDUT JO puaaj [eisusl syl ‘oinssexd 3utaeaq

9TIElS SNSIda soTdusnbaiy umop3ura syl woij paiiajur sSnInpow Ieayg ‘9-4 *3131

NE\mxlmSwme Bulieag

A% S

000¢ 000! 00s 00¢ 00l 0S oO¢

T _ _ I T _ '
g91H @ S14 @ \
as9an olg ”
o sosne® © o .
91N L4 x ‘
o X3ILIN N
oIS o
_9
>>D. zZ
/ B
, 3 :
N
—01L
amn®

. ik
F-16

(@)

N

K
e et T g g T——ee. w3 s R T g T S B

. L P . Eontned *

-




e e

r"_....-—._'-_ Wity SEFUS
|

F-17

foundation impedances for layered elastic media. One important conclusion
of these studies is that the underlying layer begins to have a signi-

cant effect on the stiffness when H/R is less than 6; H is the thickness
of the top elastic layer and R is the bearing radius of the instrument.
This effect is also observed in the foam rubber experiment.

Another important effect is the varying embedment of the instruments
resulting from variations in their bearing pressure. The bearing pressure
in TableF-lis a static value equal to the weight of the OBS in water
divided by the total footpad area. If the instrument were deployed in
free fall, the pressure would be considerably greater when it hits bottom.
Considerable variation in embedment might be expected due to this effect.
Figure F-6 shows a plot of bearing pressure versus shear modulus, G,
inferred from the ringdown frequencies. A clear trend toward increasing
shear modulus for more massive instruments is indicated.

The damping factors are plotted versus B in Figure F-7. The deviation
from the elastic half space model increases at low B values, where Lysmer's
analog begins to break down. Sources of damping such as hydrodynamic
losses and losses due to soil-water exchange should be considered. It is
surprising that the plate standard has such low damping. Its very low
bearing pressure may be a factor, allowing it to rest on the very weakest
sediments, yet its large diameter causes it to feel deeper, more compe-
tent material for the transient test. Since the damping is due to
radiated seismic energy, reflected energy from underlying layered struc-
tures is sure to cause significant effects. Damping factors would
intuitively seem to be more sensitive than ringdown frequency to reflected
energy from layered structures.

With geometric damping included, the average shear velocity recorded
by the instruments, which fall along line "1" in Figure F-5,is 15 m/sec;
and for those along line "2", 33 m/sec. It is both interesting and
encouraging to note that Lewis and Tuthill (1980) indicate that "granddaddy"
waves measured at Lopez had group velocities ranging between 10 and 30 m/sec.
Also, the time difference between P-S conversions and initial P arrivals
from airgun records suggest a shear wave velocity of 15 m/sec in the 3-m
silt layer.

In Situ Calibration

The reciprocity between shaking the instrument and ground motion
demonstrated by Egqs. (15) and (16) suggests the viability of an in situ
calibration technique. A first step might be to verify Eq. (7) by
conducting foam rubber modeling experiments in water. (These experiments
would concentrate on the instrument-water interactions.)

An in situcalibration method might rely on an attached shaking unit
to determine the stiffness and damping constants of the soil, following
the analysis of the Lopez data and foam rubber experiments. An estimate
of the vertical motion response function would be computed from these
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s0il constants, the virtual mass term and the physical properties of the

instrument and Eq. (15). The response function for that particular site

would then be used to deconvolve the recorded output. More work is

| necessary to understand the instrument response to horizontal ground
motion inputs. TInstrument rocking and shear in the water column are

expected to cause significant effects.

Implications for OBS Design

T Eq. (7) suggests that a high damping factor will result in the most
i smoothly varying and uncomplicated coupling response. Further, if K, is
! increased, the coupling resonance may be above the seismic band of great-
est interest, so it can be ignored. This would imply that the bearing
area should be large to decrease the B value. However, the plate 'feels"
the same shear modulus as do the other instruments yet has an anomalously
low damping factor. Another way of improving the coupling is to make the
instrument more nearly neutrally buoyant. This will affect the horizontal
: coupling, although probably adversely. Given the complications in

f ; variable soil conditions, impact geometry upon deployment, and variable

|

5 damping factors, an in situ method of calibration becomes highly
attractive and may be the only way of calibrating an OBS tc ground motion.

Conclusions

We have a reasonable understanding of the Lopez Island vertical
ringdown frequencies. Although a simple uniform elastic model does not
explain all the results, it can be refined to give qualitative explana-
! tions of certain discrepancies. The damping factors do not fit the half
: space model and it seems that reflected radiation or other factors must

also be important.

) The model fit establishes that the resonant frequencies excited by
the Lopez vertical transient tests are due to soil-instrument-water

A interactions. These resonances occur within the bandwidth of seismic
interest and therefore will distort the recorded signal.

The eventual aim in studying this problem is to develop an in situ

v calibration technique for any OBS at any site, since the response will
surely be extremely site dependent. The transient tests performed at
Lopez Island and the foam rubber experiments yic¢ld the response of an
instrument to ground motiom. All of the dynamic and elastic soil

. ) parameters relevant to vertical motion are contained in the transient

¢ test data. In situ calibration is, therefore, not only desirable but

: feasible and should be considered by every institute deploying OBS's.

. ek e .

-

. ‘ A complete understanding of OBS response also requires studies of
the horizontal motions of the instruments. This is a more complex
problem, yet one that is tractable. Foam rubber modeling would be
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particularly useful for horizontal motion, to demonstrate the behavior
of differing instrument bearing configurations. This would avoid a
lengthy theoretical development that is not critical to either an under-
standing of the problem or the determination of the appropriate response
deconvolution parameters, since in situ calibration will probably be
necessary for accurate waveform studies.
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Abstract

The Lopez Island OBS Intercomparison Experiment provided a data
set of sufficient spatial density to allow study of the propagaticn of
shot-generated Stoneley waves as well as ambient background noise.

