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1. IiiTRODUCTIOi4 

As part of a number of s t  es sponsored by the National 

Science Foundation under the Research Appl ied t o  National Needs 

(RAIJN) program and by the artment of Energy, a research program 

s conducted using seismometer arrays t o  study the background noise 

field a t  Roosevelt Hot Springs a 

The objective of the prog 

Cove Fort i n  Utah. 

was not to  conduct a geothermal 

ground-noise survey i n  the usual sense, i.e. measuring noise levels 

a t  discrete stations. This approach has been discussed i n  the 

l i t e r a tu re  by a number o f  authors ( C  8 ,  Douze and Sorrels, 

1972, Iyer and Hitchcock, 1974). 

There is  considerable controversy about the usefulness o f  the 

geothermal ground-noise method i n  exploring for  geothermal reservoirs. 

Most surveys to  date indicate h i g h  noise levels associated w i t h  

geysers and hot sp r ings  (Iyer and Hitchcock, 1974). The results over 
.r geothermal reservoirs w i t h  no surface manifestations are  more 

ambiguous (see for  example Douze and Sorrells ,  1972, and Iyer, 1974). - 
?& 

One of the principal reasons for  the controversy is  a lack of 

understanding of the source of the noise anomalies. 

geothermal reservoir, because of a convective process, acts  as  a 

source of noise, or  the presence of a reservoir somehow amplifies the 

Either the 

normal background noise level. A t h i r d  possibil i ty is tha t  the noise 

anomalies, while rea l ,  are  not directly related to  the geothermal 

1 



I 
! reservoir. The noise could be generated by weather, cultural 

sources, e tc . ,  and be locally amplified by the local near-surface 

geology. 

The present study was basically aimed a t  determining the type 

of noise found around a geothermal reservoir. 

reservoir acts as a noise source, one would expect to  f i n d  body 

For example, if  the 

waves a t  stations located directly above a reservoir. Cultural o r  

weather related noise would probably occur as surface waves. 

Six element arrays were used to  determine the structure of 

the noise field and the types of waves present. Arrays were used a t  

both the Roosevelt Hot Springs and Cove Fort areas. The arrays con- 

sisted of s i x  seismometers, one i n  the center and the others evenly 

spaced on a c i rc le .  The interelement array spacing varied from 50 m 

to  300 m depending on the experiment. The instrumentation and the 

arrays a re  discussed i n  more detail i n  section 2. 

li 

f 
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2 ,  FIELD EXPERIHENTS AND INSTRUMENTATION 
i 

Two f ie ld  experiments were performed under this grant. 

The f irst  f ie ld  experiment took place a t  Roosevelt Hot: Springs 

(Beaver County, Utah) between June 25 and July 21, 1976. A total of 
i ,  ?8 data samples were recorded, each recording s i t e  using a six 

element ‘pentagonal array. Each element was a single HS-10 seismometer. 
I All seismometer locations were surveyed, and the seismometers were 

buried about 18 inches. Data was recorded by telemetry on 7 track 

analog magnetic tape. The recording crew consisted of a two man field 

’ party from Senturion Sciences Inc, of Tulsa, Oklahoma, and Professors 

’ Laster and Doure of The ;University of Tulsa. All equipment was 

rovided by Senturion. ‘ The nominal overall response characteristics 

of the recording system are shown in Figure 1. . 

The in i t i a l  recording si te was near a section marker approxi- 

mately 1/2 mile north of a Phillips Petroleum steam well: This well 

i s  on the l i ne  between Sections 9 and 10, Township R9W,T27S. The -k 

. i n j t i a l  pentagonal array had a spacing between elements o f  200 feet ,  
5 

s Yecorded for about 48 hours (June 25-26). t h i r d  day the 

spacing was increased to  400 feet  ( a t  the same i t 4  and an additional 

48 hours of data were re’corded, .Thereafter the 400 feet  spacing was 

The final day of recording consisted o f  a cluster t e s t ,  i n  

which a l l  six seismometers were placed i n  a small group a few feet  

i n  diameter. The purpose of th i s  t e s t  was t o  determine the consistency 

< ~ , >.I 

o f  recording response from channel t o  channel. 
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u The in i t i a l  recording s i te  was on alluvium i n  a gently 

roll ing terrain. 

floor. 

mountains, and the terrain 

The surface d i p s  down to the west toward the valley 

To the north and east  l i e  the foothi l ls  of the llineral 

Some general comments can be made concerning the data. The 

wind was generally blowing about 15-25 miles per hour d u r i n g  the day, 

making the data very noisy even though the seismometers were buried. 

The wind generally decreased considerably a t  n i g h t .  Also, several 

other groups were conducting geophysical surveys i n  the area a t  the 

same time, leading t o  some t r a f f i c  noise. For this reason most of our 

samples for  detailed analysis were selected from n i g h t  time recordings. 

A di f f icu l ty  not originally anticipated was seismic energy generated 

by railroad t r a f f i c  on the major North-South track several miles t o  

the west of Roosevelt KGRA. 

occurred a t  intervals of a few hours both day and night .  T h i s  energy 

was useful i n  determining near surface seismic velocities, b u t  i t  

also made selection of data samples d i f f icu l t .  

not have a log of t ra in  t r a f f i c  i n  the area. 

2 

T h i s  noise was of very h igh  amplitude and 

Unfortunately, we d i d  

Because of the large amount of data recorded, i t  i s  obvious 

that  only selected samples from each s i te  could be d ig i ta l ly  analyzed. 

The samples t o  be analyzed were selected from analog playbacks used 

i n  conjunction w i t h  the data logs. Generally we chose four t o  six, 

.. 

’ ten second samples from the n i g h t  recording period. Sinusoidal 

cal ibration samples for  each seismometer were also selected. 

desired samples were located by use of the WWVB channel on the analog 

The 

tape. Lid 
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W The analog tapes were shipped t o  Geotechnical Corporation i n  

Dallas where they were digitized a t  100 samples per second. All six 
channels were digitized. 

The second experiment was performed near Cove Fort (Millard 

County) Utah between November 11 and iovember 15, 1977. This field 
4 as  performed by Ensco Inc. of Springfield, Virginia. Three 

recording sites were occupied - two i n  Dog Valley and the t h i r d  i n  

the foothi l ls  below Dog Valley Peak. A t  each recording s i te  two 

types o f  arrays were used. A small array (170 foot radius) 

f six element each a single HS-10 selsmometer, was used 

i 

to  study surface wave noise. A large array (1,000 foot diameter) 

was used t o  study possible body waves. These large arrays had s ix  

elements, each ent consisting of a c lust  f 72 geophones 

k Products B) w i t h  1 spacing. The data were recorded 

nalog magnetic tape.' Unfortunately, because of 

problems, i t  was not possible t o  record the large and 

taneously a t  any site. 

data, particularly a t  the two valley sites, was very 

noisy due to  t r a f f i c  on t h  highway t o  the west* An 
k 

-west highway 

, also contrib 

sible mining act ivi ty ,  both south of the 

the noise. The quietest period of the day * .. 
around  sunrise. Ensco selected appropriate 

t data samples and converted these t o  digital  form w i t h  120 

samples per second. Tapes containing this data were transmitted t o  

Tulsa University. 

? 

In addition, Ensco independently processed the 

data us ing  their  Seismic Activity Map algorithm. Their results are  

described i n  a separate report accompanying this report. 

5 
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3. THEORY OF ARRAY PROCESSING 

3.1 Frequency Domain Processing 

The noise of interest  i n  geothermal ground-noise surveys is a 
x 

random time series; therefore, i t  i s  appropriate t o  use power spectra, 

coherences and frequency - wave number ( f - k )  spectra t o  analyze the 

data obtained i n  the f ie ld  experiment. 

theory required t o  gain an understanding of the results is  briefly 

discussed, emphasizing those features that are n o t  readily available 

i n  the 1 iterature. 

In the following section, the 

To compute power spectra the method discussed i n  detail by 

Welch (1967) was used. 

segments and transforming each segment into frequency domain. 

Spectral estimates are  obtained by mu1 tiplying i n  the frequency 

domain and averaging. The method is well known and need not be 

I t  consists o f  d i v i d i n g  the time series i n  

I 

discussed further. 

together w i t h  a Hanning smoothing window were used, resulting i n  

approximately 30 to  50 degrees of freedom (Blackman and Tukey, 1958). 

In the computations, 12 to  20 segments of data 

4 

In order to eff ic ient ly  compute f - k  spectra from the array 

data, a combination of the algorithm described by Smart and F l i n n  
.. 

(1971) and the averaging procedure of Welch (1967) were employed. 

The basic approach is described below, for  detai ls  the reader is  

referred t o  the above mentioned references. , 
I 

The array is composed of N elements whose 

The Fourier specified by vectors Ti ( i  = 1, N ) .  

6 

locations are 

transform of a L 



chosen t i m e  i n t e r v a l  o f  the noise o f  seisnmmeter j i s  given by W 
exp [i aj (41. The f - k  spectrum i s  defined by: 

where Yjm i s  the cross spectrum between the jth and mth.seismometers; 

i f  j = m the autospectrum i s  obtained. 

Equation 1 can be rearranged t o  give 

h 

l ves a s ing le summation. A major reduction 

time can be achiev 

An(w) exp {i[a,(w) - (1 +A E) Frill = 

% 

By using t h i s  re la t i onsh ip  (Equation 3) ,  each o f  the products i n  the 

summation i n  Equation 2, which defines the f -k  spectrum, can be 

derived from the previous produc 

Since AE can be taken as a constant (t 

generation o f  the kernels exp (- i b g ) i s  eliminated. 

-- 
ply ing  by exp (-i A k rn)* 

w 
7 



T h i s  computational approach i s  extremely eff ic ient  on a computer. 
id  However, because only one time segment from each array element i s  used, 

the number of degrees of freedom of the resulting f - k  spectrum is small. 

