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ABSTRACT 

Frequency-wavenumber (f-k) spectra of seismic noise in the bands 

1 G f < 10 Hz in frequency and lk - I < 35.7 cycles/h in wavenumber, 

measured at several places in Grass Valley, Nevada, exhibit numerous 

features which can be correlated with variations in surface geology and 

sources associated with hot spring activity. Exploration techniques for 

geothermal reservoirs, based upon the spatial distribution of the 

amplitude and frequency characteristics of short-period seismic noise , 

are applied and evaluated in a field program at a potential geothermal 

area in Grass Valley, Nevada. A detailed investigation of the spatial 

and temporal characteristics of the noise field was made to guide 

subsequent data acquisition and processing. 

noise-level derived from carefully sampled data are dominated by the hot 

spring noise source and the generally high noise levels outlining the 

regions of thick alluvium. 

a shallow lateral contrast in rock properties. Conventional seismic 

noise mapping techniques cannot differentiate noise anomalies due to 

buried seismic sources from those due to shallow geological effects. 

Contour maps of normalized 

Major faults are evident when they produce 

The noise radiating from a deep reservoir ought to be evident as body 

waves of high phase velocity with time-invariant source azimuth. 

small two-dimensional array was placed at 16 locations in the region 

A 
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to map propagation parameters. The f-k spectra reveal local shallow 

sources, but no evidence for a significant body wave component in the 

noise field was found. 

provides a powerful method for mapping the horizontal component of the 

vector phase velocity of the noise field. 

With proper data sampling, array processing 

This information, as well as 

the accurate velocity structure, will enable us to carry out seismic 

ray tracing and eventually to locate the source region of radiating 

microseisms. 

microseismic field is predominantly fundamental mode Rayleigh waves 

In Grass Valley, and probably in most areas, the 2-10 Hz 

controlled by the very shallow structure. 

c 
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I. INTRODUCTION 

Two methods have been proposed for attempting to utilize microseisms 

for delineating geothermal reservoirs. The first is based on the specu- 

lation that hydrothermal processes deep in the reservoir radiate seismic 

wave energy in the frequency band 1 to 100 Hz. 

the exploration method becomes a relatively straightforward "listening" 

If this phenomenon exists, 

survey, using stations on a 0.5 to 2 km grid. Contours of noise power 

on the surface should delineate noise sources. This is the "standard" 

noise survey used widely in geothermal exploration. A second approach 

interprets the noise field as propagating elastic waves of appropriate 

type, e.g., fundamental mode Rayleigh waves, and inverts their propaga- 

tion characteristics to obtain the distribution of medium properties, i.e. 

velocity and attenuation, both laterally and vertically. The propagation 

parameters of ambient microseisms so measured will also locate distinctive 

radiation sources. 

microseisms and a reasonably accurate velocity-depth model, a fixed, 

With sufficient knowledge of the wave nature of the 

non-aliased array can be used in a beam-steering mode to define the source 

region of radiating noise. 

suffer greatly when data are contaminated by non-seismic noise, by 

interfering seismic wave trains, or by improper temporal and spatial 

data sampling. 

analysis at best a qualitative geophysical method and have substantially 

liniited the acceptance of the seismic noise survey as an integral element 

in geothermal exploration. 

Both approaches, as used in typical surveys, 

These pervasive problems have combined to render noise 

This study attempts to avoid such problems by sophisticated analysis 

of microseismic data in an evaluation of the feasibility of ground noise 
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studies in geothermal site delineation. 

gations undertaken near Leach Hot Springs in Grass Valley, within the 

region of generally high heat flow in northern Nevada. 

quantify the spatial and temporal variations of ground noise in the 

region and find that the seismic noise spectrum is strongly affected by 

the near-surface geology at the recording site. 

band seismic sensors in a mapping technique using amplitudes and frequen- 

cies, one can outline lateral variations in alluvial thickness. 

"standard'' mapping technique cannot differentiate noise enhancement due 

to shallow structure from noise enhancement due t o  buried seismic source. 

On the other hand, we find that the mapping of wave propagation param- 

eters provides additional information about the noise field. However, 

We report a series of investi- 

We first 

In fact, with broad- 

This 

the successful application of this technique requires some understanding 

of the wave nature of microseisms. 

study the seismic coherency as a function of frequency and spatial 

separation. 

propagating microseismic data. 

the frequency domain beam- forming method (BFM) and the maximum-likelihood 

method 0. 
we verify that the seismic noise consists primarily of fundamental mode 

Rayleigh waves. 

We used multiple-sensor arrays to 

Based on this information, we designed an array to collect 

The array data were processed by both 

From the dispersion curves obtained in our array study, 

In Chapter 2,  I consider the geothermal ground noise within the 

content of wide-band microseisms and discuss the origin of seismic 

noise in three different period ranges. 

area of field study and the systems used far field data acquisition. 

The conventional seismic noise power contour technique is evaluated 

In Chapter 3, I describe the 



-3- 

in Chapter 4. 

present a sophisticated array mapping technique in Chapter 5, along 

with field procedures, data processing schemes, and the results of the 

Grass Valley study. 

Finding weakness in the conventional mapping method, I 

In the concluding chapter, I sunanarize the results 

of the study and present recommendations for extensions of the work. 
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11. F,ARlE NOISE 

2.1 Introduction 

c 
The study of microseisms, or earth noise, involves interplay of 

meteorology, oceanography and seismology. 

seisms has attracted seismologists since the beginning of this century. 

A bibliography covering work up to 1955 (Gutenberg and Andrews, 1956) 

lists over 600 articles on the subject. 

provided an additional 69 articles related to spectral studies of 

microseisms. 

The investigation of micro- 

In a recent review, B$th (1974) 

A typical seismic noise spectrum recorded at a quiet site (Figure 2.1) 

shows : 

1) The amplitude increases with period for periods longer 

than 30 sec. 

atmospheric loading (Savino, -- et al., 1972). 

Over this band seismic noise is due to 

2) Two distinctive maxima appear around 6-8 sec and 

14-20 sec. These are related to ocean waves. 

Low amplitude short-period noise (T < 0.8 sec) asso- 

ciated with human activity and local natural disturbances, 

including weather. 

3 )  

A distinct worldwide minim in seismic noise occurs around 30 to 

40 sec, separating the very long-period microseisms of atmospheric 

origin from those long-period waves due to ocean swell. 

1972 ; * Whorf, 1972) . 
short-period local noise from long-period ocean swell (Figures 2.1 and 2.2). 

(Savino, -- et al., 

Another prominent minimum around 0.8 sec separates 

The noise spectrum, S(f) can be expressed as 

S(f) = I(f) E(f) G(f) 
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where : 

I (f)  = the source spectrum, 

E(f) = the transfer function of ent i re  path, excluding near 

surface effects  a t  the sensor, and 

G(f) = the transfer function of the shallow section a t  the 

recording s i t e .  

The noise spectrum ref lec ts  the nature of the source spectrum, and 

the acoustic properties of the medium bot:h along the path and beneath 

the recording s i t e .  

surface or subsurface sources, the noise spectrum generally exhibits a 

frequency dependence of f - l  t o  f -3 ,  with local reversals a t  the peaks 

(Figures 2 .1  and 2.2). 

A t  a quiet bedrock l.ocation, away from strong local 

In Figure 2 . 1  the power spectral density obtained 

by Fix  (1972) corresponds t o  the minimum value recorded a t  a quiet s i t e  

(Brune and Oliver, 1959) and t o  the typical background noise spectrum 

in  10  t o  100 sec range a t  Albuquerque (Peterson -- e t  a l . ,  1976). The 

resul ts  of Peterson -- e t  a l .  (1976) were recorded by the broad-band bore- 

hole seismometers of the Seismic Research Observatories. 

In t h i s  chapter, I discuss the sources of seismic noise, emphasizing 

those observations of particular relevance for  geothermal ground noise. 

In the l a s t  section, I discuss the effect  of local geology on seismic 

noise. 

2.2 Short-period seismic noise (T <0.8 -- sec) 

Microseisms in  the period range 0.8 sec t o  0.01 sec (1.25 Hz t o  

100 Hz) are generated by human ac t iv i ty  such as t r a f f i c  or  machinery 

(usually called "cultural" noise) , by natural surface disturbances due 
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to wind, or by subsurface activity such as microearthquakes or geothermal 

processes. 

rapidly with increasing distance from the source. 

Douze (1967), short-period surface seismic noise consists mostly of 

fundamental mode Rayleigh waves. 

3 km beneath the earth's surface, where the fundamental Rayleigh mode 

Over this frequency range the seismic energy attenuates 

A s  indicated by 

He also found that at depths of 2 to 

has decreased to negligible amplitude, the remainder of the noise 

consists of random body waves. 

Cultural noise. Noise sources related to human activity are responsible 

for diurnal variations of background noise level as seen in the Waiotapu 

region of New Zealand (Whiteford, 1970), and at East Mesa, California 

(Iyer, 1974), both geothermal regions. At East Mesa the freeway, with 

frequent truck traffic, produces wide-band (up to 10 Hz) noise as well 

as large amplitude variations which can be detected at distances up 

to 8 km. 

traffic can produce ground motion up to 700 x lo-' m/sec about 13 dB 

above a quiet site, in 0.5 - 100 Hz, at a distance of 0.5 km 

(Whiteford, 1970). 

Rivers, canals, and waterfalls. 

the river flowing in Long Valley, California, generates noise at 

frequencies above 6 Hz and that the noise is attenuated by 12 dB 1 km 

from the river. In East Mesa, irrigation canals seem to be continuous 

widelband sources of noise attenuating rapidly with distance , reaching 
a fairly steady level beyond 3 km. 

Measurements near roads in the Waiotapu region show that 

Iyer and Hitchcock (1976) reported that 

At the power drops (small waterfalls) 

c along the canals, however, a distinctive noise component is generated in 

a narrow frequency band around 2.5 Hz (Iyer, 1974). Iyer and Hitchcock 
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(1974) found tha t  i n  Yellowstone National Park the waterfalls  generate 

a narrow band seismic noise at  2 Hz whilch is  clear ly  different  i n  

appearance from the noise generated by the hydrothermal process. 

Wind. 

correlation between the amplitude of short-period seismic noise with 

wind speed, Frant t i  (1963) reported tha t  high wind influenced short-  

period noise. 

components of motion. 

range, par t icular ly  on the horizontal component oriented para l le l  t o  

the wind direction. 

of wind-generated noise decreases as the depth of sensor location 

increases. 