The Stoneley waves were observed propagating at velocities of 20 to

50 m/sec. Phase velocities were determined by fitting peaks in the
{requency wave number spectrum. Group velocities were calculated

by narrowly filtering the data and determining the arrival time of

the peak in the frequency packet. Particle displacement plots
illustrate the surface wave character of these waves. The analysis

of the ambient background noise failed to produce a clearly defined
dispersion curve vet it did allow bounds to be placed on the velocities
(20 to 50 m/sec). The data were modeled using eleven layers overlying
a half-space. The results indicated that the top 7 m of the sediment
column at Lopez Island is best approximated by two zones. In the
upper zone there is a fairly rapid range of shear velocity with depth.
This zone overlays a region in which the shear velocity gradient is
much lower. Deep ocean background noise from University of Washington
ocean bottom seismometers was also examined. Although insufficient
data precluded any velocity analysis, definite similarities exist
between these data and noise data observed at Lopez Island.
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Introduction

The Lopez Island OBS Intercomparison Experiment provided a unique
set of data for evaluating the particle motion, frequency spectra, and
wave number spectra of background seismic noise and shot-generated,
low-velocity dispersive surface waves. These waves have been named
granddaddy waves (Heron ot al,,l1968) because of their extremely large
amplitude relative to other shot-generated phases., It is the purpose
of this paper to show that these granddaddy waves and the Lopez noise
at least in the 1-to 5-Hz band propagate as Stoneley waves and to
suggest that deep water noise in this frequency band may also propagate
in this wode.

Understanding the causes and modes cf propagation of ambient deep
ocean bottom noise in the 1 to 100 Hz band is an important problem to
ocean bottom seismology for a number of reasons. First, as most marine
seismic refraction experiments are conducted in this frequency band,
the existence of any significant amount of noise can severely degrade
the data. Unpublished OBS data snggest that noise level in this band
varies widelv with geographic location. Second, knowledge of noise
characteristics should furnish information constraining OBS design
parameters, allowing the effects ¢f noise to be minimized.

Prior to the Lopez lsiand Experiment there were some (unpublished)
indications that deep sea noise might be of short wavelength. This
beinyg the case, an arrav of closely spaced sensors would be required
to determine phase velocitv. As it turned out, the Lopez Tsland array,
which had a maximum dimension of about 40 m, was reasonably well-suited
for noise analysis (see Sutton et al., 1980, for locations). As
comparable data from a deep water array do not now exist, only the
similarities between Lopez Island and deep water data can be noted and
the probable characteristics of deep water noise inferred.

In the following four sections the nature of the granddaddy waves
as well an ambient background noise, observed both at Lopez Island and
at deep ocean sites, will be addressed. It will be shown that the
granddaddy waves observed in both environments have similar spectra
and velocity dispersion curves, and represent Stoneley waves
propagating along the sediment-water interface, Also, it will be shown
that noise from 1 to 5 Hz at Lopez Island propagates in a Stoneley
mode, which will lead to the inference of similar properties for deep
sea noise; also theoretical models will be compared to observed data.

Characteristics of Granddaddy Waves Produced by Explosions

Lopez Island. For a description of the Lopez Island experiment the
reader is referred to Sutton et al. (1980). During this experiment a
number of cap shots and airgun shots were fired that produced low-
velocity dispersed wave trains. An example of these waves is shown in

- - - ——— ‘.J .t
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Figure G-1 on a time-distance graph. Because of their extremely low
velocity relative to the P wave velocity of water and the proximity of
the shots, the P arrival time has been used as the origin time. Ranges
or shot locations relative to the array were determined with a non-linear
least squaresalgorithm, which solved for shot location and velocity.

The inputs for this technique were instrument location and arrival times
for a given frequency packet. For a more complete discussion of this
technique, see Tuthill (1980).

The dispersed wave trains, as illustrated in Figure G-1, have
a group velocity of approximately 20 m/sec. The energy in these waves
is concentrated in a 1-to 5-Hz band as shown by the sample spectrum
in Figure G-=2 from airgun shot 120, The calculated Fourier spectra
from instruments with 1-Hz and 4.5-Hz seismometers show little
difference, suggesting that the low-frequency cutoff at about 1 Hz
mav be real and not entirely caused bv instrument response. It was
also observed that these waves were highly attenuated on a hydrophone
placed about | m above the bottom,

Because the particle motion is a discriminantof the wave type, a
method of graphically displaying this motion was devised. Any two
components are combincd into an instantancous displacement vector and
these are plotted as a tunction of time. Fiyures G-3a and G-3b
illustrate the synthesized particle motions for tfour different phase
angles and three different amplitude ratios, bhetween two components.
Rectilinear motion corresponds to a phase ditference of 09 and
elliptical motion corresponds to a phase ditference of 90°, With the
actual data, ground velocityv has been changed to ground displicement
by the usual frequencv domain method. An example of these -ethods
applied to the dispersed wave train generated by airgun shot 182
is sheown in Figures G-4 and G-5. This plot demonstrates that the
particle motion is elliptical and thus is consistent with the motion
of a surface wave.

In determining the group velocity dispersion curve for these waves
the data were first narrow-band filtered (.5-Hz band width) at various
center frequenciecs with a 4-pole Butterworth filter. The envelope of
this filtered wave train was determined by taking the modulus of the
analvtic signal detined bv f(t) - i Fy(t), where FH(t) is the Hilbert
transfamof f(t) (Bracewell, 1365). The travel time for this frequency
band is given by arrival of the peak of the envelope. An example of
this method applied to the spike vertical standard for the capshot,
Georec 239, is shown in Figure G-6. These times furnished the travel
time input for the non-linear least squares method described above.

The determination of phase velocity proved to be more difficult,
The approach was to take the frequency wave number spectrum of the
two-dimensional array and use the peaks in the wave number spectrum for
a particular frequency to establish w/k (the phase velocity). In this
method accurate inter-element spacings are critical and one assumes
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plane waves propagating across the array. In actuality the shots were
close enough to the array that this assumption was violated signifi-
cantly and the method did not yield stable results, To improve the
stability the array element positions were projected onto a plane
including the shot, and the two-dimensional frequency-wave number
spectrum was calculated. The resulting w-k values were contoured and
and example is shown in Figure G-7. The dashed line shows the peak
that was fit to give and expression for w(k). The final observed
group and prase velocity dispersion curves are shown in Figure G-8.