A simple way o f  increasing the degrees of freedom, and t h u s  the confi- 

dence i n  the results, is  by averaging f-k spectra. T h i s  procedure is 

entirely analogous to  averaging Fourier transforms t o  obtain power 

spectra (Welch, 1967). 

assume that the time series is both time and space stationary. 

In the case of f-k spectra i t  is necessary t o  

I f  L time segments from each seismometer are used, the final 

result is simply: 

L 

j = 1  1 
P (w,s?) = t c P (w, E) (4) 

The f - k  spectra discussed i n  this report were computed using 

The method is  eff ic ient  and flexible; i t  allows one this approach. 

t o  examine the f - k  spectra of individual segments and the spectra 

resulting from the sum a t  any point i n  the computations. 

In order t o  gain some i n s i g h t  into the significance of a peak 

i n  the f-k spectra, the Fisher s t a t i s t i c  i s  computed. The Fisher 

s t a t i s t i c  is  defined as (Schumway, 1971): 

where 

a 

LJ 
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W and 

, I t  is simply the rat io  

difference between that power and the total power a t  that  frequency, 

the power of the peak i n  f-k space to  the 
n 

. a l l  weighted by N-1. The theoretically expected Fisher s t a t i s t i c  is 

to  derive for our case where a large number of non- 

From the theory (see independent f - k  estimates are computed. 

Section 3. 2 ) 

following guide1 ines have been used when interpreting the results. 

For an average of L=4, normally used i n  the computations, an 

and some experimentation w i t h  synthetic data the 
i 

F-statist ic above 10 is  significant and indicates the presence of 

'coherent energy recorded by the array; values below 5 are  considered 

s t a t i s t i ca l ly  insignificant, while values between 5 and 10 are 

quest ionabl e. 

When operating an array very close t o  the source of the 

seismic noise, one o f  the basic assumptions used i n  the computation 

.. 

.. 
array, waves will arrive 

ci rcul a r  (not plane) wave 

sul t s  being obtained 

from the experiment conducted w i t h  an array i n  close proximity to  

9 
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the source. The theory i s  an adaptation o f  resu l t s  previously 

pub1 ished by Douze (1967) and a more deta i led explanation o f  the 

mathematical treatment can be found there. 

The two basic types o f  waves, body waves and surface waves, 

are t reated separately; the methods used are very s imi lar .  

Assume surface waves a r r i v i n g  a t  two seismometers located some 

distance apart (Ax) from a number o f  d i rect ions (N), each o f  which 

has the same power leve l .  The power spectra a t  each seismometer 

would.be the same, simply the sun1 o f  the ind iv idua l  spectra, Wn(w). 

where ve have normalized by N. 

The cross-spectra between the recordings o f  the two se i  smemeters i s  : 

N 

(7) 

where 

V (w) = phase ve loc i ty  o f  the surface waves 

Bn = angle between the d i rec t i on  connecting t h  

mometers and the d i rec t i on  o f  a r r i v a l  o f  the wave. 

If we desire the surface wave noise t o  be isot rop ic ,  i.e. equal 

energy from a l l  d i rect ions,  we l e t  N approach i n f i n i t y .  The spectra 

are s t i l l  i den t ica l ,  P, (w), and the cross-spectra becomes 

10 
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, 
where Jo i s  the zero order Bessel function. 

The cross-spectra becomes a' purely rea l  quanti ty, instead o f  

the usual complex one, i t  can be pos i t i ve  o r  negative. Thus, no 

apparent phase ve loc i t i es  can be obtained from the data. 

I f  instead o f  generating surface waves, the geothermal source 

generates predominantly body waves, the mathematics becomes somewhat 

more complex. 

from N random di rect ions and angles o f  incidence. The time ser ies f o r  

a v e r t i c a l  motion seismograph becomes 

Consider the case o f  compressional body waves a r r i v i n g  

where en = angle o f  incidence. 

Each wave has the same energy cont 

i s  ignored. This l a s t  r e s t  

have been published (Douze, 9671, but  the increased complexity does 

no t  change the resu l t s  appreciably. A t  seismometer 2, located some 

distance away, the time ser ies recorded becomes: 

N 
x fn (t - Atp sin on cos 13,) cos on 
n=l  

1 = 

11 



where Bn = the d i rec t i on  

Ax = seismometer separation 

= body wave ve loc i ty .  I 

I "P 

If, again, we are in terested i n  obtaining a so lu t ion  f o r  omnidirectional 

P waves o f  a l l  angles o f  incidence and a l l  d i rec t ions  a t  the surface 

o f  the h a l f  space, we l e t  N approach in f in i t y :  

P 

Y (w) i s  the power spectrum o f  f (t). 

The cross-spectrum becomes 

2 2 A  A / 2  
exp -i w (k s i n  e cosB) cos Bdede 1 . 1  

vP 

By performing the l a s t  in tegrat ion,  the expression reduces t o  

where J1 i s  the Bessel funct ion o f  order 1. Again the cross-spectra 

has no imaginary par t ,  however, examination o f  the formula ind icates 

t h a t  i t  w i l l  remain pos i t i ve  a t  a l l  times. 

approaching zero, the r e s u l t  approaches 1/2 because J1(x)/x -F 1/2. 

I n  the l i m i t  of Ax o r  w 

12 



The formula (10) was solved numerically as the authors could 

closed form solution. 

The same approach can be used to  ob ta in  a solution for shear 

waves arriving a t  a l l  angles of incidence and direction. 

and 
$ ,  . 

2 J l ( F  COS B) 

1 dS (12) o h x c o s  6 -  S 
- ' vs A cos B - 

vs 
0 

where Vs 1s the shear wave velocity. As Ax or w approach zero, the 

Jo factor approaches 1.0 and the J1 factor, 0.5. 

The theory discussed above for plane waves arriving from a l l  

directions is an extreme case; the other extreme being a single plane 

wave travelling across the array. Neither case is  correct for an 

array above a geothermal source, however, we suspect that  waves 

ar r iv ing  from a m u l t i p l i c i t y  o f  directions i s  closer t o  the true 

ingle plane wave. One can, of course, numerically 

1 imi ts to  obta in  intermediary 

t situations between the two extremes. 

One measurement often used when computing 

series usually defined as 

I 

13 



For a s ing le plane wave the coherence w i l l  be u n i t y  

seismographs. I f  the noise i s  isot rop ic ,  the coherence w i  

r ap id l y  from u n i t y  a t  zero frequency o r  zero separation t o  

Val ues. 

The theore t ica l  resu l t s  discussed above are used i n  

pre ta t ion  o f  the experimental resu l t s  i n  Section 4 1.2. 

3.2 Time-Domain Processing 

u between two 

1 decrease 

small e r  

the i n t e r -  

The frequency-wave number spectra discussed i n  the previous 

sect ion i s  one o f  the most e f f e c t i v e  techniques o f  ar ray processing; i t  

allows examination o f  the ve loc i t y  and d i rec t i on  o f  waves frequency by 

frequency. 

as surface waves, t h i s  approach i s  almost a necessity. 

I f  the waves o f  i n t e r e s t  are dispersed wave trains,such 

If the waves t o  be detected by the array consis t  o f  non- 

dispersive waves such as body waves, one has the opt ion o f  using e i t h e r  

ti me-doma i n o r  f requency-domai n techn i ques . 
As the time-domain methods use a l l  the frequencies a t  the same 

time, they can be expected t o  be e f fec t i ve  i f  the signal  contains a 

broad band o f  frequencies t r a v e l l i n g  a t  the same veloc i ty .  

One o f  the main object ives of the present study was t o  determine 

i f  P-waves from geothermal sources were present i n  the noise. The f -k 

spectra ind ica te  that, w i t h  the exception o f  array 3 a t  Roosevelt Hot 

Springs, the noise consisted o f  surface waves. 

To t e s t  the p o s s i b i l i t y  t h a t  broad-band P wave noise might be 

present a t  low levels,  i t  was decided t o  t ry  a time-domain technique, 

the Fisher detector, a method based on power leve ls .  

'* Ls 
14 



The F - s t a t i s t i c  as a measure o f  the presence o f  coherent energy 

has already been b r i e f l y  mentioned i n  the section on f -k  computations 

(Section 3.1). 

The F - s t a t i s t i c  as a detector can also be used i n  the t ime 

domain; most o f  the experimental studies have been done by the Seismic 

Data Laboratory (Blanford, 1974). 

The s t a t i s t i c a l  theory underlying the use o f  the F - s t a t i s t i c  

i s  qu i te  coniplex and has been described i n  the l i t e r a t u r e  by Shumway 

(1970). The approach i s  b r i e f l y  summarized below. 

Suppose t h a t  a c o l l e c t i o n  o f  N independent normal time series 

i s  regarded as composed i f  a signal s(t) and a zero mean s ta t ionary  

normal noise process, n ( t )  i n  d isc re te  t ime. 

t = 0,1,2 ,L-1 

For the case o f  N = 1, a large number o f  solut ions i n  terms o f  

orthogonal expansions are avai lable i n  the l i t e r a t u r e .  - 
I n  order t o  t e s t  the hypothesis t h a t  there i s  no signal present, 

c 4.e. s ( t )  = 0, the data could be transformed i n t o  the frequency domain 

as was done i n  the f -k  computations 

I f  the noise i s  band l imi ted, with. bandwidth B, over which the 

noise spectrum i s  constant, an approximation t o  the F - s t a t i s t i c  can be 

used which i s  given by 

15 



where 

and 

T~ are the time delays required t o  form a beam of the 

desired velocity and direction of approach 

the angle brackets indicate a time average over L 

data  points 

The F-detector indicates the presence of a s igna l  i f  F (N1,N2,A)>Fo,  

where F(N1,N2,X)  is the computed s ta t i s t ic ,  which belong t o  a 

population distributed as a non-central F w i t h  N1 and N2 degrees of 

freedom and non-centrality parameter X, and Fo i s  the theoretical 

deduction threshold. 

