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ABSTRACT 

A deep-hole array of six short-period seismometers was tested at the test 
site near Grapevine,   Texas (GV-TX).    After a brief period of successful 
operation,  half the array was moved to the site near Apache,  Oklahoma 
(AP-OK), and the other half was moved to the site near Franklin,   West 
Virginia (FN-WV).    Various techniques were employed to process the output 
of these arrays.    The deep-hole test site (GV-TX) was maintained for testing 
applications requiring the use of a deep hole,  including testing the triaxlal 
seismometer and testing to determine if a useful long-period response could 
be obtained from the Model 11167 deep-hole seismometer,    The results 
indicated it would require a complex and unstable system to provide a long- 
period response. 

During the 29-month duration of this program,  measurements were made 
in deep holes in West Virginia,   Texas,   Utah,  Oklahoma,  and Pennsylvania. 
Additionally, an off-shore measurement program was undertaken. 

The information from wells and surface arrays was used to stud/ short-period 
(6. 0-0. 3 sec period) noise and signals.    An attempt was made to show that 
higher mode Rayleigh waves and body waves are present in the noise by com- 
paring theoretical curves with experimental results.   It was shown that 
surface waves generally predominate at the longer periods while bjdy waves 
appear at the shorter periods at qaiet sites.    Not all data could be interpreted 
to define the wave types present.    The short-period signals were analyzed 
both vi jually and digitally.    Signal amplitudes at the surface were shown to 
be at least twice as large as at depth.    The impulse response of layered 
media was used to compute inverse filters which changed the waveform 
characteristics of the deep-hole signals into those of the surface signals. 
Some preliminary work was done with the horizontal data obtained from the 
triaxial seismographs. 

A complete system,   composed of four triaxial seismometers, a digital 
processor, and associated equipment, was installed and operated at AP-OK. 
Data obtained from this array were processed using optimum filtering 
techniques.    These techniques required the use of the inverse filters mentioned 
above and filters derived from the Wiener least mean-square technique.    Both 
single-channel and multichannel processes were employed; however, the 
results obtained to date indicated that a one-sided single-channel optimum 
filter was the most effective processor. 
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FINAL REPORT, PROJECT VT/5051 
 DEEP-WELL RESEARCH 

1.    INTRODUCTION 

This report discusses a project of research in deep-hole seismology.    The 
work reported herein covers systems engineering and subsequent assembly, 
test,  and operation of a six-element vertical array of seismomete rs; mainte- 
nance and operation of ..he Grapevine test site; measurement of signals and 
noise in shallow and deep wells; operation of a seismometer on the ocean 
bottom; specification of an on-line array signal processor,  its installation 
in a recording van and its subsequent operation; assembly and operation of 
an array of triaxial short-period seismometers; and the analysis of signals 
and noise. 

The purpose of this report is to present the technical findings and accomplish- 
ments of the project from 16 July 1964 through 31 December 1966.    It is 
submitted in compliance with paragraph 2,  Reports, of the Statement of Work 
to be Done,  Project VT/5051.    The project was under the technical direction 
of the Air Force Technical Applications Center (AFTAC) and under the over- 
all direction of the Advanced Research Projects Agency (ARPA). 

The  main body of the report is generally presented in the same sequence 
as the tasks in the Statement of Work.   A copy of the Statement of Work 
and subsequent additions are included as appendix 1.    A list of reports 
submitted during the performance of the contract is given in table 1. 

2.    SYSTEMS ENGINEERING,  SIX-ELEMENT ARRAY,   TASK la 

A deep hole array of short-period seismometers was designed,  constructed, 
and tested.   A special report describing the array was submitted.    A copy 
of the report (Technical Report 65-3) is included as appendix 4 to this report. 

Subsequent to the date of the report, the array was routinely operated at the 
test site near Grapevine,  Texas (GV-TX).    Figure 1 shows an event recorded. 
After a brief period of operation, half the array was moved to the test site 
near Apache,  Oklahoma (AP- OK) and the other half was moved to the site near 
Franklin,   West Virginia (FN-WV).    Figures 2 and 3 show events recorded at 
these sites.   An additional seismometer was operated in the deep weU and 
another was operated in the shallow well at both of these sites,  in addition 
to a surface Benioff seismometer.    The result of this was to provide two 
arrays, each comprised of five deep-well systems. 

-1- 
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Figures 1,  2,  and 3 clearly show the "step-out" of the signals as they travel 
up the well.    In order to subtract the step-out and add the signals, a special 
recording head was constructed for use with the Ampex tape recorders used 
in the field.    Figure 4 shows this unit.    Figure 5 shows a summation module 
designed for the system.    Our intention was to operate a system as shown in 
figure 6.    The adjustable head was used at the AP-OK site,  but the summed 
output was not obtained because the necessary playback amplifiers for the 
tape recorder were not available.    Figure 7 shows a reproduction of an event 
made at our Garland laboratory and illustrates the results that we would have 
obtained in the field. 

3.    MAINTAIN TEST SITE,  TASK lb 

The deep-hole test site (GV-TX) was maintained as a facility for evaluating 
new instruments,  techniques,  handling methods,  and other applications 
requiring thp use of a deep hole.    The principle use of the site was for the 
development of the six-element array.    Additionally,  it was used to test 
the triaxial seismometer (described in section 6) and for tests to determine 
if a useful long-period response could be obtained using the Model 11167 
deep-hole seismometer. 

The deep-hole long-period system designed and operated under this task 
consisted of a deep-hole  short-period seismometer,   suitable long-period 
filters to shape the response, amplifiers, and normal calibration and 
recording provisions.    The best performance of the system was obtained using 
a deep-hole seismometer that was specially constructed to eliminate, as far 
as possible, all sources of thermal-electromotive potentials. 

Based upon earlier work, the long cable required in a deep-hole seismograph 
was thought to be the major source of long-period noise.    However,  it was 
found that with extreme care and attention to all electrical connections, an 
ordinary deep-hole system would perform reasonably well at long periods. 
The block diagram and response curve of such a system are shown in figure 8. 

An event recorded by the system diagramed ii   xigure 8 is shown in figure 9. 
Some long-term drift occurred although it is not evident in this example. 
This very long-period drift was never completely eliminated.    The seis- 
mometer was at 152 m in the shallow hole at GV-TX.   A comparison of this 
drift with a microbarograph did not yield significant correlation. 

Some work was done in an attempt to obtain both a long-period and a short- 
period response from one seismometer.    The results, though inconclusive, 
indicated that such a dual system would be too complex and unstable for 
routine field operation.    Also,  because of the extreme care necessary to 
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(a)   Magnetic head stack 

(b)   Assembly for Ampex 300 recorder 

Figure 4.    Adjustable delay tape head 
G2212 
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Figure 5.    Summing Control Module,  Model 22900 
G2313 
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achieve satisfactory results,  even the long-period response of the short 
period system is of qiestionable usefulness. 

4.    MEASURE SIGNALS AND NOISE IN SHALLOW 
AND DEEP HOLES,  TASK 1c  

During the 29-month duration of this program,  measurements were made 
in deep holes in West Virginia,   Texas,  Utah,  Oklahoma,  and Pennsylvania. 
An off-shore measurement program was also undertaken.    The results of 
routine measurements at two holes were reported in site reports:   Technical 
Report (TR) 65-104 discussed the measurement program at the University 
of Texas "EE" No.   1,  and TR 65-105 discussed the measurement program 
at the Long No.   1,   Centre County,  Pennsylvania. 

Appendix 2 of this report discusses the off-shore measurement program. 
The mer surement work at the Uinta Basin Seismological Observatory in 
Utah was done in cooperation with Project VT/1124 and the data were 
recorded using observatory equipment.    Two deep-hole seismometers were 
operated in the hole. 

An experiment was conducted in the shallow hole at the Wichita Mountains 
Seismological Observatory (WMSO) to obtain vertical strain measurements 
by subtracting the outputs of two matched deep-hole seismographs.    This 
system is referred to as the "inertial strain" seismograph In this report. 
During the time that the inertial strain seismograph was operated at WMSO, 
the vertical strain seismograph was not in operation.    Only the output of 
the crossed-horizontal strain seismographs was available.    In theory, at 
;.he free surface the responses of the crossed horizontals and the vertical 
strain seismograph are identical.    However,  the vertical strain seismograph 
consists of a rod of finite length which measures the difference in displace- 
ment between two points.    Under these conditions,  a vertically incident 
P wave will be recorded by the vertical strain seismograph but not by the 
crossed-horizontal strain seismographs.    Therefore,  in practice,  the outputs 
of the two types of instruments will not be identical. 

The amplitude and phase responses of the two shallow-hole seismographs of 
the inertiai strain (located at depths of 18 m and 37 m) were matched as 
closely as possible.    A comparison between the inertial strain seismograph 
(obtained by subtraction) and the crossed-horizontal seismographs indicated 
that the two are quite similar for the first few cycles of an event: after the 
first few cycles, the differences become considerable.    This behavior would 
be expected considering that the two types of instruments are measuring 
similar but not identical phenomena. 

13- 

TR 67-3 

...*,.,. -,.- ■■■■•■ —*•■-■ ■   — ■ -■ 



The inertial strain seismograph recorded P waves and noise approximately 
as predicted by theory.    However, without a vertical strain seismograph for 
comparison, the extent of the differences and discrepancies could not be 
determined. 

As mentioned in section 2, vertical arrays were operated at a site in 
Oklahoma and at a site in West Virginia.   At West Virginia (FN WV) a high 
frequency response was operated part of the time in order to give a displace- 
ment response peaked at about 12 cps.    Figure 10 shows a block diagram and 
the response of the system that was operated.    Figure 11 shows a seismogram 
of an event recorded at GVTX during tests of the system.   The data recorded 
with the high frequency systems were not used in the analysis work of this 
project. 

5.   ANALYZE DATA, PERFORM DETAILED ANALYSES. TASK Id 

5. 1   SHORT-PERIOD SEISMIC NOISE 

5.1.1   Introduction 

Previous studies of short-period seismic noise have often assumed that only 
surface waves were present in short-period noise.   However, the experimental 
results obtained to date cannot, in general, be explained in this fashion.   The 
presence of random body-wave noise must also be taken into consideration. 
Recently, several reports have been published (Roden,  1965, Seriff, et al, 
1965) in which the problem oi body waves in the noise is discussed. 

Seismometers placed at depth below the surface allow examination of the 
amplitude-depth relationships of the waves.    If only surface wavea, funda- 
mental and higher modes, are present in the noise, the amplitude-depth 
relationships provide definite identification of the modes present.   It is only 
necessary that the number of seismometers operating at depth be equal to 
the number of modes present (further explained under deep-hole theory) . 
When body waves are present in the noise, the identification of wave types 
is no longer as simple, because all the possible angles of incidence of the 
random body waves must be taken into account. 

In general, the amplitude-depth relationships obtained from deep-hole 
seismographs are not sufficient to differentiate    between body waves and 
surface waves.   As an example,  the amplitude-depth relationships of the 
vertical component of the first higher mode and of P waves at close to vertical 
incidence are very similar for periods around 3.0 sec.   Therefore, additional 
information must be obtaineu to differentiate between the possibilities.    In this 
report, the information was obtained by measuring phase velocities at the 

-14- 

TR 67-3 

—— —~ 



4too-n 

20 CD! 
OAL&O     »»24-7 PCM      MIO^PAIB    "FILTCR*        DCM 

P        A= .7    FILTKR 

4 cpt 
33 CDS 

LOW-Pt 

SCI* pT*      suppLY  I Y 

DEVEUOCOHDER 
SWITCHING  UNIT 

de POW u 
IHV 

I/IO lÄf«. , TAPE        ...J*! 1/10 NORMALI        FILTERED (^H-TBREDl riLV„ED 

XIO FILM 
NO"MAL FILTERED 

FILM 

DEVELOCORDER 
SWITCHING UNIT 

FREQUENCY (eps) 

Figure 10.    Displacement and velocity response of special 
purposs deep-hole seismograph at GV-TX 

G 2216 

-15- 

TR 67-3 

... 



^    !4     ^    ^u: 
(M ^< vO 0^00 
vO ("• vO flt^ 

in 

> 

c 0 o 0 
o o 0    o <_> 
ro f-i O   CO »-• 
ro rg o* m rj 

N H H H H H 
0. S X X X « w w w w Q «-I 

u 
o 

H 

U 

o 
2 

2 
i 

H 

o u 
0 
2 

W 
i 

H 
X 

o 
a 

§ 

o 

oo 
ro 

0) 

o 
in 
m 
ro 
« 

u 

id     a 

§ § 

* ! 

0 

CO    i 

00    . 

^ 6 
^ d 

s s 

o 
a- 

M 

-i   o 
n 
u  «J 

> § 

o 
m 

6 2 
if)    00 

- sti 

s i 
-• .2 
y a 

a 

B 
-   <u 

a oo 
U 

0 Oi 

f s 
a. Jj u 0 

nl 

^ 13    .   C 
> >j <fl _ 

3'S 

^ o 
MM 

f     • 
c S1 

nJ   i 

8 Q 
oo"" 

Ol 
■v 
-a c 
a! 

o 
o 

i 

H 

OJ co 

rg (4 
o o 

■w    O  O 
(0  u -< 

o 

t6 

a, 
u 
00 
o 
s 

X    CO 
.2 a 
> u 
a0 

u *-" 
Ü * 
*J   " 
nj * 

. "O 

as 
O. to 
m o 
u -S oo *3 

O   w 

«  u 

u 

0) 

0 
x: 
i 

« 

i 

13  Z 

m 

W w 

• i o 

SH 

(/j 

oj  ^ n) a, 13 
N is «rt u 

oo tc .2 ""•  o 
fc > S iti * 

TR 67-3 

16- 

—~-» 



Wichita Mountains Seismological Observatory.    In addition,  the cross- 
correlation of surface and deep-hole noise was used to prove the presence 
of body-wave noise.    Using all these data,  a reasonably comprehensive 
understanding of the types of waves present was obtained.    The results could 
only be interpreted qualitatively and not quantitatively.    Despite the large 
amount cf data available,  the types of waves preseit could not always be 
identified.    A possible explanation of the experirner.ta' results is given,  while 
sufficient data are presented so that the reader can draw his own conclusion. 

The results described were obtained with a deep-hole vertical-motion 
seismometer developed under Project VT/1139.    The seismograph system 
has an amplitude and phase response similar to the short-period vertical 
Benioff seismograph (Benioff.   1932).    The only surface waves considered 
are Rayleigh wav<;s since all measurements were made with vertical seis- 
mometers.    The period range discussed extends from the 6.0 sec microseisms 
to noise of 0. 3 sec period. 

The theoretical Rayleigh wave group velocities, phase velocities, and 
amplitude-depth relationships were obtained fvom the Seismic Data Laboratory 
in Alexandria,   Virginia.    Data from both deep-hole arrays and surface arrays 
were used in this study. 

A brief description of the sites is given in table 2.   A complete description of 
the sites can be found elsewhere (Geotechnical Corporation,   1964). 

The following sites are of particular interest;   (a) Fort Stockton,  Texas, 
(FO-TX), because of the great depth (5790 m) of the deep hole; (b) Eureka, 
Nevada (EK-NV),  because of the very low noise level; (c; Apache,  Oklahoma 
(AP-OK) because the velocity section is a close approximation of a half space 
and because it is close (20 km) to the Wichita Mountains Seismological 
Observatory (WMSO) where phase velocities were measured.    The site at 
Apache was of additional interest because the noise spectrum was similar 
to that at WMSO.    Therefore,  both the phase velocities and amplitude-depth 
relationship can be used. 

It must be noted that all the information presented was obtained from sites 
at some distance from the coast.    Sites c'ose to the coast typically exhibit 
large amplitudes at periods tround 1.0 stc (Douze,   1964).    There are not 
sufficient experimental results available to determine the waves responsible. 