Deep Sea. Observations of dispersive Stoneley waves on the
sea floor have been made several times. Hamilton et al. (1969) used
submersibles to deploy small charges at short distances from geophones
to measure Stoneley wave velocities and hence to infer sediment shear
velocities. However, the experiment described by Davies (1965) is
more comparable to the results discussed here, In that experiment an
array of hydrophones was deployed on the sea floor to record shots
detonated on the sea floor at ranges up to a few kilometers., Large-
amplitude dispersed waves were recorded that Davis interpreted to be
Stonejey waves. In this case the use of hydrophones to record these
waves was successful because they were placed on the sea floor. If
they has been positioned a few meters above the bottom they would
probably have only weakly observed these waves. An example of time
series recorded by Davies at a range of 0.6 km is shown in Figure G-9,
The spectrum of this signal is displayed in Figure G-10 and shows a
strong peak from 1 to 5 Hz., (Note: The time ser’vs was obtained from
photographically enlarging a journal figure and hence the spectrum
obtained from this time serics is only approximate).

The resulting group velocity dispersion curve, inferred phase
velocities, and model that fit these data are showvm in Figure G-11,.
Note that the dispersion is critically dependent on the shear velocity
gradient in the upper 20 of sediment.

Characteristics of Ocean Bottom Noise

Lopez lsland. Numerous samples of background noise were taken
during the Lopez Island experiment (see Sutton et al., 1980). Almost
without exception the noise as recorded on the standard instruments
was peaked from 1 to 5 Hz, An example from the plate standard is
shown in Figure G-12, which included the particle velocity, the spectrum
of the particle velocity, and the particle displacement., The noise
peaks from 20 to 30 Hz can be related to mechanical sources such as
motor boats and are not included in this analysis.

To establish that the noise is propagating in the Stoneley wave
mode it needs to be verified that (1) the particle motion is elliptical,
(2) the amplitude is attenuated in the water, and (3) the phase velocity
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has the correct value relative to the sediment shear velocity. The
shear velocity of the sediment can be established from the shot-
generated dispersive waves.

Particle motion diagrams from the noise displacement as recorded
on the plate are shown in Figure G-13. This figure shows clearly that
the motion is predominantly elliptical for the 2-Hz frequencies in this
record. Pressure recordings of the noise by the hydrophone show the
1- to 5-Hz energy to be highly attenuated relative to other frequencies
(see Sutton et al., 1980).

The phase velocity of the noise as a function of frequency was
attempted by taking the three-dimensional frequency wave number
spectrum. This allows one to determine both the azimuthal variation
of the noise and its velocity at a particular frequency. Numerically
the wave number spectrum is very sensitive to sensor location and to
the assumption of plane wave propagation. The latter assumption would
be violated if the noise sources are close to or within the array.
Further, the wave number resolution and the response of the array will
not be ideal (i.e., like a delta function, Fig. G-l4a). Some or all
of these factors are responsible for the degradation of the actual
wave number spectra obtained. An example of the spectrum taken at
2 Hz is shown in Figure G-14b. However, in spite of the poor
resolution, we can definitely bound the phase velocity at 2 Hz between
20 and 50 m/sec.

Deep Sea Noise

Unfortunately, data adequate to define the velocities of deep sea
noise, that is, data having closely spaced sensors, do not now exist,
The best that can be done at present is to document the spectra and
particle motion. To do this we have chosen a worst case sample of
noise taken at Lat. 16°N,Long. 145°W. This was the site of a joint
experiment in which both Scripps and the University of Washington
deployed several instruments. All the OBS's at this general location
were placed on sediment and had very high levels of noise at 1 to 3 Hz,
In fact the nois¢c was so large that in order to extract refraction
arrivals the data had to be severely filtered to remove this noise
component, This filtering, of course, severely degraded the information
of interest. An example of the ground noise velocity, its spectrum,
and corresponding ground displacement are shown in Figure G-15. These
data show a very high noise peak at about 2Hz. The corresponding
particle motion in Figure G-16 shows the noise to be predominantly
elliptical in motion and non-uniform in azimuth. Although not proof
that this noise is propagating as Stoneley waves, this 1s suggested
as a possibility based on the similarities with the Lopez noise and
the shot-generated dispersed waves.
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Fig, G-14b, Noise-wave number spectrum at 2 Hz (11 instruments).
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For purposes of comparison, the deep sea noise spectrum is compared
with the other spectra in Figure G-17., The similarities are quite
obvious.

Comparison with Theory

In this section it is shown that the data presented in this paper
are consistent with the propagation of a dispersed surface wave at
the interface between the water and the sea floor. Further, it is
shown that the dispersion characteristics are related to the gradient
in sediment shear velocity just below the sea floor.

A liquid layer over an elastic,homogeneous half-space. A convenient
starting point is with the simple model in order to evaluate the effect
of the liquid laver on the velocity and dispersion., Biot (1952)
investipated this problem and showed that Stoneley waves were simply
the high-frequency limit of Ravleigh waves, or equivalently, for
wavelengths short compared to the water thickness the fundamental mode
surface waves are confined to the water-solid interface. The equations
relating the phase velocity Vp to the water thickness H and the wave-
length * are

4(1 - (vp/g2)z):_(2 - (Vp/52)7)7/(l _ (Vp/qz):)i =

o (Vv /)"
0 S U

1

tan[2-h(( [n})? - D)
0y «yp/,l)? _ 1)2 A i

for V. > a
p
and

b1 = vV /8077 (2 - VIR - vp/c;;)?)5 =

N b
e (vp/n 7)

, tanh[2nh ((vp/aﬁ‘” - 1);]
P ((Vp/“l)7 - D’ '

fOl‘ \Y < 1]
p

where o, %, are compressional wave velocities of the water and solid,
By is the shear velocity of the solid, p; and py are the densities, and
XA is the wavelength,
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These equations have been solved for the fundamental mode for
various values of 82, h and ), and the results are listed in Table G-1.
It is clear from the table that as 3, approaches ) the waves are
highly dispersed whereas for 87 << nj the waves are essentially non-
dispersive. Tt is also apparent that the phase velocities are
insensitive to water depth for 89 << aj, Physically this is due to
the wavelengths in the solid being so small relative to the water
thickness that the wave is effectively confined to the interface.