The number of degrees of freedom are given by 

N1 = 2 BT , 

N2 = 2 BT (11-I) 

where B = the band width in Hz 

T = the time window i n  sec 

16 
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The noncentral i ty parameter i s  defined as a funct ion o f  frequency 

2 BTM [signal powera 
[noise power1 

A (w) = 

As the signal i s  not  known i n  the problem under consideration here, 

a1 1 comparisons between experimental and theoret ica l  F - s t a t i s t i c  

were made w i t h  a noncentral i ty parameter o f  zero. When a signal i s  

present i n  the beam, the F - s t a t i s t i c  increases f o r  two reasons: f i r s t  

the beam power i n  the numerator increases, and second the denominator 

decreases t o  the residual noise. 

In order t o  obtain a value f o r  Fo, the computed F - s t a t i s t i c  

t h a t  indicates the presence o f  a signal, a theoret ica l  F -d i s t r i bu t i on  

needs t o  be calculated. Estimates o f  the degrees o f  freedom are 

required. 

examined t o  determine ‘the band width. This examination showed t h a t  

the d i f f e r e n t  array s tat ions have, i n  general, ne i ther  the same 

amplitudes nor a f l a t  spectrum as required by the theory (see f o r  

example, Figures 4 and 5.). Therefore, i t  i s  not possible t o  

accurately determine the degrees o f  freedom o f  the experimental 

computations; however, we can s t i l l  expect t o  receive some guidance 

i n  determining an F - s t a t i s t i c  leve l  t h a t  would ind ica 

o f  a signal. Figure 2 shows some theoret ica l  p r o b a b i l i t y  d i s t r i b u t i o n s  

w i t h  a noncent ra l i t y  parameter o f  zero. 

. Power spectra o f  the d i f f e ren t  elements o f  the arrays were 

the presence 

The resu l t s  given i n  the f i g u r e  indicates the p robab i l i t y  

( i n  percent) t h a t  random, uncorrelated noise w i l l  r e s u l t  i n  a given 

F - s t a t i s t i c  value. For example, for F(8,40,0), random noise w i l l  
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result i n  an F-statistic larger t h a n  2.18 for  5 percent of the values LJ 
computed. (These degrees of freedom are the ones applicable t o  the 

F-statistic from the f - k  spectra). 

However, i n  both the time and frequency domain a large number 

of estimates are Computed, although they are not a l l  independent 

estimates. * 

Thus, the Fo, or  threshold a t  which we declare a detection, 

must be set  high. 

on the length o f  the time window used i n  the computations. 

The actual Fo used i n  the experiments depended 

Several other time domain detectors have also been used i n  

the past, particularly i n  the geophysical exploration industry. 

might  seem worthwhile to  evaluate these for  the detection of body waves 

I t  

around geothermal reservoirs. One of the most popular detection 

s ta t i s t ics  is the Semblance Coefficient introduced by Neidell and 

Taner (1971). 

energy ra t io ,  or  i n  the notation used here, 

They define this t o  be the normalized ou tpu t  t o  i n p u t  

J=1 J , 

Thus there i s  a simple relationship between the Semblance Coefficient )i 

and the time domain F-statistic, 

F =  (N - l ) sc  or  
1 - sc 
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W Computations of F will also yield Sc and vice versa, b u t  more 

important, the theory outlined earlier i n  this section can be used 

to establish tests of significance for the Semblance Coefficient. 
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4. EXPERIMENTAL RESULTS 

The data from the two survey areas, Roosevelt Hot Springs and 

Cove For t  were obtained i n  two separate surveys wi th d i f f e r e n t  

instrumentation. Therefore, the i nterpretat ions are discussed 

separately. However, the format f o r  the resu l t s  i s  the same i n  both 

cases. 

computer l e t t e r  p lo ts .  

t rave l i ng  waves, i s  a t  the center o f  the diagram. 

ve loc i t i es  are represented fa r ther  from the center. The f i g u r e  

captions w i l l  o f ten  r e f e r  t o  "edge" ve loc i t ies .  These r e f e r  t o  the 

la rges t  c i rc leswh ich  can be inscr ibed on the diagram. 

the rectangular region w i l l  o f  course represent lower ve loc i t ies .  

The r e l a t i v e  amplitudes o f  the spectra are coded i n  the fo l lowing 

The frequency-wavenumber spectra are given i n  the form o f  

The or ig in ,  representing v e r t i c a l l y  upward 

Decreasing 

The corners o f  

manner : 

Q = 0 t o  1 decibels down from the t o t a l  energy i n  the 
frequency band 

0 = 1 t o  3 db down 

6 = 6 t o  9 db down 

2 = 12 t o  15 db down 

8 = 18 t o  21 db down 

. = 24 o r  more db down 

Each o f  the above ranges i s  separated by a blank character t o  

f a c i l i t a t e  reading the diagram. Arrows have been drawn from the 

o r i g i n  t o  the la rges t  spectral  peak. 

1 

. 
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prings only the small arrays were used, w i t h  

a maximum interelement spacing of 200 feet. These arrays do not 

, attempt to  discriminate * ,  against surface waves as do the large arrays 

Fort. Thus, the p cipal analysis technique was the 

f requency-wavenumber computat ion. The time-domai n F-sta ti sti c was 

.tested on some of the Roosevelt Hot Springs data. 

c 

Three arrays are discussed i n  detail as they are respresentative 

o f  the different noise fields encountered i n  the area. 

are shown . ,  i n  Figure 3. The first array (referred t o  as Array 1 i n  

the test),was loc 

known geothermal 

area of the geothermal reservoir, one i n  the valley (Array 2) and one 

The locations 

team wells, thus i t  is above the 

o f  the noise samples t o  be used i n  array pro- 

cessing were computed to  determine the frequency bands o f  high power 

determine the coherences. As mentioned previously, w i t h  the 

ample purposely chosen to  study the cultural noise, 
c f the time segments were from windless periods w i t h  a 

minimum of cultural noise. 

and 5 show some typical. examples o f  power spectra 

Figure 4 is from the larger of the two arrays a t  and coherences. 

rray Site 1,  above the known geothermal reservoir Figure 5 is 

data from Array 3 on the Mineral Mountains. 
tp’ 
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The spectra from Array 1 show two d i s t i n c t  peaks, one a t  a 

frequency around 30 Hz. This peak has usual ly been found t o  be 

associated w i th  cu l tu ra l  a c t i v i t i e s  (Douze, 1967). As w i l l  be 

determined i n  the section on f -k  spectra, the noise appears t o  

consist  o f  surface waves from a number of d i rect ions,  some o f  which 

are c lea r l y  o f  cu l tu ra l  o r ig in .  

Both spectra show an addi t ional  peak on the spectra a t  h igher 

It should be noted t h a t  the peak i s  a t  d i f f e r e n t  frequencies. 

frequencies f o r  the two locat ions only a 160 rn apart. This behavior 

makes i t  extremely un l i ke l y  t h a t  t h i s  peak i s  caused by t r a v e l l i n g  

e l a s t i c  waves on the ground; wind-generated noise together w i t h  

d i f f e r e n t  ground-to-seismometer coup1 i n g  may be the cause o f  these 

peaks on the noise spectra. 

The coherences between the two seismometer traces are 

s t a t i s t i c a l l y  i n s i g n i f i c a n t  except f o r  a few values below 2.0 Hz. 

This i s  typ ica l  o f  the resu l ts  obtained, although a few selected 

samples show higher coherences. 

The spectra from Array 3 shows a s im i la r  behavior .at  a lower 

power leve l .  

discussed above, was found t o  be caused by body waves and not  surface 

waves. 

draw re1 i ab le  conclusions from s ing le-s tat ion spectra. The second 

peak showed no spat ia l  organization from f - k  spectra or coherences. 

Therefore, i t  i s  not a t  present possible t o  determine i f  the energy 

The f i r s t  peak, despite i t s  s i m i l a r i t y  t o  the one 

These examples c lea r l y  po in t  ou t  t h a t  i t  i s  not  possible t o  

i n  t h i s  peak i s  o f  any signif icance. 
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4.1 2. Frequency Wave Number Spectra 

As mentioned i n  the introduction, the discussion here is 

confined to  three arrays. Array 1 was located on top of the geothermal 

reservoir. The other two were located outside the geothermal area, 

one (Array 2) i n  the valley, a somewhat noisy environment, and the 

1 .  

the Mineral Mountains further away from the cultural noise 

source. 

Frequency wav a were computed for frequencies 
, *  

.OHz. Even for these small arrays, the results of 

, the f-k spectra usually showed no organization i n  the noise field for  

~ frequencies greater than 5.0 Hz, and often for frequencies greater 

than 3.0 Hz. 
- -  

The f -k  plots were comput 

e s t  peak i n  the f -k  
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In order t o  obta in  an estimate of the velocities of the 

noise, f - k  spectra were computed for a noisy interval a t  Array 1 

(see Figure 2 ). The results are shown i n  Figure 6; only f - k  spectra 

w i t h  an F-statistic greater t h a n  10.0 were plotted, this is the reason 

for the gaps i n  the data points. 

clearly shows t h a t  the phase velocities are appropriate to surface 

The resulting dispersion curve 

waves, i.e., Reyleigh waves as recorded by the vertical seismometers, 

throughout the frequency range of interest. The f - k  spectra do not 

provide sufficient resolution t o  determine i f  more than one mode 

of progagation is present, and are probably the cause of the decrease 

i n  velocity for frequencies less than 1.0 Hz. 

Array 1 is located between two steam wells, t h u s  i t  can be 

assumed that i t  is directly above the reservoir. If the reservoir 

is a source of body waves, one would expect that the results could 

be explained by using the theory of isotropic noise discussed i n  

the section on theory. 