5. 1.2   Theory 

This section derives the theory necessary to interpret the experimental 
results.    The theory for both body waves and Rayleigh waves will be 
presented.    For the deep-hole measurements, the amplitude-depth relation- 
ships need to be considered,  while for the surface array measurements,  the 
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phase velocities are of interest.    In both cases,  the phase angles and 
coherences yield valuable information. 

The main tool in the interpretation are the spectra and cross spectra of the 
noise detected by different seismometers placed in either a horizontal or 
vertical plane.    Therefore,  the theory will be concerned with the results 
obtained by spectral analysis techniques.    The theory of the behavior of body 
waves in the deep hole and across surface arrays is,   in general,   confined 
to the results that would be obtained in a half space.    For the case of a 
layered media,  the amplitude-depth relationships for P waves at verticfil 
incidence has been solved (Gupta,   1965).    The reason for not extending the 
theory to the layered case is that the convenient matrix method does not 
appear to be applicable when each term is an integral, as in the c.\se when 
spectra are considered.    In the case of fundamental and higher moüc Rayleigh 
waves recorded by the deep-hole seismometer,  the azimuth of approach is 
not important because the amplitude-depth relationships are the values 
measured.    However,  in the case of body waves,  the angle of incidence must 
be considered. 

First,  the theoretical amplitude-depth relationships that will be obtained from 
a mixture of Rayleigh modes are discussed.    Then, the theory of body-wave 
noise at random angles of incidence is discussed in relation to the results that 
would be obtained from deep-hole measurements.    The assumption of no P- to 
S-wave conversion at the free surface is made to show the mathematical 
procedure followed; the solution can,  in this case,  be obtained in closed 
form.    Then,  the formulas (not in closed form) that include P- to S-wave 
convexsion at the free surface are derived.    Next shown are the results that 
would be obtained in the deep hole if a mixture of Rayleigh waves were present. 

The results obtained from cross spectra of the vertical seismometers of a 
surface array SLTS discussed for the case of surface waves and body waves. 

5.1.2.1   Rayleigh waves 

The theory of higher Rayleigh modes has been extensively discussed in the 
literature (Ewing,  et al.,   1957), and the presence of higher Rayleigh modes 
in earthquake surface waves has been established (Oliver and Ewing,   1958). 
It has been previously suggested that Rayleigh waves,  both fundamental and 
higher modes,  are responsible for seibmic noise (Gutenberg,   1958). 

The data used in calculating the theoretical change in amplitude with depth of 
the different Rayleigh modes were obtained as follows.    The compressional- 
wave velocities were obtained from sonic logs; the shear-wave velocities 
were calculated from the compressional-wave velocities by assuming an 
appropriate Poisson's ratio (usually around 0.27); and densities were used 
appropriate to the lithologies encountered in the hole. 
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No attempt was made to model the whole crust,  but the velocities uere 
increased with depth (on the model of an average crust) sufficiently   o obtain 
the higher modes in the desired period ranges. 

The oscillatory nature of the higher mode group velocities in a basic property 
of even simple structures,  but is accentuated when a low-velocity channel, 
such as a sedimentary section,   is present.    Tie maxima and minima of the 
group velocity curves are of interest,  because they produce large amplitude 
arrivals from earthquakes and may be associated with peaks in the noise 
spectra (Gutenberg,   1958). 

An example of the results obtained for the change with depth "l the displace- 
ments of the different Rayleigh modes (at FO-TX) is shown in figure 12.    The 
fundamental mode displacement decreases monotonically with depth with only 
slight inflections at discontinuities.    Large displacements are present at 
depth vhen a lobe of a higher mode occurs in a low-velocity zone which traps 
a large percsntage of the total energy of the wave.    Low-velocity zones are 
present at all the holes studied.    At all the sites,  except AP-OK, the low- 
velocity zone is caused by th'i sediments, and at AP-OK,  by the volcanics 
below the high-velocity limestone. 

5.1.2.2   Deep-Hole Theory 

If the noise is assumed to consist of a mixture of uncorrelated Rayleigh 
modes   the results of spectral analyses can be explained in the following 
manner.    Subscript 1 will refer to the surface and subscript 2 to the deep 
hole. 

N 

Xi(t)=E Xntt) 
n= 1 

where N is the number of Rayleigh modes present in the noise.    The spectrum 
is obtained by first autocorrelating and tnen taking the Fourier transform of 
the autocorrelation.    The result is 

N 
cpl^u)) =  £    vniv). U) 

n= 1 

The spectrum of the noise recorded by the deep-hole seismograph is related 
to the surface noise by a transfer function Hn(U)) exp (i5n). 

N 
22<'JÜ) =     £       K^)]2 ^("0 U) 

n= 1 
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The transfer lunction is the theoretical change of the displacements of the 
Rayleigh modes with depth.   According to theory, the angle 6 is always 0 or 
180 deg (see figure 12); therefore, the absolute value signs are not strictly 
necessary in the equation. 

The cross spectrum between a surface and a deep-hcle noise sample is 
given by 

N ö 

epl2 (a»)  = E   H^'Ji) el  n*n^ ' 
n=l (3) 

Equation 3 indicates that the cross spectrum will be a    eal quantity if only 
Rayleigh waves are present because the angle 6n is eiU.3r 0 or 180 deg.    A 
negative C.OBB spectrum indicates that the "power" in the Rayleigh modes, 
180 deg out-of-phase at depth, is larger than the power of the Rayleigh modes 
in phase at depth.    The coherence is defined as 

Coh=     l^l2      ■ 
con •   ^22 

The equations indicate that the coherence is unity at all depths if only one 
Rayleigh mode is present, and will always be less than unity for a mixtre 
of modes.    The coherence will be zero when equal amounts of power are in 
phase and 180 deg out-of-phase. 

The behavior of seismic noise in the frequency range between 0.5 and 5.0 cps 
as a function of depth suggests the possibility of body-wave noise at random 
angles of incidence.    First, the equations for body waves at random angles 
of incidence are solved under somcwh?.t restrictive assumptions that allow a 
solution in closed form to be obtained.    The more general solution can    nly 
be solved by numerical integration. 

The following assumptions are made: 

a. P-wave noise arriving independently from all angles of incidence 
with ecual energy content: 

b. No conversion from P to S waves at the free surface; 

c. An Isotropie, homegeneous half space. 

The equations are derived for the noise as it would be detected by a vertical- 
motion seismograph.    The solutions are derived in some detail to indicate 
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the methods used.    The particle displacement at the surface is taken to be 

N 
XlW    =2^ fn(t) cos   en 

n= 1 

where 6 is the angle of incidence measured from the vertical.    The auto- 
correlation of each independent time series fn(t) is denoted by J_   * ( T ). 

N 
The autocorrelation of X,(t) then becomes 

N 

* n^-iri;^)^ n* 
n= 1 

By taking the Fourier transform,  the power spectrum is obtained 

N 
5ll(^)   = -~2CPn('')C082e" V, 

n^ 1 

Now let N -* ao,  the power spectrum of the surface noise becomes 

TT/2 
,„,„,. J-y-cc^eae.^ 

-■nil 

The spectrum of the noise at an\ del vh is obtained as follows: 

N 
x2(t) 

where _   is the vertical uphole time. 
2 

(4) 

=    £     jf^   fn(t--J   c06en)j+r^-fn(t+-f-cosen)j| 

n = 1     ^ 

cos ön)  Icos 6n 

Going through the same procedure as for the surface we obtain the spectrum 
at depth 

TT/2 

cp22(uü) = cp(tt) - /{ 
-TT/2 

cos      9  +   cos (uua cos 9)   c« .^l d9 

.«.(an    _L_+Ü£JfiL   .    Ji LiüiJ 
) 4 2 Zauu 

(5) 
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Note that the expression in brackets approaches   -L   as   UJ ^ 0 because 

k 0.5.    The ratio of the deep-hole specUum divided by the surfa auu 
spectrum often used in the interpretation then be 

ce 
comes 

which,  as expected,  approaches unity for very low frequencies. 

The cross spectra between the surface and the deep-hole spe 
in the same way ctra are obtained 

»12(W)   =   CC(<Jü)      JQ^)     — 
JA-^) 

auu (6) 

Not1Ce that the cross spectrum is either positive or negative,  but does not 
have an imaginary component,   indicating that the phase changes from 0 to 180 
deg.   The coherence between the surface and the deep-hole noise beco J les 

Coh = {¥i- 
,   . auu 
Jl(-7-) 

:iW/2 

± + Jp (aUJ )   _   jj (atu) 
8 4 4 acu 

which approaches unity as uu-^O. 

The theory for S waves at random angles of incidence is similar. 
— as the uphole time for S waves. 

The equations become: 

cp11 (ct) =—  V{w) 

Define 

C022 (m) = V{ou)  JJ.+ JÜJM 
/  4^       2  g'ju (      3uu ^ 

CP12(üU) = qp(uj)   Jl(~2~) 

9uu 
2 
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In the previous example,  the conversion of P to S waves at the free surface 
was neglected.    Taking the conversions into account and keeping the rest of 
the assumptions made before,  a more realistic solution can be obtained; 
however,  the solution could not be obtained in closed form and numerical 
integration of the integrals is necessary. 

In this case,  the time series at the surface and at depth become 

N 
Xl(t)   = 5Z fn(t) cos 0n + b(8) fn(t) cos en + c(e) fn(t) ainin 

n= 1 

N 
X2<tJ     = 2 fn(t"a COS 9n) C08 en + b (6) fn(f + a cos en) cos en 

n=l 
+ c(8)fn(t + B cos tn) sin^n 

where b and c are reflection coefficients for P and S waves from an incoming 
P wave.    These coefficients are functions of the angle of incidence and can be 
found in the literature (Ewing,  et al. ,   1957).    S waves are reflected at an 
angle * ,  which is connected with 9 by Snells Law. 

The procedure followed in obtaining the required integrals is the same as 
that employed previously.    Because of the large number of terms involved 
in the derivation,  only the resulting integrals will be given. 

e 

cpnluu) = cp(uu)~L     I co82e + b2 co829+ c2 sin2^ 

6 (7) 

']■ 
co22 (uu) = Cp(ll))-|.   /     cos '' 9 + b cos2 9 + c2 sin2 6 

+ 2b cos   9 + 2c cos 9 sin ? + 2bc cos 9 sin ? |d 9 

e 

-9 -> 
+ 2b cos (wa cos 9) cos    9 

+ 2c cos ou(—cos 9 +—cos { ) cos 9 sin { (8) 

•^     +2 
^ a T 

be cos uu( —cos   t   - "T"  cos 9) cos 9  sin £ Jd8 
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co12^) = CO^J.   f ^cos (u^Acos e)cos2e+ b2Cos(^.Co8 9)cos2e 

+ c2cos (UJJ- cos ( ) 8in2 { + 2b cog((Jüa coae) C082 e 

+ ic   { sin (U»|. cos 6) - sin^-icosC) } cos 9   sin{ 

+ i bc  | sin (U.-| cos 6) + sin (U) -i co. «) } cos 6 sin {IdG 

(9) 

These formulas indicate that if the numerical integration is carried out 

f^rtion.^6" *' a nUmber 0f the term8 di8aPPear be"^e they are odd 

«r«  ^ T^ ^^ While ^ 8peCtra are real q—titles, as expected,  the 
0 or laTdllT/8^ COmPleX qUantity'   80 that the Pha8e iS no lon8er -ther 
the ohfL    8 i intermediate values.    In cases of practical interest. 

lufff.> H gle8 are 80 f1086 t0 0 " 180 deg that 8Pectral analyses are not 
lnltrTY aCCUrate;0 det^t the difference. Numerical integration of the 
integrals was carried out on a CDC 160-A computer. 

Rayleigh waves and body waves at vertical incidence result in standing wave 
patterns because of the interference effects of incident and surface-reflected 
waves.    Consequently,  the phase angle at depth can only be either 0 or 180 
deg as compared with the surface.    The cross spectra given in equation (9) 
indicates that this is no longer the case for body waves at angles of incidence 
other than the vertical.    The cross spectrum nas an imaginary component 
indicating that a standing wave pattern is not set up with depth.    The same 
conclusion has been reached by Felix Nagel (unpublished manuscript) from 
the amplitude-depth relationships obtained when plane waves arrive at the 

/JLV      Ü" ^ 80m,e arbitrary angle of incidence.    The amplitude-depth 
relationships are a function of time aud standing waves are not obtained.    The 
position of the zero amplitude value changes only slightly with time; there- 
fore, a low value resembling a nodal point will be obtained at depth (for a 
particular frequency) if the wave motion is averaged over some time. 

In general, over a narrow band of frequencies,  the amplitude-depth relation- 
ship of P waves at close to vertical incidence are often similar to one of the 
Rayleigh-mode amplitude-depth relationships.    For example,  the third 
higher Rayleigh mode and P waves at close to vertical incidence are almost 
identical for a frequency of 2 cps at AP-OK. 

Narrow band-pass filtering together with cross-co .-relation offers the 
possibility of distinguishing between surface waves and body waves. 
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If surface waves are present in the noise,  the cross-correlation between 
surface and deep-hole noise samples will have a maximum at zero lag.    The 
maximum will be positive or negative,  depending on whether the surface 
waves at depth are in phase or 180 deg out-of-phase with the surface.    In the 
case of body waves,  the maximum in the cross-correlation will be at a lag 
time equal to the up-hole travel time of the body waves. 

It must be recognized that if any one iijquency acts like a plane wave,  P waves 
at vertical incidence will set up a standing wave pattern and cross-correlation 
results will look as if surface waves are present.    Therefore,   some caution 
is necessary in interpreting the results.    If very narrow-band filtering were 
employed,  that is,  examining essentially one frequency,  it would be possible 
to interpret the results quantitatively.    However,  the cross-correlations over 
a finite bandwidth used here can only be interpreted quantitatively to distinguish 
between nurface waves and body waves. 

5.1.2.3   Surface Array Theory 

In the case of surface waves arriving at the array from a given direction (or 
a given direction and angle of incidence in the case of body waves),  the equa- 
tions can be obtained easily.    The spectrum of the noise at two seismc eters 
(a and b) will be the same (ignoring seismometer-to-ground coupling problems). 

N 

^aa =CDbb=E   «PaC«) 
n= 1 

The cross spectra will be: 

.Ax 
-i uu(-r— cos e) N 

®&h=  E   ^nWe  J  ''Vn (10) 
n=l 

where 

N   = number of wave types present in the noise 

Ax = distance between the seismometers 

v    = phase velocity of the waves 

9    =;   angle between the direction connecting the seismometers and 
the direction of arrival. 
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The cross spectra between two seismometers give only apparent phsse 
velocities,  and two cross spectra are necesiary to obtain the real phase 
velocities and directions of arrival. 

The theoretical results indicate that coherence will be unity if only one wave 
;ype is present,  and less than unity in all other cases. 

Experimental data from arrays usually indicate    that the noise often appears 
to be omnidirectional (isotronic),  that is,  arriving with approximatel-' equal 
energy content from all directions.    For the case of surface waves,  the solu- 
tion that would be obtained has been solved by Backus,  et,  al. ,   (1964).    The 
spectrum of each seismometer is the same, cp('JU)l  and the cross spectra 
become 

OJ Ax CDab(0ü)  *(*,((«)  J0(   *JÜ) (ID 

where the  Ax and v are,   respectively,   separation between seismometei-s 
and phase velocity. 

This solution can easily be extendea to more than one wave type and results 
in the sum of Bessei functions equal to the numbvjr of wave types present. 

Because of the possible presence of body-wave noise,  it is necessary to also 
consider the case of body waves from random directions and random angles 
of incidence. 