It should be noted that for the frequencies of interest (1 to 10 Hz)
and for 82 = 50 m/sec even a l-m water layer is unimportant, and these
waves are non-dispersive. The non-dispersive nature is due to the
homogeneous half-space assumption and implies that the observed
dispersion must be caused by velocity changes below the sediment-
water interface. This is the same conclusion reached by Davies (1965).
The effect of the water in the high-frequency limit is to depress the
phase velocities to about 0.86 - compared to 0.95 B, for Rayleigh
waves on the free surface of an incompressible half-space.

A layered half-space. For the case of a single water layer over-
lying a homogencous half-space we have shown that for By << aj the
water laver can be c¢ffectively disregarded, as far as dispersion is
concerned, This implies that the observed dispersion at Lopez Island
and in the deep ocean nust be caused by velocity changes in the top
few meters of the sediment. This is how Davies (1965) modeled his data
and we have undertaken a similar approach for the Lopez Island data.

A program to calculate Ravleigh wave group velocity for a layered
half-space was used to generate a model that fit the observed group
velocities reasonablv well, The final layered model (Fig. G-18) can
be divided into two zones of nearly equal thickness (V3 m). The
upper zone has a high shear velocity gradient and the lower zone

has a verv low shear velocity gradient.

We note that this general model is the same type used by Davies
(1965) although the sediment shear velocities inferred from Lopez
Island are appreciably lower. At Lopez lsland the shear velocity in
the upper few meters are about 15 to 20 m/sec. There was, however, no
Airy phase seen in the data, so further modeling is warranted.

Conclusions

We have shown that large-amplitude, low-velocity dispersed waves
senerated bv shots at Lopez I[sland correspond to Stoneley wave
propagation at the water-sediment interface and that the dispersion is
caused by the shear velocitv structure in the upper few meters of the
sediment., We find that the sediment shear velocities at Lopez Island
are about a factor of two less than those found by Davies in a deep
water sample,  Clearly the shear velocity will be determined by the

e .
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sediment type, porosity, and degree of lithification, which in general
will depend on the geographic location.

We have also shown that the background noise at Lopez Island has
spectra, particle motion, and phase velocities similar to the shot-
generated dispersed waves, which implies that the predominant noise
is also propagating as Stoneley waves. 1In deep water the documentation
of noise is insufficiently precise to prove that Stonely waves are the
predominant mode of propagation, but the available data are not
inconsistent with this hypothesis.

There are several implications of these findings that are of
importance to ocean bottom seismology.

(1) The very low velocity of the noise implies wavelengths of
a few meters to tens of meters depending on the actual shear velocity
of the sediments. Consequently,the noise will be incoherent between
sensors spaced more than a few tens of meters apart.

(2) The fact that the noise is most likely propagating in the
Stonelev m?de implies that the amplitude of the noise will decrease
as e mZ/A) awav from the interface {(Z = distance from the
interface, ' = wav7length5. For frequencies of 2 Hz and velocities of
20 m/sec e 2 Zt/v) el for 7 ~ 1.6 m. This implies that the
noise can be greatly reduced either bv placing a hvdrophone a few
meters above the bottom or buryving a seismmeter a few meters below
the bottom,

Another aspect of these data that we have not vet discussed is
the narrow spectrum of the dispersed waves, the energy falling
between 2 and about 5 Hz. We suspect that the high-frequency cutoff
may be controlled by non-elastic attenuation in the sediments and the
low={requency cutoff controlled by the shear velocity profile in
the sediments. For low frequencies, or long wavelengths, the waves
may be sampling a higher shear velocity which will cause them to be
decoupled from the main dispersed wave train. These combined effects
may concentrate the noise power from 2 to 5 Hz. Since most OBS's are
placed in sediment ponds and most long-range refraction profiles use
this frequency band for propagation of the "signal', it is clear
that improvement in the design of 0BS's could result in a significant
increase of signal-to-noise ratio.
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INSTRUMENTAL WAVEFORM DISTORTION
ON OCEAN DOTTOM SEISMOMETERS

Brian T. R. Lewis and Jonathan D. Tuthill

Geophysics Program
Department of Oceanography
University of Washington
Seattle, Washington 98195

Abstract

Data from the 1978 Lopez Island OBS Intercomparison Experiment and
deep sea data from University of Washington 0BS's show that there is a
considerable amount of waveform distortion resulting from the conversion
of horizontal motion into vertical motion, here called cross-coupling
distortion. This distortion, which substantially reduces the significance
of waveform matching with synthetic seismograms, appears to result from
rotation imparted to the OBS package by near-vertically traveling shear
energy. The degree of this rotation seems to depend on the instrument
surface area above the seafloor and the geometry and surface area of the
"feet" connecting the package to the seafloor. The sensitivity and
response of the seismometers within the package to this rotation depends
on the precise location of the seismometers with respect to the axis of
rotation. The results suggest how to modify OBS designs to minimize these
effects,
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Introduction

One of the principal objectives of the Lopez Island OBS Intercomparison
Experiment was an evaluation of the coupling of the various OBS designs to
the ocean bottom. As a result of this experiment it was found that most
instruments (except the standards) had a cross-coupling problem in which
near-vertically traveling shear motion was coupled into vertical motion.
This effect was also observed during the transient tests, in which
horizontal transients of force produced substantial outputs on the
vertical seismometers, and it is documented by Sutton et al. (1980). Inm
this paper we further document this effect by using controlled sources at
the Lopez site and in deep water sites, and in addition we offer possible
explanations and remedies for its cause.