Figure 7 shows a typical example of the experimental coherence 
r ,  

(Equation 13) between two seismometers separated 

quiet interval. 

for isotropic P-waves us ing  a half-space velocity of 2.0 km/sec. and 

the isotropic surface waves using the velocit 

cul tural noise (Figure 6). 

177 feet 'during a 

Also included is the theoretically expected coherence 

The isotropic P-wave mode does not f i t  the experimental data. 

The isotropic Rayleigh wave model is a better f i t  t o  the experimental 

coherence, however, the theoretical values are sti 11 considerably 

higher than the experimental ones. The most likely solution is  that 
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surface waves , coming from numerous d i rect ions together w i th  some 

wind-generated noise, are the main components o f  the noise f i e l d  

predominate. 

One important conclusion tha t  can be drawn i s  t h a t  the geo- 

mal noise f i e l d  cannot be explained by P-waves generated by a 

geothermal convection c e l l .  

angles o f  incidence were r e s t r i c t e d  t o  smaller values than 90 degrees, 

the theoret ica l  coherence would be even larger. Mixing P-and surface- 

wave energy a lso  resu l t s  i n  coherences f o r  higher than the experimental 

resul ts .  

I f  instead o f  i so t rop i c  body waves, the 

.~ 

ions obtained from the coherences are reinforced by 

ed from computing f- pectra from Array 1. In  

Figures 8 and 9, two f - k  spectra are own a t  a frequency of 

y 6.0 Hz. Figure 8 shows the experimental resul ts,  the 

the l a rges t  peak a t  402 m/sec. w i t h  an 'F -s ta t i s t i c  

ed areas are a l l  the peaks greater than 12 dB below 

Figure 9 shows a theoret ica l  p l o t  using the theory maximum power, 
... 

f o r  i so t rop i c  surface waves t o  compute the spectral matr ix (Equations 

6 and 8) and then the f-k spectrum (Equation 1). The ve loc i t y  o f  

the Rayleigh waves was taken as 300 m/sec. (from Figure 6.) Again 

the arrow shows the maximum peak, a t  380 m/sec., and the shaded areas 
I 

are peaks greater than 18dB o f  a maximum power. The computed 

y cannot determine o c i t i e s  if iso t rop i c  
i 

surface waves are present. There i s  no peak a t  300 m/sec. t o  be 

found i n  the spectrum,instead close examination shows a number o f  
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peaks o f  about the same power l eve l  scattered throughout the p lo t .  

The symmetry o f  the peaks i s  a r e s u l t  o f  the symmetrical array con- 

f igura t ion .  This r e s u l t  i s  no t  surpr is ing i f  one refers back t o  

Equation 8, the phase angle can on ly  be 0 o r  180 degrees, the r e s u l t  

i s  a spectral  matr ix  w i t h  purely rea l  values, the f-k spectra compu- 

ta t ions  cannot cope w i t h  t h i s  s i tua t ion .  

Thus, al lowing f o r  the f a c t  t h a t  the noise w i l l  no t  

completely isot rop ic ,  the experimental f -k  spectrum shows the same 

type o f  behavior as found i n  the theore t ica l  one. 

there  i s  no h i n t  o f  a h igh-ve loc i ty  peak i n  the center o f  the p lo t ,  

s t rongly  suggesting t h a t  there are no body waves present i n  the noise 

f i e l d .  Also the l a rges t  peak i n  the spectrum (shown by the arrow) 

does no t  agree wi th the expected surface wave ve loc i t y  a t  t h i s  

frequency, 300 m/sec. from the resu l t s  shown i n  Figure6. There are 

a number o f  peaks i n  the spectrum of almost the same'level as the main 

peak, a very s im i la r  behavior as t h a t  found i n  the theore t ica l  resu l t s  

(Figure 9 ) .  

obtained from the main peak. 

I n  the f i r s t  place 

The F - s t a t i s t i c  o f  the r e s u l t  i s  low, a value o f  5.0 i s  

It should be noted t h a t  there i s  no resemblance i n  the l oca t i on  

of the peaks i n  e i t h e r  spectra t o  the impulse response o f  

thus the peaks i n  the spectra are no t  the sidelobes o f  the array 

response. 

The resemblance between the theore t ica l  and experimental r e s u l t s  

s t rongly  suggest t h a t  the noise f i e l d  i s  composed o f  su 

a r r i v i n g  from a large number of d i rect ions,  and t h a t  bo 

not  a major cont r ibu t ion  t o  the noise. 

i 
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While only one f -k  spectra has been shown, i t  i s  typ ica l  o f  

the resu l t s  obtained f o r  frequencies from 2.0 t o  10.0 Hz, except 

t h a t  the F - s t a t i s t i c  i s  somewhat la rger  than average. 

For the lower frequencies, w i th  these small arrays i t  i s  

d i f f i c u l t  t o  d is t ingu ish  between surface waves and body waves a t  a 

higher ve loc i ty .  

center o f  the f -k  p lo t ,  however, measured ve loc i t i es  and d i rect ions 

w i l l  show random differences from frequency t o  frequency. I n  no 

cases d i d  the maximum ve loc i ty  f a l l  i n  the center o f  the p l o t  as 

would be the case f o r  e i t h e r  i so t rop i c  waves o r  body waves coming 

from the reservo i r  below the array s l t e .  

I n  most cases a peak w i l l  be found close t o  the 

Figure’lO shows an example o f  the resu l ts  obtained a t  a 

frequency o f  1.56 Hz. The peak value i s  indicated by an arrow, i t  

shows waves w i t h  a ve loc i t y  o f  960 m/sec. a r r i v i n g  from S 5’ E w i t h  

an F - s t a t i s t i c  o f  5.2, This pa r t i cu la r  example suggests the presence 

o f  Rayleigh waves, however, the resu l t s  do not\always a l low the same 

conclusions t o  be drawn, sometimes the ve loc i t i es  are more represen- 

t a t i v e  o f  body waves. 

. 

For comparison, the theo re t i ca l l y  computed f - k  spectrum a t  

1.56 Hz f o r  i so t rop i c  P-waves o f  2.0 km/sec. i s  shown i n  Figure 11. 

As expected from the phase angles ( a l l  0 degrees), i t  shows a peak a t  

S n f i n i t e  ve loc i ty ,  w i t h  the  computed<F-stat ist ic o f  28.0. A p l o t  of 

i so t rop i c  surface waves shows the same general features w i t h  a lower 
I 

I F - s t a t i s t i c .  No general conclusion t o  be drawn from the resu l t s  a t  

these lower frequencies. 

The array (Array 2) i n  the va l ley  was located approximately 

4.0 km west o f  the reservo i r  i n  a c u l t u r a l l y  noisy environment. 
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Figures 12 and 13 shows t yp i ca l  examples o f  the f -k  spectra from noise LJ 
samples during q u i e t  periods. 

resu l t s  a t  t h i s  s i t e  are not  s i g n i f i c a n t l y  d i f f e r e n t  from those a t  

Array 1 ; the noise l eve l  was somewhat higher, bu t  the s t ruc tu re  of the 

noise f i e l d  i s  the same. 

The main po in t  t o  note i s  t h a t  the 

Figures 12 and 13 show the resu l t s  a t  two frequencies, 1.17 Hz 

and 2.7 Hz. Figure 12 shows a ve loc i t y  o f  570 m/sec. (see arrow), and 

a F - s t a t i s t i c  o f  6.0. This ve loc i t y  might be appropriate f o r  Rayleigh 

waves i n  the low-veloci ty al luvium o f  the val ley.  

no t  towards the geothermal reservoir ,  bu t  towards the c u l t u r a l  noise 

sources. Figure 13 shows a ve loc i t y  o f  1.0 km/sec. with an F - s t a t i s t i c  

o f  8.1. 

F -s ta t i s t i cs  are low, i nd i ca t i ng  t h a t  the noise f i e l d  i s  poor ly  

organized. Veloc i t ies vary widely and are no t  eas i l y  in te rpre ted  i n  

terms o f  wave types. 

The d i rec t i on  i s  

I n  both cases, as i n  a l l  the f -k  spectra from t h i s  s i t e ,  the 

* 

The t h i r d  array used i n  t h i s  study was located i n  the Mineral 

Mountains approximately 7.0 km from the geothermal reservo i r  (see 

Figure 3). The resu l t s  o f  f -k  computations were surpr is ing  and 

completely d i f f e r e n t  from those obtained a t  the other s i tes.  

Figures14 and 15 i l l u s t r a t e  the resu l t s  obtained a t  

frequencies o f  1.96 Hz and 2.3 Hz respect ively.  The arrow i n  

Figure 14gives the maximum peak i n  the f - k  spectra with a ve loc i t y  

o f  6.4 km/sec. and an azimuth o f  N 31' E, the F - s t a t i s t i c  i s  37. 

Figure 15 the arrow ind icates a ve loc i t y  o f  4.29 km/sec. and an 

azimuth o f  N 37' E w i t h  an F - s t a t i s t i c  o f  37. Other frequencies 

showed s im i la r  resu l t s  for  the frequency range between 0.5 t o  4 Hz. 

I n  
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The ve loc i t i es  are too high t o  be explained by surface waves and tes ts  

were run t o  insure t h a t  the peaks shown are not  sidelobes i n  the f - k  

spectra from low ve’locity surface waves. 

u 

Thus, considering the high F-s ta t i s t i cs ,  the noise must cons is t  

Y 

‘i. - 

W 

o f  organized P-waves coming from approximately N35’ E. The same 

r e s u l t  persisted f o r  several 

the array was operated. Thus, i t  i s  not  an iso la ted  case such as 

noise samples spread over the two days 

would occur i f  a low-amplitude microearthquake was present i n  the 

chosen sample. To t e s t  the hypothesis t h a t  r e c w r i n g  microearthquakes 

were the cause o f  the noise, the time traces f o r  each seismometer 

were plot ted.  A t yp i ca l  example i s  shown i n  Figure 16. Approximately 

10 seconds o f  data i s  shown, and i t  i s  obvious t h a t  no impulsive 

events o f  s i g n i f i c a n t  amplitude are present. 

