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1. INTRODUCTION -

- As part of a number of studles sponsored by the National

, Science Foundation under the Research Appl1ed to dat1onal Needs

(RANN) program and by the Department of Energy, a research program

was conducted using se1smometer arrays to study the backaground noise

. field at Roosevelt Hot Springs and Cove Fort in Utah.

The objective ofvthevprogram was not to conduct a geothermal

~ ground-noise survey in the usual sense, i.e. measuring noise levels
- at discrete stations This approach has been discussed in the

, 11terature by a number of authors (Clacy, 1968, Douze and Sorrels,

1972, Iyer and H1tchcock, 1974) _

There 1s considerable controversy about the usefulness of the
geothermal ground-no1se method in exploring for geothermal reservoirs.
Most surveys to date indicate high noise levels associated with
geysers and hot springs (Iyer and Hitchcock, 1974). The results over
geothermal reservoirs with no surface manifestations are more
ambiguous (see for example Douze and Sorrells, 1972, and Iyer, 1974).

| One of theiprincipa] reasons for the controversy is a lack of

understanding of the source of the noise anomalies. Either the

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

source of noise, or the presence of a reservoir somehow amplifies the
normal background noise level. A third possibility is that the noise

anomalies, while real, are not directly related to the geothermal



reservoir. The noise could be generated by weather, cultural
sources, etc., and be locally amp]iffed by the local near-surface
geology. |

The present study was basically aimed at determining the type
of no1se found around a geotherma] reservoir. For example, if the
reservo1r acts as a no1se source, one wou]d expect to find body
waves at stations located dwrectly above a reservoir. Cultural or
weather related noise wou]d 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 at
both the Roosevelt Hdt Springs and Cove Fort areas. The arrays eon-
sisted of six seismometers, one in the center and the others evenly
spaced on a circle. The interelement array spacing varied from 50 m
to 300 m depending on the experihent. The instrumentation and the

arrays are discussed in more detail in section 2.



2. FIELD EXPERIMENTS AND INSTRUMENTATION

Two field experiments were .performed under this grant.

“otionas - The first field experiment took place at Roosevelt Hot Springs

1]

-7 7(Beaver County, Utah) between June 25 .and July 21, 1976. . A total of
18 data samples were recorded, each recording site using a six
"element‘pentagonal:array; ' Each element was a single HS-10 seismometer.
M1 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»lnc;;of Tulsa, Oklahoma, and Professors
"35fLaster‘and Douze of The {University of Tulsa. Al equipment was
';provided by Senturion.: The nominal overall response characteristics
‘of the recording system are shown.in. Figure 1. ..
~ The ‘initial recording site was near a section marker approxi-
mately 1/2 mile north of a Phillips Petroleum steam well. This well
““{s on the‘linetbetweéh Sections 9 and 10, Township R9W,T27S. The
‘""iﬁﬁtial}pentagOnal arrayihad'aJspacing between elements of 200 feet,
 and was ‘recorded for about 48 hours (June 25-26). The third day the
"!§ﬁéc1n§'was increased to 400 feet (at the same site) and an additional
g hdurs1of:dataiwere:recorded. ;Thereafter;the 400 feet spacing was
gsed. ' The final day of recordihg consistédxof a;clustér‘;est. in
75 yhichall six seismometers were placed in a small group a few feet
-/ in diameter. The purpose of this test was to determine the consistency
" of recording response from channel to channel. |

3



- wind waé generally blowing about 15-25 miles per hour during the day,

The initial recording site was on alluvium in a gently
rolling terrain. The surface dips down to the west toward the valley
floor. To the north énd east lie the foothills of the Mineral
mountains, and the terr;iﬁ 5§'Vény rugged.

Some general comments can be made concerning the data. The

[£]

‘making the data very noisy even though the seismometers were buried. .
The wind’generally decreased considerably at night. Also, several
other groups were conducting geophysical surveys in the area at the
same time, leading to some traffic noise. For this reason most of our
samples for detailed analysis were selected from night time recordings.
A difficulty not originally anticipated was seismic ehergy generated
by railroad traffic on the major North-South track several mi]és to
the west of Roosevelt KGRA. This noise was of very high amplitude and
occurréd at intervals of a few hours both day and night. This energy
was useful in determining near surface seismic velocities, but it |
also made selection of data samples difficult. Unfortunately, we did
not have a log of train traffic in the area.

Because of the large amount of data recorded, it is obvious A
- that only selected samples from each site could be digitally analyzed.
The samples to be analyzed were selected from analog playbacks used
in conjunction with the data logs. Generally we chose,fbur to six,
ten second samples from the night recording period. . Sinusoidal
calibration samples for each seismometer were also selected. The

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

: tabe. ’ . : . RUTET u
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The analog tapes were shipped to Geotechnical Corporation in
Dallas where they were digitized at 100 samples per second. All six
channels were digitized. ’

The second experiment was performed near Cove Fort (Millard
County) Utah between November 11 and November 15, 1977. This field
work was performed by Ensco Inc of Springfield, Virginia. Three

record1ng sites were occupled - two in Dog Valley and the third in

'the footh1lls below Dog Valley Peak. At each recording site two

types of arrays were used. A small’ array (l70 foot radius)

trcons1sting of six elements, each a single HS-10 se1smometer, was used

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

was used to study possible body waves. These Targe arrays had six

elements, each element consisting of a cluster of 72 geophones

'(Nark Products L- 258) with 10 foot spacing The data were recorded

on 14 track analog magnetic tape. Unfortunately, because of

electr1cal problems, it was not poss1ble to record the large and

}'small array SImultaneously at any site

The data, particularly at the two valley sites, was very

N ’noisy due to ‘traffic on a maJor north south highway to the west. An
s east west h1ghway and possible mining activity, both south of the
ffarea, also contr1buted to the noise. The quietest per1od of the day
rrlat all three sites was around sunr1se. 'Ensco’selected appropriate
' ?qu1et data samples and converted these to ‘digital form with 120

samples per second Tapes contalning ‘this data were transmitted to

Tulsa Un1vers1ty In add1tion. Ensco “independently processed the

1data u51ng the1r Se1sm1c Act1v1ty Map algor1thm Their results are

-described in a separate report accompanying this report.
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3. THEORY OF ARRAY PROCESSING

3.1 Frequency Domain Processing M
| The noise of interest in gedthermal ground-noise eurveys is a
random time series; therefore, it {s appropriate‘to use power spectra,
" _coherences and frequency - wave number (f-k) speetra_td analyze the
data obtained in the field experiment. In the fdllowing seciion, the
theory required to gain an understanding of the results is briefly
discussed, emphasizing those features that are not readily available
in the literature. J -

To compute power spectra the method discussed in deféi] by
Welch (1967) was used. It consists of dividing the tiﬁe}series in
segments and transforming each segment into frequency domain.
Spectral estimates are obtained by mu]ﬁiplying in the frequency
domain and averaging. The method is well known and needdndt be
discussed further. In the computations, 12 to 20 segments of data
together with a Hanning smoothing window were‘used, resu]ting in
approximately 30 to 50 degrees of freedom (Blackman and Tukey, 1958).

In order to efficiently compute f-k spectra from the.erray
data, a combination of the algorithm described by Smart ahd'Flinn
(1971) and the avereging procedure of Welch (1967)-were employed.
~The basic approach is described below, for details the reeder is
referred to the above mentioned references. ‘ ‘.

The array is composed of N elements whose ldcations are
specified by vectors v, (i = 1, N). The Fourier transform of a

6
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~ chosen time interval of the noise of seismometer j is given by

| Aj(m)yexp [ ajr(m)]. The f-k spectrum is defined by:

N- N o .
P = Y, X (r.-r
(w, k) § . £=] Yim (w) exp [ik (hJ r)] (1)
where ¥. - is the cross spectrum between - the jth and mth seismometers;

jm

"~ if j'= m the autospectrum is obtained.