Cross-Coupling Data from Lopez Island Shots
One of the best demonstrations of the cross-coupling problem is the
data from airgun shot 182 (Fig. H-1). There are three distinct energy
packets on these shot records. Before 1 sec on Figure H-1 there is a
P arrival distinguished by its predominant vertical motion. Between 1 sec
and 5 sec the motion is predominantly horizontal, due to near-vertically
traveling S waves. The beginning of this wave train is probably leaky
S waves. Beyond a travel time of 6 secc the motion is due to a dispersive
surface wave whose characteristics are described by Tuthill et al. (1980).
It is the § part of the record in which we are interested here, as recorded
on the vertical components. OBS recordings of this shot are shown in
Figure H-2. We note that whereas the standard instrument's component
showed very little motion for the S phase, the OBS's show a wide range of
vertical response to this wave train. This response is clearly an artifact
of the instrumentation and is a distortion of the true particle motion.
A relative ranking of the instruments according to the degree of distortion
is shown in Figure H-3 by plotting the ratio of the maximum vertical
amplitude of the leaky mode to the amplitude of the first two cycles of
the P wave.

Cross~Coupling Data from Deep Ocean Results

In this section we document a case of deep water cross~coupling
distortion similar to that seen in the Lopez Island data. The deep water
data come from a deployment of four University of Washington OBS's on the
Cascadia Basin off the coast of Washington in September 1978. The water
depth at that site was about 3 km, the sediment thickness is about 2 km,
and the sediments are regular and flat-lying. The OBS's were deployed in
a linear array about % km long; three of the 0BS's had concrete anchors
and one had a tripod anchor. Schematic diagrams of these instruments are
shown in Figures H-4 and H-5. Vertical component records for one shot
across the arrav are shown in Figure H-6 and horizontal component records
for the same shot arc shown in Figure H-7. Figure H-8 shows a comparison
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Fig. H-2. Recordings of airgun shot 182 by the OBS's and the
standard verticals. The large amplitude energy between 2 and
3 sec seen on most of the OBS's is horizontal motion cross
coupled in the vertical seismometers.
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Fig. H-5. A schematic drawing of the University of Washington OBS with the
"tripod" anchor. CB is the center of buoyancy: CM is the center of mass.
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of vertical and horizontal data for a concrete anchor and the tripod
anchor for this shot. From an inspection of Figures H-6, H-7, and H-8, it
is clear that the P arrival has a high coherence across the array and is
essentially independent of the anchor type. However, when we inspect the
refracted S part of the wave train we note that although the horizontals
are reasonably coherent the vertical motion shows little correlation from
OBS to OBS. This is especially seen when comparing the concrete and
tripod anchors. We interpret this to be waveform distortion due to

cross coupling of horizontal motion into vertical motion, in a manner
exactly analogous to the Lopez Island results.

We point out that we have chosen this data set to demonstrate this
result because the S and P-S arrivals are well separated from the P
arrival because of the large sediment thickness. In cases of much thinner
sediments (a few meters to tens of meters), the P-S arrivals will occur
during the P arrivals and the cross coupling will considerably distort
the P waveform, making it uninterpretable.

Possible Causes of Cross-Coupling Distortion

In Figure H-3 we ranked the 0BS's according to degree of cross coupling
and we note that those instruments with a large cross section in the water
and a low spread of support on the ocean bottom (inverted pendulums) have
the worst degree of cross-coupling. Tripod-type instruments with large
foot pads spread far aparc do a lot better, whereas the spike, plate and
instruments with remote sensor packages do the best. This in itself
suggeststhat the cause of the cross coupling is rocking induced by lateral
translation caused bv shear motion.

There are several mechanisms by which rocking motion can be translated
into vertical motion. Three mechanisms are described below and in each of
these we assume that the hvdrodynamic resistance caused by the cross section
in the water is greater than the spring constant associated with the
coupling to the soft sediments. That is, we assume that the cross section
in the water remains fixed with respect to the water and the lateral trans-
lation is taken up bv depressing the feet into the sediment. The three
mechanisms are:

(a) Unifrom sediment properties under each foot. In this case the
rocking will occur about an axis close to the center of area above water
and the effect on the vertical and horizontal seismometers will depend on
the precise location of the sensors with respect to the axis., This is
denoted in FigureH-9as motion Ry and has been experimentally verified by
rocking the U'niversity of Washington tripod OBS about axes at different
heights from the vertical seismometer. Depending on the location of the
vertical seismometer, frequencies at twice the driving frequency can be
induced: this mode is especialiv important when the sensor is at the axis
of rotation.




POSTULATED CROSS COUPLING
MECHANISMS

SPHERE FIXED
WR.T WATER

S~

S2
SHEAR MOTION

Fig. H-9. A schematic diagram of possible cross-coupling mechanisms.
R, represents rotation caused by rocking on a uniform bottom.
R2 represents rocking caused by a non-uniform bottom, represented
bv different spring constants S; and S;. The sensitivity of the
vertical seismometer to R, depends on its precise location with
respect to the axis of rotation.
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(b) Non-uniform sediment properties under cuch foot. This case is
equivalent to having different spring constants under each foot and can be
caused by the instrument landing unevenly on a bottom with a high shear
strengh gradient in the upper few centimeters. In this case, rocking will
be effectively about the foot with the highest spring constant and is
denoted by motion Ry in Figure H-9. Again the effect will depend on the
precise location of the sensor but in general it will produce dominantly
vertical motion.

(c) Inverted pendulum case. These instruments usually have the
sensors close to the mud line and the center of buoyancy and area a meter
or so above the mud line. Mechanisms (a) and (b) are not applicable to
this case since it is impossible with small rotations about a center of
rotation near the flotation to produce vertical to horizontal cross-
coupling ratios of one or greater, as has been observed. The most likely
cross-coupling mechanism in this case is a dynamic interaction of
buoyancy forces with the spring constant associated with bottom coupling.
More specifically, small rotations caused by lateral translation of the
foot will induce buovant restoring force acting against the bottom
coupling spring constant. Resonances at the exciting frequency could
produce large amplification of the vertical motion. We have not attempted
a mathematical or phvsical modeling of this situation. To be complete such
a model should incorporate hvdrodynamic effects.