Because o f  the uniqueness o f  these resu l t s  a complete se t  o f  

f -k spectra from a long data sample i s  presented i n  Figures 17 through 

21. 

t h a t t h e  noise i s  not s ta t ionary i n  space, the F -s ta t i s t i cs  are lower 

than for  the shorter samples. I n  these ‘examples, several frequencies 

showed the highest peak a r r i v i n g  from the south-west, t h i s  may be 

caused by minor phase s h i f t s  i n  the seismograph responses. 

Probably because o f  the longer than average sample and the f a c t  

It i s  a lso 

ss ib le  t h a t  the source i s  very close and below the array. 

These resu l t s  are no t  read i l y  explained, the d i rec t i on  does no t  

po in t  towards the known geothermal. reservoir ,  even al lowing f o r  some 

Pefract ion caused by hor izonta l  ve loc i t y  changes. There i s  a source 

o f  microearthquakes known t o  e x i s t  some 30 km away i n  the Mineral 

Mountains i n  the general d i rec t i on  obtained from the f -k  spectra 

(personal communication, Senturion Sciences). 
29 

. 



?- 

Two possible explanations for  the P-wave noise are: 

(a) t h a t  a microearthquake source i s  a lso a continuous generator 

o f  body-waves, 

o r  (b) t h a t  an unknown source o f  energy, possibly connected with 

a deeper geothermal convection c e l l  i s  present t o  the East 

of the known geothermal reservoir .  

A t  present, the only reasonable explanation why the other arrays 

d i d  no t  record t h i s  noise l i e s  i n  the r e l a t i v e  noise levels,  w i t h  the 

s i t e  i n  the mountains less noisy because i t  i s  fu r the r  removed from 

the cu l  t u r a l  noise sources. 

4.1.3 F -S ta t i s t i c  

The time domain techniques discussed i n  Section 3.2 weVe 

intended p r imar i l y  t o  analyze the data recorded by the la rge  arrays 

a t  Cove Fort.  These arrays were designed t o  emphasize the detect ion 

o f  h igh ve loc i t y  P waves, and t o  attenuate the surface waves. 

I n  order t o  check the computer program t h a t  computes the 

experimental F - s t a t i s t i c  i t  was tested with the data from Array 3 a t  

Roosevel t Hot Springs. As discussed i n  Section 4.1.2 t h i s  array 

showed a r e l a t i v e l y  broad band o f  P-waves i n  the noise. 

Figure 2 2  shows a t yp i ca l  example o f  the resu l t s  obtained. 

The edges of the p l o t  s t a r t  a t  a ve loc i t y  o f  1.0 km(sec.with the center 

representing i n f i n i t e  ve loc i ty .  The values on the p l o t  are a coded 

computer p r i n t o u t  o f  the experimental F -s ta t i s t i cs .  

an area o f  F -s ta t i s t i cs  above 2.0 (shaded area) with a peak o f  F - 2.6 

a t  a ve loc i t y  between 25.0 and 12.5 km/sec from N28E. 

The output shows 

Ji 
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~ The time window used was 600 sec. Taking the band width as a tpd 
few Hz, and using Figure 2, i t  i s  c l  

has a high p r o b a b i l i t y  f being s ign i f icant .  

F - s t a t i s t i c  of 2.6 

The ve loc i t y  obtained from the time-domain computations i s  

higher than most o f  the values obtain 

suggesting t h a t  the source i s  close t 

however, be noted t h a t  the array s ize i s  too small t o  accurately 

determine the ve loc i t i es  o f  these waves. 

om the f-k spectra, a t  l e a s t  

below the array. It should, 

4.2 Cove Fo r t  

4.2.1 Frequency Wavenumber Results f o r  Cove Fo r t  

The Cove Fo r t  area i n  Utah (Figure 23) has been designated 

a KGRA (Known Geothermal ,Resources Area) by the U. S. Department of 

t he  I n t e r i o r  

,(Rowley and Anderson, 1975); The locat ions o f  three array s i t e s  used 

i n  t h i s  study are marked as 1, 2'and 3 i n  the f igure.  

It cu r ren t l y  i s  being explored f o r  geothermal resources 

A large and a small array were used a t  each s i t e .  Although 

the same general conf igurat ion was used a t  each s i t e ,  the spacing 

d i f f e r e d  s l i g h t l y .  . De ta i l s  are shown i n  Fqgures 24 through 26. 

The small arrays consisted o f ,  s ing le  seismometers, whi le elements of 

the large a r ray  consisted.of  groups o f  s i x  s t r i ngs  o f  1.2 seismometers, 

the pa t te rn  tak ing  the form o f  a six-armed star .  Distance between 

seismometers on a s t r i n g  was 10 feet. These groups were used t o  c u t  

*down-ron surface wave energy, which would be al iased if single seis- 

meters were Used Unfortunately, whi le suc groups work very wel l  

frequencies above 20 Hz, they were found t o  o f fe r  l i t t l e  surface 

wave at tenuat ion below 5 Hz. Figure 27 shows the group response 

a t  5 Hz. Waves w i th  ve loc i t i es  are low as 500 meter/sec. (which 
u 
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LI corresponds t o  the edge of this diagram) are attenuated by 3 decibels 

or  less. Nevertheless, the groups d i d  cut down on wind noise and 

helped minimize the differences i n  geophone p l a n t ,  etc. 

The recorded data is summarized i n  Table 1. As mentioned 

previously, the large and small arrays a t  each s i t e  could not be 

recorded simultaneously because of electrical problems. 

a l l  six array channels were simultaneously operational only on the 

large array a t  Si te  3. 

In addition, 

Considering the small number of channels 

used, a bad channel produced pronounced effects on the array response. 

As an example of this, Figure 28 shows the array response a t  2.34 Hz 

for the large array 3 using a l l  six channels. 

analogous response w i t h  channels 4 and 5 deleted. The pattern becomes 

Figure 29 shows the 

much more directional and large sidelobes o r  aliases become apparent. 

The l a t t e r  makes interpretation of the results extremely d i f f icu l t  

i n  some instances. 

l a s t  two figures do not include the effect  of the 72 seismometer 

( I t  should be noted that the responses i n  the 

groups, b u t  as we have discussed above this should have l i t t l e  effect) .  

For completeness, the array response o f  small array 2 is shown 

i n  Figure 30 for 2.34 Hz. Again, the edge of the diagram corresponds 

t o  500 meters/sec. 

have no significant side lobes i n  the frequency band of interest. 

Two channel coherences were computed for a l l  arrays. Typical 

The small arrays show l i t t l e  directionality, b u t  

? 

examples are shown for  small array 3 i n  Figure 31 and for large 

array 3 i n  Figure 32. The vertical scales for the power spectra 

are realtive, as no absolute calibrations were attempted during this 

experiment. The vertical scales for the coherence run from 0 t o  1. 
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In both  figures Channel 1 has been used as the reference. I t  would be 

more desirable to  use the center channel, Number 6, as reference, bu t  

this was bad on the small array. Coherences on the small array were 

less than .45, and were typically much lower. Apparent high coherences 

between some pairs of channels above 24 Hz are a r t i fac ts ,  since there 

is no significant energy i n  those channels a t  those frequencies. On 

the large array coherences were very small; th i s  is t o  be expected 

because o f  the larger spacing. 

The coherence results can be summarized as follows, based on 

processing a l l  of the digitized data. The maximum observed coherence 

always occurred a t  4 Hz or  below. 

coherences were often h igh ,  b u t  this is expected because of the long 

wave lengths involved (assuming- propagating waves). We will therefore, 

ignore those values. 

coherence was .31 a A t  large array 2 i t  was .41 , and a t  large array 3 

For frequencies below 1 H t  the 

For large array. 1 the maximum observed 

i t  was .65. 

a t  Site 3 was .89. 

32 second lengths  o f  data. 

one data segment to  the next, and the h i g h , v  

a short time. 

For the small arrays, the maxima a t  Site 2 was .61 and 

These results came from computations on successive 

The coherences changed significantly from 

es persisted for only 

Using the coherence results as a guide, data samples .and 

speci f i c frequencies were chosen for frequency wavenumber analysis , 
using the methods described previously. I t  was found desirable to  

normalize the power i n  the various channels.. The power i n  the 

frequency band of interest(usual1y 1 t o  5 Hz 

as a weighting factor t o  make the average powers the same. The 
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standard frequency wavenumber computation used here i s  r e l a t i v e l y  J 
i nsens i t i ve  t o  normalization errors. However, cer ta in  o f  the high 

resolut ion techniques, such as the Maximum Likel ihood method 

(LaCoss, 1971), are very sensi t ive t o  e r ro rs  o f  t h i s  kind. 

Usually, because i t  i s  representative o f  surface wave 

ve loc i t ies  i n  t h i s  area, .5 km/sec. was used as a s t a r t i n g  ve loc i t y  

i n  two-dimensional wavenumber space. Four blocks o f  data, each 

block 256 data points long (0.0083 x 256 = 2.13 sec.) were used i n  

the computation o f  the f -k  spectra. The f-k spectral  technique was 

u t i l i z e d  t o  process four  o r  f i v e  d i f f e r e n t  t ime segments a t  each 

array f o r  analysis. Besides computing and displaying the spectrum ~ 

i n  the desired region o f  wavenumber space, the program determined 

the la rges t  spectral peak, evaluated i t s  F-s ta t i s t i c ,  and computed 

azimuth and phase ve loc i ty  associated w i t h  the peak. 

peaks o f  i n te res t  were picked v i sua l l y  by the geophysicists. 