“§3h¢= Aﬁt(w) exp [ - a5 ()] - Ay (o) exp [ ey (w)]

Equation 1 can be rearranged to give

2
{An (w) exp [i o (w)1} * exp (i k Fﬁ)

P (w, k) =
e v o . (2)

S

which involves a single summatioh‘ A maJor reduction in computation

time can be achleved by using the fo]low1ng relat1onship

A (w) exp,{i[a"(w)ﬁ- (k +A E),Fh]}¢=

Anlw) exp {ila, () - % 11" exp (-i & % ) (3

By using this rélatihhshib (EéuaffthB),weSéh“of the products in the
summation in'EQUation 2; which defines the f-k spectrum, can be
derived froh'%he,previous;produtt:by multjplyihg by exp (-1 Ak ¥ ).
Since Ak canvbe taken as a constant ffheswave number grid), the

generation of the kernels exp (- 1 K T )1s eliminated.
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This computational approach_is extremely efficient on a computer.
However, because on]y‘one,time ségment frbm each arrayrelement is used,
the number of degrees of freedom of the reéUifing f-k sﬁectrﬁm is small.
A simpletway of increasing the degrees of freedom, and thus the confi-
dence in the results, is by avefaging f-k spectra. This proceddre is
entirely analogous to averaging Fourier transfofms to obtain power
spectra (Welch, 1967). In the case of ffk,Spectra_it‘is necessary to
assume that the time series is both time and space stationary.

.“If L time segments from each seismometer are used, the final

result is simply:

P (k) = ﬂ(m?) (4)

|-

L
z
j=1

The f-k spectra discussed in this report were compdted using
this approach. The method is efficient and flexible; it allows one
to examine the f-k spectra of iﬁdividua1 ségments and the spectra
resulting frbm the sum at any point in the'compUtations.

In order to gain some insight into the significance of a peak
in the f-k spectra, the Fisher statistic is computed. The‘Fisher

statistic is defined as (Schumway, 1971):

E (w, k)
F® o cwn 0
where
oo N L2
E (w,k) =,N.§-1 Aj (w) exp (- ik rj) :



and

=|—

E(w) =% & l A, (w)
j=1 J

It s simpiy the ratio of the power of the peak in f-k space to the

7 difference between that power and the total power at that frequency,

"all weighted by N-1. The theoretical]y expected Fisher statistic is
difficult to derive for our case where a large number of non-

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

Section 3. 2 ) and sometexperimentation with synthetic data the
following guidelines have been used when interpreting the results.
For an average of L=4, normally used in the computations, an

F-statistic above 10 is significant and -indicates the presence of

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

statistically insignificant, while values between 5 and 10 are
questionable : . 0

When operating an array very close to the source of the
seismic noise, one of the basic assumptions used in the computation

of frequency-wave number 1s not valid It is assumed that?plane

u“f“waves, i. e _waves from a distant source, are being recorded by the
_)array., If an extended source is ciose to the array, waves wil] arrive
. _from a mult1p11city of directions WIth c1rcuiar (not plane) wave

- _fronts

In this section we derive some theoretical con51deration
intended to increase our understanding of the results being obtained
from the experiment conducted with an array in close proximity to

-9



the source. The theory is-an adaptation of results previously
published by Douze (1967) and a more detailed explanation of the
mathematical treatment can be found there.

The two basic types of waves, body waves and surface waves,

_are treated separately, the methods used are very similar.

Assume surface waves arr1v1ng at two se1smometers located some
distance apart (Ax) from a number of directions (N), each of which
has the same power level The power spectra at each seismometer

would be the same, s1mp1y the sum of the 1nd1vidua] spectra, ¥ (w)

N ' -
¥y (@) = ¥y () = g I (o) e 8

where we have normalized by N.

The cross-spectra between the recordings of the two seismemeters is:

N
=1 co Aoy
¥ip (@) = §=1 ¥ (w) exp [ - i w (5 cos B )] (7)
where .
V (w) = phase velocity of the surface waves
B = angle between the d1rect1on connect1ng the two seis-

mometers and the d1rect1on of arr1va] of the wave.
If we desire the surface wave noise to be 1sotrop1c, i.e. equal
energy from all directions, we let N approach infinity. The spectra

are still identical; ¥, (w), and the cross-spectra becormes

10



f @ =g [0 Y ) e [ g0 G cos )18 =y (ay(@42) (8

where J s the zero order Bessel function.
 The cross-spectra becomes ‘a purely real quantity, instead of
the usual complex one, it can be positive or negative. Thus, no
apparent phase velocitles can be obtained from the data
If instead of generating surface waves, the geothermal source
generates predominantly body waves, the mathematics‘becomes somewhat
more complex. Consider the case of compressional body waves arriving

from N random direetions‘and‘angles of incidence. The time series for

@ vertical motion seismograph becomes

™M=

~'x];(t) = %- ' _f" (t) ceeﬁbh

n=1

where 6 ='angle7of‘1ndidencei :

Each wave has the same energy ontent and the conversion from P to S

is ignored. This last restr1ct1on is not necessary and the results
have been publushed (Douze, 1967), but the increasedAcomplexity.does

not change the results appreciably. At seismometer 2, located some

. _distance away, the time series recorded becomes:

- %p(t) = %g f, (t- Q%- sin o, ees‘Bn) cos pn“

N



-where Bn the direction

By

Y

If, again, we are interested in obtaining a solution for omnidirectional

seismometer separation

body wave vé]ocity.

P waves of all angles of incidence and all directions at the surface

of the half space, we let N approach infinity:

ty (@) =¥ (@) 2 [72  cos? ado = X (@

-m/2

Yoy (0) = ¥qy (w)

¥ (w) is the power spectrum of f (t).

The cross-spectrum becomes

1.1 2" /2 X 2
W]Z(w) =¥(w)y E.Jo J-“ 2exp -iw (V; sin 8 cosB) cos” 8dode

By performing the last integration, the expression reduces to

2m J, (9%%¥4£ cos B)

P .
Tl W A X d 8 (10)

Vp cps 8

I—l

le(m) = W(m)-l; *,

where J] is the Bessel function of order 1. Again the cross-spectra
has no imaginary part, however, examination of the formula indicates
that it will remain positive at all times. In the limit of Ax or w

approaching zero, the result approaches 1/2 because J](x)/x > 1/2.

12



: and

The formula (10) was solved numerically as the ‘authors could
" not find a'closed form solution.
The same approach can be used to obtain a solution for shear

waves arriving at all angles of incidence and direction.

oy ) s Yo - e
¥ () = vpp(w) = L0l ' ()
e 2 . J (979—5 cos B)
. 1 w A x cos B S : '
¥i,(w) = ¥(w)s I [dqy ( - ] d8 (12)
»~,;,]2 Jct.‘-:ZF o 0 vivs» oo wVA X cos B - o

where VS is the shear wave;velocity. As Ax or Q apprOach‘zero; the
Jg factor qbp(oqches 1.0 and the J, factor, 0.5.

. The .theory discussed above for plane waves arriving from all
directions is an extreme case; the other extreme beingléwging1e-p]ane
wave travelling across the array. Nei;her case is correét fbr an
array above a geothermal source, however, we suspect that waves
arriving from gnmultiplicity;of‘direqtionsrisuq1dser to the’tfue
~situation than a singlg:plapeIWave,;VOne”can. of cdursg, numerically
integrate the, formulas betWeen‘apy Timits to obtain jhfgrmediary
' situations between the two extremes. rv L ;

One measurement often ysed wh§n:computjnglgﬁééfr§>§f multiple

- time series is the coherence between‘tim9r§eriesrusua]1y defined as

Y B

Cyp (w) ;7 () 5p00) (13)
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For a single p]ané wave the coherence will be unity between two
‘seismographs. If the noise is isotropic, the coherence will,decrease
- rapidly from unity at zero frequency or zero separation to smaller
values.

The theoretical results discussed above are used in the inter-

pretation of the experimental results in Section 4 1.2.

3.2 Time-Domain Processing

The frequency-wave number spectra discussed in the prevfous
se;tioh is one of the most effective techniques of array processing; it
allows examination of the velocity and direction of‘waves fréquency by
frequency. If the waves of interest are dispersed wave trains,such
as surface waves, this approach is almost a necessity.

If the waves to be detected by the array consist of non-
dispersive waves such as body waves, one has the option of using either
time-domain or frequency-domain techniques.

As the time-domain méthods use all the frequencies at the same
time, they can be expected to be effective if the signal contains a
broad band of frequencies travelling at the same velocity.