Although both Whiteford (1970) and Iyer (1974) reported poor 

H i s  resu l t s  are  presented in  Figure 2.3 for  three 

The wind effect  influences a broad frequency 

Peterson e t  a l .  (1976) have shown that  the effect  -- 

Geysers, hot springs, and fumaroles. 

microseisms t o  geothermal processes are numerous. 

t h i s  topic i n  more de t a i l  i n  Section 2.5.  

Reports re la t ing short-period 

We w i l l  discuss 

2 . 3  Long-period seismic noise (2 sec < T < 20 sec) 

Early studies of microseisms concentrated on the observation and 

the or igin of 6 - 8 sec microseisms which have been reported as a 

world-wide phenomenon. 

t o  s i te  and it varies temporally a t  a given site. 

storm1’ is used t o  refer t o  the occasional periods of unusually large 

amplitude microseismic act ivi ty .  

a t  6 - 8 sec corresponds t o  half  the period of a pronounced peak i n  the 

ocean wave spectrum, and since large amplitude microseisms are  always 

observed near the coast, these microseisms are inferred t o  be of 

The amplitude of microseisms varies from s i te  

The term I’microseismic 

Since the dominant microseism period 
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oceanic origin. Longuet-Higgins (1950) has shown theoretically that 

the 6 - 8 sec microseisms are generated by the standing wave phenomenon 

in ocean wave motion. 

of groups of waves of the same wavelength, but not necessarily of equal 

amplitude, travelling in opposite directions. The mean pressure on the 

bottom beneath a train of standing waves is not constant, as in a 

progressive wave, but fluctuates with an amplitude independent of the 

depth and proportional to the square of the wave height. The oscillation 

of standing waves produces the type of energy required for the generation 

of ground movement. 

depth, and in phase at all points of the bottom, suitable for producing 

coherent seismic waves. 

The standing waves are caused by the interference 

This type of energy is unattenuated by water 

Further, the frequency of this pressure variation 

is twice the fundamental frequency of the waves. 

ments in which the standing wave motion may be strong are: 

The favorable environ- 

1) 

2) the center of a storm, and 

3) reflection from a coast. 

the wake of a moving storm, 

The generation of 6-9 sec microseisms by ocean storms has been reported 

(Iyer, 1958; Toks5z and Lacoss, 1968; Haubrich and McCamy, 1969; and 

Vinnik, 1971), suggesting the first or second possible source of generation. 

Other observations related to ocean waves near the coastline indicate 

the third possible source (Haubrich -- et al., 1963). 

The double-peaked spectral feature characterized by two distinctive 

maxima at 6-8 sec and 14-20 sec respectively has attracted attention 

since the development of high gain long period seismographs. 

with the same dominant period as ocean surface waves are referred to 

Microseisms 
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, \  

as primary frequency microseisms (PF), as distinct from double frequency 

microseisms (DF) or secondary microseisms, which have half this period. 

The microseisms of the double frequency contain more energy than those 

of the primary frequency. 

generated from the same meteorological disturbances at the east and 

west coasts of the United States (Oliver and Page, 1963; Haubrich -- et al., 

1963). 

the incidence of gravity waves in water upon a coastline; this is in 

general agreement with the classical "surf" theory. 

strip is presumably confined to shallow water, 100 miles up or down the 

coast (Haubrich -- et al., 1963). 

due to standing water wave oscillation, in agreement with Longuet-Higgins' 

theory, in shallow and/or deep water. 

The primary and secondary microseisms are 

The primary microseisms are probably generated as a result of 

The generative 

The secondary microseisms are apparently 

2.4 Very long period seismic noise (T > 30 sec) 

The power spectral density of very long period seismic noise in 

30 to 130 sec range rises smoothly with period, as shown in Figure 2.1 

for the vertical component. Haubrich and Mackenzie (1965) and Capon 

(1969) have observed that noise in this period range consists of non- 

propagating energy, as indicated by low coherency between two seismometers 

separated a few Ion, plus some fundamental Rayleigh mode energy. The 

non-propagating seismic noise is apparently generated by atmospheric 

pressure variations. 

windy intervals there is strong correlation between local atmospheric 

Sorrells -- et al. (1971) have noted that during 

pressure changes and the noise .recorded by a vertical seismograph 

located on the surface. In contrast, over the same range of periods, 
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there is  no correlation between seismic noise recorded in  a mine a t  a 

depth of 183 m and local atmospheric pressure changes, except during the 

passage of acoustic gravity waves. 

noise i n  t h i s  period range is  related t o  atmospheric pressure disturbances 

tha t  are  re la t ively coherent over a fraction of a wavelength and propagate 

with j e t  stream veloci t ies  (30-100 m/sec) which are  much slower than 

seismic waves (Savino, e t  a l . ,  1972) .  An idealization of t h i s  model 

corresponds t o  a static, atmospheric pressure loading consisting of 

random pressure disturbances acting over equal areas on the earth 

surface. 

spectrum of very long-period earth noise and t h e  attenuation of 

microseismic ground motion w i t h  depth. 

The model for  generating earth 

-- 

This idealized model explains the level and shape of the 

2.5 Geothermal ground noise 

New Zealand. Clacy (1968) f i r s t  suggested that seismic noise increased 

near geothermal reservoirs. H i s  first resu l t s  northeast of Lake Taupo, 

New Zealand, were based on contours of t o t a l  noise amplitude i n  the 

frequency band 1 t o  20 Hz. In subsequent surveys a t  Wairakei, Waiotapu, 

and Broadlands geothermal areas, he found that  the local noise amplitude 

anomalies were characterized by a dominant frequency of 2 Hz,  whereas, 

away from the area of the anomaly, frequencies higher than 3 Hz 

predominated. On the other hand, Whiteford (1970) found i n  repeat 

surveys of the same areas that  neither the shape of the frequency 

spectrum nor i ts  dominant frequency conformed t o  any regional pattern. 

Whiteford measured the absolute ground motion i n  the Waiotapu geothermal 

area and found tha t ,  within a distance of 1 t o  2 km of the high heat 
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flow area, the average minimum ground particle velocity was greater than 

150 x lo-’ m/sec, while further away, the amplitude of the ground move- 

ment decreased by a factor of about 3 apd, in addition, exhibited 

pronounced diurnal variations. 

Imperial Valley, California. 

first carried out southeast of the Salton Sea by Goforth -- et al. (1972) 

In the United States, a similar survey was 

who suggested an empirical relationship for geothermal reservoirs 

between high temperature gradient and high seismic noise level. Their 

results showed a significant increase in the noise power in the frequency 

band of 1 to 3 Hz at sites above the reservoir. They estimated the 

power spectrum at each site with ten ZOO-second data segments taken 

over eight hours of night-time recording. The contour map of the total 

power in the frequency band of 1 to 3 Hz was similar to the temperature 

gradient contour map. Douze and Sorrells (1972) conducted a similar 

survey over the nearby East Mesa area, where they found that the total 

seismic power in the 3 to 5 Hz band exhibited spatial variations similar, 

in general, t o  the gravity and heat flow fields. East Mesa was later 

surveyed by Iyer (1974), with significantly different results. Iyer 

measured seismic noise by averaging 20 of.the ,lowest values of the RMS 

amplitude in several narrow frequency bands, using data blocks of 81.92 sec 

selected from four hours of digital data. 

seismic noise associated with geothermal activity but only the noise 

He did not find an anomaly in 

from canals and freeway traffic. 

Yellowstone National Park. 

geysers in Yellowstone National Park is believed to be indicative of 

The seismic pulsation associated with several 
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the heating of water i n  the underground reservoir and the eruption 

triggered by the superheated system. Nicholls and Rinehart (1967) 

have studied the seismic signature of several geysers i n  the park and 

inferred that  the i r  predominant pulse frequencies are quite similar, 

i n  the range of 20-60 Hz,  presumably due t o  steam action. 

low frequency seismic pulses recorded a t  Old Faithful, Castle, Bead, 

Plume and Jewel geysers are believed t o  be associated with some type of 

water movement. 

The very 

The maximum amplitude of seismic pulses recorded in  

the park is  5.08 x lo-’ m/sec. 

amplitude is 2.54 x lo-’ m/sec a t  30-50 Hz. 

A t  Old Faithful Geyser the maximum 

Iyer and Hitchcock (1974) have also found good correlation 

between geothermal ac t iv i ty  and high seismic noise levels i n  1 t o  26 

Hz i n  the park. 

the park is approximately 13 t o  15 x lo-’ m/sec a t  1 t o  26 Hz. 

Lower and Upper Geyser Basins where there are numerous geysers and 

hot springs, the average noise level i s  i n  general higher than 

50 x lo-’ m/sec, and reaches a value of 672 x 1 0  

Old Faithful Geyser. 

basin in  the park, the noise level varies from 50 t o  500 x lo-’ m/sec. 

Part of the observed noise in  the Lower, Upper, and Norris Geyser Basins 

is no doubt generated by the hydrothermal ac t iv i ty  a t  the surface. 

The measurements near Old Faithful indicate that  high-frequency noise, 

in  the 8 t o  16 Hz band, is  generated during the geyser eruption; the 

noise level of lower frequencies is  not affected by the eruption 

cycles. 

higher than i n  the surrounding area. 

The ground noise level i n  non-geothermal areas of 

In the 

-9 m/sec near the 

In the Norris Basin, another highly active geyser 

Noise levels around Mammoth Hot Springs are two t o  f ive times 

There is  no geyser o r  fumarole 
c 
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here, and the geothermal 

the other geyser basins. 

water is relatively cooler than at Norris and 

Hence, it is very unlikely that the seismic 

noise observed here is generated near the surface. 

observed in the area between Lower Falls and Mud Volcano could be caused 

The noise anomaly 

by ground amplification effects in the soft sedimentary deposits. 

Other Areas. 

activity and high seismic ground noise in the Vulcano Islands, Italy 

(Luongo and Rapolla, 1973), the Cos0 geothermal area, China Lake, 

California (Combs and Rotstein, 1975) ,  and Long Valley, California 

(Iyer and Hitchcock, 1976). 

vicinity of geysers, fumaroles, and hot springs is associated with 

hydrothermal activity near the surface and during the geyser eruption. 

Low frequency noise, f < 8 Hz, is not affected by geyser eruption cycles 

and is probably generated at depth. Other than those active sources the 

noise power anomaly may also result from lateral variation in near- 

surface velocity, particularly where low velocity alluvium is involved. 

Correlations have also been reported between geothermal 

High frequency noise, f > 8 Hz, in the 

2.6 Local geological structure effects 

It has been noted that the seismic waves observed from earthquakes 

and explosions are strongly affected by the near-surface geology at 

the recording site. 

at a bedrock site than at an alluvium site. Low-velocity surface 

materials tend to amplify incident body waves (Borcherdt, 1970; 

Murphy et al., 1972) and surface waves (Lysmer and Drake, 1972) in 

selective frequency bands. 