Conclusions

We have demonstrated that instrumental waveform distortion of
near-vertically traveling shear energy occurs on all OBS's to some degree.
The distortion results from the cross-coupling of horizontal into vertical
motion and is dependent on the geometry of the instrument, the location of
the sensors within the instrument, and the homogeneity of the ocean bottom.

. The cross coupling can be reduced by having small sensor packages
remote from the main instrument or by having low-profile instruments with
widely spaced feet and large footpads. These factors should be considered
along with the other OBS design parameters described by Sutton et al.

; (1980) for coupling frequencies and Tuthill et al,(1980) for noise reduction.
\

)
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BOTTOM SEISMOMETER OBSERVATION
OF AIRGUN SIGNALS AT LOPEZ ISLAND

S. H. Johnsonl and R. E. McAlister2

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

Abstract

First arrival compressional wave signals from an airgun source, as
detected bv a varietv of seismometers in a shallow bav, are remarkably
uniform; however, minor variations in wavelet appearance imply some com-~
bination of instrument response and coupling to the bottom. Signal
spectra show typically a spectral peak at 12 Hz and an envelope very
similar to that expected from an airgun source. Those instruments with
a decoupled geophone package have spectra most like the theoretical
gpectrum but spectra for the other instruments are not significantly
different. Little variation exists in spectra between tripod-mounted and
inverted-pendulum OBS configurations for the low-~amplitude P~waves
observed here. The signal source is the principal influence on the re-
sulting spectra rather than OBS configuration or bottom coupling.

lNow at Amoco Production Research, P.0. Box 591, Tulsa, Oklahoma 74102.

2Now at Intel, Inc., Hillsboro, Oregon,
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Introduction

The Lopez Island intercomparison experiment provides a unique set
of data to study bottom coupling and response of ocean bottom seismographs
(OBS) to seismic waves in shallow water. The data are particularly useful
because signals from each instrument were brought ashore in real time by
cable and recorded on a 24-channel digital recorder to provide wide-
dynamic~range records of multiple instruments for direct comparison during
extended computer analysis in the laboratory. One of the seismic sources
recorded during the experiment was a 40~inch3 bolt airgun fired to the
OBS array from various azimuths and ranges. Because an OBS is commonly
used as a receiver for an airgun source during marine experiments it is
useful to examine, under controlled conditions, the effectiveness of such
an instrument for the detection of airgun-generated ground motion at a
water-solid interface. The interaction of seismic waves in shallow water
and an instrument's resnonse on the bottom is complex (Lewis and Tuthill,
1980; Tuthill et al., 1980) and in this report we will restrict our
attention to compressional waves generated at ranges of 300 to 700 m.

Data

Figure I-1 shows a set of airgun shots from a seismic profile in a
NW direction across Shoal Bay on Lopez Island as detected by the well-
coupled spike vertical standard geophone and by the Oregon State University
OBS vertical component. Two wave groups occur within the first two seconds
of record and have phase velocities of 550 and 2,850 m/s. The shots in
Figure 1-1 are about 80 m apart at ranges between 300 to 700 m from the
OBS array. The two record sections are nearly identical except for phase
and amplitude differences (instrument responses have not been equalized).
In order to quantize characteristics of the seismic signals from the
various instruments, we have analyzed the first arrivals from two shots
at 700- and 600-m distance. It was necessary to use two shots because
not all instruments were wired to the digitizer at the same time. We
assert that the proximity of the shot points to each other and the uni-
formity of the bottom (Sutton et al., 1980b) result in comparable seismic
signals. We restrict our attention to the high-velocity arrivals since
the lower~velocity arrivals may represent a shear phase. At the greatest
distance commensurate with adequate signal level, we study the first
1.024 s (256 samples) of signal from each of the instruments as shown in
Figure I-2. Spike, neutral density, and plate-mounted vertical geophone
standards (SPV, NDV, PLV) represent the range of strong to weak bottom
coupling. The three or four letter code in the signal label identif es
the originating institution for each instrument.

Theorcetical Airgun Signal

The analysis that follows requires a source signal from the airgun
used during the experiment. Because such a signal was not recorded during
the expcriment, we generated a theoretical signal by using the method of

- e .,
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Ziolkowski (1970). The theory is based on dynamic and thermodynamic
relations derived by Gilmore (1952) for an oscillating spherical bubble.
The theoretical damped pressure wave generated under conditions at Lopez
Island is given in Figure I-3a. Reflections of the signal from the air-
water and water-bottom interfaces were delayed, attenuated and summed

until their amplitude became less than 1% of the initial value (assuming
1/r spreading) as showr in Figure I-3b. The signal was filtered at 125 Hz
and resampled at 4 ms (250 sps) to duplicate the conditions under which the
OBS signals were digitized (Fig. I-3¢). A fast-Fourier transform (FFT)
algorithm gencrated the power spectrum of Figure 3d from 1.024 s (256
samples) of the filtered airgun signal. The spectrum has a peak at 14.5 Hz
corresponding to the 69-ms bubble pulse period shown in Figure I-3a.

Observed Spectra

The initial portion of the observed wave signals in Figure 1-2 were
processed by the FFT to generate the spectra shown in Figures I-4, 1I-5
and I-6. TFigure I-4 shows the theoretical spectrum to be in good agree-
ment with the spectra for the standard geophomes. In general, the
observed spectra have a single maximum at about 13 Hz and, neglecting
minima due to interference effects, fall off very much like the theoreti-
cal spectra. For comparison, Figure T1-4 shows a shot close to the spike
vertical, which is nearly identical to the theoretical. A geophone on
land recorded shot 188 also, but the high background noise tends to mask
any spectral peak.