Subsidiary 

Before showing examples o f  the spectra we w i l l  summarize the 

resul ts .  Because of cost  and time involved i t  was not  feas ib le  t o  

compute spectra f o r  a l l  the d i g i t i z e d  data. 

time segments were analyzed f o r  the three s i t e s  and two types of 

arrays. 

d i f f e r e n t  frequencies. 

peak var ied somewhat from sample t o  sample, probably because there 

i s  more than one noise squrce which gives r i s e  t o  a time varying 

interference pattern. 

ve loc i t i es  between .4 km/sec. and .55 km/sec. 

However, a t o t a l  o f  49 

I n  each instance wavenumber spectra were computed a t  f i v e  

The phase ve loc i t ies  obtained f o r  the maximum 

However, 74% o f  the peaks measured had phase 

c The highest ve loc i ty  (3.6 km/sec.) was measured on small 

array 2, which had the l eas t  prec is ion due t o  i t s  small s ize and use 
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Lid  of only four channels. The largest secondary peaks i n  the spectra 

also tended to  have velocities near .5 km/sec., a l though these 

results were not tabulated. No peaks that could be construed as 

body waves were observed. 

The spectral peaks showed a fa i r ly  consistent directionality. 

A peak was usually present indicating a source i n  the approximate 

direction N5O0W. This was assumed t o  be due t o  the north-south 

highway which has i ts  closest approach west and northwest of Dog 

Valley. The direction varied somewhat between the three array sites. 

A second peak was usually present t o  the south, b u t .  i ts  -direction 

varied from S40°E t o  S3OoW. 

to  the south, o r  possibly t o  mining  activity. Finally, a t h i r d  peak 

indicating a source N50°E was usually present a t  a l l  s i tes .  There 

I t  may be due t o  the east-west highway 

. are no known cultural urces i n  that direction. The area t o  the 

northeast of Dog Valley i s  faulted, so this might  represent true 

ivity. Spectral peaks from a l l  three directions 

typically have velocities near . 5  km/sec. 

While the above discussion summarizes the results of t h i s  

study, we feel that  i t  is  worthwhile t o  show examples of the frequency 
c 

wavenumber spectra. The following series of figures show examples 

c ve chosen exampl 

highest F-statisti so attempted t o  

a from large array 1 i s  

ximum F-statist ic 

i s  is very marginal. direction of the largest peak 

W 
changes from frequency to  frequency, b u t  the directions are northeast, 

northwest-west, as observed above. 
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LJ The data from the large array 2 was again not very good. The 

maximum F-statistic was 6. 

the east, northeast, and southeast. 

Figures 35 t o  37 suggest noise sources t o  

The small arrays of course offer much less precision i n  

direction. The F-statistic is much higher here (18.) and the apparent 

direction of the noise source is northeast or northwest. The data 

from small array 2 is shown i n  Figures 38 to 40. 

The best data recorded i n  this experiment came from the t h i r d  

recording s i te .  The data from the small array consistently showed 

a noise source i n  the southeast, although the F-statistic was low 

(about 5 . ) .  

northeast which cannot be identified w i t h  any cultural source. 

Data from the large array showed a noise source to  the 

4.2.2 F-Statistic 

The computer program used t o  compute experimental F-statistics 

was applied to the data from the three large arrays a t  Cove Fort. 

This has been discussed before i n  t h i s  report; the large arrays were 

designed specifically t o  detect P-waves. 

The results obtained from the computations d i d  not indicate 

the presence of h i g h  velocity noise a t  any of the three arrays. 

The experimental F-statistics were too low t o  be considered s t a t i s t i -  
I 

cally significant. The time window used was 500 sec., while the band 

width, from the spectra, is  a t  least  several Hz. 

L 

Figure47 shows an 

example of the results from Array 3, which because of i ts  location a t  

a less noisy s i te ,  was considered to be most likely t o  detect P-waves. 

The edges of the p l o t  are a t  1 km/sec. chosen because the 

lower velocities characteristic of surface waves, are not of primary u 
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u interest in this experiment. 

There are two peaks in the plot, with F-statistics o f  1.85 

and 1.89 and velocities of 1.1 and 1.7 km/sec. 

velocities is indicative of P-waves. 

Neither of these 

Furthermore, it is necessary to decide if the F-statistics are 

significant. 

recording the same noise level. 

degrees o f  freedom to use in the computations. 

Because the spectra are not flat nor are the seismometers 

It is difficult to decide how many 

Therefore, the fol lowi 

probability distribution was computed using all the values in the 

shows the results obtained, a theoretical distribution 

parison. The theoretical and 

es are in close agreement, suggesting that the 

number of degrees o 

width and time wind 

shown in this figure suggest clearly that an F-statistic’of 1.89 

are far too 1 

does not have a 

random no1 se. 

statistical significance, and that the peaks are 

. 

w 
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5. CONCLUSIONS AND RECOMMENDATIONS 

The noise field was investigated using arrays at two geo- 

thermal sites, Roosevelt Hot Springs and Cove Fort, both in Utah. 

Frequency wavenumber spectra, together with the associated 

spectra and coherences was the main analyses technique used. Time 

domain detection methods were also employed in an attempt to find 

P-waves in the noise. 

The time domain methods used here were inefficient in terms 

of computer time. 

If the data were filtered and resampled these techniques might prove 

competi tive with the frequency wavenumber technique. 

However, the data was extremely over-sampled. 

The range of analyses covered the frequency range of 0.5 

to 10.0 Hz. The instrumentation and digitizing rate allows higher 

frequencies to be analyzed. 

organization in the noise field could be found in the processing. 

However, at higher frequencies no 

At frequencies higher than 10.0 Hz the power levels of 

different seismometers in an array varied considerably, furthermore 

spectral peaks did not often occur at the same frequency. It 

appears quite 1 i kely that, because of the presently used installations, 

true ground motion is not being recorded. The most likely source 

for at least part of this noise is wind generated noise. Thus, if 

there i s  any geothermal noise at the higher frequencies we are not 

at present in a position to detect it. If, for example, geothermal 

noise is caused by small, noisy microearthquakes, the peak frequencies 
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W would be on the band not being utilized. We suggest that this 

problem be investigated. Two possible approaches are: first, 

attempt to improve the installation of the seismometers; second, it 

might be possible to predict the wind generated noise using a 

microbarograph and then s 

noise for analysis. This approach has been used at the lower 

frequencies (Douze and S 

act it, leaving a trace without wind 

ells, 1975). 

At Roosevelt Hot Springs, both the a s located on top of 

valley, showed that the known geothermal field, and the one in 

the noise consisted largely o f  Rayleigh waves at frequencies from 0.5 

to 5.0 Hz. There was no clear indication ody waves in the noise 

as would be expected close tu a buried source. The array located in 

the mountains to the southeast of the reservoir did show body waves 

predominating at frequencies from 0.5 to 5.0 Hz. However, the 
. ,  

ion of arrival did not point towards the known geothermal 
3 .  

reservoir. 

they should be ent at-tfie other arr 

The reason that they are not detected rn 

amount of cultural noise in the valley. 

The presence of body waves at one array indicates that 

nl3 a few miles away. 

I 

his s bo vestigated. As 

mentioned above the direction does not agree with the known geo- 

theAal rese However, it is such an unusual phenomenon that 

he possibility exists ected with stronger 

ty in the Mineral Mountains. 
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START 
DATA TIME 

65.4 21-90 1,2,3,4,5,6 Light Medium LlOO L3 
L3* 193-228 

s3 32.1 0 21-90 1,2,3,4,5,- Light Medium L300 

L100,L500 
11~13/77 11r45 AM  I i 1 

2.3 

1 

TABLE1 : Seismic ground noise data chart 

TOTAL TIME CHANNELS 
DIGITIZED PIECES WITH GOOD TU 

ARRAY (MIN) PLOTTED DATA WIND TRAFFIC TAPE FILE 

Note; Small Array 1 (Sl) was deployed but no useable data was obtained. 
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Figure 1. Velocity magnification versus frequency for the Senturion 
Sciences radio telemetry , seismometer system under normal 
field operating conditions. 

Seismometer: HS-10, 2000 ohm, .492 damping. 
Field Amplifier Attenuation: 18 dB. 
Playback Amplifier Gain: 0.1 
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Figure 3. Map o f  the Roosevelt Hot Springs geothermal area with 
location o f  steam wells and arrays. 
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Figury.4.  .Power spectra and coherence o f  the noise recorded by two 
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Figure 5. Power spectra and coherence o f  the noise recorded by two 
seismometers a t  Array 3, Roosevelt Hot Springs. 
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Theoretical and experimental coherences for a seismometer 
separation o f  177 ft., Array 1, Roosevelt Hot Springs. 
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Figure 8. Experimenta 
Array 1 .  F-s ta t is t ic  5.0, Roosevel t Hot Springs. 
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Figure 10. Experimental frequency-wavenumber spectrum at 1.56 Hz, 
Array 1. F-statistic 5.2, Roosevelt Hot Springs. 
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Figure 12. Experimental frequency-wavenumber spectrum at 1.17 Hz, 
Array 2. F-statistic 6.0. Roosevelt Hot Springs. 
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Figure 13. Experimental frequency-wavenumber spectrum at 2.7 Hz, 
Array 2. F-statistic 8.1, Roosevelt Hot Springs. 
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Figure 14. Experimental frequency-wavenumber spectrum a t  1.96 Hi!, 
Array 3. F-statistic 37.0, Roosevelt Hot Springs. 
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Figure 15. Experimental frequency-wavenumber spectrum at 1.7 Hz, 
Array 3. F-statistic 12.1, Roosevelt Hot Springs. 

58 



. . 
*

.
 