The amplitude of seismic waves is generally smaller 

-- 
The amplification effects of body waves 

result from resonance phenomena caused by large reflection coefficients 
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related to velocity and thickness of the overburden. 

the surface waves, the shallow structure can provide a waveguide at 

particular frequencies corresponding to the maxima and minima in the 

group velocity dispersion curve. Similar effects have been reported 

for seismic noise, where amplitude and dominant frequency are character- 

ized by the geology of the recording site (Kanai and Tanaka, 1961; 

Borcherdt, 1970; Iyer and Hitchcock, 1976). 

noise at a quiet bedrock site exhibits a smooth spectrum and small 

amplitude, whereas on a surface of deep weathering or thick sedimentary 

overburden, the noise spectrum shows a large peak in a particular 

frequency band. 

In the case of 

In general, the seismic 

For a normally incident-plane SH wave at the lower boundary of an 

c 

elastic layer over an elastic half-space, the theoretical resonance 

frequencies are 

forn=l, 2, 3,  . . . N, 
where B = shear-wave velocity of the layer and 

h = thickness of the layer. 

This relation also holds for the case of P-wave, using the compressional 

wave velocity. 

distinctive peaks at the resonance frequencies. 

complex geological structure will complicate the nature of the spectrum 

(Kanai and Tanaka, 1961; Kanai, et al., 1966). 

Consequently, the spectrum of recorded motion will show 

In practice, however, 

-- 
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FIGURE CAPTIONS 

Figure 2 . 1  Power spectral density of the vertical component earth noise 

recorded a t  the Queen Creek Seismological s ta t ion,  Arizona 

(af ter  Fix, 1972). This spectrum is typical of a quiet s i te .  

The dis t inct ive humps a t  8 and 1 5  sec ar i se  from ocean sources. 

Figure 2 . 2  Power spectral  density of the ver t ica l  component short-period 

earth noise recorded a t  the surface and a t  a depth of 5486 m 

i n  Grapevine, Texas (af ter  Douze, 1967).  Note the attenuation 

with depth. 

Earth noise spectra showing the effect  of high wind (>20 mph) 

and low wind (4 mph) i n  three components of short-period 

par t ic le  motion a t  Rural Valley, Pennsylvkia (af ter  Frant t i ,  

1963). 

Figure 2.3 
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111. FIELD PROGRAMS 

3.1 Introduction 

In this chapter I discuss the data collection phase of the seismic 

ground noise study. The location, geological setting and tectonic 

history of the potential geothermal resource region are presented. 

Data acquisition is discussed in the concluding sections. 

3.2 Area of Study 

Leach Hot Springs, in Grass Valley, Nevada, is located 30 Ian south 

of Winnemucca (Figure 3.1). Grass Valley is a typical. valley of the Basin 

and Range province with normal faulting, major earthquakes, and hot 

springs occurring along the valley margins. 

the Sonoma and Tobin Ranges to the east, and the basalt-capped East 

Range to the west. 

The valley is bounded by 

The valley narrows south of the hot springs as it 

approaches the Goldbanks Hills (Figure 3.2). 

of Paleozoic sedimentary rocks, or Triassic siliceous clastic and 

These ranges are composed 

carbonate rocks. Some granitic intrusions, probably of Triassic 

age, are found in the Goldbanks Hills; elsewhere the granites are 

probably of Cretaceous age. The valley is filled with Quaternary 

alluvial sediments. 

and basalt, and in the’vicintiy of Leach Hot Springs there are Quaternary 

There are sparse occurrences of Tertiary rhyolite 

sinter deposits. The distribution of major lithologic units in the 

region is illustrated on the geologic map (Figure 3.3). 

As is characteristic of hot spring systems found in northern 

Nevada, Leach Hot Springs is located on a fault, strongly expressed by 

a 10 t o  15 m high scarp trending NE. Normal faulting since mid-Tertiary 
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has offset rock units vertically several tens to several hundreds of 

meters. As shown on the fault and lineament map (Figure 3.2), the 

present day hot springs occur at the intersection of a major NE-trending 

fault and the more common "W-SSE trending lineament on the eastern side 

of the valley. 

Leach Hot Springs is within the high heat flow area of northern 

Nevada indicated in Figure 3.1. This high heat flow area is often 

called the "Battle Mountain high" (Sass -- et al., 1971) and exhibits 
2 heat flow values in the range of 1.5 to 3 . 5  HFU (1 HFU = 10 cal/m sec). 

The diffuse region of elevated heat flow over the Basin and Range 

province is generally thought to be an expression of high temperature 

in the lower crust and upper mantle, and it seems reasonable to 

interpret the localized Battle Mountain high as an effect of fairly 

recent intrusion of magma into the earth's crust. Quaternary volcanism 

within the province supports this hypothesis. 

3.3 Other geophysical data in this area 

Geophysical data were obtained primarily along 17 survey lines 

(Figure 3.4), although not all methods were employed on every line. 

Line E is typical. Bouguer gravity anomaly, P-wave delay data, and 

seismic reflection data, presented in Figure 3.5 for line E, indicate 

that the greatest thiclazess of sediments and major faulting occur near 

the eastern valley margin. 

reflection section are Quaternary alluvium (1.8 km/sec), Tertiary 

sedimentary and volcanic rocks (2.9 km/sec) , Paleozoic rocks (4.0 km/sec) , 
and deep basement (5.0 km/sec), respectively. 

The major lithologic units from the seismic 

c The basement surface 
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rises gently to the west, but is apparently up-faulted at the eastern 

boundary faults as indicated by the Bouguer gravity map (Figure 3 . 6 ) .  

The low apparent resistivity zone beneath E2W-E4W (Beyer, et al., -- 
1976), found in the dipole-dipole resistivity survey, has been 

identified with Tertiary sediments. Since the heat flow value in this 

zone is not high by Battle Mountain standards (2.24 HFU), the 

accumulation of conductive sediments, such as ancient playa deposits 

in the deepest portion of the valley, is probably responsible for the 

resistivity anomaly. 

The only portion of the Grass Valley area that is seismically 

active is in Panther Canyon and in the valley immediately west of it. 

This seismic zone is one of complicated faulting and frequent micro- 

earthquakes. 

feature which offsets topography and the Bouguer gravity anomaly 

(Figure 3 . 6 ) .  

high heat flow of 4.9 HFU. 

The area is dominated by a strong NE trending gravity 

There is a strong electrical conductivity high and a 

More details of the geophysical data 

obtained in the Grass Valley area are 

3.4 Seismic data acauisition svstem 

given by Beyer, -- et al., (1976). 

A portable seismic network, with 

radio telemetry to a recording system 

trailer, was designed for simplicity, 

installation. It proved possible for 

up to 12 stations linked by 

mounted in a small two-wheeled 

flexibility and ease of 

two men to deploy the sensors 

and check out the telemetry in about one day. 

emplacement made it possible to modify the array as data were collected 

and to design field experiments with multiple objectives. 

Ease of network 
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A 4.5 Hz vertical-component geophone, a high-gain amplifier 

(60-120 dB), a voltage controlled oscillator, and a radio transmitter 

constitute the station site equipment. 

typical station is shown in Figure 3 . 7 .  

a range of about 20 lan for average topography. 

all 1 2  geophones spaced over a small aperture array (SOm), the radio 

links were eliminated and signals were transmitted by wire to the 

recording trailer. 

FM discriminators, a 14-channel slow-speed Fh4 tape recorder (0.12 ips, 

0-40 Hz, 8 days; or 0.24 ips,  0-80 Hz, 4 days), the timing system, and 

batteries. 

Figure 3.8 gives the details of the central recording system housed in 

the trailer. The system has about 40 dB dynamic range (peak-to-peak 

measurement), limited primarily by the tape recorder. 

The block diagram of one 

A 0.1 watt transmitter gives 

In applications using 

In the trailer are housed the radio receivers, 

A slow-speed smoked-paper recorder was used as a monitor. 

Data are played back at the Seismographic Station on the Berkeley 

campus and selectively digitized at a rate of 40 samples per second. 

The transfer function (ground particle velocity to volts from playback 

discriminator) of the recording and playback system before digitization 

is expressed as the product over the transfer function of all system 

elements 

(3.11 4 H(f) = Hg(f) . /HA HRC(f) VCOFS Hp(f)I volts/m/sec. 

The phase term of H (f) is different in some channels. 

are recording/playback/digitization systems which are the same for 

Other terms 
g 

all channels, so no phase tern is involved. c 



where G = generator constant of geophone = 77 volt/m/sec for  the 

GEOSPACE GSC-8D and HS-1 geophones, 

RD = damping resistance i n  ohms, typically 2000 t o  3000 ohms, 

% = co i l  resistance of geophone = 3400 ohms or 1310 ohms, 

fs = natural  frequency of geophone, nominally 4.5 Hz, 

5 = damping factor,  

-1 2rffs 
e = t a  - 2 2 '  f -f, 

(3.3) 
s 

The exponential term in  Equation ( 3 . 2 )  i s  the phase difference introduced 

by the geophone. 

have used geophones of two different  damping factors,  i .e. 5 = 0.3 and 

In the small-aperture array data acquisition mode, we 

5 = 0.6. 

data used for f-k analysis. 

correction term required in  the data processing, since we have used 

matched phase responses t o  every other system element. We define the 

posit ive phase term exp[je(f)]  t o  be phase delay for 8 > 0. The 

character is t ics  of geophones used i n  t h i s  study are l i s t ed  in  Table 1. 

The modulus of t ransfer  functions of the two-pole RC low-pass 

The phase.correction is ,  therefore, necessary t o  correct those 

The geophone phase is the only phase 

f i l t e r  and the high-pass f i l t e r  'in the SPRENGNETHER AS-110 amplifier 

with mid-band gain, H A , i s  

(3 .4)  

where fH and fL  are  cut-off frequencies of the  filters. 