For P waves arriving at the surface seismometers with equal energy content 
from random directions and all angles of incidence,  the time series for a 
vertical-motion seismometer   a    is 

N 
Xa(t) =E fn(t) cos en . 

n= 1 

At seismometer b,  the time series becomes 

N 
Xb(t) =E ^(t   - —• sin en COM ßn) COP en 

n=l v 

where 6 refers to the an^le af incidence and $ to the direction of the waves. 
Proceeding in exactly the same fashion as described in the previous section, 
the spectrum of each seismometer becomes 
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^aaM = ©bb^) =4-CD(u)) 

and the cross spectrum becomes 

^a 
2TT    n/2    .i^^L8inecos 0)       , 

b('ju) = CD(I.) • -i-  *   —    /        /      e v cos^e • d9d8. 

0     -n/2 

By performing the last integration,  the expression reduces to 

y,.,^    cos 3) 
»,bw.»(«)jLy-i^—-.dB. uz) 

0 L'x     cos 3 
V 

This equation must be solved by numerical methods of integration. 

Notice that under the assumptions made,  both formulas (11) and (12) hav. 
no imaginary parts and the phase angle is either 0 or 180 deg.    Therefore, 
velocities can only be obtained from the coherence values. 

5.1.3   Experimental Results 

The methods used in spectral analysis are briefly discussed in order to 
acquaint the reader with the reliability of the results.   In order to facilitate 
discussion of the experimental results, the ^  ssband of the short-period 
Benioff was divided somewhat arbitrarily into three period ranges:   5. 0 to 
2.0 sec,  2.0 to 0.8 sec, and 0.8 to 0.3 sec.    These divisions were chosen 
partly for convenience, and partly because somewhat different wave upes 
appear to predominate in the different period ranges. 

The 6.0 sec microseisms are not discussed here,  because the analyses 
indicated clearly that, as measured by a vertical-motion seismometer,  the 
fundamental mode Rayleigh wave is the only wave type present.    This conclu- 
sion has been previously reached by a numbei- of authors (see for example, 
Gutenberg,   1958). 

It must be noted that the examples of noise analyses discussed in this section 
are only a small part of the large amount of information that lead the author 
to the stated conclusions. 
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5.1.3.1   Spectral Analysis 

The principal tool used in the interpretation of the data consisted of obtaining 
spectra and cross spectra,  and the associated auto-  and cross-correlations 
of long noise samples.    The techniques used to obtain spectra,  and the 
accuracy and resolution that is obtained have been extensively discussed in 
the literature (for example,   Blackman and Tukey,   1958) and need not be 
discussed here. 

The lergth of the noise sample used varied between 180 and 450 sec     As a 
compromise between accuracy and resolution, a lag of 8 parent of the sample 
was usually used; however,  either smaller or greater lags were sometimes 
employed to increase either the accuracy or the resolution of the results     A 
banning smoothing function was used in ail cases.    In this section of the report 
each figure will give the length of sample and the lag used,  to allow the reader" 
to determine the reliability of.the results.    The sampling rate used (usaally 
25 samples/sec) ensured that the folding frequency was well outside of the 
frequency range of interest. 

Theoretical studies on the accuracy of cross spectra have been publisaed in 
the literature (for example, Amos.  et. al. ,   1963).    The results indicate that 
the experimental coherences are a complex function of the actual coherence, 
the smoothing function, and the lag window and that considerable errors are 
to be expected when actual coherences are close to zero. 

The magnifications at 1 cps were used to calibrate the power spectrum; there- 
fore, only the values at 1 cps are correct ground motion values.    Because of 
the identical responses of the seismographs used,  the deep-hole-divided-by 
surface ratios used in the interpretation are correct at all frequencies.  The 
ratios are obtained by dividing the deep-hole noise spectrum by the surface 
spectrum, and will be called power ratios in the body of the report.    The 
square root of the power ratio will be referred to as the amplitude ratio. 

5.1.3.2   Microseisms.  5.0 to 2.0 Sec 

The ratio of deep-hole-divided-by-surface-noise spectra at all sites investi- 
gated indicates that fundamental mode Rayleigh waves is not the only wave 
present in the period range between 5.0 and 2.0 sec. 

Figure 13 shows the experimental power ratio, and figure 14 shows the phase 
angle and coherence obtained from noise samples when the deep-hole seis- 
mometer was located at a depth of 5200 m at FO-TX.    The theoretical curves 
for the first three Rayleigh modes and for P waves at vertical incidence are 
also shown.    These analyses were made at a time when a storm in the Atlantic 
was the cause of large microseisms in the period range of 2.0 to 6.0 sec.   The 
lowest value of the power ratio occurs at a period of 4.0 sec; however,  the 
coherence is not zero until a period of 3.4 sec is reached.     This behavior 
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Figure 13.    Deep-hole (3200 m) vertical noise spectrum divided by surface 
noise spectrum.    Theoretical amplitudes are included.    FO-TX 

300 pec sample,   10 samples/sec,  5 percent lags 
G 22)8 
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Figure 14.    Phase angle and coherence of the noise between the surface 
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ir.dicates that between 3.4 and 4.9 sec most of the power was in phase as is 
also shown by the phase angle (figure 14); therefore,  the fundamental mode, 
which is the only wave in phase,  predominated at these periods.    To explain 
the power ratio,  the rest of the energy rmi'st '>e in the first higher mode. 

Examination of the figures (13 and 14) indicates that for periods less than 3.4 
sec,  only a small amount of fundamental mode Rayleigh waves can be present 
in the noise.    The experimental values lie between the theoretical first higher 
Rayleigh mode and P-wave curves.    The experimental data can be explained 
by either mixtures of fundamental and first higher mode Rayleigh waves,   or 
P waves and first higher mode Rayleigh waves. 

The deep-hole  results at FO-TX indicated that either P waves or first higher 
mode Rayleigh waves predominated in the noise but the results could not be 
used to conclusively distinguish between the two waves.    In an attempt to dis- 
tinguish between these two possibilities,  information from WMSO was used 
from the same time as the FO-TX analyses.    Cross spectra between noise 
samples from three seismometers located in a 3 km tripartite were obtained. 
The crosa spectra of the noise ^rom two seismometers are sufficient *o specify 
an apparent velocity.    Two pairs of seismometers are sufficient to specify 
phase velocity and angle of arrival.    The cross spectra between the noise 
samples from all three noise samples were used to check if consistent results 
were obtained from all combinations of pairs.    The results obtained are given 
in table 3. 

As indicated in the theoretical results,  if the noise field is Isotropie,  the 
phase angle is 0 or 180 deg.    The phase angles obtained from the experimental 
results indicated clearly that part of the noise at periods greater than 2.0 sec 
was directional.    The directions obtained indicated that the storm in the 
Atlantic was responsible for the directional part of the noise. 

Examinations of combinations of d^ructional and nondirectional noise (from 
equation 10,   11, and 12) indicate    that the phase velocity obtained for periods 
greater than approximately 2.0 sec by these measurements is too large.   This 
behavior is caused by the Isotropie noise staying either in phase or 180 deg 
out of phase.    In the period range under examination here,  this causes the 
phase angle from the cross spectra to be intermediate between the actual value 
for the directional noise and 0 deg value of the omnidirectional noise.    As an 
example,  assume 50-percent Isotropie 3.0 sec period waves at 4 km/sec and 
50-percent directional waves at 4 km/sec arriving along the line connecting 
two seiiT.ometers 3 km apait; in this case,  the phase angle will be 64 deg. 
If only the unidirectional waves were present,  the phase angle would be 88 deg. 
The above presented argument indicates that the real phase velocities of the 
directional noise are less than those obtained from the cross spectra.    There- 
fore, the phase velocities in table 3 indicate that body waves are excluded for 
anything except every shallow angles of emergence. 
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The choice,  therefore, lies between fundamental    nd first higher mode 
Rayleigh waves; however,   results from FO-TX during the same time indicate 
that only small amounts of fundamental mode Rayk igh waves were prese  t 
in the noise at these periods.    Therefore, tlv? first higher mode Rayleigh 
waves must predominate. 

Table 3.    Phase velocity measurements from cross spectra.  WMSO 

Period Azimuth Velocity 
(sec) (deg) jkm/sec) 

6.667 213 2.85 
5.714 215 3.16 
5.000 219 3.49 
4.444 226 3.68 
4.000 i29 3.63 
3.5)36 228 3.83 
3.333 228 4.26 
3.077 229 4.33 
2.857 226 4.41 
2.667 226 4.24 
2.500 228 4.51 
2.353 229 4.87 
2.222 231 4.23 
2.105 237 4.69 
2.000 235 5.70 

The arguments given above are meant to show the existence ol uhe first higher 
Rayl-igh mode,  and are not intended to prove that this mode predominates at 
all times and at all locations.    However, phase angles from all deep-hole 
measurements always show the same behavior; the phase angle changes from 
0 to 180 deg at a period that can be explained by P waves or higher modes. 
The fundamental mode never predominates at periods less than approximately 
4. 0 sec.    It is of interest that when the first higher mode can be shown to pre- 
dominate,  a small high in the spectra usually appears at 3.0 sec (see table 3). 

Particle motion dUgrams of the 3.0 sec microseisms produced ambiguous 
results; almost all sizts and shapes of ellipses were obtained.    This failure 
was possible caused by the presence of different wave types in closely adja- 
cent period ranges.    The possible presence of Love waves in the noise could 
also contribute to the failure to obtain reproducible results. 

Ave rage 
(cohei rence)2 

0 .88 
0 .88 
0 .86 
0 .83 
0 ,76 
0 70 
0. 69 
0, 64 
0. 54 
0. 46 
0. 46 
Ö. 41 
0. 22 
0. 23 
0. 25 

Spectral 
amplitude 
(mn2/ cps) 

51 .0 
91 . J 
92 .2 
67 ,0 
39 .8 
26, 3 
22, 4 
23. 6 
21. 8 
18. 5 
16. 1 
15. 1 
13. I 
10. 6 
9. 12 
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At the sites where thick sections of low-velocity rock are present (usually 
shales),  the results obtained are more difficult to interpret than at the sites 
where predommantb   high  velocity rocks are present.    Figure  15 shows an 
example of the results obtained at the Finedale,   Wyoming,   site.    The section 
at this location is composed entirely of shales.    The  results can probably be 
best explained by a cr.nbination of P waves »"^ Tundamental   Rayleigh waves 
if the location of the n^dal point is taken as the main criteria for interpreta- 
tion.    However,  there is some doubt as to the validity of this interpretation. 
Figure 1^ also shows the results obtained from spectral analysis of a surface 
wave of an earthquake from Baja    California.    The group velocity of these 
waves was about 3.2 km/sec,   indicating that they a^e surface waves,  probably 
higher mode Rayleigh waves as recorded by the vertical-mouon seismographs. 
It is noticea   le from the figure that the behavior of the amplitude-depti 
relationships of the noise and these surface waves is very similar,  especially 
i-> regard to the location of the nodal point.    This behavior suggests that the 
theoretical Rayleigh wave curves may be in error.    The theoretical Rayleigh 
wave computer program used does not take into account the well known 
velocity anisotropy of shales.    Preliminary results- from an anisotropic 
Rayleigh wave program suggest that the d.'^ crepancies between theoretical 
and experimental results can be explained in this way. 

It is,  of course,  entirely possible thav the noise does consist of fundamental 
mode Rayleigh waves and P nnves,  and that the first higher mode was not 
present at the time of the expoimtnts.    With the limited depth of the hole and 
with no surface array infrrmatior,  the problem cannot be solved.    With holes 
of the usual depth of approximately 3000 m,  it i- not possible to distinguish 
between the two possibilities of P waves or fi^-st higher mode Rayleigh waves. 
Figure 16 shows the amplitude-depth relationship of the 2.0 sec noise at 
AP-OK.    Either theoretical curve will explain the experimental data. 

5. 1. 3. 3   Noise in the Period Range of 2.0 and 0.8 Sec 

The noise in this period range predn'-uuates in the spectra at sites close to 
the coast; at quiet sites distant from the coast,  the noise at these periods 
has usually been attenuated to very small values. 

ron8iderable difficulty has been encountered in interpretinT; the data at these 
periods.    The amplitude-depth relationships agree quite well with *^e theoreti- 
cally predicted P-wave amplitude-depth relationrhips.    As an example, 
figure 17 shows the power ratio obtained at AP-OK from the noise at the 
surface and 2917 m.    The theoretically predicted amplitude-depth relationship 
tor P wave at random angle«» of incidence between -4fj and +4C deg from the 
vertical,  and the experimental and theoretical phase angles and coherences 
are also shown in the name   igure.    The agreement between theory "r.d 
experiment is quite gojd,  an-' « ould be improved even further by assuming 
the presence of some S-wav^  nnse.    Figrre 16 dhows the amplitude-depth 
relatioi shif s for the 1.0 etc noi-e as measured at AP-OK; the theore*ical 
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Figure 15.    Amplitude ratio of the noise and a Rayleigh mode from Baja 
California,  as r-corded at 3C60 m at Pinedale.   Wyoming.    Theoretical 

curves for P waves and Rayleigh waves are included. 
C 3320 
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Figure 16.    Observed and theoretical amplitude ratio with depth for periods 
of 0.5,   1.0, and 2.0 sec.     180 sec sample.   2 5 sample/sec, 5 percent la8s 
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Figuren.   Theo^ical and experimental power ratios,  phaseangles   and 
coherences theory for P waves arriving randomly -45 to +45 deg' rom the 

vertical.    Uphole 0.5 sec.    180 sec sample.  25 sample/sec 
S percent lags 
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curve for P waves a* vertical incidence fits the experimental data quite well. 
However,  the first higher mode theory is also quite close to the experimental 
data.    There exists some doubt that P waves are the correct explanation of 
the noise at these periods.    In an attempt to distinguish between the two pos- 
sibilities (surface or body wives),   cross-correlations were obtained after 
digital filtering.    The digital filters had extremely sharp cut-offs,   and only 
noise in the period range of interest passed through.    Figure  18 shows the 
results obtained in the period ranges of 2.5 to 1.5 sec and 1.5 to 0.8 sec. 

The experimental evidence shown in figure  18 indicates that surface waves 
are responsible for the noise in these two period ranges,    As mentioned in 
the section on deep-hole theory,  P waves at close to vertical incidence can 
set up a standing wave pattern that will result in cro»«-cor relations of the 
type  shown in figure 18.    However,  it appears unlikely that noise,   the statis- 
tics of which indicate» that it is a completely random phenomenon,   will act in 
this fashion.    It must be noted at this time that the cross-correlation of 
signals will   result in the highest value at a lag equal to the uphole time. 
Furthermore, as will be shown in the next section,   random P waves,    *,hen 
present,  will give maximum in the cross-correlation at a lag other than zero. 

Figure 19 shows the coherence between noise samples from seismometers 
3 km apart at WMSO.    The high coherences at periods greater than 2.0 sec 
were caused by directional noife.    For periods between 1.0 and 2.0 sec,  the " 
phase angles indicated the presence of essentially Isotropie noise.    The 
experimental   results can best be explained by wave traveling at velocities 
of 3. 0 to 4. 0 km/sec. 

The most probable solution is that the noise consists of a mixture of Rayleigh 
modes, possibly on the basis of equipartition of energy as proposed by Sax 
and Hartenberger (1964).    Some Evidence for the presence of the second 
higher mode is obtained from figure 13,  where at a period of 1. 1 sec,  the 
experimental data can only be explained by the presence of the second higher 
mode.    However,  this peak in the power ratio did not appear at all times; 
therefore,  while it may be present,  the second higher mode does not always 
predominate.    It is apparent fifom the results that the fundamental mode 
Rayleigh wave does not exist with appreciable energy content at the quiet sites. 
Close to the coast,  however,  a considerable percentage of tha noise must 
consist of the fundamental mode to explain results obtained during previously 
reported experiments (Douze,   1964). 