.
-

 
I 

59 





2LZ2222222 bbbbbhbbbbbbbhbbbbbb bbbbbbbbbbbbbbbbbbbb 
2222222222 hbbbhhbbbbbbbbbbbb bbbbbbhbbbbbbbbbbo 

222222222 hbbbbbhobbbbbbbb bbbbbbbbbbbbbbbbb 
222222222 bbbbbbhbhbbbhbbo bbbbbbbbbbbbbbbb 

bbbbbbbbbbbbb0 
ZZ222?22 , hhbhbbebbbbhbb bbbhbbbbbbbb0 
2Z22P?Z bbbehbbbbbbbb bbbbbbbbbbb 
222222 hbhhbbhbbbhbbb bbbbbbbbbb 
22222 bhbhhhbhbbbbb bbbbbbbbb 
2222 hbhbhbhbbbbb bbbbbbbo 
22 bbbhbhbhbbbh bbbbbb6 
2 bbbhb6bhhbbhb .oooooooouoououooooooooo bbbbbb 

hbhbhbhbhbbb oooouooooooooooooooooooooooa  bbbOb0 
bbbbbhhbbhbh o o o o o o u o o o u o o o o o u o o o a o o o o o o o o o ~ o  bObb0 

hbbbbbbhhbhb O u O O O o O U o o u O U O ~ U U O U O o o ~ o o o o ~ o o u u u a u  bpbb 
bhbhbbbhbhbh onooooooonoouoonoooooouonoooooooaauauuu bObb 

bbhObbbDhbhb onnooouoooooooooaooouooooouoooooooouuuoouu 666 
Lbbhbbb6bhhb oonuoooonoooooouoooaououooouoooaaoooooououou Ob6 

bbhbhbbbbbbh ooooooonoouoooooooonoouooooouooooooooouououoo bo 
bbbhhhbbbhbb ooounooonoooooooouoooooaaooooooaoooooooaouoaouo bb 

ZZ2222?2Z hbbbbhhbbhbbbhb 

It u 0 0 0 a 0 0 0 u 0 0 0 0 0 

bbbhhhbbbhob O O U O U o O o U o ~ O O O O O o O U O a o o o o o a o o o a o ~ o o o o o o o o o u o u o u o  6; 
bbbbhbhhbbhb o u O u J u n o n o o o o o o o o u 0 0 ~ o o u o O a a O o o o o o o o O o o o O o o a O u o ~ o a  

bbbhbhhhbbbh o000uo0noooooooo00uOooooaouOooonnOooooooOOOOOOOOuOO 6 
bbbbbbbbbbbb oooonuoanooooooooooaoaoaooouoooooooooooooooooaoaoooa 6 
bbbhhhbbbbb ooOOOoOOnoooOonooaOuooooooouoOoonuoOooooooOuOuOuOuoO 0 
bbbbbhbbbbb ooonoouoonoooooooooououooooouououooooooooouooouououoa b 

00UOOOOOOoOOOoOEo000aouoo o U O o o O O o O O O O O O O O ~ U O a o a o a o o  60 
oooouooouoooooooonoououoo uouooououooooooooooouooooo bo 

ooooooououonnooonoooououo o o o ~ o ~ o o o o o o o o o o o o ~ ~ o o o u o o o  bb 

bbbb0bbbbb 
bbbhhhbhbb 
bbbbbhhhb 
bbbbbbbh. 
bbbhbhbhb 

ouooouooooooooonnoooOOou o o o u O O O o o o o o o o O o o o O O O ~ O ~ O u  Ob? 
OnououOuo1on0ooooanoooo O~OnOOuOOnnOoOOOooOOouuauoa t b ?  

bbb0 

bbbbb 
bbbbbb 

bbbbOb0 
bbbbbhnbb 
bbbbbhbbb 
bbbbbbbbb ooounuoooonoooooouooouduoooaoooaooooooaoooo bbbbbbbo 
bbb4hhbhb oooouoonooooooonuuoooououauuuoooouooaooooo bbbbbbbbo 
bbbbehbbbb oooaaooooooooonooaooouooauaoouoooooooo bbbbbbbOb0 
bbbbbhbhOb OooouoooonooooOOOOuoun~oooaououOuOo bbbbbbbbbbb? 
bbbhbhhhebb ~ ~ o u n o o ~ o ~ o o o o ~ ~ o u o a o o n a o u o o o u o  bbbbbbbbbbbbb 
bbbbohebebb ouoonoooooooooooooooooouuoo bbbbLbbbbbbbbb0 
bbbbbhbbobbh oo oon ooo o oo  ooouo ooo 0 bbbbbbbbbbbbbb 
bbbbhhahhhbh ouooououo 6bbbbbbbhbbbbb 
bbbbehbbebbhb bbbbbbbbbbbobbb 
bbbbbhhhhbhhbh bbbbbbbbbbhhbbh 
&bbbb4bh*hbbhhh 
bbbbbhbhbbbbehbh bbbbbbbbbbbbbbb 

bobo 

l 
bbbbbbbbb O u o o o 0 0 0 o 0 n n o u 0 o o 0 o 0 O u O u O a o u o u O O O O o o a o O o O ~ n O O ~ a u ~ ~ O  
bbbbb(ibb0 ooouoaooaunnoooooooooaouooooouoooooiiooooooooaoauoo 
Lbbbbhbhb oooouoooooooooooonoooouoaoonuooooooooooooooooooo 

ooanooooonooooonooaouoouonouuouooooooooooooouou 
uooooouoonoooooooooOuOuooooouaOououOoOaOoooOOO 

bbbbsbbbbbbbbbb 

bbbehhhSbbhbhShh bbbbbebbbbbbbbb 21  
*bbhbbbhbhbhbhbh bbbbbbbbbhbbbbbb l 1 2 L  
bbbhbbbbbbbb$hbhb bbbbObbbhbbbbbbbb ZZ242d 

* bbhbhbbhhbhhhbhhhb bbbbbbbbbbbbbbbbb 222&2LL24 
LIhbhhhChbhhbbhhhhhb hbhbbbbbbbbbbbbbbb zzi?22L2Lzz 

bhbb*bbbbhhhbhhbhbbbb bbbbbbbbbbbbbbbbbbbb 2222 l22LL  
hhhhhbhbh4hh4bhbhbhbhbbh bhbhbbbbbbbbbbbhbbbbbb 222222222 

bbbbbbh4hhhhhbhhhhhbhbhbhhhb b h b h h h b h b b b h b b b b b b b b b b b b b b b b  242Z2222 
h e h b h b h b h b h h h b b b h h h h h O b b h b ~ b b b h b h b h b b b b b b O h b b b b b b b h b b b b ~ b b b b b b  ZZZl2t22 oaaa 

O O O W O i  

LlZlZZZlZ onauaiamui8i  
bhbhhhh4hhhhhhbhhhbhhbbhb6bhbhhbbhbhbbbhhbbhbh 2 z L L z 1 2 1 2  o m o n s m w e t m e o i  

h h b b h ~ h h h h h h h h h h b b h D h b h h h b h b b b h h ~ b b h h b h b h b b b b b b b b b h h b b h h b b h  Z Z Z 2 Z L L Z Z  n u u w m e a i  
bhbhbChhb4hhhhhhbhhhbhhhhhbhbhbhhhbbbhbhbhbbbhbbbbbbbbb 12zzz2zz  

b b h ~ h h h h 4 h h h h b h b b h b o h h h b h b b h h b b ~ b b b b h b ~ b b b b b h b b b b b b  

ncy-wavenumber spectra at 1.17 Hz, 
i c  12.0, Roosevelt Hot Springs. 

61 



22222222 OI%bBb8088 22222222222222Z222222 
Z22222ZZ a~1001%1)4 222Z222222222222222 

222ZZ??ZE a e s n b w  2222222?2222222 
ZL222L222 m e a i  222222ZZZZZZ Z2L 

?Z2222222 a&& 22?z2222222 2 2 2 2 2 z z 2 2 ~ 2 2  
222222222 222ZZZZZZ2 22222ZZ22Z222 

ZZZZIZ2ZZ 22Z22LZZL 2ZtZZZZZ2Z222L 
222222ZZ2 22222222 bbbbhbbbbbbbbhbbbbbbb 22222222222z2L 
22222?22 22222222 b b b b b b b b b b b b b b b b b b b b b b b b b b b b b  2222222ZL222 
2222222 Z22222?2 b b b b b b b b b b b h b b b b b b b b b b b b b b b b b b b b b b b b  222z222222 
22222z ?2222222 b h b b b b b b b h b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b  22222222L 
22222? 222222222 b b b b h b b b b b b b b b b b b b b b b b b b b o b b b ~ b b b b b b b b ~ b b b b b b b b  222222ZL 
222222zz ZZZ2?2Z??ZZ bbbhbbbbbbbbbbbbbbb bbbbbbbbbbbbbbbbbbb 22222222 
2222222222222222222 bbbbbbbbbbbbbbb bbbbbbbbbbbbbbbb 22Z2222ZZ 
ZZZZZ2Z2222?222Z bbbhbbbhbbbbb bbbbbbbbbbbbbb ZZZZZ2ZL 
22222222222222 bbbbbbbbbbb0b bbbbbbbbbbbbb 2222222 
222P2222222 bbbbbbbbbbbb bbbbbbbbbbbb 222ZL 
22222?2? bbbbbbbbbbbb bbbbbbbbbbb 2422 

bbbbbbbbbbbb bbbbbbbbbbbb L 
hbbbbbhbbbbb bbbbbbbbbbbb 

bbbbhhbbbbbb ooooou bbbbbabbbbbb 
bbbbbbbbbbbb bhbhbhbhbbb o o o o o o o o o u o o o o o u o  

bbbbabbhbbb6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  bbbbbbhbbbbb 
bbbbbbbhbhbb o o o o o o u o o o o o o o o o o o o o u o o o o o  bb.b b b b b b bbbb 

bbbbbbbhhhbbb onoooooooooooooooooouooooooooo bbbbbbbbbbbbbb 

bbbbbbbbbbbbbbb 0000000000000000000000000u00000000 bbbbbbbbbbbbbbb0b 
bhbbbbbhbbbhbh oooooeooonooooooonoooouooouoooooo bbbbbbbbbbbbbb 

bbbbbbbbbbbbbbbbb 
0 0 0 0 G 0 0 O 0 0 0 0 O ~ 0 O 0 0 0 0 U O O U ~ O O O O O ~ O U O O O O O  bbbobbbbbbbbbbbbo bbbhbhbbbbbbbbb 

b b b b b ~ b h b b b h b b  oooooooonoooooaoooooooooowoouoonooooooo bbbbbbbbbbbbbbbb? 
ooooo3oonuooooooooou o o o u o u o u o u o o o o o o o o  CbbbbbbbbbbbbbbbO 

uouooouounonoooooooo uooooouoooonoooooo bbbbbbbbbbbbbbOb? 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0  bbbbbbbbbbbbbbbb? 