Spectra for cight instruments arc shown in Figure I-5 for airgun
shot 125. The narrowest peaks are displayed by MITV and HIGBV, both of
which had geophones in a separate pressure case to isolate the sensor
from recording vibration. The low profile of the fall-away package
appears to have the added advantage of producing more faithful representa-
tion of the ground motion in comparison to the spectra of other OBS's.
This is probably due to the improved coupling of the sensor case of the
bottom (Sutton et al., 1980a). The responses for the remaining five
instruments arc shown in Figure I-6 for airgun shot 192. These spectra
are noisier than thosc for shot 125 but demonstrate a peak corresponding
to the theoretical signal. The USGS instrument shows a lack of energy
above 10 Hz. The reason for it is unknown, but the waveform is markedly

unlike the others.

Discussion

The waveforms as detected bv the OBS instruments for shots 125 and
192 are in gencral similar to, but in detail somewhat different from,
those of the standard instruments. These differences are probably due to
instrument responscs that have not been incorporated in the presentation
of seismograms. Comparison of spectra from distant shots (which should
minimize cross coupling between horizontal and vertical motions of the
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instrument due to rocking) arc similar and resemble the spectrum expected
on a theoretical basis. However, subtle differences remain between
instrument spectra. The spectra most consistent with the theoretical are
those whose geophone packages coupled properly to the bottom, i.e., the
external geophone package. 0Of the remaining UBS types, there is little in
the spectra ot the compressional waves to distinguish signals of tripod-
mounted spheres from those of inverted pendulum designs (where the float
is located higher than the sensor). Exceptions to this are the UCSB
instrument whose instrument response peaks at 8 Hz and the USGA instru-
ment mentioned earlier.

Particulariv noticeable in Vigure [-5 is the frequency of the
spectral peak at 12 Hz for the observed signals in comparison to 14.5 Hz
for the theoretical signal. If we assume that this is due to frequency-
dependent attenuation of the signal, we can calculate the Q of the medium.
The spectral ratio between the theoretical signal and the spike vertical
was formed for airyun shot 125, The values of this ratio versus frequency
are shown plotted in Figure [-7 and a best fit straight line is drawn
through the peints. The slope of the line is related to attenuation and
we compute a Q of 3.1 for the 2.85 km/s seismic laver.

The basement rock of lopez Island is a siltstone-sandstone
conglomerate of marine origin (Sutton et al., 1980b). The value of Q
agrees favorably with laboratory measurements of Toksoz et al. (1979) on
Boise and Navajo sandstone () = 6.9 - 7.3). We conclude that the frequency
shift of the spectral peaks at Lopez Island is due to the low Q of the

basement rock.

These observations of airgun signals confirm studies of OBS response
from lift tests (Sutton ¢t al., 1980a) and tfrom particle motion studies
(lLLewis and Tuthill, 1980) but are somewhat less definitive. For
low-amplitude P waves having a predominately vertical ray path, seismograms
obtained with a wide varietv of OBS designs compare favorably with signals
from the standards. Large-amplitude waves with considerable horizontal
motion adverselv affect the OBS signal except for 0BS with externally
deployed geophones. Broadening and splitting of airgun spectra may be
caused by coupling and the physical configuration of the instrument. The
spectra observed for low-amplitude P-waves suggest that the spectrum of
the source dominates over either OBS configuration or coupling of he
instrument to the bottom. Finally, we suggest that the spectra of first
arrival P-waves can be determined adequately from the signals of most
of the OBS instruments at Lopez Island.
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CURRENT-GENERATED NOISE RECORDED ON OCEAN BOTTOM SEISMOMETERS

Frederick K. Duennebier, Grant Blackinton, and George H. Sutton

Hawaii Institute of Geophysics
University of Hawaii at Manoa
Honolulu, Hawaii 96822

Abstract

High—-amplitude, narrow band noise that correlates with periods of
high ocean bottom currents and the tidal cycle is occasionally observed
on ocean bottom seismometers (OBS). The geophones on OBS”s of different
configurations are not equally sensitive to this noise and hydrophones
are almost unaffected. With a suitable design, it should be possible to
eliminate this noise problem.
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Introduction

The effects of water currents on OBS”s have been discussed in the
literature, most recently by Kasahara et al. (in press). They relate the
observed vibrations to Karman vortex shedding off various parts of the
instrument and find that effects of Karman shedding are observable at
water speeds above about 10 cm/sec. This value, however, is probably
dependent on configuration of the package. In Karman shedding vortices of
water spin away downstream from an obstruction and exert a force on the
object. The vortices spin off at well-defined intervals resulting in a
harmonic force on the body . The frequency of the force is governed by
the equation f=c§, where f is the frequency, - is the speed, d is the
diameter of the Eody and C 1is the strouhal number. The strouhal number
depends on the shape of the body and varies between 0.15 and 0.2 in this
case. The shedding is non-linear in that the vortices do not begin to
spin off until a critical speed is reached. The motions resulting from
these forces can be amplified if the shedding frequency is near a natural
resonance of the obstruction. Karman shedding in air caused by wind
blowing around wires or flag poles generates a moan or whistle. Water
density is about 1000 times greater than that of air; thus dynamic
pressures against a body in water are about 1000 times greater than for
that body in air at the same speed. The pressure exerted by a 3-m/sec (6-
kt) wind is approximately equivalent to a current of 10 cm/sec. since
pressure increases as the square of the speed.

In this paper we describe the effects of current on HIG OBS”s,
discuss design parameters that should minimize this noise, and speculate
about the effects of currents on long-period seismic observations.