One of the main objectives of the present study was to determine
if P?waves from geothermal sources were present in the noise. The f-k
spectra indicate that, with the exception of array 3 at Roosevelt Hot
Springs, the noise consisted of surfacé waves. 7 |

To test the possibility that broad-band P wave noise might be
present at low levels, it was decided to try a time-domain technique,

the Fisher detectof, a method based on power levels.

14



The F-statistic as a measure of the presence of coherent energy
has already been briefly mentioned in the section on f-k computations
(Section 3.1). | |

The F-statistic as a detector can also be used in the time
domain; most of the experimental studies have been done by the Seismic
Data Laboratory (Blanford, 1974).

The statistical theory underlying the.use of the F-statistic
s quite complex and has been described in the literaturé by Shumway
(1970). ATheiapproach is briefly summarized below.

Suppose that a collection of N independent normal time series
is regarded as composed if a signal s(t) and a zero mean stationary

normal noise process, n{t) in discrete time.

1,N (14)
0,1,2  ,L-1

vy (£) = s(t) + ny (8) 3
t

fl

» “Eof the ‘case of N = 1, a large number of solutions in terms of
" orthogonal expansions are available in the literature.
| In order to test the hypothesisfthat there is no signal present,
i.e. s(t) = O,Vthe data could be transformed into the frequency domain
as was done in the f-k computations: -

If the noise is band limited, with bandwidth B, over which the
noise spectrum is constant, an apprqximqtion to theiF-statistic can be

used which is given by

15



F NN, = D <y 2> - ) (15)
1°72 1 N —2 |
: <L Y. > -<y5
J=1 J
where
7213 itery
y=wg& vylt.-1

Ty are the time delays required to form a beam of the
desired velocity and direction of approach
~and the angle brackets indicate a time average over L

data points

; (t)
z Y, (t
t J

g The F-detector indicates the presence of a signal if F (N],NZ,A)>FO,

| where F(N,,N,,1) is the computed statistic, which belong to a
population distributed as a non-central F with N] and Nz_degrees of
freedom and non-centrality parameter ), and Fo is the theoretical
deduction threshold.

The number of degrees of freedom are given by .

N, = 28T
N, = 2 BT (N-1)
§ where B = the band width in Hz

—
n

the time window in sec

| 16
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The noncentrality parameter is defined as a function of frequency

A (o) = 2 BTM [signal power] _ (16)
[noise power]

As the signal is not known in the problem under consideration here,
all comparisons between experimental and theoretical F-statistic
~were made with a noncentrality parameter of zero. When a signal is
present in the beam, the F-statistic increases for two reasons: first
the beam power in the numerator increases, and second the denominator
- decreases to ‘the residual noise.
In order to obtain a value for F,, the computed F-statistic
-that indicates the presence of a signal, a theorgtica] F-distribution
needs to be calculated. Estimates of the degrees of freedom are
required. - Power spectra of the different elementsiof‘the,arrays were
examined to determine ‘the band width. This examination showed that
the different array stations have, in general, neither the same
amplitudes nor a flat spectrum as required by the theory (see for
example, Figures 4 and 5;).-'Theréfore; it is not possible to
accurately determine the degrees df freedom of the experimental
‘computations; however, we4can,stiil expect to receiye some guidance
in determining an F-statistié,]eve] that wou]dhjndjcatglthe presence’
of a signal. Figure 2 shows some theoretical probability distributions
with a>noncentrality parameter:of zero.

The results‘given in the figure indicates the probability
(in percent) that random, uncdfrelated noise will result in a given
F-statistic value. For examp]e,‘fpr F(8,40,0), random noise will

17



result in an F-statistic larger than 2.18 for 5 percent of the values
computed. (These degrees of freedom are the ones applicable to.the
F-statistic from the f-k spectra). 7

However, in both the time and fkeqUenéy domain a large number
of estimates are computed, although they are not all independent
estimates. -

Thus, the F , or threshold at which we declare a detection,
must be set high. The4act0a1 F0 used in the experiments depended
on the length of the time window used in the computations.

Several other time domain detectors have also been used in

the past, particularly in the geophysical exploration industry. It

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

around geothermal reservoirs. One of the most popular detection

’statistics is the Semblance Coefficient introduced by Neidell and

Taner (1971). They define this to be ‘the normalized output to input

energy ratio, or in the notation used here,

S =N<‘j2>
c N 2
< Yy >
J=1 J
Thus there is a simple relationship between the Semblance Coefficient

and the time domain F-statistic,

p=-1S o
T-5,

| . :
S, = —
C (N-1+F)

18
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Computations of F will also yield Sc and vice versa, but more
important, the theory outlined earlier in this section can be used

to establish tests of significance for the Semblange Coefficient.

19



4. EXPERIMENTAL RESULTS

The data from the two survey areas, Roosevelt Hot Springs and
Cove Fort were obtained in two separate surveys with different
instrumentation. Therefdre, the interpretations are discussed
separately. However, the format for the results is the same in both
cases. The frequency-wavenumber spectra are gi#en in the form of
computer letter plots. The origin, representing vertically upward
traveling waves, is at the center of the diagram. Decreasing
velocities are represented farther from the center. The figure
captions will often refer to "edge" velocities. These refer to the
largest circles which can be inscribed on the diagram. The corners of
the rectangular region will of course represent lower velocities.

The relative amplitudes of the spectra are coded in the following

manner:
Q = 0 to 1 decibels down from the total energy in the
frequency band
0 =1 to 3 db down
6 = 6 to 9 db down
2 =12 to 15 db down
8 =

18 to 21 db down

24 or more db down
Each of the above ranges is separated by a blank character to
facilitate reading the diagram. Arrows have been drawn from the

origin to the largest spectral peak.

20
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4.1 Roosevelt Hot Springs
At Roosevelt Hot Springs oniy the smal] arrays were used, with
a maximum 1nterelement spacing of 200 feet These arrays do not

. attempt to discriminate against surface waves as do the large arrays

. used Qt;C9Y97F9Vt- Thus, the principai ana1y51$ technlque was the

frequency-wavenumber computation The time-domain F-statistic was

. tested on some of the Roosevelt Hot Springs data

. Three arrays are discussed in detail as they are respresentative
. of the different noise fields encountered in the area. The Tocations
elare shown in Figure 3. The first array (referred to as Array 1 in

- the. test) was. Tocated between two steam wells, thus 1t is above the

., known geothermal reservoir The other two arrays are outside the

area of the geothermai reservoir, one in the vaiiey (Array 2) and one

:in the Mineral Mountains (Array 3)
:5:?AAQTTTZTPower'Spectra"
7 Power spectra of the noise samples to be used in array pro-

cessing were computed to deterﬁine:the frequency -bands of high power

e and to determine the coherences. As mentioned previously, with the

" exception of a sample purposely‘chosen to study the cultural noise,

Lthe rest of the time segments were from windless periods with a

minimum of cultural noise.

' Figures 4 and 5 show some typical: examples of power spectra

A_ﬂy'i°5nd Coherences. Figire 4 s from the larger of the two arrays at

| Array Site T.Wabove'the'knownrgeothermalwreservoirvsFigure 5 is

data from Array 3 on the Mineral Mountains.
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The spectra from Array 1 show two distinctipeaks};ohe‘at a

frequency around 30 Hz. This peak has usually béeh fbund to be

aSsociétéd wifh cultura]ractiVit%es'(Douze, 1967). As will be
detérmihed in thé §ection on'ka:spectra, the noise"appears to
consfst‘of Surfacé waves from a number of directions, some of which
aré clearly of cultural origin. |

Both spectra show an additional peak on the spectra at higher

- frequencies. It should be noted that the peak is at different

| frequenciés for the two lbcations only a 160 m apart. This behavior

makes it extremely unTike]y that this peak is CaUSed by travelling

elastic waves on the ground; wind-géherated noise together with

different ground-to-seismometér coupling méy'bé the cause of these
peaks on the noise spectré.

The coherences between the two seismometer traces are
statistically insignificant except for a few yalues,be]pwfz,o Hz.

This is typical of the results obtained, although a few selected

- samples show higher coherences.

The spectra from Array 3 shows a similar behavior at a lower
power level. The first peak, despite its similarity to the one
discussed above, was fodnd to be caused by body waves and;not surface

waves. These examples clearly point out that it is not possible to

“draw reliable conclusions from single-station spectra. The second

 peak showed no spatialﬂokganization from f-k spectra or coherences.