Equation (3.1) represents the maximum voltage of the amplified signal 

"VCOFS" i n  

s e t  t o  correspond t o  +250 Hz of fu l l - sca le  FM modulation about the 
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TABLE 1 

Damping Characteristics of Geophones 

Geophone Damping Coil Damping 
identification resistance res is t ance factor 

3 
4 
5 
6 
7 
9 

11 
1 2  
13 
14  
16 
1 7  
18 
B 1  
B2 
B3 
B4 
B5 

BY 1 
BY 2 

3.3 
1.5 
3.0 
3.0 
4.3 
5.0 
2.0 
3.0 
3.5 
3.0 
3.0 
3.5 
3.0 

in f in i t e  
i n f in i t e  
i n f in i t e  
i n f in i t e  
i n f in i t e  
i n f in i t e  
i n f in i t e  

1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
3.4 
3.4 
3.4 
3.4 
3.4 
3.4 
3.4 

0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
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VCO (voltage controlled oscillator) frequency. 

discriminators contain 4-pole Butterworth filters with 

The tapes playback 

where f is the tape recorder bandwidth (e.g., 40 or 80 Hz, depending 

on the tape recorder used). 
P 

Since full-scale voltage from the tape 

playback discriminator is +4V, - and the digitizer full-scale is 22048 

counts, the transfer function to the digitized signal is 

HD(f) = H(f) 7 2048 ~ * IHBw(f) I counts/m/sec. (3 .6)  

where HBW(f) is the anti-alias filter (3  four-pole Wltterworth filters) 

at low-pass corner fBW; 

The modulus of transfer function of the system in counts/millimicron/ 

second is shown in Figure 3 .9  , assuming RD /(% + to be unity. 

This is the only correction required for VSD estimation, since the 

phase information is not essential. 



Figure 3.1 

Figure 3 . 2  

Figure 3.3 

Figure 3 . 4  

Figure 3.5 
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FIGURE CAPTIONS 

Prominent thermal springs and the Battle Mountain high 

heat flow region in northwestern Nevada. 

is located in the center of the high heat flow area. 

Mapped faults and pertinent geophysical traverses in the 

Leach Hot Springs area. 

sides of scarplets; ball symbols indicate downthrown side 

of other faults. 

Heavy solid lines are survey lines E, B, and G with tick 

marks every 1 km. AC, AZN, and GP are observation sites 

discussed in text. 

Lithologic map, Leach Hot Springs area, Qal: Alluvium, 

Qos: older sinter deposits, Qsg: sinter gravels, Qtg: 

Quaternary-Tertiary gravels and fanglomerates, Tb: 

basalt, Tr: Tertiary rhyolite, Tt: tuff, T s :  Tertiary 

sedimentary rocks, Kqm: quartz monzonite, Kg: granitic 

rock, md: mafic dike, TRg: Triassic granitic rocks, 

TR: Undifferentiated Traissic sedimentary rocks, P: undif- 

ferentiated Paleozoic sedimentary rocks. 

Leach Hot Springs 

Hachured lines indicate down-faulted 

Star shows location of Leach Hot Springs. 

Tertiary 

Geophysical survey lines in Grass Valley, Nevada. 

Profiles on line E of Bouguer gravity anomaly, P-wave 

delay, migrated seismic reflection section, and the 

instantaneous microseismic field, showing east margin 

fault (trace at 1E) and the maximum sediment thickness 

around 2W. Averaged section compressional velocities 

shown: (A) 1.8 lun/sec Quaternary alluvium, 

c 
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(B) 2. 9 lun/sec Tertiary sediments, and (C) 4.0 lun/sec 

Paleozoic rocks. 

field contour is given in Figure 4.6. 

Bouguer gravity anomaly map of Grass Valley, Nevada. 

Station locations are shown as dots on the map. 

low axis along the eastern side of the valley corresponds 

to the greatest thickness of sediment. 

Block diagram of a typical seismic station. 

Block diagram of the central receiving and recording 

A detailed explanation of the microseismic 

Figure 3.6 

The gravity 

Figure 3.7 

Figure 3.8 

system. 

indicates the device distributing a multiplexed signal 

to two or more discriminators. 

The splitter box at the center of the figure 

Figure 3.9 The modulus of transfer function of data acquisition, 

playback, and digitizing systems. 

is 120 dB. 

H (f) and HRC(f) are not included in the response shown 

(see text). % / (% + RD> of H (f 1 i s  assumed to be 

unity in calculating these responses. 

The gain of the amplifier 

5 represents the geophone damping factor. 

Q 

g 
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IV. AMPLITUDE VARIATIONS OF GROUND NOISE 

4.1 Introduction 

The mapping of ground noise amplitude in selected frequency bands 

has often been used to locate presumed noise sources in geothermal areas. 

Such surveys, however, rarely give repeatable or easily interpretable 

results. 

by first establishing the general characteristics of the microseismic 

field, and then using this knowledge to design and execute an appropriate 

survey for more quantitative measurements; 

procedures, data processing techniques, and the observed temporal and 

spatial variations of seismic noise in Grass Valley are discussed. 

We have investigated this exploration technique in Grass Valley 

In this chapter, the field 

Weaknesses of the aniplitude mapping technique in delineating buried 

noise sources are revealed in the discussion. In the final section of 

this chapter, the chaTacteristic site-responses along line E and line G 

are compared for seismic noise and for waves from mine explosions. 

This comparison illustrates the amplification effects by the valley 

alluvium with respect to bedrock sites for shallow surface waves and 

for body waves. 

4.2 Field Procedures 

To study the spatial variations of ground noise amplitude, we 

occupied a reference site at E2W (see Figure 3 .2 )  throughout the survey 

period. Normally, we recorded overnight, with stations spaced at 1 km 

intervals along the survey lines. 

. checked every morning to verify the occurrence of low seismic noise 

level at the reference site; otherwise, the sites were re-occupied 

The smoked-paper monitor record was 
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another night, until low-noise conditions prevailed. Geophones were 

buried about one foot below the surface. 

geophones were buried in a common hole to verify uniformity of their 

Before and after a survey, all 

responses. 

4.3 Data processing techniques: frequency spectrum estimation 

It is well known that a stationary random process can be charac- 

terized by means of a power spectral density function. 

provides information on the power as a function of frequency for the 

This function 

process. 

estimating techniques widely used, the autocorrelation method and the 

For random processes, there are two power spectral density 

modified periodogram method. 

4.3.1 Autocorrelation method 

The power spectrum, Sm(f) of a function $,(t) is defined as the 

Fourier trans f om of its autocorrelation function, C,(T). To estimate 

the power spectrum, we filter, pre-whiten and detrend the time series, 

and then calculate the unbiased autocorrelation function for the ith 

data window of length L samples by the discrete formula, 

The autocorrelation functions are averaged to give 

T 
A 

C,(T) = 2 iCm(~), T = O ,  1, . . . , J-1. 
i=l 

We utilize the Fast Fourier transform to obtain the power spectral 

density estimate by: 

(4.2) 
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J-1 

R 1 1 where fR = - frequencies of discrete Fourier transform, -?. . . ,O, .  . . ,- L 2'  
and W(T) is a data window function, or so-called lag window. 

The autocorrelation method is a reasonable technique to estimate 

the smooth spectrum. 

spectral density 'from the autocorrelation function due to certain kinds 

of the data window w(T). 

positive, there is a possibility that the computed power spectral 

density may be negative, a highly undesirable result, if the spectrum 

has a sharp peak. 

is the convolution of the window transform and the transform of the 

estimated correlation functions. Unless the transform of the window is 

positive for all frequencies, the possibility exists that, due to 

statistical variation in estimating the correlation function, the 

resulting convolutions may produce negative values for the power spectrum 

at some frequencies. 

positive, e.g., the triangular window, etc., and such windows should 

However, problems may arise in obtaining the power 

Unless the transform of the window is entirely 

This is because the computed power spectral density 

There are windows whose transforms are entirely 

be used in cases where other windows lead ,to, the undesirable result. 

4 . 3 . 2  Method of modified periodogram 
. '  

The second and entirely equivalent estimation technique is based 

on the relation: 
T 

sm(f) = lim /i(t)exp(-j2nft)dtl 2 . 
-T 

r" 
( 4 . 4 )  
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For a f i n i t e  duration of time series, Equation (4.4) can be approximated 

t o  be 
T 

(4.51 
i Sm(f) = 7;l 1 i$n(t)exp(-j2nft)dt/ .  2 

0 
The l e f t  hand side of Equation (4.5) results from the modulus-squared 

of the f i n i t e  Fourier transform, which is  called the periodogram. In 

terms of discrete time series, the periodogram can be expressed as 

L L L- 1 
= w(P,)i@n(!?,)exp[-j2rr!?,fR],R=- z,.. .,- l , O , l ,  ..., ~ ~ ( 4 . 7 )  

R= 0 

where w(R) is a data window whose purpose is  t o  reduce the side-lobe 

amplitude hence reducing the effect  of spectral  leakage. The transform 

of Equation (4.7) is  effected through the Fast Fourier transform 

algorithm, which requires the correction factor:  

where A t  i s  the sampling interval  of the discrete time series. 

The disadvantage of the periodogram as an estimate of the power 
i 2 spectrum i s  tha t  the variance of 

under conditions of reasonable regularity, even when based on a lengthy 

s t re tch  of data (Brillinger, 1975). 

the estimate i s  t o  average several s t a t i s t i c a l l y  independent periodograms 

Qn(fR) is  approximately Sm(f), 

One way t o  reduce the variance of 

according t o  
T 
1 2 ( f )  = l ix  W l ,  2 

nn n 
i= 1 

(4 9 )  

c 
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where I is the number of periodograms, and U is the energy in the data 

window, defined as 
L- 1 

U = [k w2(R)]T. 
R= 0 

where T = At (L-1) . 
As L approaches infinity ?,(f) approaches asymptotically 

S(f)Xv/v 2 if 21~f 5 0 (mod IT), and asymptotically S(f)X: /(v/2) if 

(4. l o )  

2nf = +T,+  IT, ... etc. (Brillinger, 1975),  where xv L is a chi-squared - -  
variate with v degrees of freedom. 

v of the smoothed estimator is 

The number of degress of freedom 

v = 2 * I bl, (4.11) 

where bl is the standardized bandwidth of data window (Jenkins and Watts, 

1968) given by 

(4.12) L b =  2 w2(U 
R= 0 

bl = 1 for rectangular data window. 

confidence interval for S(f) to be: 

This leads to the lOOy percent 

(4.13) 

where y = 0.9 for 90% confidence limits. 

VSD or Vn(f), is obtained by taking the square root of the power spectral 

density and correcting it for system response HD(f )  as follows: 

The velocity spectral density, 

(4.14) 
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where HD(f) is given in Equation(3.6). We normally present VSD in 
units of millimicrons (nanometers, 10 -9 m)sec -1 Hz -1/2 . 

4.3.3 Grass Valley data processing method 

Data were selected from the quietest recording period in the early 

morning hours. 

from each of the recording stations, avoiding any spurious transient 

events. 

digitized. 

data window and Fourier transformed. 

is estimated by the method of modified periodogram. 