5.1.3.4   Noise in the Period Range of 0.8 to 0.3 Sec 

The noise amplitudes in the period range between 0.8 and 0. 3 sec varies 
considerably f-om site to site.    The sites with large noise amplitudes are 
clotfe to centers of population,  and the noise is usually connected with 
cultural activity. ^ 
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Figure 18.    Cross-correlations of noise from seiemometers at depths 
of 1970 and 2880 m,   AP-OK 
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The noise at this period range can logically be divided into three parts:   the 
cultural noise,  the sharp spectral peaks,  and the residual noise when the 
other two noise types are not present.    Each of the three parts is character- 
ized by different wave types.        . 

Figure 20 shows the spectra of the noise at the surface,  at 1370 and 2890 m 
at GV-TX.    Because of the close proximity of the site to Dallas,  Texas,  the 
cultural noise background is extremely large at the surface.    The spectra in 
figure 20 indicate    clearly that the amplitude (on the average) of the noise 
decreased very rapidl/ from the surface down to 1370 m and that the level 
only decreased slowly below this  depth. 

The only wave type that decreases in amplitude with depth with sufficient 
rapiaity to account for experimental results is the fundamental mode Rayleigh 
wave.    Figure 21 shows the experimental power ratio between the 668 m 
depth and the surface,  together with the theoretical fundamental mode,   first 
higher moue, and P waves.    The results clearly indicate,  with minor discrep- 
ancies,  that the fundamental mode accovints for the rapid decrease in noise 
amplitudes in the first 668 m. 

At depths where the amplitude of the fundamental mode has become negligible, 
the amplitude-depth relationships can be explained by either a combination of 
higher-mode Rayleigh waves,   by body waves,  or by a mixture of both.    The 
power ratio in figure 21 shows lows at both the nodal points of the first higher 
mode and the P waves indicating the possible presence of these waves.    In an 
attempt to distinguish between the possibilities,  the noise from seismometers 
at depths of 2570 and 2890 m were cross-correlated after narrow-band analog 
filtering (low pass and high pass at 3 cps,  24 dB/octave.    The result (figure 22) 
shows that the cross-correlation peaks at 0. 1 sec,  indicating that the noise 
consists of body waves and not of surface waves.    If only P waves were present, 
the measured uphole time would indicate that the average angle of incidence 
is 45 deg from the vertical.    However,  it is likely that S waves also contrib- 
uted to the average uphole time measured.    Cross-correlation between deep- 
nole noise samples from EK-NV,  a very quiet site,   showed that the noise at 
approximately 3.0 cps also consisted of body waves. 

The coherences were typically high at all sites where multiple seismometers 
vere placed in close proximity (<600 m).    The coherence was a complex 
function of the distance between seismometers.    Figure 23 shows th^coher- 
»nee and phase angle of the noise from seismometers at depths of 1370 and 
1980 m.    Notice that the phase angle departs from 0 deg at 0.5 sec period; 
as will be discussed later,  the peak at this period probably consists of 
another wave type. 

All sites investigated,  with the exception of Eureka,  Nevada,   showed the 
presence of a sharp peak at 0.49 sec period.    Often it was hidden by cultural 
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Figure 20.    Spectra of the noiac at the surface, and at 1370 and 2890 m, 
GV-TX.    180 sec sample,   25 samples/sec,  8 percent lags     02225' 
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Figure 22.    Cross-correlation between seismometers at depths of 
2890 and 2570 m at GV-TX 
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noise at the surface; however, at depth it was always clearly visible in 
the spectra. 

In discussing the 0.49 sec peak,  the data will be used from AP-OK,   FO-TX, 
and WMSO.  where the peak is very prominent. 

In a prfious publication (Douze,   1964),  the 0.49 sec noise was attributed to 
the presence of the third higher Rayleigh mode.    Figure 24 shows the spectra 
of the noise at the surface,   3048, and 5486 m at FO-TX.    The sharp peak at 
0.4? sec was still    resent at the bottom of the hole; comparison with the 
theoretical amplitude-depth relationships (figure 12) indicates that the third 
higher mode cannot be the cause of the peak at this period unless the theoreti- 
cal results are greatly in error.    Theoretical investigations indicated that the 
amplitude-depth relationships can also be explained by P waves arriving at 
close to vertical incidence.    Figure 16 shows the results obtained with a 
single seismometer in the deep hole and an array of four deep-hole seis- 
mometers at AP-OK.    The data from the array does not fit either of the 
theoretical curves closely.    The experimental second nodal point appears to 
occur at a shallower depth than indicated by either theory suggesting the 
presence of an even higher Rayleigh mode.    However, the amplitude-depth 
relationships of the Rayleigh modes depend on the assumptions made on the 
velocity section below the hole, and the third :node could probably be made to 
fit by changing the velocities.   It must be noted that the P-wave theory does 
not depend on the velocity section below the hole. 

Surface and body waves can,  in theory, be identified by their phase velocities. 
The phase velocity of the 0.49 sec noise is approximately 3.0 km/sec as 
measured by WMSO personnel (personal communication,  George Gray). 
Figure 25 shows the cross spectrum between seismometers 1 km apart at 
the observatory.   In general, the noise is Isotropie as indicated by the ten- 
dency of the phase angle to remain at either 0 or 180 deg.    If the 0.49 sec 
noise is assumed to be Isotropie, the coherence (0.29) and the theoretical 
results (formulas (11) and (12)) indicate that the phase velocity is 3.2 km/sec. 
This velocity indicated that the noise consists of surface waves. 

However,  several features of the experimental data are difficult to explain by 
the presence of one higher Rayleigh mode alone.    Desp'te numerous attempts 
to locate a seismometer at a nodal point, no such depth could be found.    The 
presence of mixture of wave types could explain this behavior.    High resolu- 
tion spectra often indicate the presence of another peak at approximately 
0.51 sec period.    If these two adjacent peaks were caused by different wave 
types, the results from spectral analysis can be expected to be inconclusive 
because of lack of resolution. 

The coherences (see figure 16) gave values that would be expected if the 
0.49 sec peak had very high coherence and the noise at the same period 
apart from the peak was incoherent like the noise at adjacent periods.    The 
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low coherence at  1950 m is typical cf results close to theoretical nodal points, 
indicating the presence of approximately equal power in and out of phase. 

In conclusion,  the experimental results do not indicate which type cf wave 
is responsible for 0.49 sec noise, 

A discussion of the 0. 49 sec noise is incomplete without a discussion of the 
reason for the existence of the sharp peak.    Either there exists a very wide- 
spread source of this peak    or the earth in some fashion acts as a filter. 
Despite considerable effort,  no common surface source has been found that 
can explain the sharp peak at this period.    If the waves are b9dy \faves,   some 
subsurface source must be hypothesized, earthquake records -how that the 
earth does not, act as a filter which preferentially passes 0.49 sec noise for 
body waves.    If the waves are surface waves,   some filtering mechanism 
presently not understood must exist.    It is ^uite possible that further investi- 
gation of this phenomenon will resuk in some fundamental discovery on wave 
transmission in the crust. 

5.1.4 Conclusions 

Some of the waves present in the noise have been identified.    The evidence 
presented shows that,  apart from the fundamental mode,  the first higher 
mode is present in the noise at periods around 3.0 sec.    Because of the 
similarity between body waves and surface waves,  it could not be established 
that the first higher Rayleigh mode always predominates at periods between 
4.0 and 2.0 sec.    However,  it has been established that, at sites some distance 
fron^. the coast,  the fundamental Rayleigh mode is not present with appreciable 
amplitudes. 

In the period range of 2.0 to 0.8 sec, the experimental data were not conclusive. 
The amplitude-depth relationships can be explained by either a mixture of 
higher modes or by a predominance of P waves.    Both cross-correlations and 
coherences across surface arrays indicated that surface waves are the 
preferred interpretation. 

In the period ranje of 0. 8 to 0. 3 sec, the cultural noise has been shown to 
consist principally of fundamental mode Rayleigh waves.   At depths where the 
fundamental mode has deer«   sed to negligible values,  the remainder of the 
noise consists of random body waves.    The sharp peak commonly present at 
0.49 sec consists of Rayleigh mode or modes of order higher than third or 
of body wave^. 

5.1.5 Deep-Hole Horizontal Seismograph Noise 

The theoretical amplitude-depth relationships for Love waves have been 
computed.   In order to obtain accurate results at the higher frequencies, the 
original computer program was modified.    In the original program,  a loss of 
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accuracy occurred because of the large number oT matrices that are multiplied 
together,    This accuracy was improved hy changing the mathematical develop- 
ment so that fewer matrix multiplications peed to be carried out. 

Table 4 gives the velocity section used in the computations; the velocities 
and densities in tho hole are known (except for the S-velocity) from well-logs. 
Below the depth of the hole a reasonable estimate of the velocities in the crust 
was used.    Figures 26 and 27 show the amplitude-depth relationships of the 
first three Love modes at periods of 1.0 and 3.0 sec.    Because only small 
changes of velocity exist in the section,  no large amplitudes occur at depth. 
The only surprising feature lü the increase of amplitude oi the fundamental 
Love mode at 1.0 sec in the first 1.5 km.    No explanation is available for 
this behavior. 

Table 4 ■    Model parameters (AF-OK) 

Layer 
thickness P-velocity S-velocity Density 

1.09400 6.10000 3.39000 2.70000 
0.13700 5.6400^ 3.30000 2.60000 
0.12200 4.70000 2.76000 2.60000 
0.03900 5.55000 3.26000 2.60000 
0.04600 5.09000 2.99000 2.80000 
0.21600 5.55000 3.26000 2.60000 
0.08000 4.70000 2.76000 2.60000 
0.12200 5.55000 3.36000 2.60000 
0.07600 5.10000 2.99000 2.60000 
0.56400 5.55000 3.26000 2.80000 
0.03000 5.10000 2.99000 2.80000 
5.00000 6.00000 3.51000 2.80000 
6.00000 6.20000 3.63000 2.80000 
4.00000 6.50000 3.80000 2.80000 
3.00000 6.60000 3.88000 2.80000 
7.00000 7.24000 4.25000 2.80000 
0.00000 8.20000 4.65000 3.30000 

Figure 28 shows the spectrum of the noise of the horizontal directed north 
at the surface, and figure 29,  shows the ratio of the deep-hole (2880 m) 
horizontal divided by the surface horizontal.    Both triaxial-seismometer 
outputs were coordinate-transformed to produce horizontal information in 
the N-S and E-W directions.    The necessary angles of rotation were obtained 
by measuring the angles between the recorded amplitudes of a large tele- 
seism and the known direction of approach.    This one example does not allow 
any valid interpretations to be made; however,  it is noticeable that no 
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minimum in the ratio denoting a nodal point such as shown by the deep-hole 
vertical seismographs can be observed. 

In order to show that the method used in computing the orientation of the 
triaxial seismometers gives the correct results,  a teleseism was oriented 
using the same direction cosines as were used for the noise.    Figure 30 
shows the results obtained; as expected,  the radial component detected 
?-wave motion while ti.e transverse component showed no motion. 

5 . 2   SHORT-PERIOD SEISMIC SIGNALS 

Short-period seismic signals were analyzed both visually and digitally. 
Because the surface-reflected wave interferes with the incoming wave a 
short time after the first arrival,  only the first breaks of large teleseisms 
were used to obtain visual amplitude measurement«. 

1.0 
PERIOD (i.ccndf) 

0.1 

Figure 29.    Deep-hole (2800 m) noise spectrum (N component) 
divided by surface noise spectrum 
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5.2.1    Visual Measurement 

Figure 31 shows the decrease in amplitude. Vith depth,  of the first breaks 
of '.eleseismic P-wave signals.    As predicted by the theory,  the amplitudes 
at the surface are at least twice as large as at depth; this behavior is caused 
by the addition of the incoming and reflected waves.    At sites where there is 
only a small change of velocity with depth (for example,  AP-CK,   FN-WV) 
the above discussed relationship holds almost exactly.    For sites such as 
PI-WY where the velocity at depth is appreciably greater than at the surface. 
the amplitudes at depth are less than 0.5 times the surface value.    In general, 
this behavior can bt explained in terms of seismic impedance.    The energy 
In an elastic wave is directly proportional to the square of the amplitude and 
inversely proportional to the velocity.    Thus, a wave traveling up the hole 
through lower-velocity layers will increase in amplitude.    This simple 
explanation ignores the reflections and refractions caused by the layering; 
however,  it does explain the results obvained.    For more detailed examination 
of the behavior,  it is necessary to examine the behavior of the waves in the 
frequency domain. 

Visual analysia  of «hear waves was attempted; however, the results obtained 
were not very meaningful when only vertical seismographs were being used. 

Measured velocif'e« were close to those expected if a Poisson's Ratio between 
0. 27 and 3. 0 was assumed.   AmplituHe-depth relationship measurements 
scattered widely,  probably because the first breaks could not be measured 
accurately in the presence of the P waves. 

5.2.2   Computer Analysis 

At only one site (AP-OK) have the P-wave signals been ^n^'ze.d in detail in 
the frequency domain by using digital Fourier transform methods.    In general, 
the results showed that P waves behave «xact.'y as predicted by the theory. 

The theoretical behavior of the amplitude-depth relationships in the frequency 
domain can most easily be calculated by the matrix formulation method 
(Haskell.   1963) which takes account of all the reflections and refractions and 
performs the calculations entirely in the frequency domain.    For reasons 
that will become apparent in section 7 (inverse filters), the approach used 
was different.  First the impulse response of the layered media which composes 
the section of the hole was computed and then the Fourier transform of the 
impulse response was calculated to obtain the amplituae-depth relationships 
in tha frequency domain. 

For vertical angles of incide.ice, a computer program is available to compute 
the impulse respor.se; however, for angles of incidence other than the vertical, 
the computer program would have to be very elaborate.    Therefore, computa- 
tions were carried out on a hand calculator; considering the limited number 
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of «^tes whxch are to be used in the measurement program, this approach is 
by far the most efhcnent.    The fact that the impulse responses computed in 
his fashion are correct is demonstrated by the fact that the inverse filters 

(section 7) computed from them did change the deep-hole signal into the 
surface signal. B 

fol o11,1 ^ mf
entio^ed in *ectio* 7'  ^ averse filters work exactly as intended 

for only the first few cycles.    While no definite conclusions have been reached 
about the types of waves that are responsible for this behavior,   it was found 
that the amplitude-depth relationships change later in the signal. 

To obtain the amplitude-depth relationships discussed above,  several signals 
were analyzed as follows.    Overlapping 5 sec segments of the signal were 
taken at the surface and at depth.    The Fourier transform of each segment 
was calculated and the ratio of deep-hole signal-to-surface signal and the 
phase angle difference between them were recorded.    Each segment was 
passed through     cosine window before the Fourier transform was taken to 
minimize the edg    effects. 

Figure 32 shows the results from two of these segments; the first segment 
covered the first 5 sec of the signal and the second covered the next 5. 0 sec 
It is apparent that there is an appreciable difference between them.    The 
amplitude ratio of the first 5.0 sec is in excellent agreement with the theory 
for incident P waves.    The next 5.0 sec is not in agreement indicating the 
presence of other wave types. 

6.    TRIAXIAL ARRAY,   TASK le 

The evaluation of deep-hole instruments that was called for in Task lb 
resulted in a determination that the existing short-period triaxial seis- 
mometer (developed under Project VT/072) was inadequate for routine 
deep-well use.    Extensive design modifications were made,   resulting in 
an instrument suitable for field use.    TR 66-67 was prepared which described 
the instrument in detail and the tests performed on it in the laboratory     A 
complete system,  composed of four triaxial seismometers,  amplifiers, 
cables,  winches,  control equipment, and associated standard equipment was 
assembled and made ready for field measurement program. 