Therefbre, it is not at present possible to determine if the energy

in thiS peak is of any significance.
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‘4,1,2. Frequency Wave Number Spectra

| As mentioned in 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) in the valley, a somewhat noisy environment, and . the
third on the Mineral Mountains further away from the cultural noise

_ source.. o “

Frequency wave number spectra were computed for frequencies
between 0 5 and lO OHz. Even for these small arrays, the results of
. the f-k spectra usually showed no organization in the noise field for
*‘. frequencies greater than 5 0 Hz, and often for frequencies greater
than 3. 0 Hz o ’ ‘ -

The f-k plots were computed for a number of velocity ranges;

; in order to orient the reader to the dimensions of the plot, an
| arrow giving the velocity is drawn to the largest peak in the f-k

: Spectra The main peak has been shaded the figure heading gives the
) F-statistic which is a measure of the power in the peak

b Experiments have shown that, as is the case for most sites,
the noise field is, in general, neither time-nor space-stationary
The variations are mostly associated with changes 1in cultural
activities and W1nd generated noise. wind-generated noise is not
coherent between seismometers at the spacing used here. Cultural

. noise is well known to con51st mainly of surface waves (Douze, 1967).
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In order to obtain an estimate of the velocities of the
noise, f-k spectra were computed for a noisy interval at Array 1
(see Figure 2 ). The results are shown in Figure 6;. only f k spectra
w1th an F-statistic greater than 10. 0 were plotted this is the reason
for the gaps in the data p01nts The resulting disper51on curve
clearly shows that the phase veloc1t1es are appropriate to surface
waves, i.e., Reyleigh waves as recorded by the vertical seismometers,
‘throughout the frequency range of 1nterest The f-k spectra do not
provide sufficient resolution to determine if more than one mode
of progagation is present, and are probably the cause of the decrease
in velocity for frequencies Tess than 1.0 Hz.

| Array 1 s locatedhbetween two steam wells, thus'it can be

assumed that it is directly above the reserv01r “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 in
the section on theory. ‘ | : | o

Figure 7 shows a typical example of the experimental coherence
(Equation l3) between two seismometers separated hy 177 feet during a
quiet interval. Also included is the theoretically'expected coherence
for isotropic P-waves usino a half-space velocity of 2.0 km/sec. and
the 1sotrop1c surface waves using “the veloc1t1es determined from the
cultural noise (Figure 6)

The isotropic P-wave model does not fit thevexpérimental data.
lhe isotropic Rayleigh wave model is a better:fit to the experimental
coherence, however, the theoretical values are still considerably

higher than the experimental ones. The most l1kely solution is that
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surface waves coming from numerous directions together with some
‘wind-generated nOise, are the main components of the noise field
predominate | ' | |
L One important conclusion that can be drawn is that the geo-
thermal noise field cannot be explained by P-waves generated by a
geothermal convection cell. If instead of isotropic body waves. the
angles of incidence were restricted to smaller values than 90 degrees,
the theoretical coherence would be even larger Mixing P-and surface-
_wave energy also results in coherences for higher than the experimental
- results ‘ | '
- The conclusions obtained from the coherences are reinforced by
},the results obtained from computing f-k spectra from Array 1. In
Figures 8 and 9. two f-k spectra are shown at a frequency of
‘approximately 6 0 Hz Figure 8 shows the experimental results, the
‘ ;karrow indicates the largest peak at 402 m/sec with an F-statistic
"of 5 0, the shaded areas are al the peaks greater than 12 dB below
gmaximum power Figure 9 shows a theoretical plot using the theory
for isotropic surface waves to compute the spectral matrix (Equations
‘6 and 8) and then ‘the f-k spectrum (Equation l) The velocity of
the Rayleigh waves was taken as 300 m/sec. (from Figure 6.) Again
r{the arrow shows the maximum peak, at 380 m/sec ’ and the shaded areas
are peaks greater than leB of a maximum power “The computed
. F—statistic is 4 2. , , |
| | The theoretical f-k spectrum shows clearly that, as one would
uluexpect, a six-element array cannot determine velocities if isotropic
rsurface waves are present N There is o peak at 300 m/sec to be
found in the spectrum,instead close,examination shows a number of
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peaks of about the same power leve] scattered throughout the plot
The symmetry of the peaks is a result of the symmetrical array con-
, ,f1guration. This resu]t 1s-not surprising if one refers back to .
: Eguation 8, the phase ang]e'can onty be,O or 18u degrees, the result
is a spectral matrix with pure]y real values, the f—krspectra compu-
.itations cannot cope with thts situation. B R
| ﬂ Thus, allowing for the fact that the noise will not be

comp]etely isotropic, the exper1menta1 f-k spectrum shows the same
type of behavior as found in the theoretical one. In the first place
there is no hint of a high-velocity peak in the center of the plot,
strongly suggesting that there are no body waves present in the noise
field. Also the largest peak in the spectrum (shown by the arrow)
does not agree with the expected surfacegwave ve1oc1tyvat this
_Vfrequency, 300 m/sec. from the results shown in Figure 6. There are
a number of peaks in the spectrum of almost the sameﬁlevel as the main
peak, a very similar behavior as that found in the theorettcal results
(Figure 9).‘ The F-statistic of the result is low, a vaiue of 5.0 is
obtained from the main peak. o

It should be noted that there is no resemb]ance in the location
of the peaks in e1ther spectra to the 1mpulse response of the array,
thus the peaks in the spectra are not the s1delobes of the array
response. V | |

The resemblance between the theoretica] and exper1menta1 results
strongly suggest that the noise field is composed of surface waves
arriving from a large number of d1rect1ons and that body waves are

not a major contr1but1on to the no1se
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‘While only one f-k spectra has been sﬁown,-it is typical of
the results obtained for frequencies from 2.0 to 10.0 Hz, except
that the F-statistic is somewhat larger than average.

For the lower frequencies, with these small arrays it is
difficult to distinguish between surface waves and body waves at a
higher Velocity. In most cases a peak will be found close to the
.center of the'f-kfplot,‘however,.measured ve]ocitiés and directions
‘will show random differences from frequency to frequency. In no
cases did the maximum velocity fall in the center of the plot as
would' be the case for either isotropic waves or body waves coming
from the reservoir below the array site. |

Figure 10 ‘shows an example of the results obtained at a
frequency of 1.56 Hz. The peak value is indicated by an arrow, it
- shows waves with a velocity of 960 m/sec. arriving from S 5° E with
an F-statistic of 5.2. This particular example suggeSts the presence

“'of Rayleigh waves, however, the results do not always allow the same

. conclusions to be drawn, sometimes ‘the velocities are more represen-

- tative of body waves. . ..
- For comparison, thertheoretically‘computéd f-k spectrum at
1.56 Hz for isotropic P-waves:of 2.0 km/sec. is shown in Figure 11.
Asfexpectéd from the phase angles (all 0 degrees), it shows a peak at
- infinite velocity, with the'compﬁtéd‘F-statistic of 28.0. . A plot of
- {sotropic surface waves shows the séme general features with -a lower

F-statistic. No'general'cohclusion’to'be drawn from the results at

== these lower frequencies.: -

The array (Array 2) in the valley was located approximately
4.0 km west of the reservoir in a culturally noisy environment.
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Figures 12 and 13 shows typical examples of the f-k spectra from noise
. samples -during quiet periods. The main point to note ié,that the
results at this site are not significantly different from those at
Array 1; the noise level was somewhat higher, but the structure of the
noise field is the same.

Figures 12 and 13 show the results at two frequencies, 1.17 Hz

. -and 2.7 Hz. Figure 12 shows. a velocity of 570 m/sec. (see arrow), and

.a F-statistic of 6.0. This velocity might be appropriate for Rayleigh
waves in the low-velocity alluvium of the valley.. The direction is
‘not towards the geothermal reservoir, but towards the cultural noise
sources. Figure 13 shows a velocity of 1.0 km/sec. with an F-statistic
of 8.1. In both cases, as in all the f-k spectra from this site, the
F-statistics are low, indicating that the noise field is poorly
organized. Velocities vary widely and are not easily interpreted in
terms of wave types.