bbbbbbbbbbbbbbbbOb 
b b b b b b b b b b b b L O b ~ b ~  

bbb6bhbhohbbb 
bbbbbhbabbbbb 
bbbbobbbbbbbb 

bbbbbhbhbbbb ooonoooouooooooooooouooooouooooooooooo bbbbbbbbbbbbbbbb?bO 
bbbbbhbbobhb onononoounoooooooooooooooooooououooooo b b b b b b b b ~ b h b b b C b b ~ b 0  
bbbhbhbbbbbb ouoouooouoooonoooooooououooooooooooo b b b b b b b b b b b b b b b b b b ~ b ~  
b b b b ~ b b b e h b b b  ooooooovooooooJoooouooouoooooooooo bbbbbbbbbbbbbbbbbbb?b! 
bbbhbhahbbbbb oooooaoueoooooooooooounonoouooouo bbbbbbbbbbbbbbb 

b b b b ~ h b b b b b b b b b b  oonoooooouooooooouooooooooouoonoooooo 

2 
bbbhbhbhbbbh oooooououooooonoooooooonoooouooooouooooo 
bbbbbhbhbbbb ounoooouoononoooooooouooouououououooouoo 

bbbenbhbbbbb o o o n o o o n o o o o o o o o o o o n o o u o o o o o o o  bbbbbobbbbbbbb 
bbbbbhbbbhsb oooounoooooooooooouooououo bbbbbbbbbbbbb 

hbbbnbbbhbbb O o O O O O O O O O o U O O O O O U O O o o o  bbbbbbbbbbbb 
bbbhbhbbtsbb vooooooonooooooo LbbbCbbhbbbb 

bebbbbbbbbb 0 0 0 0 u 0 0 bbbbbbbbbbb 
bhbbbbbbbhb bbObb8bbbbb 

hbbbbbhbbbh bbbbbbbbbbb 
bbbbbhbbbhbb bbbbbbbbbbb 2222222222 

bbbbbbbbbbbb 22Z2222222ZZZZ2 hbbbbbbbhbbb 
bhbZbhbhbbb6 bbbbbbbbbbbb 2 2 2 L 2 Z 2 2 2 2 2 2 2 2 2 2 z ~ 2 2  

2 bbbbbbbb6bbbb bbbbbbbbbbbbb 2 2 2 z 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ~ L ~  
22 bhhhbhbbbhbhbbb bbbbbbbbbbbbbb Z22222222222222222222zL2L 
222 hbhbShhb6bhbhObbb bobobCbbbabbbbbbb ZZZZ222Z 2222Z2ZLZL 
222 bhbhhbbbbhbbbbbbbbbbbb0 bbbbbbbbbbbbbbbbbbbbb 222222L 2 2 2 2 2 2 2 2 ~  
222? hbhbhbhbbbbbhbbbbbbbbbhhbC6660bbbbbbbhbhbhbbbbb 2Z22222 ZZZZL2222 
2222 bhh4hhbbbbbhhhbbbbbbbhbbbhbbbhbbbbbhbhbbbb 2222*22 22ZZZLZLLL 
2222 b b b h o b b b b b a b h b b b O b b b b 4 b b b h b b b b O b b b b b b  2222Z22 2 2 2 2 2 2 ~ 2 2 2  
2222 b h b h b h b b h b b b b b b b b h h * h b b h h h b b b 6 b  2222222 Z 2 Z Z 2 2 2 2 2 ~  
222 h b b b b b h b b h h O b b h ~ h b b b h b ~ b  2222222 2222222222 
2 bbhhbbbbbbhhbb 22Z222222 2222222222 

22222222z 2 L 2 2 2 ~ 2 2 2  

Figure 19. Experimental frequency-wavenumber spectra a t  1.56 Hz, 
Array 3. F-statistic 1 1 . 1 ,  Roosevelt Hot Springs. 
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21. Experimental frequency-wavenumber spectra a t  2.3 Hz, 
Array 3. F - s t a t i s t i c  4.0, Roosevelt Hot Springs. 
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Figure 23. Cove Fort area, Utah. Dot points ( 1  or 2 or 3) 
represents array locations cj 
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t MrJ('60) Center Phone: 

Figure 24, Array 1 Configuration. Circles are Large Array elements, 
squares are Small Array elements. 
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Center Phones L, 

112'33 92'w 

Figure 25. Array 2 Configuration. Circles are Large Array elements, 
squares are Small Array elements. 
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MN(16°) 

Center Phone: 

38'38.62'N/ 

11 2'33.27.W 

Figure 26. Array 3 Configuration. Circles are Large Array elements, 
squares are Small Array elements. 
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Figure 27. Array response for group o f  72 geophones (10 f o o t  spacing) 
deployed as a s i x  arm star. Edge velocity i s  500 m/sec. 
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. 
Figure 28. Impulse response in wavenumber space (edges = 500 m/sec. 

for Array 3 
Channels: 1, 2, 3,  4, 5, 6 
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Figure 29. Impulse response in wavenumber space (edges = 500 m/sec. 
for Array 3 
Channels: 1, 2, 3, 6 
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Figure 30. Impul se response in wavenumber s 
for Small Array 2 
Channels: 1, 2, 

rn/sec. ) 
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Auto-power spectra, coherence vs. frequency f 
Array 3' (L3) (records : 1-24). 
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Figure 33. Frequency-wavenumber 
Frequency = 1.41 Hz, 
Direction o f  maximum 
F-statistic = 5. 

spectrum for Large Array 1; 
Velocity of maximum peak = 542 m/sec, 
peak = N77"E, 
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Figure 34. Frequency-wavenumber spectrum for Large Array 1. 
Frequency = 1.88 H t ,  Velocity o f  maximum peak = 612 m/sec, 
Direction o f  maximum peak = N230W, 

,F-statistic = 5. b.' b.' 

Figure 34. Frequency-wavenumber spectrum for Large Array 1. 
Frequency = 1.88 H t ,  Velocity o f  maximum peak = 612 m/sec, 
Direction o f  maximum Deak = N230W, 

1 I. L. r , F-! 
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Figure 35. Frequency-wavenumber spectrum for  Large Array 2. 
Frequency = 1.41 Hz, Velocity o f  maximum peak = 624 m/sec. 
Direction o f  maximum peak = N92OE, 
F-stat is t ic  = 4. 
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Figure 36. Frequency-wavenumber e Array 2. 
Frequency = 1.88 Hz, Velocity of maximum peak = 416 m/sec. 
Direction of maximum peak = N560E. 
F-statistic = 5. 
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Figure 37. Frequency-wavenumber spectrum f o r  Large Array 2. 
Frequency = 2.34 Hz, Velocity of maximum peak = 494 m/sec. 
D i rec t ion  o f  maximum peak = S170E, 
F - s t a t i s t i c  = 3. c 
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Figure 39. Frequency-wavenumber 

Frequency = 3.28 Hz, 
Direction o f  maximum 
F-statistic = 11. 
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spectrum for Small Array 2. 
Velocity of maximum peak = 1.03 km/sec. 
peak = S270E, 
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Figure 40. Frequency-wavenumber spectr or Small Array 2. 
Frequency = 3.75 Hz, Veloci 
Direction o f  maximum peak = S26'E, 
F-statistic = 18. 

f maximum peak = 1:22 km/sec. 
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Figure 41. Frequency-wavenumber spectrum for Large Array 3. 
Frequency = 1.88 Hz, Velocity of maximum peak = 445 m/sec. 
Direction o f  maximum peak = N51°E, 
F-statistic = 4. - -. 
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Figure 42. Frequency-wavenumber spectrum f o r  Large Array 3. 
frequency = 2.34 Hz, Velocity o f  maximum peak = 453 m/sec. 
D i rec t ion  o f  maximum peak = N6!i0E, 
F - s t a t i s t i c  = 6. s, 
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Figure 43. Frequency-wavenumber spectrum for Large Array 3. 
Frequency = 2.81 Hz, Velocity of maximum peak = 542 m/sec. 
Di rect ion o f  maximum peak = N490E, 
F - s t a t i s t i c  = 3. 
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Figure 44. Frequency-wavenumber 
Frequency = 1.88 Hz, 
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F-statistic = 5. 
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Figure 45. Frequency-wavenumber spectrum f o r  Small Array 3. 
Frequency = 2.34 Hz, Velocity o f  maximum peak = 427 m/sec. 
Di rect ion o f  maximum peak = S34OE, 
F - s t a t i s t i c  = 11. 
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Figure 46. Frequency-wavenumber spectrum f o r  Small Array 3. 
Frequency = 2.81 Hz, Veloci ty  of maximum peak = 444 m/sec. 
Di rect ion o f  maximum peak = S3loE, 
F - s t a t i s t i c  = 11. 
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Figure 48. Experimental and theoretical probabil i ty distributions 
at Array 3, Cove Fort. 
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