At least 28 simultaneous blocks of data were chosen 

Each data block of length 12.8 seconds was filtered and 

The resulting 512-point records were tapered by a 10% cosine 

The power spectral density function 

4.4 

The total seismic noise amplitude o(x,y,t,f) can be modeled very 

generally as the sum of three sorts of noises, 

(4.15) 

where 

ai(x,y,t,f) is the intrinsic noise at the site, including geothermal 

noise, 

om(x,y,t ,f) is the microseismic component from distant sources, and 

oL(x,y,t,f) is the noise generated locally at the surface by human 

activity and atmospheric distrubances. 

If we are interested only in intrinsic noise, the sampling and 

processing procedures must exclude the effect of the other two noise 

sources. 

taken between midnight and dawn, because normally the noise level is low. 

To minimize local sources, o&(x,y,t,f), the data must be 
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Figure 4 .1  presents the diurnal variation of seismic noise a t  the 

reference s i t e  EZW. To construct t h i s  figure, transient-free noise 

data were chosen t o  estimate the VSD every hour for  a 30 hour period. 

Roughly 6 minutes of seismic noise actually went in to  each hourly 

average. 

time and frequency. 

band of analysis from 9 A.M. t o  7 P.M., the resu l t  of more disturbed 

daytime meteorological conditions and cultural  act ivi ty .  This confirms 

a w e l l  known resu l t  tha t  seismic noise VSD is  minimum a t  2-4 A.M. local 

t i m e ,  and t h i s  was the period we sampled for  the best data. 

The spectral  density was then contoured as a function of 

I t  can be seen that  noise is high over t h e  whole 

We found, i n  Grass Valley, that  the t i m e  of minimum ground noise 

at  the reference s i te ,  E2W, coincides with the quietest period a t  a l l  

other sites i n  the region. For example, simultaneous data were sampled 

every hour from stations E2W and K1.5E, located approximately 11 lan 

apart. 

9 A.M. next morning are  presented in  Figure 4.2. 

The time-varying VSD over a 1 2  hour period from 9 P.M. t o  

The figure indicates 

that at 2 A.M. the data are the quietest at both sides. 

A typical survey is carried out over a period of several days, so 

tha t  long term secular variations a re  apparent i n  the data. 

of t h i s  variation over a 9 day period a t  the reference s i te ,  E2W, is  

shown i n  Figure 4 . 3 .  

quietest  data during early morning hours, and contour the VSD from day 

2 1 1  t o  day 219. 

appears from day 214 t o  day 216 and is related t o  regional weather 

The nature 

We estimate one VSD every 24 hours, using the 

In t h i s  figure, the high amplitude seismic noise 

conditions. On those three days, there were thunderstorms s ta r t ing  

in the afternoon and ending in  the early evening throughout the region. 
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In order t o  eliminate temporal variations of the observed microseisms, 

the band-limited power of seismic noise a t  each s i t e ,  obtained by 

integrating VSD over the frequency band of in te res t ,  is  normalized by 

the simultaneous power in  the same frequency band a t  the reference s i t e ,  

provided that  data are  both sampled from the quiet pericjd in  early 

morning. 

of re la t ive  in t r ins ic  noise power level. 

Mapping the normalized power gives the spat ia l  distribution 

4.5 Spatial variation of ground noise 

Estimation of ground noise VSD from simultaneous sampling in the 

early morning, with s ta t ions a t  1 Ian spacing, yields re la t ive in t r ins ic  

noise power contour maps as i l lus t ra ted  for the frequency band of 2-4 Hz 

(Figure 4.4A), 5-7 Hz (Figure 4.4B) and 10-12 Hz (Figure 4.4C). 

noise levels are  found a t  Leach Hot Springs and near the center of 

Grass Valley, as anticipated, but there are also local anomalies such 

as  i n  the areas around G2W and G3W, H1E and H2E (see Figure 3.2 for 

s i t e  locations). 

band, correlating spat ia l ly  with the occurrence of Bouger gravity 

anomalies (Figure 3 . 6 ) ,  imply the occurrence of thickest a l luv ia l  

deposits. The long-term s t a b i l i t y  of these anomalies is  reproducible 

as indicated by close agreement with the resul ts  of a preliminary 

survey carried out i n  the summer of 1975, a year ear l ie r  than the time 

a t  which data shown were taken. 

High 

Those ground noise anomalies, especially in  5-7 Hz 

Leach Hot Springs clear ly  generates seismic noise, but the noise 

c is  localized and does not propagate unattenuated more than a few Ian. 

In the vicini ty  of the springs, noise spectra show the high amplitude 
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seismic noise over a wide frequency band; 500 meters northwest of the 

hot springs (A3.7N) the amplitude of the noise at all frequencies 

greater than 1 Hz has attenuated nearly 20 dB. 

hot springs noise can be seen in Figure 4.5 (top) which compares the 

hot springs site with A3.7N and the valley edge site, AC. 

wide-band nature of the hot springs noise. 

The spectrum of the 

Note the 

In the valley center, station E5W, the noise has a distinctive 

broad peak around 5.5 Hz, as can be seen at the bottom of Figure 4.5. 

The character of the broad valley peak varies from site to site, 

probably as a consequence of changes in near surface properties. In 

Figure 4.4B, the areas of high amplitude seismic noise in 5-7 Hz band 

generally correspond to the areas of thick alluvium. The details of 

noise variation across the valley are illustrated by data for three 

typical survey lines, E, B, and G ,  shown in Figures 4.6, 4.7, and 4.8. 

The instantaneous ground noise level along 8.25 km of line E is 

presented in Figure 4.6 for three different times of recording. 

w e r e  taken simultaneously from sites at  E6W, SW, 4W, 3W,  ZW, lW, l E ,  

1.25E, and 2.25E. 

extending westward. 

peak is not clearly understood, though it is doubtless related to 

near-surface properties. 

length of about 5Om). 

Data 

In this figure there is a clear peak at 5.5 Hz 

The source of this well-defined and band-limited 

(We how it is a surface wave with a wave- 

A wide-band ridge of relatively large amplitude 

noise appears at E3W, and is frequently seen to extend to 1W. Maximum 

valley fill and lowest topography occurs around 2W. A remarkable 

feature seen in the figure is the dramatic 10 dB contrast between 

points 1E and 1.25E, spanning the Hot Springs fault. It seems the 
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local noise f ie ld ,  generated by hot springs, is less attenuated east 

of the fau l t  than west of it, probably due t o  high-Q surface rocks on 

the east  being i n  faulted contact with alluvium west of the faul t .  

This geological feature can be seen i n  the fau l t s  map (Figure 3.2) as 

w e l l  as  i n  the Bouguer gravity anomaly, the P-wave delay prof i les ,  

and the seismic reflection section (Figure 3 . 5 ) .  

Asymmetrical ridges of wide-band noise with sharp gradients t o  

the east a re  seen near 2 W  in  l ine  B (Figure 4.7) and near 1 E  i n  l ine  G 

lFiQure 4.81. These ridcres in the noise contours, as was the case 

for  l i ne  E, correspond in  position t o  the location of the minimum 

Bouguer anomaly along each l ine  and t o  the location of the thickest 

alluvium (Beyer, -- e t  a l . ,  1976). The positions of high gradients i n  

ground noise east  of the noise ridges on l ines  B and G apparently 

correlate with locations of shallow faul ts .  

of 6.5 t o  7 Hz, seen a t  G3W in  Figure 4.8 and C2.5W and C4.5W in  

Figure 4.9,  a re  probably also related t o  properties of shallow alluvium. 

The prominent broad peak 

A t  the south end of Grass Valley, the ground noise level is  generally 

lower than a t  the north, and t h i s  contrast is  presumably due t o  larger 

distance from the hot springs and thinner a l luvial  deposits t o  the 

south. The noise prof i les  along those survey lines i n  the southern 

par t  of the valley, e.g. l i ne  H (Figure 4.10), l ine  K (Figure 4.11) 

and l i ne  R (Figure 4.12), do not show high gradients. 

s imilar i ty  i n  the noise prof i les  along l ines  H,K is not surprising 

since the shallow geology i s  similar along the lines. 

The close 

The consistent 

anomaly appearing i n  the vicini ty  of H2E, K1.5E and RlE i n  the frequency 

band of 3 t o  6 Hz may resu l t  from the localized occurrence of thick alluvium. c 
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We see strong evidence, then, that the conventional ground noise 

survey reveals anomalies due not only to radiating sources, but also to 

variation in shallow geological structure, even after diurnal and secular 

variations are carefully eliminated. 

cannot discriminate between the anomaly due to a buried seismic source 

and that associated with alluvial response. 

an alternate way to map shallow geology and to detect lateral variations 

of near-surface structure. 

The noise power mapping technique 

The method does provide 

4.6 Site-response characteristics 

We conclude from the previous section that the spatial distribution 

of microseismic amplitude in a particular frequency band is strongly 

affected by the properties of near-surface material. 

bedrock site, away from active sources, always shows a smooth spectrum 

with no dominant peaks, whereas the VSD at an alluvium site always 

The VSD of a 

shows a well-defined peak in the spectrum. 

results from frequency-selective amplification related to the propaga- 

tion characteristics of surface waves in the section of alluvium. 

Similar site-responses have been reported by Kanai and Tanaka (1961) 

and Katz (1976). 

the microtremor response correlates with the period distribution curve 

of local earthquakes. 

to determine the predominant frequency associated with various subsoil 

structures (Kanai, et al., 1966). The results of such measurement have 

been used to determine "foundation coefficients" in earthquake-resistant 

construction. 

The spectral peak doubtless 

Kanai and Tanaka (1961) suggested that at a given site 

In Japan, microtremor recording is used extensively 

-- 

In a similar study in the San Francisco Bay area, 
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0 

Borcherdt (1970) compared the microseism-derived site-responses with 

the spectral  amplification factors derived from nuclear explosion data. 

Borcherdt observed that  the spectral  peaks of the horizontal component 

of the microseisms agree with those of the nuclear explosion data, but 

that  the predominant frequencies of horizontal microseisms do not 

always coincide with those of the ver t ical  component. 

the above authors, Udwadia and Trifunac (1973) found no correlation 

In contrast t o  

between the spectra of microtremors and the ground's response t o  earth- 

quakes recorded i n  El Centro, California. 

In Grass Valley, we have investigated the correlation between 

earth noise spectra and seismic event spectra using signals generated by 

mine blasts  a t  the Duval Mine, some 50 km t o  the east. Vertical- 

component data were recorded simultaneously along survey l ines .  

VSD of the explosion a r r iva l  a t  each s i t e  is estimated from a data 

block of 6.4 sec (256 data points) and averaged over 5 adjacent 

frequency components. 