The third array used in this study was located in the Mineral
Mountains approximately 7.0 km from the geothermal reservoir (see
Figure 3). The results of f-k computations were surprising and
completely different from those obtained at the other sites.

Figures14 and 15 illustrate the results obtained at
frequencies of 1.96 Hz and 2.3 Hz respectively. The arrow in
Figure 14 gives the maximum peak in the f-k spectra with'é velocity
of 6.4 km/sec. and an azimuth of N 31° E, the F-statistic is 37. In
Figure 15 the arrow indicates a velocity of 4.29 km/sec. and an

azimuth of N 37° E with an F-statistic of 37. Other frequencies

showed similar results for the frequency range between 0.5 to 4 Hz.
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The velocities are too high to be explained by surface waves and tests
were run to 1ns@re that the peaks shoWn‘a;e nbt éideiobes in the f-k
| spectré from 1ow velocity surface wévés{l

‘Thus, considering the high Ffsfatistics, the noise must consist
of orgqnizéd P-Waves coﬁing from apprdximater N350 E. The same
result beréisted‘for sevefa] noise samp]?s spreéd over the two days
the array was operatéd. Thus, it is not an isolated case such as
}}would oc?ur if a ]ow-amp]itudeimicroéarthqﬁaké was ﬁresent in the
chbéen sample. To test_the hypothesis fhat recqrring}microearthquakes
were the céusé‘df the ndise, the time tfaces forweachvseishometer
were plotted. A typical example is shown in Figure 16.: Approximately
10 seconds of data is shown, and it is obvious that no impulsive
events of significant amplitude are present.

' Because of the'uniqugness of ‘these results a complete set of
" f-k spectra from a long data sample is presented in Figures 17 through
21.  Probably because of thé longer than avefagersamplé and the fact
that the noise is not stationary in space, the F-statistics are lower
" than for the shorter samples. In these examples, several frequencies
showed the'higheSt*peak‘arrivingiifrom the;south-wést,,this may be
caused by minor phase shifts in-the seismograph responses. It is also
““pbssible;that the source is very close and below the array.

" These results are not readily»eXplained,-the direction does not

" point towards the known geothermal-reservoir, even allowing for some

* “refraction caused by horizontal velocity changes. There is a source

“of microearthquakes known to exist some' 30 km away in the Mineral
Mountains in the general direction obtained from the f-k spectra

(personal communication, Senturion Sciences).
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Two bossible'explénaiidhs>for'ihe P-wave noise are:
(a) tﬁat a micfoearthquaké'source is aTsp a continuous generétor
of body-waves, - |
or (b) that ah unkhown source of energy, possib1y connected with
a deeper'geothermal convéction cell is present to the East
of the known géofherma] reservoir. ‘ A
VAt preSent, tﬁe oﬁ]y reasonable exp]ahation why’the other arrays
- did nbf record this noise lieé in thé relative noise lévels, with the
sité in‘fhe mounfains legé noisyvbeéause it is furthér removed from

the cultural noise sources.

4.1.3 - F-Statistic

The time domain techniques discussed in Section 3.2 were
intended primarily to -analyze the data recorded by the large arrays
at Cove Fort. These arrays were designed to emphasize the detection
‘of high velocity P waves, and to attenuate the surface waves.

In order to check the computer progéam that computes the
experimental F-statistic it was tested with the data from Array 3 at
Roosevelt Hot Springs. As discussed in Section 4.1.2 this array
showed a relatively broad band of P-waves in the noise.

..vFigure:ZZ shows a typical eXamplé of the results obtained.
The edges of the plot start at a velocity of 1.0 km/sec.with the center
- representing infinite velocity. .The values on the plot are a coded
computér printout of the.experimental F-statistics. The output shows
an area of F-statistics above 2.0 (shaded area) with a peak of F - 2.6

- at a velocity between 25.0 and 12.5 km/sec from N28E.
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© . The time window used was 600 sec. Taking the band width as a
- few Hz, and using‘Eigurezz. it is c]gar that/gp_F};taffstic of 2.6
has a high‘pqobabi]ity_gf\being‘significaﬁt. o o |
- The velocity obtained from the time-domaih computatfdns is
- higher than most of the values obtained:frpmrfhevf;kvspectra, at least
- -suggesting that the.sour;e is close tdland below thé array. It should,
- however, be noted that ;hefarray!s1ze_i$ too smai] to_éccurate]y

determine the ve]ocities of these waves.

‘4.2 Cove Fort ‘ }
 '4.2.1 Frequency Wavehumber;Resu1ts“for Cove Fort
The Cove Fort area in Utah (Figure 23) has been designate&
~‘a KGRA (Known'GeothérmaluResources;Area)~by the U..S. Department of
‘the Interior. "It currently is being explored for geothefmal,reéources
5(wa1ey and AnderSon,‘1975):;vThe»locatiohs‘of three array sites used
in this study are'markedas 1, 2:and 3-in the figure. . |
““A large and a small array were used at each;site. ;Although
“the same general configuration was used at each site, the spacing
“differed slightly. - Details are shown in Figures 24 through 26.
" The small arrays consisted of single seismometers, while elements of
B tﬁe‘large array consisted -of groups of six strings of 12;sgismometers.

“the pattern taking the form of a six-armed star. Distance between

Y seismometers on a string was 10 feet. . These groups were used to cut

““downi“on surface wave energy, which would be aliased if single seis-

“ mometers were used.: :Unfortunately; while such groups work very well

'iat-fréQGEnc1eSfabove;20:Hz, they were found to offer little surface
“wave attenuation below 5 Hz. -Figure 27 shows the group response
at 5 Hz. Waves with velocities are low as 500 meter/sec. (which
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correspbnds to the edge of this diagram) are attenuated by 3 decibels k.i

" or less. Nevertheless, the groups did cut down on wind noise and

helped minimize the differences in geophone plant, etc.

The recorded data is summarized in Table 1. As mentioned
previously, the 1argerahd éma11 arrays at each site could not be
recorded simultaneously because of electrical problems. In addition,
all six array channels were simultaneousiy operational only on the
large array at Site 3. ‘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 at 2.34 Hz
“for the large array 3 using all six channels. Figure 29 shows the
analogous response with channels 4 and -5 deleted. The pattern becomes
much more directional and large sfdelobes or aliases become apparent.
The latter makes interpretation of the results extremé]y difficult
in some instances. (It should be noted that the responses in the
last two figures do not include the effect of the 72 seismometer
groups, but as we have discussed above this ghould have little effect).

For completeness, the array response of small array 2 is shown
in Figure 30 for 2.34 Hz. Again, the edge of the diagram corresponds
to 500 meters/sec. The small arrays show little directionality, but .
have no significant side lobes in the frequéncy band of interest.

Two channel coherences were computed for all arrays. Typical
éxamples are shown for small array 3 in Figure 31 and for large
array 3 in 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 to 1.

.



In both figures Channel. 1 has been used as the reference. It would be
‘more desivrable to use the center channel, Number 6, as reference, but
this was bad on the small array. Coherences on the small array were

less than .45, and were typically much lower. Apparent highncoherences
between some pairs of channels above 24 Hz are artifacts, since there
is no signfficantzenergy in those channels at those frequencies. On
- the large array coherences were very small; this is to be expected
. because of the larger‘spacing.,‘; ‘

~The coherence results can be summarized as follows, based on
processing all of the digitized data. The maximum observed coherence
always occurred:at 4 Hz or below. For frequencies be]ow 1 Hz the
“coherences. were often high, but this is expected because of the long
- wave lengths involved (assuming propagating waves). We will, therefore,
ignore those values. For large array 1 the maximum observed
coherence was .31.° At large array 2 it was .41, and at lerge array 3
it was .65. For the small arrays; the maxima.at Site 2 was .61 and
at Site 3 was .89. These results came from computations on successive
.32 secondaleegths of data. The coherences changed ;ignificantiy from
one data segmentAtoﬂthe next, and;the high,values persisted for only
a short time. . o
" Using the coherence results as a guide, data samples.and

~ - specific frequencies were chosen for frequency wavenumber analysis,
7 using the methods described previously. It was found_deSipéb]e to
-“normalize the power in the various channels. - The power in the
frequency band of interest(usually 1 to 5 Hz) was computed and used

- as a weighting factor to make the average pqwersethe same. The
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‘standard frequency wavenumber computation used here is relatively
insensitive to normalization errors. However, certain of the high
resolution techniques, such as the Maximum Likelihood method
(LaCoss, 1971), are very sensitive to errors of this kind.