An installation was made at AP-OK and operated in conjunction with the 
digital recording system discussed in section 8 of this report.    Figure 33 
shows an outline drawing of the seismometer; figure 34 shows one module 
of the seismometer; figure 35 shows the array controller designed for the 
array; and figure 36 shows a block diagram of the system. 
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Figure 32.    Ratio of surface-divided-by deep-hole amplitude for the first 
5.0 sec and the next 5.0 sec of a teleseism from Argentina 
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Figure 34.    Triaxial seismometer module and switch 
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Figure 36,    Simplifi.d block diagram of triaxial array „yatem 
G2332 
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Figure 37 shows a comparison of background noise recorded at the Grapevine 
Test Site.    Comparisons of the coordinate-transformed output of the triaxial 
system with the output of the 18300 s/stems show excellent correlation.    In 
addition to the coordinate-transformed Z output, a direct summation Z is 
also shown.    The correlation,  again,   is excellent. 

7-    CONTINUE TO DEVELOP TECHNIQUES.  TASK If (1) 

7. 1   INVERSE DIGITAL FILTERS 

In processing an array of deep-hole seismographs, two general approaches 
can be employed:   (a)   the processes such as optimum Wiener filtering with 
assumptions about the signals,  in which case the signals do not need to be 
changed, or (b) processes such as maximum likelihood filters or the tech- 
niques shown in figures 38 and 39 in which case the signals must be inverse 
filtered.    The simplest approach is to filter the deep-hole signals in such a 
way as to make them look like the surface signal; however,  it is also possible 
to change all the signals to duplicate any of the deep-hole signals.    We will 
call the filters that change a signal recorded at one depth to the signal at 
some other depth inverse filters. 

The filters that are needed can be expressed as rational functions of Z, 
where the Z-transform (Jury,   1964) method is employed. 

The most general digital inverse filter is gi^en by: 

=   A(z)      as      aQ -I-atz"1 + a2 z-2 -f .   .   .   .   + an z F(z)   =   am      r    -^ —l —T B(z) b0 + biz-l + b2z-^ 

-n 

+ hmz-™ 

By rewriting the formula as B(z) . F(z) = A(z),  it is apparent that F(z) is the 
filter that changes the time series B(z) into the time series A(z).   In terms 
of inverse filtering as applied to deep-hole signals,  the filter should change 
the signal recorded at one depth to that recorded at another depth.    The 
time series A(z) and B(z) are the responses that would be recorded at the 
different depths if the incoming signal were a unit impulse, that is,  the 
impulse response of the layered halt space that is taken as model of the 
section penetrated by the hole, 

F(z) can be expanded by long division (Jury,   1964) into a simple polynomial: 

||J|    =     f0 + f1z-1 + f2z-2
+   .    .    .   +fkz-k + .   .   .    . 
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In general    the expansion of F(z) will result in an infinite series.    In the 
fxlters used In this work,  the deep-hole inverse filters are stable and the 
coeffieiantl converge to zero; however,  they converge only slowly      The 
serxes was truncated to a length of 125 points and a cosine taper was applied 
to smooth the results. p ap^nea 

^«iw/L0^101 ^ inV!r8e filter by l0ng divi8ion and truncation,   it is possible to design a one-channel optimum filter of the .ame length; this 
approach was also tried.    The difference in the results was negligible; 
therefore,  the long division process was employed. 8   *     «. 

In order to obtain shemr filters that would function more effectively In 
on-hne processing,  it was decided to use recursive filters.    Consider"the 
followxng füter.  where X(z) is the input and Y{z) is the output: 

Y(z)  = *o + al'      ^2»  ^    .    .   .   .   tanz-" 
y A\z; 

1 + bjz-i + b2z-Ä +   ....    + bmz-»« 

where b0 can always be made equal to 1 (unless it is zero) by dividinc 
numerator and denominator by b0. 

By some mathematical rewriting,  the formula can be changed imo: 

YU) = (a0 + a.   Z-l + .   .   .   .   an ,-iij x(z) .. ,-1 YU   (bj + ^ z.i+ 

+bmz-m + I) 

The output Y(z) is thus equal to input convolved by A(2) minus the output 
delayed one sample interval and convolved with B(z).   In ca., of deep hole 
processing where the deep-hole signals are usually filtered to approximate 
he surface signals,  it is possible to go one step further and design a filter 

that uses only the present input and past outputs.    This approach is possible 
in the present case because A(z). the impulse response of the surface seis- 
mographs    consist of one large impulse and some very minor reverberations. 
The desired filter is: 

F(z)   =    £1*1 * J- 
B(z)       C(z) 

C(z) can be obtained by synthetic division of B(z) by A(z).    Because of the 
nature of A(z), the result is very nearly B(z) and the length of the filter has 
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not increased because the values at lags greater than m (the length of D(z)) 
are extremely small and can be neglected.    Thus, the feedback filter presently 
being used is: 

Y(z) = X(z) - z-1   Y(z) (bj + b2 z"1 +   .   .   .   . +bm z-m + 1 
) 

Figure 40 shows the same signal inverse filtered by the two techniques 
discussed.    The results are essentially identical for the signal.    The noise 
appears slightly different; the reason for this behavior is that the feedback 
filter is exact while the normal inverse filter is a smoothed approximation. 

7. 2   Optimum Filtering Techniques 

A large variety of optimum filtering techniques can be employed to operate 
on the data provided by a vertical array of seismometers.    Not all the 
processes that will be tried are finished at this time. 

The derivation of the Wiener optimum-filter equation has been reported   in 
numerious publications (for example,  Burg,   1964) and will not be discussed 
here.    Discusöions of optimum filtering in this report will be confined to the 
Wiener least mean-square technique discussed b/ Burg (1964). 

The most obvious app oach is to employ conventional optimum filtering 
where the signal mod.il is chosen to conform with the behavior at depth of 
teleseismic signals.    The noise correlation matrix would be obtained from 
actual recordings while the signal would assume to be white over the period 
range of interest.    The cross-cor relation between signal and signal + noise 
would assume the signal to be uncorrelated with the noise, and the desired 
signal would be taken as the surface; the cross-correlation used would then 
be the correlation between the signal at the surface and the signal at the 
depths at which the different seismographs are operated.    This approach 
should be tried in order to compare the results with thoae obtained from 
other techniques.    The techaiques that have been used to date .^re shown in 
figures 38 and 39.    These processing schemes are based on the concept that 
elimination of the assumptions made about the signal in conventional optimum 
filtering would result in a more effective processor.    Whether this concept is 
valid cannot be determined until the conventional optimum-filtering techniques 
have been tried.    Figure 38 shows the filtering technique used in the first 
attempts to improve the detection capability of the site.    As shown by the 
schematic, the signals are first equalized by the inverse filters discussed 
in section 6.    After inve     s £iltering, each deep-hole channel is subtracted 
from the reference channel to produce a trace that consists only of noije. 
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Although the surface channel has been used as a reference channel throughout 
the present analysis,  any channel can be used as a reference.    In fact, at 
sites where there is an appreciable increase of signal-to-noise ratio with 
depth (which is not the case at AP-OK),  the surface must not be used as a 
reference because it would introduce excessive amounts of noise into the 
process. 

An optimum filter was then constructed where the desired signal is the noise 
at the surface and the actual noise recorded in the deep hole is to be sup- 
pressed.    It must be noted that the usual assumption of that desired signal 
(surface noise) and noise are uncorrelated is not correct; the optimum filters 
are designed from actual data (including correlation of signal and noise) and 
no assumptions about the signal are made.    The output of optinnum filters is 
then subtracted from the surface to obtain the actual signals.    As shown in 
figure a and b the process can use either mu'ti- or single-channel optimum 
filters. 

Figures 41,   42,  43, and 44 show the spectrum of the noise at the surface 
and the spectra of the th :ee single-channel outputs of the process.    The 
plastic overlay of surface noise in the envelope at back cover may be used 
for comparison.    The single-channel filters are all one-sided filters using 
only past data.    Figure 45 shows the direct sum of the three single-channel 
outputs.    In this case the output was divided by three to normalize it to 
equal signal amplitude.    The filter lengths employed was 71 points,   corre- 
sponding to 3.5 sec of real time.    In comparing the three single-channel 
outputs,  it is apparent that the noise level was only reduced by a small amount 
except at Z cps.    The reason for this behavior is probably the fairly low 
coherence between seismographs at these frequencies together with the fact 
that the amplitude-depth relationships of signal and noise are almost identical 
in this period range (for details see section 5. 1).    The peak at 3.0 secperiod 
was not redi ced appreciably by any of the filters mainly because the filter 
length was not sufficient,  however,  as these waves are not at the periods 
where teleseisms are usually detected,  no attempt was made to improve the 
performance. 

The 2 cps peak shown on all spectra is one main obstacle to visual detection 
at this site.    Comparison of the results of the single-channel cases indicate 
that deep-hole 1 (2880 m) was by far the most effective and rer.uced the power 
in the 2 cps peak by 12 dB.    The single-channel process operating on deep- 
hole 3 (1060 m) did not reduce the power while deep-hole 2 (1980 m) achieved 
a reduction of 5 dB.    Therefore, a single-channel optimum filter operating 
on the bottom seismograph is the best processor.    Examination of figure 45 
which shows the direct sum of the three single-channel cases shows this 
sum is inferior to the single-channel deep-hole 1 process.    The reason for 
this behavior is that the high noise from deep-hole 3 is introduced by sum- 
mation. 
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Figure 42.    Spectrum of the noise after processing using surfa ce 
and deep-hole 1 (2880 m) noise 
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The type of processing discussed above depends heavily on ucing the correct 
inverse filters. Any errors in the inverse filteis will not subtract correctly 
and will be operated on by the optimum filters,  thus introducing errors. 

Figure 40 shows a teleseismic signal as recorded by the surface and deep- 
hole  1,  together with the inverse-filte red deep-hole signal and the signal 
passed through the single-channel process (using deep-hole 1) discussed 
above.    It will be noted that the inverse-filte red signal is slightly different 
from the surface signal; however,  this difference is caused by noise as 1=* 
shown by the elimination of the differences when passed through the optimum 
filter. 

It must be noted that the signal used is sharper (higher frequencies) than 
the usual teleseism and thus constitutes a severe test for the inverse filters. 

The inverse filters are expected to show some errors,   relative to the noise 
level,  for large signals; however,  for large signals,  processing of the data 
is not necessary.    Although the noise attenuation shown by the spectra was 
obtained by processing the same noise  sample from which the filters were 
calculated, the signal occurred several days later.    The results indicate 
that the filters were still effective at this later time. 

Figures 46 and 47 show the spectra of the results of using a multichannel 
optimum filter with deghosting inverse filters (figure 39).    Both one-sided 
(past information) and two-sided (past and future information) filters were 
used.    In both cases the 3. 0 sec peak was attenuated in power by approximately 
7 dB.    The reason that the multichannel filters attenuated the 3.0 sec peak 
more than singH-channel filters is probably that the multichannel filters are 
able to make better use of slight phase differences between channels after 
inverse filtering.    At the 2 cps peak, the one-sided filter results in anattenu- 
ation of noise power practically identical to the single-channel technique 
operating in deep-hcle 1.    This result appears to indicate that the multichannel 
filters essentially only make use of the noise in the de^p-hole 1 trace to 
attenuate this frequency.    For reasons that are not understood at present, the 
two-sided multichannel filters were less effective in suppressing the 2 cps 
peak than the one-sided ones.    Figure 48 shows a signal when passed through 
the different processors discussed above; in no case was the signal degraded 
to any appreciable extent. 

For comparison with the outputs of the different processors, figure 49 shows 
the result of the direct summation of the inverse-filtered channels with no 
optimum filtering.    At 2 cps the direct sum is definitely inferior to both the 
single-channel filter using deep-hole or the multichannel filters.    It also 
failed to attenuate the peak at 0.7 sec period as well as the single-channel 
filter. 
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Figure 50 shows the results of using a single-channel ghosting technique of 
the type shown in figure 39.    For reasons that are not understood at present, 
the results are inferior to the single-channel deghosting filter technique if 
the attenuation of the spectral peak at 2 cps is used as the criteria.   At 0.5 
cps the ghosting technique resulted in a greater attenuation of the noise.   The 
process is working correctly as indicated in figure 48 in which deep-hole 1 
(unfiltered) and the final output of the process are shown. 

The results obtained to date indicate that the one-sided single-channel 
optimum filter using the deep-hole 1 and the surface (as reference) is the 
most effective processor tried to date.   The probable reason for this behavior 
is the similarity between signal and noise, which only at the bottom of the 
hole shows sufficient differences to allow the filters to effectively operate on 
them. 

Figure 51 shows an example of a small teleseism (epicenter, Crete, magnitude 
4.0) as seen by the surface seismograph, and after processing using a 
deghosting filter and a single-channel optimum mter operating on deep-hole I. 
While the signal is obvious on both traces, the first break was noticeably 
improved on the optimum filter trace. 

The principal problem encountered in the processes discussed above is a 
result of the similarity between the signal and noise.   In the computer 
program, the Levinson reiterative process is used; in general, one of the 
aubmatrices in the calculation became singular within the limits of accuracy 
before 71 points of the filter were calculated.   Usually, the problem could 
be resolved by adding sufficient white noise (5 to 10 percent) to the correlation 
matrix.   However, even using this approach, many of the optimum filters used 
were not at long as 71 points.   The filter's computation is stopped when the 
mean-square error shows an increase, which often indicatea a singularity 
in a submatrix.   However, great care must be employed when this happens 
because the singularity often occurs before it appears in the mean-square 
error.    Therefore, the last set of filter points is not valid, and a previous 
set (before the error) must be used.    The correct set can only be determined 
by careful inspection of the filter points.   It is expected that the program will 
be changed in the future so that it prints out warnings when singularities 
occur. 

It must be emphasized that this pioblem is caused by the particular signal 
and noise correlation used, and is not a problem in the more usual filter 
computations. 
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Figure 50.    Spectrum of the noise after single-channel optimum 
filtering using the ghosting method 
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8.    PROVIDE AND MAINTAIN AN ON-LINE SIGNAL PROCESSOR, 
 TASK If (2) 

8.1 COMPUTER 

A number of digital systems were considered for use in this task.    The 
general specifications for the system were as follows: 

Number of channels 32,  minimum 
Samples per second 20,  maximum 
Resolution,  bits 14 (13 + sign) 
Input impedance >50 K fJ 
Tape format Gapped, IBM compatible 

The final choice of an on-line processor was the Adage    Inc., Computer, 
the Ambilog 200,    The specifications for this computer met our require- 
ments, and the equipment was procured and installed in an LRSM recording 
van that was transferred to this project.    Figure 52 shows the arrangement 
of racks in the van and figure 53 shows the operator's console. 

8.2 PROGRAMMING 

Because of the need to do real-time processing of data, all programs for 
the computer were written in machine langurge.    Included among the pror 
grams were a digitizing program (GTCH6),   an on-line  inverse filter program 
(GTCHY) and a data listing program (DALST).    GTCH6 and GTCHY provide 
for operator input so that station identification,  day of year,  year,   starting 
time,  and sampling rate is included in each record on the tape.    The time in 
the record is updated programatically.    Figure 54 shows the format used to 
digitally record data.    DALST is a useful program for listing data from the 
tape on the typewriter. 