The 

The explosion arr ivals  along l ine  E are presented 

in  Figure 4.13. 

minutes before the explosion a r r iva ls  are shown in Figure 4.14. 

analog records of the explosion do not show significant differences in  

amplitude and frequency characterist ics over the l ine ,  while the back- 

ground noise in  the valley s i t e s  (EZW, E3W, E4W, ESW, and EbW) is  

apparently different  from that  i n  h i l l  s i t e s  (E2, 25E, E l ,  25E, E lE ,  

ElW). 

i n  Figure 4.15, show l i t t l e  similari ty.  

istics of mine blast  arr ivals  by normalizing the VSD a t  each recording 

s i t e ,  using the VSD of s i t e  E1E as a reference. 

The corresponding background noise data taken a few 

The 

The spectra of explosion arr ivals  and background noise, presented 

We removed the source character- 

The identical  
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normalization was applied to the VSD of background noise. 

results along line E are shown in Figure 4.16, where the resonant effect 

of valley fill in the band around 5 Hz is clea.rly shown on the noise 

spectrum but not on the blast spectrum. 

The normalized 

There is very little similarity 

between variation in the mine blast arrival and variation in background 

noise. 

little correlation between blast arrivals and noise (Figure 4.17). 

The similar data set along the survey line G also shows very 



-50- 

FIGURE CAPTIONS 

Figure 4 .1  Diurnal variation of ground noise level a t  reference s i te  

EZW, from hour 10,  day 212 t o  hour 16 ,  day 213, i n  1976. 

Noise levels are normalized with respect t o  lo-'' m / s e c / a ,  

(OdB), and contour interval is  2 dB. 

nois? level (hachured) between 2-4 A.M. for a l l  frequencies 

greater than 2 Hz. 

The simultaneous temporal variation of ground noise over 

a 1 2  hour period a t  s i t e s  E2W and Kl.SE, approximately 

11 km apart. Noise levels are normalized with respect 

t o  rn/sec/df, (OdB), and contour interval is S dB. 

Note tha t  the minimum noise level is  coincident a t  both 

Note the minimum 

Figure 4.2 

sites i n  the early morning. 

Secular variation of early morning quiet ground noise level 

from day 2 1 1  t o  day 219 of 1976 a t  E2W with repsect t o  

lo-'' m/sec/&, (OdB). 

Thunderstorm and unsettled regional weather characterized 

days 214-216, the period of greatest early morning noise 

level. 

The power contours of re la t ive in t r ins ic  noise with respect 

t o  reference s i te  E2W in  three frequency bands. 

interval is  3 dB. 

Figure 4.3 

Contour interval is 2 dR. 

Figure 4.4 

Contour 

Solid circles indicate sampling points. 

(A) 2-4 Hz, IB) 5-7 N z ,  (C) 10-12 Hz. 

Figure 4.5 Velocity spectral density (VSD) of ground noise a t  Hot 

Springs and a t  s i t e  A3.7NY 500 m NW of the hot springs 

(upper) and a t  ESW, a t  center of the valley (lower) 
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compared t o  bedrock s i te  AC, a t  the valley edge. The error 

bars for  A3.7N and AC sites a re  95% confidence l i m i t s  fo r  

the estimated VSD. Data represent spectral  averages over 

32 data blocks of 12.8  sec length, for  each s i te .  

Instantaneous noise f i e ld  along survey l ine  E for  three 

different quiet periods. Abscissa is s ta t ion location, 

Figure 4.6 

with 1 lan spacing, and ordinate i s  frequency. Contour 

interval is 2 dB. Note the high wide-band noise level 

a t  1W (A and B) and 3W (C), the region of thick alluvium, 

and also the consistently sharp gradient across the valley 

margin fau l t  traced t o  1E. Note also the typical valley 

resonant peak near 6 Hz t o  the west. 

Figure 4.7 Instantaneous noise f i e ld  along survey l ine  B. Abscissa 

is s ta t ion  location, with 1 h spacing, and ordinate is  

frequency. Contour interval is 2 dB. Note the high 

wide-band noise level a t  the valley center near 2W. 

Instantaneous noise f ie ld  along survey l ine  G. Figure 4.8 Abscissa is 

s ta t ion location, with 1 km spacing, and ordinate is 

frequency. Contour interval is 2 .dB. Note the high 

wide-band noise level at  the valley center near 1E. 

gradients may indicate valley faul ts .  

Instantaneous noise f i e l d  along portion of survey l ine  C. 

Sharp 

Figure 4.9 

Abscissa is  s ta t ion  location, with 1 km spacing, and ordinate 

is frequency. Contour interval is 2 dB. Note the band- 

limited peaks a t  both 2.5 W and 4.5 Trv, probably the resu l t  

of a l luvial  resonant effects.  
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Figure 4.10 Instantaneous noise f ie ld  along survey l ine  H. Abscissa is 

s ta t ion location, with 1 lan spacing, and ordinate is 

frequency. Contour interval is 2 dB. Note the gentle 

increase in  noise level toward the east reaching a peak a t  

2E, which may correspond t o  resonance of the al luvial  layer. 

Figure 4.11 Instantaneous noise f i e ld  along survey l ine  K. Abscissa 

is  s ta t ion location, with 1 km spacing, and ordinate is 

frequency. Contour interval is 2 dB. Note the gentle 

increase in  noise level toward the east ,  reaching a high 

frequency ridge a t  1W and a low frequency peak a t  1 .5E ,  

which corresponds t o  local thick al luvial  layer. 

Figure 4.12 Instantaneous noise f i e ld  along survey l ine  R. Abscissa 

is s ta t ion location, with 1 Ian spacing, and ordinate is 

frequency. Contour interval is 5 dB. Note the quiet nature 

of the noise f i e ld  along the l ine ,  the low frequency peak 

a t  1 E  corresponds t o  the same features a t  H l E ,  H2E and 

K1.5E. 

Figure 4.13 Mine blast  a r r iva ls  recorded a t  s i t e s  along survey l ine  E. 

Note the early a r r iva l  a t  E l E ,  i n  the vicini ty  of Leach Hot 

Springs. 

the amplitude of displayed record a t  4.5 Hz. 

of identical  response were used. 

The scale factor is 1230 x lo-’ m/sec per cm of 

The geophones 

Figure 4.14 Typical seismic noise data a t  s i t e s  along survey l ine  E. 

The scale factor is 129 x lo-’ m/sec per cm of the amplitude 

of displayed record a t  4.5 Hz. 

response were used. 
c The geophones of identical 
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Figure 4.15 Velocity spectral  densit ies (VSD) of the mine explosion event 

(upper curve) and the seismic noise (lower curve) a t  each 

recording s i t e  along l ine  E. 

ordinate is VSD in  lo-’ m/sec/& . 
Frame H. 

Relative VSD a t  s i t e s  along survey l ine  E. 

4.15 are normalized with respect t o  s i t e  E1E. 

are  mine blast  arr ivals  and the dotted curves are seismic 

noise. 

Figure 4.17 Velocity spectral  densit ies (VSD) of the mine explosion 

event (upper curve) and the seismic noise (lower curve) 

a t  each recording s i t e  along l ine  G. 

and ordinate is  VSD in  lo-’ m/sec/&. 

Abscissa is frequency and 

Scale i s  indicated in 

Figure 4.16 VSD i n  Figure 

Solid curves 

Abscissa is  frequency 
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V. PROPAGATION CHARACTERISTICS OF GROUND NOISE 

5.1 Introduction 

We have shown in Chapter 4 that conventional noise power mapping 

techniques provide little information to make it possible to differentiate 

the effects of shallow geology from those due to buried sources. 

waves emitted from a buried reservoir source should be amenable to 

detection through local array measurements, because such vertically incident 

body waves have high apparent phase velocity and time-invariant propa- 

gation direction. 

is complicated for microseisms by multipath arrivals of both body waves 

and ambient surface waves. 

parameters therefore requires a properly designed array in conjunction 

with frequency-wavenumber (f-k) analysis. 

surface waves will appear in the f-k diagram as low velocity waves 

crossing the array, differing from the vertically incident body waves. 

The accurate estimation of the propagation parameters can provide the 

added data necessary to interpret the ambiguous noise power anomaly 

obtained by the method described in the previous chapter. 

Seismic 

The measurement of apparent phase velocity and azimuth 

The reliable estimation of these propagation 

The horizontal propagating 

This chapter opens with a coherence study of seismic noise in 

Grass Valley conducted in order to design the array. 

and the field program are presented in the following section. 

knowledge this work represents a first attempt at mapping the propagation 

The array design 

To my 

parameters of microseisms in a geothermal area by using a non-aliasing 

roving array and advanced array processing techniques. The frequency- 

wavenumber (f-k) processing schemes used are the frequency domain 
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beam-forming method, BFM (Lacoss -- et al. , ,1969), and the maximum-like- 
lihood method, bll.hl (Capon, 1969). 

techniques in terms of their response to identical input data. 

f-k analyses of Grass Valley data are presented in the last two sections. 

We compare the two array processing 

The 

5.2 Coherence of ground noise 

To design a full-scale ground noise survey, we first deployed a 

pilot 12-element L-shaped array on alluvium and at the hot springs to 

determine the coherence properties of the noise field as a function 

of sensor separation. 

The coherence function estimate, km(f),  between signals m and n is 

given by 

I I 
=dT-JFJF) ' (5.1) 

h 

where Sm(f) is the estimate of cross-power spectral density. sm(f) 

c 

and S 

defined in Equation (4.9). The 100% confidence interval for coherence 

estimates in the range of 0.59 < Rm(f) < 0.97 with 2 12 40 degrees of 

freedom is calculated, according to Equation (6.111) of Bendat and 

(f) are estimates of auto-power spectral density. This was nn 

Piersol (1971), by 

where Z is a standard normal variate and Y/2 c 
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g(f) = + l n [ & A z ]  + fim = tanh - 1.. Rm(f) , 
Rmn (f)  

and I = number of data blocks being averaged, and 

( 5 . 3 )  

with 2 1  degrees of freedom. 

Coherence of ground noise in  Grass Valley decreases as the geophone 

spacing increases, the relat ion between coherence and geophone spacing 

varying from s i t e  t o  s i t e .  In the vicini ty  of Leach Hot Springs, high 

coherence between two geophones 1 0  m apart is seen in  the frequency 

bands of 2 t o  8 Hz and 10 t o  20 Hz (Figure 5.1). 

increases t o  30 m, 40 m, and 60 m, the coherence decreases a t  high and 

low frequencies. 

i n  the 5-7 Hz band. There seems no obvious correlation between 

frequency bands with high coherence and the VSD (Figure 5 .1E) .  

valley, f o r  example, a t  the intersection of l ine  E and l ine  M (EM), 

the frequency band of maximum coherence is  2 t o  5 Hz when geophones 

are separated by 20 m (Figure 5.2).  

of the coherent frequency band decrease wi th  increased geophone spacing 

t o  40 m-60 m separation. The estimated coherence a t  nearby s i t e  E2.75W 

indicates some degree of coherence a t  3 t o  6 Hz,  even a t  120 m separation 

(Figure 5.2E).  

low a t  valley s i t e s ,  presumably.the resul t  of attenuation effects  and 

interference from multi-path arr ivals .  Phase velocity and wavelength 

can be measured for the coherent part .  Wavelengths as short as 10-20 m 

are present a t  the valley s i t e s .  