Usually, because it is representative of surface wave
velocities in this area, .5 km/sec. was used as a starting velocity
in two-dimensional wavenumber space. Four blocks of data, each
block 256 data points long (0.0083 x 256 = 2.13 sec.) were used in
the computation of the f-k spectra. The f-k spectral technique was
utilized to process four or five different time segments at each
array for analysis. Besides computing and displaying the spectrum
in the desired region of wavenumber space, the program determined
~ the largest spectral peak, evaluated its F-statistic, and computed
azimuth and phase velocity associated with the peak. Subsidiary
peaks of interest were picked visually by the geophysicists.

Before showing examples of the spectra we will summarize the
results. Because of cost and time involved it was not feasible to
compute spectra for all the digitized data. However, a total of 49
time segments were analyzed for the three sites and two types of
arrays. In each instance wavenumber spectra were computed at five
different frequencies. The phase velocities obtained for the maximum
'peak varied somewhat from sample to sample, probably because there
is more than one noise source which gives rise to a time varying
" interference pattern. However, 74% of the peaks measured had phase
| velocities between .4 km/sec. and .55 km/see.

The highest velocity (3.6 km/sec.) was measured on small

array 2, which had the least precision due to its small size and use
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of only four channels. “ The largest secondary peaks in the spectra
" also tended to have velocities near .5 km/sec.; although these
results were not tabulated. No peaks that could be construed as
body waves were observed.
The spectral~peaks showed a fairly consistent directionality.

A peak was usually present indicating-a source in the approximate
direction N50°W.  This was assumed to be due to the north-south
highway which has its closest approach west and northwest of Dog
 Valley.  The direction varied somewhat between the three array sites.
A second peak was usually present to the south, but its direction
varied fromiS4OQE*t01530°N.' It may be due to the east-west highway
to the south, or possibly to mining activity. Finally, a third peak
indicating a source N50°E was usually present at all sites. There
..are no known cultural sources in that direction. " The area to the
r;northeast of Dog Valley is faulted s0 thlS might represent true
..geological act1v1ty Spectral peaks from all three d1rections
vtypically have veloc1t1es near 5 km/sec. | '

‘ Nhl]e the above discussion summarizes the results of this
“study, we feel that 1t is worthwhile to show examples ‘of the frequency

wavenumber Spectra The follow1ng series of figures show examples

.. from each recording s1te We have chosen examples that have the

;}highest F-statistic. We have also attempted to show results for at

rq?least three contiguous frequencies The data from large array 1 is

« very poor (only two frequencies are shown) The maximum F-statistic
-is 5., which is very marginal The direction of the°largest peak

. changes from frequency to frequency, but the d1rections are northeast,

northwest-west, as observed‘abover | |
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The data from the large array 2 was again not very good. The k;}
maximum F-statistic was 6. Figures 35 to 37 suggest noise sources to
-the east, northeast, and southeast. |

The small arrays of course offer much less precision in
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 in Figures 38 to 40.

J The best data recorded in this experiment came from the third
recording site. The data from the 5ma]1 array consistently showed
a noise source in the southeast, although the F-statistic was Tow
(about 5.). Data from the large array showed a noise source to the

‘northeast which cannot be identified with'any cultural source.

4.2.2 F-Statistic

The Computer program used to combute experimental F-statistics
was applied to the data from the thrée large arréys at Cove Fort.
This has been discussed before in this report; the large arrays were
designed specifically to detect P-waves.

The results obtained ffom the computations did not indicate
the presence of high ve]ocity noise at any of the three arrays.
The experimental F-statistics were too low to be considered statisti-
cally significant. The time window used was 500 sec., while the band
width, from the spectra, is at least several Hz. 'Figure'47 shows an
example of fhe results frquArray 3, which because of its location at
a less noisy site, was considered to be most likely to detect P-waves.

The edges of the plot are at 1 km/sec. chosen becéuse the
Tower ve]ocitiesVcharacteristic of surface waves, are not of priméry : Q;;/
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interest in this experiment.

There are two peaks in the plot, with F-statistics of 1.85
and 1.89 and velocities of 1.1 and 1.7 km/sec. Neither of these
velocities is indicative of P-waves.

Furthermore, ff*isrnecesSary to decide'if'theoF-statistics are
significant. Because the spectra are not flat nor are the seismometers
recording the same noise level. It is difficult to decide how many
| degrees of freedom to use in the computations
- Therefore, the fo]lowing ‘approach was used: an experimental
probability distribution was computed usiﬂg'all the values in the
plot. T e ‘
- Figureﬁﬁé'ohoWs the results obtained, a theoretical distribution
for F (40,é00,0) is {nciuded for eoﬁparison. The theoretical and
experimentaf'raiues'are‘1n close égreemeot; suggesting that the
| oomber of'oegreee of freedoh‘ohe would obtain from using the band
width and time window are far too large. Examination of the results
shown in th1s f1gure suggest clearly that an F-statistic of 1. 89
'does not have a high stat1st1ca1 s1gnif1cance, and’ that the peaks are

random noise
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5. CONCLUSIONS AND RECOMMENDATIONS

The noise field was investigated usihg arrays at two geo-
thermal sites, Roosevelt Hot Springs and Cove Fort, both in Utah.

Frequency'wavenumberlépectra, together with the associated
spectra and coherences was the main analyses technique used.. Time
~domain detection methods were also employed in ah attempt to find
P-waves in the noise. i

The time domain methods used here were inefficient'in terms
- of computer time. However, the data was extremely over-sampled.
If the data were filtered and resampled these techniques might prove
competitive with the. frequency wavenumber technique. 7

The range of analyses covered the frequency.range’pf 0.5
~to 10.0 Hz. The instrumentation and digitizing rate al]owsbhigher
- frequencies to be analyzed. However, at highér frequencies no
- organization in the noise field could be found in the pfocgssing.

At frequencies higher than 10.0 Hz the pbwer levels of
»different seismometers in an array varied considerably, furthermore
spectral peaks did not often occur at the same frequency. It
appears quite likely.that, because of the presently used installations,
true ground motion is not being récorded. The most likely source
~ for at least part of thi§ noise is wind generated noise. Thus, if
there is any geothermal noise at the higher frequencies we are hot
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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would be on the band not being utilized. We suggest that this
problem be investigated. Two possible approaches are: first,
attempt to improve the 1nsta11at10n of the se1smometers second, it
might be possible to predict the w1nd generated noise using a
microbarograph and then subtract it, 1eaving'a trace without wind
noise for analysis. This approach has been used at the 1ower
frequencies (Douze and Sorrel]s, 1975). - |

) At Roosevelt Hot Springs, both the arrays located on top of
the known geothermal field, and the one in’ the valley. showed that
”’the noise consisted largely of Rayleigh waves at frequencies from 0.5
to. 5.0 Hz. There was no clear 1nd1cat1on of body waves in the noise
as would be expected close to a buried source. The. array located in
the mountawns to the southeast of the reservowr did show body waves
predom1nating at frequencies from 0. 5 to 5 0 Hz. However, the
.dlrect1on of arriva] did not p01nt towards the known geotherma]

reservoir. The presence of body waves at one array indicates that

'}fthey shou]d be present at the other arrays only a few miles away.