Analysis

The correlation of noise level recorded on an OBS south of the island
of Hawaii in 5 km of water with current speed and tide can be seen in
Figure J-1. The noise level has been reduced to nm (rms) of equivalent
vertical ground motion to show the sensitivity of this OBS to currents,
The tide is the theoretical ocean tide (Longman, 1959) computed for a
point about halfway between the OBS and the current meter (which were
separated by about 50 km). The lack of a perfect correlation between
noise level and current speed is probably the result of two factors: (1)
the distance separating the two instruments and (2) tae sensitivity of the
OBS to currents from different directions. The OBS is elongate in one
direction (Fig. J~2) and may be more sensitive to current-induced noise in
one direction than in the other. Spectra of the noise observed by the
horizontal geophone in this OBS are shown in Figure J~3. The lower
spectrum was taken when no current noise was visible and the upper when it
was strong. The monochromatic character (with overtones) and narrow
bandwidth of the current noise is obvious. The frequency of the noise is
observed to increase slightly as the noise level increases. These spectra
are similar to those observed by Bradner et al. (1965), who suggested
that the noise was caused by Karman vortices from a radio antenna,
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Fig. J=3. Speciry ot backzround noise observed on an 0BS of
the tvpe shevn 1o Figure J-2.  The lower plot shows
noise levels during o period when no current noise was
present.  The upper plot ehows the same OBS about an
hous lTater.  The current neoise is visible as the narrow-
band peaks neor 20 L0 and 6 hz.  The peak near 1 Hz is

probhably nii- 2 noise veneratod during plavback.
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We first connected the 2-Hz 'whistle' heard on HIC OBS“s with the
tidal cycle in 1976, and zlso noticed that the resonant frequency of our
recovery radio beacon antennas was close to 2 Hz. 1In 1977, seven OBS”s
were dropped with various antenna ronfigurations; some with balls attached
near their centers or tops, sowe with flags attached to the top, and some
with 2-inch-diameter PVC pipes around them. The recordings obtained from
these OBS”s showed some changes in resonant frequency but no consistent
differences in current noise susceptibility. Although the antennas may be
the main source of this noise, oth?r parts of the OBS package may also be
sources. In 1978 we designed a ncw style OBRS (Fig. J-4) with isolated
geophones in au attempt to overcome the current noise problem, to isolate
the geophones from tape recorder noise, and Lo improve mechanical coupling
to the ocean bottom.

The new configuration is much less sensitive to current noise.
Figure J-5 compares noise levels observed by the two styles of HIG OBS”s
located within 100 m of each other in deep water. The spikes on each
record are signals from expicsives sct off for a refractien line. The
strong increase in the background level on the right side of traces B and
C is current noise identica) to that described above. Note that the
hydrophone (trace A) and the two lower traces (D and E) are unot affected
by this noise. The hydroplione is attached to the package containing the
geophones that produced traces B and C. The configuration of the OBS that
recorded traces D and E (Fig. J-4) differs significantly from the OBS that
produced traces B and ¢ (Fig. J-0}) in thet the geophones are mechanically
decoupled from the main packase. The geophone package thus has a much
lower profile, iess complexity, ard smaller cross section exposed to the
current. We dc not know ii all (cr zny) of the abecve differences account
for the reduction in current noise sensitivity, although the aralysis of
Kasahara et al. (in press) soggests that antennas altached to the sensor
package are a major problem. He states that the probiem can be reduced by
attaching a fin to the antenna.

We estimate that frem 5% to 157 of our geophone data from OBS”s of
the type shown in Figure J-2 is degraded by current noise. While the
isolated-geophone package also has otheér advantages (Sutton et al.,
1980a), the improvement in data quality shown in Figure J-5 is worth the
added mechanical complexity of the isclated-geophone design.

Although many differeprt OBS confignrations are in use, only a few
authors have mentioned currevt noise problems in their data. Whether it
does not occur, 1§ not recegnized o: observed, or is simply ignored is
important to OBS design. If 0BS”s, especially OBS”“s with internal
geophones, now exist that are insensitive to current noise, then one of
the motives for building isolated-geophone 0BS”s becomes unimportant. One
of the purposes of the Lopez Island OBS Intercomparison Experiment was to
determine the effects of current noise on the various instruments (Sutton
et al., 1980b). Unfortuwately, the maximum currents observed during the
experiment (5 cm/sec) were less than the 10 cm/sec found by Kasahara et
al. ({in press) as a threshoid f{or the onset of Karman vortex shedding.
The noise level at l.opez during the quietest times was about 50 nm at 2
Hz, which is higher than most of the current noise arplitudes from Figure

. P 4 N
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Fig., J-3. One-minute average noise levels versus time for the two
different stvles of OBS recorded in the same place at the samc
time during the shooting of a refraction line. Trace A is the
record from a hydrophoney B is from a vertical;and € is from
a horizontal geophone in an enclosed-geophone OBS (Figure J-2).

D and I are records from vertical and horizontal geophones in

a deploved-goophone 0BS (Figure J-4), The increase in noise

level to the right of traces B and C is caused by bottom currents.
This noisc does not appreciably affect the hvdrophone (A) or the
deploved geophones (D and F) .
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J-1. Even if noise was generated, it would be barely detectable. An HIG

OBS identical to that shown in Figure J-2, and known to be susceptible to ¢
current noise, was present at the Lopez Experiment and recorded mone. The
Lopez Experiment did not test OBS”s for current noise susceptability nor
has any test for this parameter been made for most of the OBS”s now in
use.,

Vortex shedding is not the only possible mode of coupling current f
noises to OBS“s. An instrument resting on soft sediments can be tilted by i
the current pressure against it. For example, an OBS with a circular
cross section about one meter in diameter centered about 0.5 m above the
ocean bottom with a tripod base and mass of 200 kg in Lopez-type sediments
(Sutton et al., 1980b) would tip about 5 x 1076 m (10-5 radius) in
response to a 10 cm/sec current. While a tilt such as this would not be
important for short-period seismometers, long-period horizontal
seismometers would be driven off scale. A small fluctuation in current
speed would produce objectionable noise at shorter periods. i

Conclusions

Current noise 1s a known problem for at least some ocean bottom
seismometers. At short periods, the principal mode of noise transmission
appears to be the shedding of Karman vortices from antennas and other
resonant obstructions. At long periods, tilting of the OBS caused by
ocean bottom currents could be a serious problem. Both problems can be
improved significantly by isolating the sensors from possible current
noise sources (analogous to planting geophones on land away from trees)
and by keeping the cross section to the water as small as possible. The
isolated-sensor HIG OBS appears to have a relatively low current noise
sensitivity. Most OBS”s, however, have never been tested for current

. noise sensitivity.
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