As geophone spacing 

A t  60 m separation we can s t i l l  observe high coherence 

In the 

The coherence level and the width 

The degree of coherence seen, while variable, is generally 
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5.3 Roving array exp eriment 

A small-aperture 12-geophone array was used. The array configuration 

and its impulse response in wavenumber space are shown in Figure 5 . 3 .  

The existence of short wavelength noise components and the low coherence 

seen at large geophone separation, both dictated the tight array spacing 

used. An array of 100 m element separation or more, commonly used in 

ground noise studies elsewhere, would give spurious results because 

spatial aliasing folds the high-wavenumber noise components (which we 

have seen dominant in the valley alluvium) into low-wavenumber noise 

components. 

high-velocity microseisms, which are interpreted as body waves. We 

illustrate the effect of spatial aliasing due to inadequate element 

separation in Figure 5.4, where we processed a simulated 4 Hz plane 

wave with 50 m wavelength, propagating with phase velocity of 200 m/sec 

across four arrays. 

of sensors but different sensor spacing. 

are 50 m, 75 m, 250 m, and 500 m, such that the sensor spacing for each 

The spatial aliasing results in the detection of erroneously 

Those arrays have identical array shapes and numbers 

The diameters of the arrays 

array is proportional to the array size. 

propagating toward the azimuth of 60", the folding effects are evident 

along the directions of 60" and 240". 

as body waves, based on coarse sensor separation, may well be incorrectly 

based on aliased low-velocity surface waves, as seen in Figure 5.4C. 

Since the plane waves are 

Many interpretations of microseisms 

It is true, of course, that when the array is made small enough to 

accommodate the short-wavelength noise components, resolution for near- 

vertically incident body waves is seriously degraded, though the evidence 

of body waves should be visible and could be studied by appropriate array 
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expansion and spatial filtering. 

To map the propagation parameters of the microseismic field, this 

12-element array was placed each evening at a site. 

the region have been occupied. 

Sixteen sites in 

Data were transmitted by cable to the 

recording vehicle some 500 m from the array. 

5.4 Frequency-wavenumber power spectral density estimation 

5.4.1 Definition 

The frequency-wavenumber power spectral density function (FKPSD) 

was introduced into seismology by Burg (1964) in the development of the 

optimum three-dimensional filter derived from the Wiener multichannel 

theory. Burg (1964) illustrated the optimum three-dimensional filter 

by a theoretical problem of P-wave enhancement in the presence of 

ambient Rayleigh waves. 

ordinary spectral density function, is given by the relation 

The FKPSD, a three-dimensional equivalent of 

where c(T,~) - is the correlation function with time delay T and spatial 

lag p, k is the vector wavenumber in cycles/km. - _  
The correlation function of the noise field is defined as 

where E denotes the averaged .value,, or fexpectation, and @ (t ,r) - is the 

time series of the noise field at seismometer locations r = (x,y). 

The array processing is normally carried out in the frequency 

- 

domain rather than in the time domain because of computation time considerations. 
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With carefully designed filter coefficients, however, the time domain 

operation has the advantage of better resolution than the frequency 

domain operation (Capon, -- et al., 1967 and Lacoss, -- et al., 1969). 

In the following sections, I compare the techniques for estimating 

FKPSD using the conventional and maximum-likelihood method in the 

frequency domain. 

5.4.2 Conventional method IBlW 

The conventional method, commonly known as the frequency domain 

beam forming method (BFM), estimates the FKPSD, P(f,k), - by the relation 

(5.7) 
1 P̂(f.,k) = - a' S a , 

- N2 -- - 

where N is the nufnber of geophones in the array and - a', the conjugate 

transpose of - a, is the row vector 

where r, is the coordinate of nth geophone location. - $ is the estimate 

of the spectral matrix between sensors. 

is obtained from the averaged cross-power, 

- 
Each entry of 3, gm(f), 

T 
1 

1 - 

i=l 

by the normalization 

(5.91 

(5.9A) 

i where 

seismometer n located at 5. 
On(f) is the Fourier transform of block noise sample i, from 
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The BFM estimate of FKPSD, by re-arranging Equation (5 .7) ,  is 

N- N 

or 

I N 

(5.10) 

(5.11) 

The term exp(-jZrrk - - L) in Equation (5.11) has the effect of 

advancing the phase of sinusoid observed at by the amount of the 

time delay with respect to the origin of the array assuming a plane 

wave propagating toward the azimuth - k with phase velocity V. - -  V is 

given by 

(5.12) 

Taking Wm = Wn = 1, the BFM applies uniform weighting to each array 

element before the delay-and-sum operation. The BFM is efficient in 

computational time and provides an accurate estimate of azimuth and 

phase velocity if the noise field has high signal-to-noise r a t io  in a 

unique direction and represents a single mode of wave propagation. 

On the other hand, in the presence of multi-path propagation, the 

result in wavenumber space always shows an ambiguous pattern of peaks 

due to smearing of the true spectrum. 

response of the array (Figure 5.3) cause serious leakage in estimating 

The big side-lobes in the impulse 

spectral density. 

Statistical properties of the estimator $(f ,k) - were given by Capon and 

Goodmn (1970). The -- a priori assumptions in deriving the probability 
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distribution are the following: 

1) The sensor outputs comprise a multi-dimensional Gaussian random 

process with zero mean and stationary discrete time series, and 
i 

2) The length of the segments employed is long so that tQm(f) 

is statistically independent o f  kQn(f), m f n, then rl ,  c2 ,  c3, . . . , <I 

are I independent and identically distributed N-variate complex Gaussian 

random variables, where ci is a column vector defined as 

= ~01[Qli(~),'2i~f),Q~i(f), . ' ,'Ni(f)l 9 (5.13) 'i 
th th segment, n where ONi(f) is the Fourier transform of data in the i 

channel, frequency f .  
* 

The N x N matrix-valued random variables, s(f) - defined in Equation 

(5 .9) ,  have a complex Wishart distribution of dimension N and 2 1  degree 

of freedom (when \Eo 1 f 0) .  The random variable 6(f ,k) - thus is a 

multiple of a Chi-square variable with mean and variance given by 

-f -03 -a3 
N 

2dxdkxdky , (5.14) 

0 , f N  
(5.15) 

where fN is the Nyquist frequency and R(f,k) - is the frequency-wavenumber 

power spectrum. Il3(k) - l 2  is the array response function 
N 

B(k) = 1 xexp(jk $1) . 
-- (5.16) 

.. 

n= 1 

c 
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IWL(x) I is the frequency window function 

E{e(f,%)} is obtained by means of a frequency-wavenumber window 

IB(&-$)I - IWL(x-f)I2. Hence h(f,k) - will be an asymptotically 

unbiased estimate of CP(f,k) as 

2 

- 

1 1 IWL(x-f) - R(&-$) l2dx:dhdky = C. 

(5.17) 

(5.18) 

The var {?(f,$)} approaches zero as I approaches infinity such that 

6(f,k) is a consistent estimate for CP(f,k). 

estimate is independent of the FKPSD, seismometer locations, or  the 

weights Wn, n = l,.4.,N (Lacoss, et al., 1969) and is given by 

The stability of the - - 

-- 

where b l  is dependent on the spectral window defined in Equation (4.12) 

and the lOOy percent confidence interval for p(fo,$) is 

(5.20) 

For 24 data blocks, each block tapered by the rectangular data window, 

v = 48, the 90% confidence limits are about 1.58 dB above and -1.24 dB 

below @(fo,&) for fo Z 0 or fN. 
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5.4.3 Maximum-likelihood method (MM) 

The maximum-likelihood estimate for FKPSD is based on the application 

of optimal weighting functions which correspond to a maximum-likelihood 

filter in 2-dimensional wavenumber space to control the shape of the 

frequency-wavenumber window function, i.e., the beam pattern of the 

array impulse response. The construction of the maximum-likelihood 

filter is based on the coherence characteristics of the data among array 

sensors. 

of each array element, result in the maximum signal-to-noise ratio in 

These optimal weighting functions, when applied to the output 

the array signal estimation. 

maximum-likelihood filter is able to pass undistorted a monochromatic 

At a selected frequency component, the 

plane wave traveling at a velocity corresponding to a steering wavenumber, 

k and to suppress in an optimal least squares sense the power of 
-0' 

those waves traveling at velocities corresponding to wavenumbers other 

than &. The weighting,function changes as the spectrum changes. 

The maximum-likelihood estimate for FKPSD can be written as 

where Am(f) and An(f) are weights applied to the outputs of array 

elements m and n respectively. Note that Am(f) and An(f) are functions 

of frequency, wavenumber, and spatial coordinates of the array element. 

To consider the optimal weighting function in the "distortionless" 

sense and with optimal suppression of noise, we rearrange Equations (5.21) 

into the form 
N N  

m=l n=l 
(5.22) 

c 

c 
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where 

is the spectral matrix with delays. 

Define a weighting vector 

W _ =  col[Al(f), AZ(f), - - 9 An(€)] 

Equation (5.2 2) becomes 

where W' - is the conjugate transpose of W. - 

In this optimization problem, we desire minimum array output 

power for - k # %, which is equivalent to minimizing the quantity 
(E'. - -  S \9. 
- k = k+, requires the sum of all N coefficients to be unity over the 

narrow wavenumber band around k - = %, i.e. 

5 

The constraint of distortionless, filter response at - 

N 
An(f,$) = 1 

n= 1 
or 

T 

where - C = col[l, 1, . . . , 13. 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

The problem of finding the optimum set of filter weights, %pt, is 

summarized by Equations (5.25) and (5.27) as 

minimize ( W .  _ _ -  S - W) with respect to 1V -_ 

subject to CT * W = 1 : (5.30) 

(5.29) 
.., 

- 

- - 

Using the method of Lagrange multipliers in the calculus of variations, 
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we set up the equation as: 

where the coefficient 1 / 2  is introduced t o  simplify later arithmetic and 

is  an undetermined Lagrange multiplier. 