The reason that they are not detected must “be. the overwhe1m1ng
Vamount of cultural n015e in the val]ey (

This strong body wave source shou]d be 1nvestigated As
mentioned above the direction does not agree with the known geo-
?therma1*reServoir However, 1t is such an unusual phenomenon that
- the possibi]ity exists that 1t may be connected W1th stronger

;fdtigeothermal activ1ty in"the Mineral Mountains -
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 TABLE1: Seismic ground noise data chart

o TOTAL TIME. - CHANNELS .
START ~ DIGITIZED PIECES WITH GOOD g [
DATA TIME ~  ARRAY  (MIN) PLOTTED DATA . WIND = TRAFFIC TAPE FILE
11/15/77 | 1145 AM | L3 | 65.4 21-90 | 1,2,3,4,5,6 | Light | Medium | L100 . |1
| ' S| L3 193-228 N N | L100,L500 | 2,3
[11/15/77 | 2:00. PM | S3 32.1.| 21-90 |1,2,3,4,5,- | Light | Medium | L300 1
11/13/77| 9:00 AM | L2A 27.6 | 21-74% |1,2,3,4,-,6 | Light g:dium/ L400,L500| 1,2
11/13/77 | 10330 AM | L2B 21.0 374 | 1,2,3,4,-,6 | Very | Medium/| L400 2
R B : SRR Light | Light -
11/14/77 | 3100 PM | S2 33.3 | W1-76 | 1,2,-,-,5,6 | Light | Medium | L500 _ 1
11/12/77] 8:20 AM | L1A | 26.2 3-34 |1,2,-,4,-,6 | None | Very | L300 3
o ~ | 60-91 : | Light | ‘
’11/11/77‘ 1sl45. PM | L1B 37.3 48-8} 1,2,-,4,5,6 | Light | Medium | L300 4

Note; Small Array 1 (S1) was deployed but no useable déta4wasiobtained.~
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Figure 4. .Power. spectra and coherence of the noise recorded by two
..seismometers at -Array 12 Roosevelt Hot Springs.
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Figure 5. Power spectra and coherence of the noise recorded by two
seismometers at Array 3, Roosevelt Hot Springs.
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Figure 6. Measured velocities during a noisy period, Array 1,
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Figure 13.
Array 2.

Experimental frequency-wavenumber spectrum at 2.7 Hz,
F-statistic 8.1, Roosevelt Hot Springs.
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Figure 14.: Experimental frequency-wavenumber spectrum at 1.96 Hz,.
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.
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Experimental frgquency—wavenumber spectra at 0.78 Hz,ﬂ
Array 3. F-statistic 15.0, Roosevelt Hot Springs.
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Figure ]8.:7=E;per_'ime‘n§alk frequency-wavenumber specﬁra at 1.17 Hz,
.“_Ar‘r:ay 3. -F-statistic 12,0, Roosevelt Hot Springs.
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Figure 19. Experimental frequency-wavenumber spectra at 1.56 Hz,

Array 3.

F-statistic 11.1, Roosevelt
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wavenumber spectra at 2.0 Hz,
Roosevelt Hot Springs.
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Figure 21. Experimental frequency-wavenumber spectra at 2.3 Hz,

Array 3.

F-statistic 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
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deployed as a six arm star. Edge velocity is 500 m/sec.
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Figure 28.

Impulse response in wavenumber space: (edges
for Array 3
Channels: 1, 2, 3, 4, 5, 6
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Figure 33. Frequency-wavenumber spectrum for Large Array 1.
Frequency = 1.41 Hz, Velocity og maximum peak = 542 m/sec,

Direction of maximum peak = N77°E

F-statistic = 5.

76

()



sbbobbbbbOLLLAGOY svooe 8850000

bbebbbe bbsss
660600066 HobbAsbLGOLALENbEES Y | bbob08 6606060
606606006 . LODALLLOLOOS T ddeadR s0bb60b [TITTTTTY 2
bobbbabL - bbb ) T geedddeed 80600bbbLELLELGRGS . gddar22RR22221
(1111 Y N 22d2dedel 0066660660606680 - 22223242222222222222¢
N 111} 222 ' 2222 Qo2 [Y1IYTYTYY 2222 22&2222222222!&23
* eb66s 222 bbb00000660 22¢ e (111} 2222 - 2e2da222222222
[ 1.1 600000060056000060 2e2 222 222222222¢ 2ae
(1111 [YY Y131 S 11 111 222 o222 éadea -
bbobL e8b606 esbe 22222222 . bbhbebE [
. TIYTYY 6660 R sb66 222222 0660006006006000 (11
660080 s6b8b S shob bb66606b66566600606000b066
TYYTYYY t66600 YY1} 606bL06666606866006060600008
6066806068 . bobbaLE 0 obobb 666606060660b66606066600b0080
bBL6bL06680 (YT 65668 BoboLOLLE0LOL60b6LDL60LELES
66666686060 (YY) 68060660 " b6bbbOLLEBOL BO606O6LLLELLE
Y YTY bbb6bLBEL bobbbb6LLbOLED Lo H6bbb6bLOLLLLLLLLELELDLOEOL
119 A YILITII bbubbbobbEL66LGED S 6066660656680866060000000
[TTLLTYY ) bbbobobELLLOLOLLLLLE - tbbbboLLLLELBLLOLLLELLOGL
1 $6666060606066068000066000060600060606000 066606085800660060606000060
2222 (TYY Y 00600bbb6L0ALLLBLRLLLLLOLLLLLLOELLLALGLE b6L660060bLLLOLB66560000000
222 . (TLTYYYYY £056606660060%8060606066680006L686666660666680600600 bbb606LOOBOGE
. (LITTTTYTTYY 66680660606060600066660666000000040 ‘bbobbbb6bL000
: 06600006006600660 ‘Nob06b8ELL000660006606666bb060 ) bbbbLbOLOGLE
0606006060866666446 _ " \b0500660b660606660860860060 : s0806b60000¢
6606066606000AM6h0066 . Sp660006660600680860660660 ¢ - : 6606660606000
bb0bb8  0OBLOLALLLL 63p000066800060666686660 - - e . sbbbbobLY
(11} [LTYTYYYY 66\00500808006080656060068068 ¢ . bbobobLL
s (LYYTTIY 400%06b6086666000006600680 o 66608066
bobO66E - . . . ab8p6b66660600068  HOLBLLLLE 86606066
s6b6066 . 222232 o6UbbbbobeL - - ob6bb80 © 600660606
6 LYTTYYYY N 12111 066068600 bbobbobLbObOLLLY
(Y I T TYTTI L CLogee ke’ 66866880 - 2222 6606666686000 0
otbbeeobcooonoootasetbeatbbotb 2 22 tesbbbbeob Q22222 bboobobee T TT)
b6000600656b0006000600000000060 222 222 ' 6bLLOLALLLLL 22222222 - ’ YYTITIIT
bbbebabbobbababeLAGOLOLAbOBSLEEE 222322 sboubbobbbbeet 22222222 ‘ Lo #66bboLbOGDEE
6866000000000 00080000 DOOMLLLD 6b60006000000000 22z2232 - 6600666060 ]
bbboobbbbbRbLG (YTIIT T sob0b0d bobobos - p2222 . sbbbbbLS
bbbsbbbbbLLE . 66bb6068b00600000 bbebed T - bobbbOOL
tbopboobbe " bbbbbLLOLbEBLEL © - bebbbbe T - 0060606600
6bbb60L06G - B0006006000686 | LITTY TYY SRR 6660608086668
bob86bLL0L bboobbbELE Y TTT YT 8606b6060565800 [
66660666666 sbsoLoby P Y YT YTYYYYY 60b606LLLLLLLLLLL0G 111
0666660606 sbbbobbLbh bbbbbbLLLEE 566466b66000606066606b0066606808
0006660660 ‘bo06b0BbbbbLLLLL0LODLLLLOL ' 6668b006666660b006606b6560060000
= - 00566600000600000660600000660660666005600464 b050b06600586000b060006060000000
22222222 060800000600b0060600000660006000b6000060 60046060L660006060000066006060L00600
22222222222 bob50006600000000b000L000000000008000 0064060b0600LOOLOGLLLLLLLOLLLLLLLOD (
222222222222 6668bL0660 . 0b0b0b6bbALG 000660000000000060006000606066060606606  {
- R . sbbeabbbe T ebbohbbLLY 60L860006600506b00L000b06b60b00006060006600600 °
222 YV IO Y LY (YYLIYIYYT] Lb0b000LE6L0ELL600666600060001
o 6b0bnbbbbLOL 22 606660060006060b0060 " -40bobbbOLO6LLLL6LL66600000601
1 bbbbobDALLEELLLG 22222 "7 atobb6bebbLLLLL : bbLbobbobOOLLLL 66600601
- 660bb AbLLELOLALADLOLELLS 2222 bbo00b0b0b0L00 S 06600000606060068 866008}
66b60Lb6006LLLLLLOLLLLLLLLLD 22222 ' 6660606666600 ot s6b0bbbLLOLOLLOLLEL bOOLOOLY
6666060606060806066 . 6068460 T 222@2° . 6b60060bbb05b060 S bobobbObLOLLOLLELLLLECbOOOLE
0060668066606660666060060 . "dek2d . .. bbobbbobbbebbs T . Y LIYYYY bboRLbLELLLELOLOODY
bbbbbbbbELLOLEAGLEELLLLY o e2de. © 66666  bobebebEb T obbbbbe 666006006000000008
0060600000600080000600 . . 222 . bbbbbebe 060666668 6668600808 B 1 i -
- G6060006060666084008 F131 S TYY Y TYY YT o 660666060006060060

6000000000608

Figure 34.