8. 3   DIGITAL SYSTEM PERFORMANCE 

The digital system was installed in a recording van in April 1966.    When 
the software was received,   it was learned that the requested digitizing 
program had not been written.    Consequently,   some time was lost whil» 
this was done.    In August,  the memory was increased to 16K and ambilogical 
subsystems were installed to permit on-line processing of data.    During the 
intervening tima,    difficulty was experienced in using the Adage-furnished 
systems programs.    The difficulty was finally traced to a tolerance buildup 
between machines.    Adage subsequently rewrote their programs to remedy 
the problem.    Another problem that caused considerable difficulty was the 
presence of spurious noise pulses as illustrated in figure 55.    These pulses 
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Figure 55.   Plot of three triaxial sjismometer summations. 
DH-1 at 2897 m,  DH-2 at 198: m.  DH-3 at 1067 m. 
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occurred at 3-sec intervals,   coincident with the tape-writing operation. 
Adage worked with us in finding the cause.    In August,  they made hardware 
mcdification to the computer and assisted us in revising our digitizing 
program in an attempt to eliminate the problem. 

In September,  we experienced an intermittent memory failure,  and personnel 
from Adage and Fabritec (the manufacturer of the memory) attempted to find 
the cause.    The failure was of such a nature that it was not conclusively 
found. 

In June and again in October,  we experienced a catastrophic failure of the 
computer.    Each time, approximately 25 transistors were destroyed in the 
system control unit (SCU).   Adage has taken the position that the cause was 
either a line transient or a lightning strike.   A difference of opinion exists 
between their company and ours that may never be resolved. 

During September and October,  we were troubled by frequent failure of the 
computer and/or prog-ams that caused the computer to fail to execute our 
data-gathering programs.    The exact cause is still not clearly understood 
by us or Adage.    During this period.  Adage made hardware modification and 
again revised o ir software. 

During November,  we continued to have difficulty loading the Adage programs 
and difficulty operating our own programs.    Further,  the noise pulses were 
again obse-ved. as shown in figure 56.    A service man from  Adage  came to 
the site to find the difficulty.   Another Adage employee came to repair a 
minor difficulty with the typewriter.    The cause oi the difficulties with the 
computer was not found. 

During October,  November and December,  we found that an alarming 
number of parity errors were detected while working off-line with the data 
It was established that the errors were the result of failure of the system 
to write the parity bit,   rather than errors in the data.    Toward the end of 
December it became impossible to read program tapes at all.    Through use 
of an alignment tape it was determined that the tape transport was not reading 
tracks 1 and 4 of the tapes.    Two defective transistors were found and 
replaced.    This seeme to have cured the problem and was possibly the cause 
of the parity bit problem.    During testing to find the cause of this failure, 
a failure occurred in the memory.    A defective transistor was replaced and 
the system was again operational and remained so to the end of the technical 
program. 

8.4   PERFORMANCE COMMENTS 

Although many problems were encountered with the digital system,  it was 
still used for its intended purpose es described in an earlier portion of this 
report.    Further,  we found the manufacturer of the equipment to be 
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cooperative and as anxious as we to finH ar,^ ^..      .u 
Any crU.ci,™ or .he co^ucer sLu.d'1 be   e^dt Tl",'.t,""""'" ' 
remotely „.ua.ed with respect to Adage service Ce„tels and ,h^,h   T 
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10.  CONCLUSIONS AND RECOMMENDATIONS 

10.1   CONCLUSIONS 

10   1   1   The deep-hole vertical arrays were effectively used to gather data 
for use in work designed to increase understanding of the composition of 
noise and the behavior of "signals. 

10. 1.2   The vertical array of triaxial seismometers was operated routinely. 

10   1   3   Although intermittant problems were experienced with the on-line 
processor,  it was. nevercheless. useful in digitally recording data for off-hne 

use. 

10. 1.4   Additional programming effort will be required to imp lernt-it on-line 
data processing techniques. 

10   1  5   The inverse filters were shown to operate correctly on the teleseismic 
P-wave signals for which they were designed.    Failure of the filters to operate 
correctly was shown to be caused by the presence of wave types other than the 
P waves for which the filters were designed,  resulting in a degradation of 
results. 

10 1 6 The best processor found was a single-channel optimum filter using 
a deghosting filter operating on the bottom seismograph (2880 m) and on the 

surface. 

10.2   RECOMMENDATIONS 

10.2. 1   Before additional short-period triaxial seismometers are constructed, 
redesign should be undertaken to increase their r-rggedness. 
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10.2.2   The digital system should be further improved to increase its 
reliability before it is used in a continuous (24 hr/day) application. 

10.2. 3   The techniques to improve the S/N ratio discussed in this report 
'ieed to be tried at other sites where different kinds of noise fields are 
present. 

10.2.4 Several other optimum filtering techniques such as the maximum 
likelihood type need to be tried and the results compared with the results 
discussed in this report. 

10.2.5 Only a small amount of effort was expended on the horizontal data 
obtained because the vertical motion processing was considered to be more 
important.    A g-eat deal more effort is needed to gain an understanding of 
the horizontal-motion noise field and to examine the processing techniques 
that can be used. 
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AFTAC PROJECT AUTHORIZATION NO.  VELA T/5051 
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STATEMENT OF WORK TO BE DONE 
AFTAC PROJECT AUTHORIZATION No. VELA T/5051 

1. Tasks. 

a. Conduct systems engineering on deep-well Instrumentation to obtain 
a capahlllty of operating up to 6 seismometers in a borehole simultaneously 
Evaluate the applicability of mult 1conductor data cable with quick disconnect 
features between Instruments In a vertical array. No major redesign of the 
deep-well seismometer Is antlclp/ited although mass size may be reduced to meet 
size and weight limitations. FoiLowlng design approval by the government, 
assemble and conduct operational tests on the recwmended deep-well selsmo- 
graphlc system. K 

b. Maintain and operate the deep-well test facility near Grapevine, Texas, 
for the purpose of testing equipment modifications, developing new handling 
and emplacement techniques, and qualifying calibration and operational proce- 
dures for the deep-well seismograph. In this regard, field evaluation of new 
or improved deep-well derices, such as the borehole triaxial SP seismometer 
unaer Project VELA T/072, will be conducted at Grapevine prior to use In field 
measurements tasks. 

c. Continue to measure signals and nolpe in deep and shallow boreholes 
where additional data are required. These field measurements do not antici- 
pate any preparation of new deep-well sites but provide for occupancy of 
several boreholes previously conditional and available. Data should be 
obtained for the purpose of supporting anaLyais of the behavior of seismic 
signals and noise with depth. A limited number of shallow borehr^s mav be 
required in support of this ttsk. 

*. A'    Provide for compete and detailed analysis of data resulting from 
field measurements and develop means of processing multiple signals from 
borehole arrays of 3 to 6 sensors. Major effort should be devoted to 
prediction of deep- and shallow-buried rxriya  under varying conditions of 
surface noise, environmental influence«, geological struct res, and geosraohic 
location. Large scaJe computer support of the CDC 1604 class is not author- 
ized but will be provided by separate arrangement with the AFTAC project 
officer. y   J 

2. Reports. 

a. A monthly letter-type manageraent «od prograss report in 14 copies 
summarizing work through the 15th of the month, will be dispatched to AFTAC 
by the end of each month. Specific topics will include technical and 
financial status, major accomplishments, problems encountered, future plans, 
and any action required by AFTAC. The financial status In each report should 
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include estimated expenditures and commitment« to date, estimated funds 
available to complete the work, and aatlmated excess or deficiency of funds 
Illuscratiaoa aid photographs should be ineLuded as applicable.  In 
addition, the monthly report submitted for ^he reporting period occurring 
6 months prior to the scheduled contract completion date shall contain 
specific statements concerning recommendations or requirements and justifi- 
cations for extensions, modifications, or expiration of work and any 
changes in cost estimates which are anticipated by the contractor. The 
heading of each report should contain the following informations 

AFTAC Project No. VELA T/5051 
Project Title 
ARPA Order No, 
ARPA Project Code No. 
Name of Contractor 
Date of Contract 
An.ount of Contract 
Contract Number 
Contract Expiration Date 

Project Scientist's or Engineer's Name and Phone Number 

b. A list of snagested mUestonc will be dispatchea to AFTAC in 
14 copies not later than 20 September 1964. Milestones are defined as 
accompUshments which present significant progress when completed. Each 
milestone should be briefly described and completion daces  should be 
estimated. Upon arrival of milestone information, copies of SD Form 350 
will be furnished for reporting progress against the trilestone schedule 
The SD Form 350 will be attached to the monthly report 

c. Special reports of major events will be forwarded by telephone, 
telegraph, or separate letter as they occur and should be included in 
the following monthly reports. Specific items are to include (but are 
not restricted to) program delays, program breakthroughs, and changes in 
funding requirements. 

d. Special reports, as requested by the AFTAC project officer, may 
be required upon completion of various portions of the work. 

e. An initial technical summary report in 50 copies, covering work 
performed through 30 January 1965, will be submitted t5 AFTAC within 
15 days after the close of the reporting period. A semiannual technical 
summary report in 50 copies, covering work performed through each 
6-nr.nth period following the close of the Initial reporting period, will 
be f.ubmitted to AFTAC within 15 days foil« ing the close of the reporting 
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period. These reports will pvasent a precise and factual discussion of 
the technical findings and accotnpllahments during the reporting period, 
The heading of ehe report will contain the heading information indicated 
in paragraph 2a. 

3. Technical Documents. The contractor will be required to furnish the 
following technical documents: 

a. All seismograms and operating logs, to include pertinent information 
concerning time, date, type of instruments, magnifications, etc., as requested 
by the AFTAC project officer. 

b. Technical manuals on the installation and operation of all technical 
equipment installed during the duration of the contract for this project. 

c. Two sets of reproducible engineering drawings and specifications for 
any changes or modifications- in standard operational equipment and instruments, 
and for any new equipment designed, together with 2 sets of prints of these 
same drawings. 

5. Miscellaneous. DB Form 1423, Contract Data Requirement List is attached. 
All technical reports and documents are to be forwarded to: 

Hq USAF (AFTAC/VELA Seistnological 
Center/Maj Meek) 
Wash DC 20333 
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AMENDED STATEMENT OF WORK TO BE DONE 
AFTAC Project Authorization No, VELA T/5051 

1. Tasks. 
ft 

a. Under Task la, add: Assemble and operate 2 deep-well vertical 
array systems at locations designated by the AFTAC project officer. 
Each system will consist of up-to 6 sensors suitable for borehole use 
and appropriate surface recording Instrumentation. Ground handling 
equipment, derricks, rigging, and Instrument winching shall be easily 
transportable between sites and capable of maximum flexibility in 
field measurements operations. 

b. Undir Task Id, add:  Develop, provide, and maintain an array 
signal processing apparatus capable of processing multiple data inputs 
from borehole arrays. This processing apparatus must ultimately be 
suitable for on-llnü operation and may be composed of digital as well as 
analog components. 

2.  Reports.  In lieu of the report requirements in paragraphs 2a, 
b, c,  d, and 3, provide monthly, quarterly, final, and speciil reports 
in accordance with sentence 1, paragraph 1 of Data Item S-17-12.0, 
AFSCM 310"!; however, if that data item conflicts with Attachment 2, 
Amendment 1, Project VT/5051, the latter will take precedence. 

^o^ 



REPORTS 
AFTAC Project Authorization No. VELA T/5051 

1, Monthly Progress Reports. Monthly progress reports will be submitted 
in 15 copies, commencing the 5th day of the second month after the 
effective date of the contract. The report will include identification 
information as outlined in paragraph 3b. These reports will include but 
not b«» limited to the following subject areas: 

a. Technical Status. 

(1) Major accomplishments. 

(2) Problems encountered, 

(3) Future plans. 

(4) Action required by the government. 

(5) Illustrations and photographs, as applicable. 

b. Financial Status. 

(1) Expenditures to date. 

(2) Man-months expended to date. 

(3) Statement concerning overrun possibilities. 

2, (Quarterly Progress Reports.  Quarterly progress reports will be 
submitted in 50 copies and in accordance with the format established 
for semiannual reports under Contract AF 33(657)-13668. The requirement 
for monthly status reports in  to be deleted when quarterly reports arc 
submitted. Quarterly reports will be submitted by the 15 day following 
the end of each quartei. Reports will include notices and identification 
information as outlined in paragraphs 3a and 3b, respectively. DD Form 
1473, Documen«: Coatrol Data • R&D, will be attached to each report 
(reference AFR 80-29). 

3, Final Report. The final report will be submitted in 50 copies not 
later than 2 months after the contract period, Format for this report 
will be in accordance with the final report format established under 
Contract AF 33(600)-43369. DD Form 1473, Document Control Data - R&D, 
will be attached to each report (reference AFR 80-29).  Report will 
include the following: 

a. Notices on the cover, first page, or title page as follows: 

(1) Sponsored by: Advanced Research Projects Agency, Nuclear 
Test Detection Office, ARPA Order No. 624. 

Atch 1 
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(2) Availability; Qualitied users may request copies of this 
document from: 

Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22341 

(3) Acknowledgment; This research was supported by the 
Advanced Research Projects Agency, Nuclear Test Detection Office, 
and was monitored by the Air Force Technical Applications Center 
under Contract AF 33(657)-13668. 

b. Identification Information; 

AFTAC Project No. VELA T/50S1 

Project Title 

ARPA Order Ho. 624 

ARPA Program Code No. 8100 

Name of Contractor 

Contract Number    • 

Effective Date of Contract 

Amount of Contract 

Contract Expiration Data 

Project Manager's, Scientist's, or Engineer's Name and 
Telephone Number 

c. All seismograms and operating logs to Include pertinent 
information concerning time, date, type or instruments, magnification, 
etc., will be provided when requested by"the project officer, 

^«  Special Reports. 

a. Special reports of major events will be forwarded by telephone, 
telegraph, or separate letter as they occur and should be Included In 
the following monthly report.  Specific items are Co Include, but are 
not restricted to, program delays, program breakthroughs, and changes 
in funding requirements. 

b. Special technical reports will be required for instrument 
evaluations, project recommendation, and special studies when it is 
more desirable to have these items reported separately from the 
quarterly or final reports.  Specific format, content, number of 
copies, and due dates will be furnished by this headquarters. 
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CONTRACT CHANGE NOTIFJCATION 
JUN 10 1365 

i     TOi 
T>.r Gectcchnical Corporaticn 
34C1 Shilch Road 
Garland, Texas 

1    MASTTU SF.1UAI NO 

5N-2827 

■ /}f'/"^J 

J.    CCN NO. 

_1  
3.    PACE    1 OF      I PACKS 

5     FROMi 

A£D (ASvvKS) Sp^«ial Projects Division 
Lirectorate 0:  Specialized Subsystems 
«j Equipment, Wright-Patterson AFB, Ohio 

<■•     PURCHASE REQUEST NO. 

WK-5-RD-2103 

7. CONTRACT NO. ANO/OR PURCHASE ORDER NO 

AF 33(6?7)-1366e 

f.    PROPERTY CLASS 

N/A 

^^r.Ur.S,Jan 0 f- ^'"u*68 ?f the c.?ntrfc.t r«1*""« to changes, the above named Contractor is hereby authorized and 
hörÄrn

0.a^0mp St thc,fhan
1?

M listed below m respect to the articles called for under said contract as the same has 
hereof Whtrdv^aLtKrfa^Ilvbe ame.nded: »ubject however, to the terms and provisions set forth on the reverse side 
«nC /^.ii* r b<>th ^ .Purch"« orde-, "umber and a contract number are shown above, both numbers will be used in 

.any shipping paper, packing sheet, invoice, correspondence, or related document, the purchase order number preccdinc 
tnc contract number. 