- Frequency .= 1.88 Hz, Velocity of maximum peak

22222 o6bhbbbbsbLEE | bbhOEBABLLES RSN zzzzzc

Frequency-wavénumber spectrum fbr Large Array 1.
= 612 m/sec,
Direction of maximum peak = N230W, B

, F-statistic = 5. .

77



0066000060006 (TILITYITITIY) 08000606000605680086

6 .
(11) : YO T LY T T . 650060006066 o - a0he60b0b60000000
Y - Yy ] 60686060060 S00000000060006066080
666004 4080006000840 060686068 06060606006 060606061
66660b00000666660006066000 . 066000064 sbbbe660b00b0E
6000000060600 04000000008 . 060605658400 0660600600068
66006064000684000060000000 - . 660666600668 s6664606¢
0666066600000668600000 . . . (LTI : YT
. bbbbeLbLLOLLLO6LLRALLES . ) 6666608606000000 . a0066¢
20006H6600000h6008068000 b6866n00600b6000000 606t
© 466006660000005008000660 06504066006006606004040 L. " ]
- -bbbbd S000R6066000 60668b666000660000005004
666 - . 60000080000 ) 0866L68606860600060000004
B LT I Y YY1 1 11 11 . - G600650800500000006000000. . . .
113 ) : 04000660000 06606006060666060006086600000006
66 . 00006000600000000000000000000000600000800600060660068800068
N 113 : . . SOLOMBOA000ARNLOLOEL06000000600L00004000000000000 . . .
‘0666 . eseebee0bbeeLbbsL0A0065L060600006L0000060000060
66666 : G0N0 bLAN00800008000000000080000050800000040 ; - R 11T
S LTY T 1 e i, G6GaEbBbELR0000006060006006006000000 L e e T (YYYTTIITT
N T1IYYYY -G0b0b000006040600000646000600000000000 6b0eb6666b06LGE
666686666 SE060080000000000006800600000000000 $0006008000000006001
00068006800000A00060400000000000000000400000000000600008 0000000000060000080080000¢
0086000060008 000000060000600000000000060000600000000406 6600600064000600000 1]
G6L0050600080000080600800000080000000600000000600000080060000 06000000006000050008 :

6000664066000000860A000000000600000080040000000060000800805000004000000000000000000 @ L
0686606006000060000000000000000600060000000006060005000000500008000600000000000000

686660060006056060006660 6606000066006000400000800600086000006000000000
0004666006000 00000800 . . . . GOGBLORLLA6LL660L06800000000000066000800000 . I
66666660800560000008 0400b400000000600060600660L00605660000058000 000000
6665060600666668040 00tt‘tb0ettoobcttsho6.totthhhhlhAlhlh83333----......_.2222::0000
060806000600040b00a04 GhO0660000060000000006000060600060800006006600 — 00000 ...
6L6066000006000660A80600600600000606006000060080868060000006008006000806666 00600000000
G0000000806660666000000000000000005060040000048000000000 sbsbebbbsbbLE 0000
GOEOLOL0000L000006000006000000000000004006L008000000600 . GhoababLLEGE i e
G6060006066080400A6606480060600004805080060888540606056000800 8060060060000 S
6L0006600000050000006006000000000000660000660000000800 YT LI
66660666060606000000060000000000000600008066606006000006064 . 80000606066
60060606060600660060000000008600060006886060006600000000000 6600660060008
665600000h000065600606006000000006 686608b6606608060 66606050006006060 ) 64
6660606606006006060000000000 . .. sebOOLOAGOLY .. .. GboLLOLOLALALELEEE0LL06HI
- 6606606006008066060A00 s8b00000060 00066006006606660606061
T 66060606060508060A06 sbhbabLLS Sb6LLLBLLLLLLLBLGI
000boLBOLEOLNGENGNGS _ GbbbBOOY . . ... . _ . bobbbbbobobBLL
060606060060606466008 . bobosbbe 66666800666¢
60b60BLL0LLLLALAGALES ’ _ bbbobsbLEG ~ "66bb6bbbL
(1Y LYY Y LYY VY LYY Y V) R _ 60bLL606AG . .. nosbobesi
000606600600068600000600 8666600060 YL
‘0b0b0860060608660800060008 8666660660000 YL
e R LYY Iy e e 8680080686 00500 - CLll... .. btobbsost
6006600600400000 6666066608660604 : - 66b60686¢
- 6000060686600 $60086500606006088060 : : bobbbt
00056008 00000000 406006006606600600660606004 T N sobot
GO6060000665060400060068000606060600606b605000060400 : ot
- . SOLLL6060066060006000000000060660060604066866400000 :
bbbbos . o 05066600846000086666606000006000008000006666600000
bbobosese 0060060000000666b0500600LLLDLOLLLLLLLEEELE6D06L0
6806606840066 . C608080600006500600000060600006680000600066000000000 C
6606648606680000 66060066066600006060h0b0h000LL6066660000006660600008 YYLITY
0605060000060 008008 G065006080600600000000b000000000806805800000b0660600606066b606660066600006¢

6.bibhibbbbbbbbti‘b.‘t.bhb.tt‘0606.606606000066606&66006066066660.Qggggﬁotbbh000@6000666066666006600&

Figure 35. Frequency-wavenumber spectrum for Large Array 2.
Frequency = 1.41 Hz, Velocity of maximum peak = 624 m/sec.
Direction of maximum peak = N92°E, . :
F-statistic = 4.
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Figure 36. Frequency—wavenumber spectrum for Large Array 2

R 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 for Large Array 2.
' Frequency = 2.34 Hz, Velocity of maximum peak = 494 m/sec.
Direction of maximum peak = S17°E,
F-statistic = 3. '
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Figure 38. - Frequency-wavenumber spectrum for Small Array 2. =~
seive o+ Frequency = 2.81 Hz, Velocity of max1mum peak 2.4 km/sec.
Direction of maximum peak = S500W,
F-statistic = 4.
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Frequency-wavenumber spectrum for Small Array 2.
Frequency = 3.28 Hz, Velocity of maximum peak =
Direction of maximum peak = S270E, .

F-statistic = 11. -
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Figure 40.

Frequency-wavenumber spectrum for Small Arrajnz.
Frequency =

3.75 Hz,; Velocity of maximum peak -1.22 km/sec.

Direction of maximum peak = 526 E,

F-statistic =

18.
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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 of maximum peak = N51CE,
F-statistic = 4.
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F1gure 42 " Frequency-wavenumber. spectrum for Large Array 3.
“Frequency = 2.34 Hz, Velocity of maximum peak = 453 m/sec.
Direction of maximum peak = N65CE,
F-statistic = 6.
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Figure 43. Frequency-wavenumber spectrum for Large Array 3. -
: Frequency = 2.81 Hz, Velocity of maximum peak = 542 m/sec.
Direction of maximum peak = N49OE,
F-statistic = 3.
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Figure 44. Frequency-wavenumber spectrum for Small Array 3.
" Frequency = 1.88 Hz, Velocity of maximum peak =
Direction of maximum peak = S400E, ,
F-statistic = 5.

398 m/sec.
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Figure 45. Frequency-wavenumber spectrum for Small Array 3.
Frequency = 2.34 Hz, Velocity of maximum peak = 427 m/sec.
Direction of maximum peak = S34°E,
F-statistic = 11.
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Figure 47. Experimental F-statistics at Array 3, Cove Fort.
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Figure 46. Frequency-wavenumber spectrum for Small Array 3.
' Frequency = 2.81 Hz, Velocity of maximum peak =
Direction of maximum peak = S310E,
F-statistic = 11.

444 m/sec.
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