I;.,. 'The„Sta!e'r'ent 0f Wcrk T0 Be- Done- referr^ to in PART I is amended to include 
work under Project Authorization Kc. VELA T/5051/ASD/31 Amendment // ? dated ?6 May 
lyo},  as follows: ^ 

" Task lc of Project Authorization No. VEL. T/5051 is amplified to include 
ifoOO^S IV^ CV?e dZP'ViL1 8*1™™^ ™ the ocean bottom in approximately 15,000 feet of water at location designated by the AFTAC Project Officer. 

" FJur id!n
n
1
ti^al systems cf deep-well seismometers, cables, transmitters, buoys 

ana anchors will be provided, cf which three (3) systems will serve as spares. 

" This work shall be : acluded in reports required by basic contract. 

" Work shall begin 1 June 1965 and be completed by 1 August 1965" 

111 I* lS  a!!tilipat!.d that i^^P^ation of the changes cited above will increase 
M%o S™anMP £e 5y f" !ftimated amcunt of 0ne Hundred and Twenty Thousand Dollars 
rVTon'Snn'nn ' Fuf?ds ** th^ amcunt of 0ne Hur'dred ^d Twenty Thousand Dollars 
(s>120,000.00; are hereby obligated to cover the estimated increase in price 
resulting from this CCN. This obligation is for' ad-n:.nistrative purposes only and 
vail not affect the right of either party to negotiate an equitable adjustment 
according to the provisions of the clause pursuant to which this CCN is made. 

MWUNnr^r :mi 196b 
FUND ALK)TMENT:        97X01,00.1302 6l2k P5810 920F   VT/5C51    S595600/591600 

Effective Dates      26 May i965 
&** 

O^ ̂
c^ \C& 

10.    DATE 

26 May 1965 

11. nuo^i 

W.  A.  DALER 

AND SIGNATURE OF CONTRACTING OFFICER 

IV  DISTHIBUTIQN    ^ 
Dallas CM),   500 Ervay Street, Dallas,  Texas      752 01 

f\rrl ipR 59 di) rtivioui COITIOII» er THII reu« nur if utt». 



AMENDED STATEMENT OF WORK TO BE DCNE 
AFTAC Project Authorization No.  VELA T/5051 

1. Tasks la,   lb,  and that portion of Task 1c pertaining to oceanbottom 
testing,  which have been completed, are deleted. 

2. Task Id and the rest of Task 1c,  which are still applicable,  are retained 
and enhanced by the following specific tasks: 

a. Task le:   Assemble and operate an easily transportable vertical- 
array system employing 3 to 6 triaxial short-period deep-well seismometers. 
Record deep-hole three-component data at deep-well sites to be designated 
by the AFTAC Project Officer.    Analyze the data obtained to determine the 
behavior with depth of the horizontal anu vertical components of signals and 
noise. 

b. Task If:   Continue developing techniques for improving signal/noise 
ratios and detecting low-level signals by processing data from vertical- 
borehole arrays of vertical and triaxial seismometers.    Relate parameters 
of the processing techniques to varying conditions of seismic noi8e:   seismo- 
gr.-aphic system characteristics,  geological structure, and geographic location, 
Provide ard maintain an on-line verticrl-array signal processing device and 
field .est it at sites to be designated by the AFTAC Project Officer. 
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APPENDIX 2 to TECHNICAL REPORT NO.   67-3 

OFF-SHORE MEASUREMENTS PROGRAM VT/5051 



, -.     .  :; ■ 

28 July 1965 
TO: MEMORANDUM 

FROM: Richard M.   Shappee 

SUBJECT"   Off-Shore Measurements Program, 
Ref.  P-436,   Project VT/5051 

AE.STRACT 

A deep-ocean seismograph was installed in the ocean approximately 200 
nautical n iles     off Cape Hatte ras in water with a depth of approximately 
2000 fathoms   .    The seismograph consisted of:   a Model 20171 seismometer 
modifie«' to withstand high pressure and further modified to permit remote 
mass locking,  unlocking,  and centering; a Texas Instruments RA-3 amplifier; 
a voltage controlled oscillator; a telemetry transmitter; a programmed cali- 
brator; and a seven-conductor,   deep-hole cable.    Other portions of the 
seismograoh included a telemetry receiver,  a discriminator,  a Helicorder, 
and a tape recorder.    Four attempts were made to install the seismograph, 
and the last attempt was partially successful. 

INTRODUCTION 

The Statement of Work to be Done of Project VT/5051 was r mended on 26 May 
1965 to include " .... operational testing of the deep-well seismometer on 
the ocean bottom in approximately 15, 000 feet of water at locations to be 
designated by the AFTAC Project Officer. "   In accordance with the   Project 
Officer's recommendation,  a simple system was designed and made ready for 
measurements at sea on 19 June.    This date was chosen so that measurements 
might be made of explosions scheduled as part of the East Coast On-Shore Off- 
Shore Experiment (ECOOE).    The appendix shows the planned locations of 
explosions and the locations at which we planned to install our equipment. 

INSTALLATION OF EQUIPMENT 

The design of the original system taken to sea is shown in figure  1.    Figures 2 
and 3 show block diagrams of the electronic equipment used throughout the work, 

A vessel (R. V. rospector) was leased and set out from Newport News with 
equipment and personnel on 17 June. The ship was on station on 18 June but 
the initial installation was delayed by severe weather until 20 June 1965. 

1 1 nautical mile =  1.85 3 kilometers 
2 1 fathom _ 1.828804 meters 
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MEMORANDUM 
18 July  1965 
Page 2 

cable with reSultant eZ'r^^s ^[^r^r^^ ^^ 
to be caused by  rotation of the subsurface buovsandLt     l.^ ^ ^^ 
nontorque balance in the cable      Figure 4 ilW     >      teu

trah^ron ^d by 

seconc attempt was made to put the'syLm in iTh e ^ ^ kinking-    A 

weight with zinc coring weights      The cTb^ I    . ^ Sea'   ^^ the ^ain 
equipment returned to port    arrivxn^ t N M 

aßain ^ ^ Ship and 
purr,  arriving dt Newport News on 24 June  1965. 

Modificatior.s to the design were madP      ThoQ     ■     i   .,   J    , 
from 9.5 mn. to 11 mm in dTameW . ln    Uded changing the cable 

(figure 5) that wa. dTsTgned to s   "am"^    ^H"
110
' ^ an OCean b0tt0m "sle*" 

the surface buoy so that subsurfl OCean CUrrent     revision " 

to the anchor wli  hM^ ^    Thr^mTe:;;1 S"^^  and — 
-tended to minimize cable rotation.    T^^ i^r^Z ^ 

^l^Z^^Z ZZn^*8hip 8et out for - - 3 ^ ™. 
found impossible to unlocHL « * minimum ^ difficulty but it was 

Later exa^inat^rof^m      / ^1^^^^beCaU3e ^ ' ^ ^' 
mechanical binding in the gear box     Th   '     V WaS CaU8ed by 

without having insfalleo th! surface buoy an"^^"'1 raiSed ^ ^ ^^ 
except the sled and anchor.    Tn orLrZttLt   T^^' WaS hovered 
resumption of the ECOOE stot nrn the ^tem might be at sea for the 

been instructed     Itemed I./.'   KT ^ 6 July' * duplicate sled had *<* 

adequate.   redest./^Trbe ^«fa^rd^r6 ^ ^ ^ ^"^ WaS n0t 

value.    The shir returned to ZVlf duplicate sled would be of little 
of time that r.lulted from tl!    \ *  M " *'** *** ""^ructed.    The loss 

did not greL y a/fect r« J^rd!^ H .7^ "^ t0 COn8trUCt a »8W ^ 
during most of this Ume *        edUle■  ** 8h0t8 Were not deto-ted 

^V^8^ J^^tnlf Ihlt t^dde9T but inc,uded —8 - ^ 
and retrieved.    Addit oLllv    I 8 "1 ,     8led mi8ht more «-dily be installed 

the 230 kg anchor ^7/^^ ^iT ^ '^ ^ 
between the cable and tL ,* oetore,  weak links were provided 

some of the weak links. cable.    Figure 7 illustrates 

remaining on the winch drum and 3290 fathoms of cable 

i 
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MEMORANDUM 
28 July 1965 
Page 3 

in the water,   the T clamp was attached to the cable and secured with a doubled 
length of 16 mm polypropylene line.    When the load of the cable was partially 
transferred to the 16 mm line,  it appeared unsafe to continue to transfer the 
load.    Then a 25. 4 mm nylon line with a breaking strength of 11, 800 kg was 
attached.    With approximately 1/2 the load transferred to the nylon line,  it 
was observed that the line was stretching excessively.    Therefore,   the load 
of the cable at the T clamp was taken by a 1 3 mm steel rope attached to the 
winch boom while a 16 mm steel line and swivel from the winch was prepared 
to take the load.    The lb mm line appeared safe and the signal line was dis- 
connected at deck level jy breaking apart the connectors in the line.    A 
manila "tag line" was used to hold the clamp and signal line to the side of the 
ship while the work proceeded.    A tendency for the signal line to kink was 
noted when it was slacked.    The connector was made up to the buoy and the 
system operated with the buoy on tht ship's deck.    A calibration was per- 
formed and all appeared satisfactory.    Next the manila tag line was released, 
prior to lowering with the 16 mm line.    Upon doing so,  the signal line revolved 
approximately 15 times at a high velocity.    In doing so,  the signal line was 
severely wrapped about the T clamp (figure 8),  damaging the line.    Since it 
then appeared impossible to respool the cable,  it was decided to provide a 
strain relief between the T clamp and the buoy so the signal line would not be 
stressed and further damaged.    The system was still electrically operational 
at this time.    Four strands of 16 mm polypropylene line were used and the 
T clamp was lowered into the water while the buoy was lowered into the water 
using a cargo boom.    When the weight of the cable was supported from the buoy, 
the 16 mm wire rope was cut.    A line supporting the buoy from the cargo boom 
was cut and the system was then free of the vessel.    Sinultaneously,  the data 
line failed electrically,  undoubtedly from damage at the T clamp. 

The installation of the system began at 1300 EDST and was finished the 
following morning at 0300 EDST.    Work was concluded at that time,  with the 
telemetry transmitter and the flasher on the buoy operational.    The buoy 
was kept in si^ht throughout the night. 

At daylight,   the ship was brought near the buoy and it was observed that the 
ocean current was about 4 kt3 rather than 0. 8 kt expected and shown on charts. 
This greater current probably increased the cable lead from about 450 kg t^. 
about 1820 kg.    Figure 9 shows the buoy in the water.    Note that both floats 
■^re below water. 

^ 1 kt = 1 nautical mile per hour 
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Figure 9.    Buoy in the water 
G2257 
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Because the signal « ^le was severely kinked and believed likely to break 
at any time,  no attempt was made to retrieve the buoy,  cable,  or subsurface 
equipment.    If the cable Uad broken during recovery operations,  it was possible 
that the buoyant force of the buoy would propel it upward with a resultant 
injury to personnel nearby.    We were advised by the Captain of the Prospector 
that no liability would result from leaving the equipment in the ocean. 

RESULTS 

The system operated from the time the cable was connected to the buoy untxl 
the buoy was put in the water.    The programmed calibrator was cycled sev- 
eral times during this interval and operated satisfactorily.    Although some 
noise appears on the recordings that may be the result of movement of the 
buoy while on the ship's deck, approximately 30 minutes of data were recorded 
with the seismo neter on the ocean bottom.    Figure 10 shows a portion of 
recorded noise vvhich is believed to be representative of the noise at the ocean 

bottom, 

CONCLUSIONS AND RECOMMENDATIONS 

1. The techniques developed during this work were, for the most part, 

satisfactory. 

2. Improvement must be .nade in the method by which the weight of the 
cable is transferred from the ship and winch to the buoy. 

3     Future installations will have a greater likelihood of success if they are 
made at a location where the onean currents have lower velocity. 

-13- 
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APPENDIX 

The East Coast On-3hore Off-Shore Experiment was planned as a part of the 
Transcontinental Geophysical Survey.    Figures 1 and 2 show scheduled shot 
points and positions where the ocean bottom installations were attempted. 
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DESIGN OF A DEEP-HOLE VgRTICALARRAY 

ABSTRACT 

lesi'ed'n c      DeeP;r°le Vertical Ar^ wa8 completed.    The array was 
designed m groups of three seismometers.    As a result,  the vertical arrav 
can be operated with any multiple of three instruments. y 

JohneentrsradLU8edH8trdarCi deeP-hole seismograph componerts and new corn- 
ponents designed for use in the vertical array.    These nev. components 

Tdde'd t    fr0'617 ^"^^ line termi"ati- modules,   motor-dri^TPitches 
added to the seismometers, a control mechanism to select desired functions 

equipment ^ 8Ub8UrfaCe eqUipment'  ^eCial lectors,  and handling 

DIL
1
!,^

1
"
7
 
te8t8 indiCated that ^ de8i8n 0f the array w^ satisfactory 

Urusefnir8
as8Urernent8 ^^ ^ ^ array Wil1 be re^ired to demonstrate 
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DESIGN OF A DEEP-HOLE VERTICAL ARRAY 

1.    INTRODUCTION 

This report discunses a project of research in deep-hole seismology. The 
work reported herein covers the design of a deep-hole vertical array suit- 
able for use at depths up to 3040 m. 

The purpose of this report is to present the technical findings,  accomplish- 
ments, and design details of the vertical array.    The report is submitted as 
a special report in compliance with paragraph 2,  Reports, of the Statement 
of Work to be Done,  Project VT/5051. 

The body of the report is organized to first describe the basic system and 
design philosophy,  then describe the design details of the new components 
required in the vertical array, and finally, describe operational tests of the 
system. 

The work done was authorized in the Statement of Work to be Done of 
Project VT/5051 as Task la.    The project was under the technical direction 
of the Air Force Technical Applications Center (AFTAC) and under the 
overall direction of the Advanced Research Projects Agency (ARPA). 

Task la is as follows: 

"a.    Conduct systems engineering on deep-well instrumentation to 
obtain a capability of operating up to six seismometers in a bore-hole 
simultaneously.    Evaluate the applicability of muiticonductor data cable 
with quick-disconnect features between instruments in a vertical array. 
No major redesign of the deep-well seismometer is anticipated although 
mass size may be reduced to meet size and weight limitations.    Following 
design approval by the governm«nt, assemble and conduct operational tests 
on the recommended deep-well iseismographic system. " 

Our letter of 17 August 1964 (appendix 1) requested approval of our design, 
as required in the Statement of "Work.    Approval was received on 21 Septem- 
ber 1964 (appendix 2) and the comments of the Project Officer were carefully 
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considered.    As a result,  the design of the system was modified to more 
nearly fulfill the objectives set forth in paragraph 3 of appendix 2.    Conse- 
quently, the final design of the systen was somewhat different than that 
described in appendix 1. 

2.    DESCRIPTION OF THE VERTICAL ARRAY, 
MODEL 22625 

Figure 1 illustrates the components of the vertical array.    As shown,  three 
seismometers are operated on each of two cables.    Each cable contains 
seven electrical conductors.    Each of the top two seismometers on each 
cable has provisions for quick connection of two cables.    Each of these 
seismometers also has an assembly added to permit surface control of 
subsurface switching of cable leads as required to perform calibration or 
operation of the seismometers. 

The holelocks used with each of the top two seismometers on each cable 
were modified to use "cams*1 rather than the normal locking arms.    This 
was done so that the seismometers could be locked at any position in the 
casing rather than just at casing joints.    The holelocks were further modi- 
fied to guide the cables so thev would not be damaged by the holelock cam. 

The process of installing the seismometers in the hole may be summarized 
as follows: 

a. The seismometers are in the rack at the surface,  ready for 
installation. 

b. The cable and connectors are reeled onto the winch, and the end 
of the cable is threaded over the sheaves, ready to connect to seismometer 
No.   1. 

c. The cable is connected to seismometer No. 1; the instrument is 
picked up from the rack and is lowered into the hole to a depth equal to the 
separation desired between instruments. The cable is then clamped at the 
well head to support the seismometer and cable weight. 

d. The cable connectors are parted at the first joint and are connected 
to seismometer No.  2.    Seismometer No.  2 is hoisted into the air, lifting 
seismometer No.   1 and the cable clamp at the well head. 
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e. The cable clamp is removed at the well head, and seismometers 
Nos.   1 and 2 are lowered until seismometer No.  d. has been lowered to a 
depth equal to the separation desired between instruments. 

f. These steps are repeated to pick up seismometer No.   3 and all 
instruments are lowered to total operating depth. 

g. All seismometers are locked into the casing with the holelocks.. 

By selecting the conductor leads in the deep-hole cable with the Array 
Controller, Model 22500, Housing Assembly,  Model 22640, and Line Termi- 
nation Module, Model 22834,  each seismometer is calibrated.    After the 
calibration is completed,  the conductor leads are again switched to connect 
the seismometers to the phototube amplifiers,  so that all seismographs are 
in operation. 

3.    DESCRIPTION OF THE COMPONENTS OF THE 
VERTICAL ARRAY 

3. 1   CONTROL HOUSING ASSEMBLY, MODEL 22640 

The control housing acc^mbly, figure 2,  contains cable connector receptacles 
and the motor-operated switch assembly showa in figure 3.    The housing 
assembly provides terminations for the cables at the seismometer,  permits 
remote selection of a given function of the seismometer, and electrically 
connects the appropriate cable leads to the seismometer. 

The switching function is accomplished by use of a motor-driven geneva 
drive to rotate cams, which in turn operate Microswitches.    The geneva 
drive provides a long dwell time at each switch position in order that the 
switch one ration will be reliable.    Sensing of the switch position is accom- 
plished as described in paragraph 3. 3. 

3. 2 CABLE CONNECTORS AND ADAPTER 

Figure 4 shows tome of the cable connectors used in the array.    These 
connectors are substantially smaller than standard deep-hole connectors. 
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Connector,  Model 22504 

Connector,  Model 22502 

tÄ 
-Ä-^ 
^^y 

9077 

Connector,  Model 22503 

Connectors, Models 22503 and 22504 

Adapter, Model 22520 

Figure 4.    Connectors 
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Short lengths and small diameters are essential because the connectors are 
required to pass around sheaves and spool onto the winch drum.    Figure 4 
also shows an adapter that is used at the tops of four of the seismometers in 
the array of six.    (Schlumberger adapters are used on the bottom seismometer 
of each group of three instruments. )   The adapter functions as a fishing head 
and weak link for the seismometer,  in addition to providing electrical connec- 
tions.    If it is uecesjary to break the cable away from the seismometer while 
at depth,   screws at the top oi the adapter will fail at a predetermined tension 
and the inner assembly of the connector will pull out with the cable,  leaving 
an exposed,  unobstructed fishing head. 

3. 3   ARRAY CONTROLLER,  MODEL 22500 

Figure 5 shows the Array Controller,  Model 22500.    This device is used to 
control the functions of three seismometers; two array controllers are 
necessary to control an array of six seismometers.    The array controller 
provides voltage to operate the motors in the Housing Assembly,  Model 22640, 
described in paragraph 3. 1.    The position of the switch in the housing assembly 
is sensed by monitoring the current flowing in the motor circuit; resistors 
are shunted across the motor at the various positions in its rotation, and the 
current change is used to sense the position of the  switch.    The resistors are 
isolated from the motor by a lov;-voltage zensr diode; sensing of the motor 
position may be accomplished without operating the motor by applying a voltage 
less than the zener voltage and measuring the current through the resistors. 
The array controller also contains switches to remotely operate the Line 
Termination Modules,  Model 22834, described in paragraph 3.4. 

3. 4   LINE TERMINATION MODULE,  MODEL 22834 

Figure 6 shows the Line Termination Module,  Model 22834.    This unit pro- 
vides termination for three signal circuits and is electrically equivalent to 
three Line Termination Modules,  Model 5874A,  except that the free-period 
function is relay controlled,  and a relay is provided to permit switching of 
the signal lines to an external circuit rather than to the phototube amplifier. 
The Model 22834 fits a Data Line Terminal,  Model 7149. in the same space 
as three Model 5874A modules. 

3. 5   OTHER COMPONENTS OF THE ARRAY 

Appendix 3 lists all components of the array. 

TR65-3 -8- 



o o 
in 
eg 

c 

m 

0) 

r—I o 

c 
5 
U 

n 
h 
< 

in 

TR 65-3 -9- 



Figure 6.    Line Termination Module,  Model 22834 

TR 65-3 10- 



INSTALLATION AND OPERATION OF THE VERTICAL ARRAY 
    AT GRAPEVINE..  TEXAS.   TEST STTT 

4. 1   OVER-THE ~HOLE EQUIPMENT 

a^rVeclte^f th^6 ^ ul ^ TX) "" U8ed t0 te8t the ™^ 
DerLr^fn        1        i^ 'lme 8chedule.  only limited laboratory tests were 
performed on the mdxvidual components prior to the start of tests at GV TX. 

The avjiable facilities at GV TX included a 3040.m deep hole    two skid 
mounted winches and cables,  a standard oil-field derrick ov^'the h^le    and 

Kange Se.smic Measurement Program.  Project VT/405iI and surfrce 
mstrumcn ation from that project were available. 

The winches were used in previous measurements at GV TX     The cable 
conductors are connected to the surface equipment through slip rtgs     The 
slip rings do not contribute measurable noise to the system. 

Jrhre
av

er TiC, T1 ^ 8ite„Wa8 U8ed for inB,^tion and operation of the vertical 

de.c.ibed ■■> th.. report wa. largely experimental,  the derrick wa. left J 
place and used in preference to a tripod. °"ricK was left m 

As shown in figure 7,  the derrick was modified to include a stand .„ h„iH 

free standing O^^I^JT!^^ ^ " "^ ^ 

4.2   LIGHTNING PROTECTION 

PTAW.r the ST nUniber 0f Conductor8 «q^red to connect between the 
PTA location and the recording van. a Station Protector.  Model 7148    wA 
used at each end of the cables rather than individual pro ector       WlLVl 
-how. the protector installed at the PTA building.    This protector    Model 7148 
If the same a. that used at the recording van in'a normal^RSM inst^adon       ' 

Cook Electric Protectors.  Model 09. were used at the winches. 
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Figure 7.    Seismometer stand 
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4. 3   SURFACE ELECTRICAL CABLES 

Spiral-four cable was used for all surface wiring exposed to the weather. 
Beiden 8422 cable was used for all wiring within the recording van and 
amplifier building. 

4. 4   INSTALLATION IN THE RECORDING VAN 

The rack-mounted equipment designed for use with the array was installed 
in the LRSM recording van wherever rack space was available.    An additional 
tape recorder was installed to provide recording channels at multiple levels. 
In a routinely operated system,  recording levels and/or summations would 
determine the number of channels required.    In the experimental work at 
GV TX,  extra channels were recorded to provide maximum flexibility. 

The control modules in the recording van were modified as shown in appendix 4. 
The modification was made to allow tape recordings to be made at standard 
levels while operating at higher-'chan-normal amplitude on film. 

4. 5 OPERATION OF THE VERTICAL ARRAY 

Preparations at GV TX for operation of the vertical array started in November 
1964.    All necessary equipment was moved to the site in December and 
operations started on 21 December 1964.    Three seismometers were installed 
in the hole on 13 January 1965.    Figures 9 and 10 show seismograms recorded 
with three seismometers in the hole. 

The remaining three seismometers were prepared for installation the week 
of 11 January 1965 but were not in operation at the time of this report 
(15 January 1965). 

5.    CONCLUSIONS 

The array,  as designed,  meets the requirements of the statement of work 
and includes the suggestions of the Project Officer (appendix 2).    The 
installation of the array was accomplished at GV TX.    No unexpected 
difficulties were encountered during the installation. 
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6.    RECOMMENDATIONS 

The array should be operated at GV TX for a period of time sufficient to 
demonstrate its performance in a deep hole.    After completion of work at 
GV TX,  the array should be installed at a quiet site to determine its useful- 
ness in innproving signal-to-noise ratio. 
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APPENDIX 1 to TECHNICAL REPORT NO.  65-3 

LETTER.   17 AUGUST 1964 



17 August 1964 
File No:    163 (13668) 

HQ USAF (AFTAC/VELA Seismological Center) 
Washington,  D.  C.    20333 

Attention.    M?jor Robert A.  Meek 

Subject:        Statement of Work,  Project VT/5051 
Task la.  Design Approval 

Gentlemen: 

Th2 subject Statement of Work requires that AFTAC approval be 
obtained for the design of a system to simultaneously operate six 
deep-hole seismometers in a deep hole.    We have started work on 
this task and have reached certain conclusions as to a practical 
methoc that should yield satisfactory results.    It is important that 
the fundamental concepts be acceptable to AFTAC before additional 
work is undertaken.    This is particularly important since we have 
been asked to complete this work by 1 January 1965. 

The approach we plan is substantially as outlined in our proposal,  P-271, 
dated 18 June 1964.    That is,  we propose to use one or more deep-hole 
cables of the type used in our previous work and additional light-weight 
cables.    While special cables, with additional conductors could be used, 
we do not believe this method is superio* when all factors ar<ä considered. 
Specific problems that would be created would include a need for a winch 
with a much larger cable capacity than is presently available,  redesign 
of the seismometer to permit passage of conductors to other seismometers, 
a method of handling short lengths of interconnecting cable and difficulty 
in changing separation of instruments. 
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HQ USAF (AFTAC/VELA S.ismological Center) 
17 August 1964 
Page 2 

JlL  H    , .! P OUt that 0Peration or *™ instruments increases the 

coulH    I beC°minuß 8tUCk ^ the Wel1' and that U8e of a "ingle cable 
could reduce this hazard.    However,   this factor alone does not offer 
sufficient reason to use the single cable method. 

üte^herf "^^ T deVel0Pment of the «y«tem at the Grapevine test 
s te where,  as you know,  a standard pumping derrick is available      We 
plan to design our handling system around this derrick,  and will plan 
to use a similar derrick at any other well where we may operate six 
ins ruments.    These derricks are readily available and will in most 
instances be less expensive than a special purpose tripod. 

We would appreciate your comments and approval concerning the 

«h l"! T? ^"^ 8tep8 de8cribed above-    We believe the described 

^   ?, trr ?Vhe U8e 0f a derrick are JU8tified and o«" the 
greatest hkhhood of success in this work.    If you have questions concerning 
our plans or need further information,  please contact the writer. 

Very truly yours. 

THE GEOTECHNICAL CORPORATION 

Richard M.  Shappee 
Program Manager 

RMS/map 
CC:       J. C.  Cook 
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APPENDIX 2 to TECHNICAL REPORT NO.   65-3 

LETTER,   21 SEPTEMBER 1964 



.^,.,-,-.:     ■ ■ 

DEPARTMENT OF THE AIR FORCE 
HEADQUARTENS UNITED STATES AIR FORCE 

WASHINGTON, o.e. 

^SivoJ0 AFTAC/VELA Selsmologlcal Center 

•UUCCT Design /oproval of Task la, Project VELA T/5051        ^ I SCP1964 

TO: The Ge )technlcal Corporation 
ATTN: AT,  Shappee 
P. 0. Box 28277 
Dallas Texas 75213 

1. Reference: Itr, Geotech, 17 Aug 64, Statement of Work, Project 
VELA T/5051, Task la. Design Approval. 

2, The desip'. approach described in Proposal P-271 has again received 
oar review subsequent to your letter referenced above. Our approval is 
given tr  proceed in the manner indicate«', 

•», While we agree with using the technique stated in your proposal, as 
a practical matter we desire that several other approaches be considered. 
We do not propose any new redesign if other possible techniques are 
proven to be logistically unsound or impractical. In our opinion, however, 
an expensive and complex winching and hoist system using large derricks 
would not be desirable in the ultimate field applications of a vertical 
array. Our considerations must take into account the technique when 
placed in close proximity with other types of seismographs. Therefore, 
we request your attention also be given to feasibility studies using 
other methods considered to be practical, 

4, This letter does not constitute authority to perform work which is not 
covered by the contract. Any questions concerning allowability of costs 
or contract interpretation should be referred to the administrative con- 

tracting officer prior to incurring costs, 

«WäRT A. MEEK Copy to; DSCMD 

najor,  «—.. 
VELA SeitmologiCi.;   >nttr 
AF Ttchnfcal AppllCn^v     "enter 
DCS/Plnns and Operation« 

Undtrwrtte Tour Country's Mmt - Buy U.S. Savings Bonds 
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APPENDIX 3 to TECHNICAL REPORT NO.  65-3 

EQUIPMENT LIST.   DEEP-HOLE VERTICAL AKRAY 

Table 1.    Subsurface equipment 

Item Description 

1 Deep-hole seismometer 
2 Cable-head adapter kit 
3 Adapter assembly 
4 Holelock 
5 Holelock 
6 Control housing assembly 
7 Connector 
8 Connector 
9 Connector 

10 Union joint assembly 
11 Cable 

M/r or 
supplier Model Qty 

Geotech 11167-1 6 
Geotech 22452 2 
Geotech 22520 4 
Geotech 13900 2 
Geotech 13900-1 
Geotech 22640 
Geotech 22503 
Geotech 22504 
Schlumberger CIS B 
Geotech 22519 
AS&W 7H4-TN A/R 

Item 

2 

3 
4 
5 
6 
7 

Table 2.    Over-the-hole equipment 

Description 

Sheave,  24 in.  for 15/32-in. 
cable w/clearance for 1-1/4-in. 
connector 

Load cell 10, 000 lb rating 
Goost neck 
Seismometer stand 
Derrick 
Line wiper for 2-15/32-in.  cables 
T-clamp for 2-15/32-in.  cables 

Mfr or 
supplier 

Any 

Model Qty 

Any 
Any 
Geotech 22081 

2 

Any 
Geotech 18894 
Geotech 18898 
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Table 3.    Recording and control 

Ite m 

1 
2 
3 
4 

Deacription 

Array controller 
Calibrator control 
Motor and calibration control 
Control module 

Mfr or 
supplier 

Geotech 
Geotech 
Geotech 
Geotech 

Model 

22500 
18907 
15956 
5792A 
(modified) 

Qty 

2 
1 
1 
6 

Additional equipment,  such as recorders, and function generator, 
furnished as part of LRSM recording van. 

Table 4.    Amplifiers and line termination 

Item 

2 
3 
4 
5 
6 

Description 

Phototube amplifier 
w/5 cps galvo 

Line termination module 
Station protector 
Lightning protectors 
Filter 
Power supply and cables 

Mfr or 
supplier 

Geotech 

Geotech 
Geotech 
Cook 
Geotech 
Geotech 

Model 

4300 

22834 
7148 
09 
6824-1 
4304 

Qty 

2 
1 
7 
6 
6 

TR 65-3, App 3 2- 



APPENDIX 4 to TECHNICAL REPORT NO.  65-3 

SCHEMATICS OF CONTROL MODULE,  MODEL 5792A AND 
MODIFIED CONTROL MODULE.  MODEL 5792A 
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APPENDIX 5 to TECHNICAL REPORT NO.  65-3 

SEISMOMETER STAND 
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C.ratpiiL:. anr.h.e.wartyp" prven,•The '^-^^ ^ ™r.\n>liZ:d ^lixiZZny. 
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1
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i

U'rJ
e te!1

hnl<'ue-    Both 'inile-channel and multichannel proc re employed- 

.active proc.    Ö ed ^ ' 0n'-,id3d ^le-^^ °P""""" «"" waa the moat 
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