Taking the gradient of Equation (5.31) w i t h  respect t o  W - and equating 

t o  zero, 

yielding 

substi tuting (5.33) into (5.30) we obtain 

T--1 -1 x = - ( C  s C) . - -  - - 

(5.32) 

( 5 . 3 3 )  

(5.34) 

From Equations (5.33) and (5.34),  the optimal weighting vector is 

obtained as 

', (5.35) 

and the optimal weighting functions are: 
N 
\\ 

L GmCf) 

c qm(f) 

m = l  , n = l ,  . . . ,  N ,  (5.36) N A (f) = -N 
n 

m = l  n=l 

whefre the matrix { Gm(€) 1 is the inverse of the delayed spectral  matrix, 

{sm(f ) /  - - S , as defined i n  Equation (5.23). -1 - --1 
- 

c The f i l t e r  obtained from the above optimization procedures is a 

dis tor t ionless  form of a constrained least squares f i l t e r ,  o r  constrained 
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DIS filter (Frost, 1972). The right hand side of Equation (5.36) is 

identical to the coefficients of the maxim-likelihood filter derived 

by Capon (1973) using the maximum-likelihood estimation technique. 

Substituting Equation (5 .35)  into Equation (5.25), the estimate for 

FKPSD is: 

(5.37) 

(5.38) 

This is just the high-resolution estimate for P(f,k) - given by Capon(l969). 

The justification for the usage o f  F(f,k) - as an estimation for 

P(f,k) - is provided by an important property o f  the maximum-likelihood 

estimator. 

estimation, it is identical to the minimum-variance unbiased estimator 

of the signal (Capon -- et al., 1967; and Capon, 11973). 

consequence of minimizing the variance of the array output, (W' - -  * 5 - E), 

When the maximum-likelihood estimator is used in signal 

This is the 

- 
in Equation (5.29). Therefore, P(f,k) - is a minimum-variance unbiased 

estimate for P(f,k). - 

The statistical properties of G(f ,k) - have been discussed by Capon 

and G o o h  (1970), who show that $(f ,k)  - is a multiple of chi-square 

variable with 2 (  I - N + 1) degrees of freedom, if fo = 0, or fN. The - 
mean and variance of P [ f , k )  are given by 
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The confidence l i m i t s  fo r  c(fo,$) can be obtained in  a manner similar 

t o  tha t  discussed fo r  the BFM. If I = 24,  N = 1 2 ,  and the rectangular 

taper is used, there are 26 degrees of freedom and the 90% confidence 

l i m i t s  are  2.28 dB above and -1.76 dR below $(f0,&), for  fo # 0 or  fN. 

In the a r t i c l e  discussing the frequency domain beam forming method, 

Lacoss -- e t  a l .  (1969) have shown that as long as the requirement Wm = Wk 
is sa t i s f ied ,  the s t a b i l i t y  of any frequency domain beam forming estimate 

is independent of the seismometer location, FKPSD, or  the weights Wn, 

n = l , .  . . , N .  

applied on mth sensor output. The requirement Wm = Wm ensures tha t  

b(fo,$) be real. Since the weighting function of MLM s a t i s f i e s  the 

above requirements, the confidence l i m i t s  of the FW estimate depend 

only on the number of data blocks and array sensors. 

wrrm represents W m n  W and Wm is  the weighting function 
* 

Equation (5.39) indicates that  E {P(fo,$) } is  obtained by means of 

a frequency-wavenumber window, JWL(x-fo) B(f k -k  ) 1 '  where 
0 '-'-0 

(5.42) 

therefore 6(fo,&) is an asymptotically unbiased estimator for  CP(fo,%), 

i f  the window approaches a three-dimensional de l ta  function in  such a way that 

dzdkxdky = C . (5.43) 
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5.4.4 Comparing the FKPSD estimation techniques - 

The term "high resolution f-k spectrumtt is commonly used for 

maximum-likelihood (MLM) estimation of FKPSD, because, under favorable 

conditions, this method always results in a spectrum with sharper peaks 

and lower side-lobes than that estimated by ccinventional (BFM) methods. 

Based on theoretical analyses, however, Cox (1973) has found that the 

MLM has a disadvantage relative to the BF'M in terms of its sensitivity 

to measurement errors, especially in the case of channel mismatch. 

Mismatch may result from distortion in the waveform during propagation, 

from amplitude, phase and position errors in the sensors, or in the 

sampling and digitization. 

processing simulated data with both MLM and BEN. 

waves superimposed upon random noise of varying amplitude level. The 

4 Hz plane wave propagates with phase velocity of 200 m/sec across an 

array in 50 m diameter. 

is shown in Figure 5.5. 

regardless of the signal-to-noise ratios of input data, the f-k diagrams 

at 4 Hz are all identical to Figure 5.6A. 

array response, centered around the wavenumber of the simulated signal. 

The peak value of f-k spectrum at 4 Hz is independent of the signal-to- 

noise ratios between 48.8 dB and 10.6 dB. 

of MLM analysis indicate that MIM is sensitive to signal-to-noise ratio 

of the input data. 

signal-to-noise ratio of 48.8 dB (Figure ,5.6B:I, 30.6 dB (Figure 5.6C), 

25.6 dB (Figure 5.6D), 20 dB (Figure 5.6E) and 10.6 db (Figure 5.6F). 

Those figures clearly indicate that MU4 suppresses the side-lobes more 

efficiently and produces higher resolutions than BFM. 

We have examined the effects of mismatch by 

Input data are 4 Hz plane 

A block of data without random noise components 

We have found from the results of BFM that, 

This figure shows a shifted 

On the other hand, the results 

This effect is illustrated by the f-k plots for 

The high 
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resolution effect is a distinct advantage in the case of multiple arrivals. 

The desirable characteristics of MLM are results of the combination 

of the side-lobe suppression and the noise rejection. 

these operations by assuming that - S consists of signal-plus-noise, 

so that we may express ? as the form 

I'le shall discuss 
A 

- 
- 

(5.44) 

where 
2A 

O 0 9  

Q - 

2 

2 

o 
0 

O1 

d - 

is the noise spectral matrix, 

is normalized to have its tracc equal to the number of 

sensors, 

is the input noise spectral level averaged across the sensors, 

is the averaged input power spectrum of the coherent micro- 

seismic signal, 

is a directional vector of microseismic field, defined as 

(5.45) 

k 

fie1.d is propagating. 

is a wavenumber vector in the direction to which the microseismic 
I) 

We can also write a general expression for estimate FKPSD as 

6 (5.46) 
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where W - is the vector of generalized weighting functions, 

(5.47) 

for BIN, and 

(5.49) 

We define an inner product between two column vectors - a and - d by 

d, where _ _  C is a positive definite Hermitian matrix, and the a'. C 

cosine-square of the generalized angle between - a and d - to be 
- - - -  - 

- Bmf. For BFM, the output spectrum can be written as 
n 2 

The first term is the noise response, the second term is the 

(5.51) 

2 signal response, and cos (a,d;I) - - -  is the array impulse response shifted 

by the steering vector - a to the "direction" - d, as shown in Figure 5.6A. 

It is evident that signal response depends on the cosine square of the 

generalized angle between - a and - d in-inner'product space and is not 

affected by the noise spectral matrix.$. 

response is relatively insensitive to small mismatch between - a and - d, 

- 

Therefore, the signal 
- 

as well as input signal-to-noise ratio. The noise response is reduced 
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by increase N which is the number of sensors i n  the array. 

MLM. - 

(5.48) into Equation (5.49)' 

The output spectrum of MLM is obtained by substi tuting Equation 

where (S/N)max is the m a x i m u m  output signal-to-noise spectral  r a t i o  

defined as : 
7 
L 

U 
0 

2 2 A -  1 s in  (a,d;&-') = 1 = cos (a,d;Q ) . - - -  - - -  

(5.53) 

(5.54) 

The expressions for  signal and noise responses appearing in  

Equation (5. 5'2) are more complicated than those of the BFM. 

evident from Equation (5.52) tha t  both (S/N)max and s i n  (a,d;O-') _ - -  - 

play important roles  i n  signal expression and noise rejection. 

suppression of spurious side-lobes due t o  f i n i t e  dimension array 

response can be seen from the behavior of the second term i n  Equation 

(5.9).  A s  - a deviates away from - d, the quantity of cos (a,d;Q-') - -  - 

becomes smaller while s i n  (a,d;Q-l) - - -  - becomes larger.  The signal 

I t  is  
2 

The 

2 

2 

suppression can be significant a t  _ -  a f d when (S/N),ax is  larger than 

unity. 
\ c 
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Let us turn our attention t o  the first term of Equation (5. 52), 

i.e. the noise response. To examine the unusual nature of the noise 

- a)  is  a 6- 1 response, w e  l e t  6 = I ,  such tha t  the q x m t i t y  (a' - - - - - - -  - -  
2 constant. Then as s i n  (a,d;I) varies from zero t o  one, the noise - - -  - 

response increases from the value O;/N at sinL'(a,c;l)  = 0, u n t i l  it 

reaches a m a x i m  of (x) 
- 

0; [2+ (S/N)maxl a t  s in  2 (a,d; I)  = 1/(2+ (S/N)max). 
- - -  4+4 (S/Nma - 

This peculiar noise response is due t o  the fact  tha t  the MU1 

estimator t r ea t s  the mismatched signal as an unwanted interference and 

performs a compromise between suppressing the signal and rejecting the 

r ea l  noise. 

the estimator puts on suppressing it. 

signal it accepts a lesser rejection of noise. 

s i n  (a,d;I) = 0,  the signal suppression is  minimum. As s in  (a,d;I) - - -  

increases, the greater suppression of the signal is possible with a 

corresponding increasing penalty in  noise rejection. 

mismatch reaches the point where the signal suppression is sufficient 

so tha t  a further penalty in  noise response is;  not jus t i f ied .  

processor then reverses t h e  trend and places greater emphasis on 

rejecting the noise. 

The stronger the mismatched signal, the more importance 

In suppressing the mismatched 

Near the point 
2 2 

- - - -  - 

Eventually the 

The 

The MLM, however, is not an optimal array processor. The terms in  

large braces i n  Equation (5.52) deviate the output spectrum of MLM 

away from that  of an optimal array processor. We w i l l  discuss the 

optimal array processor later in  t h i s  section. 

Equation (5.36) where we used the cross-power spectral matrix of the 

signal-plus-noise t o  construct the weighting function for  MLM. 

The optimal array processor, on the other hand, uses the cross-power spectral 

Look back a t  
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matrix of noise alone to construct the weighting functions in order to 

enhance the transient simal, such as earthquake or explosion arrivals. 

Unfortunately, such an optimal array processor is not applicable to 

microseismic data because of the difficulty in separating signal from 

noise ,in microseismic data. It appears that, at present, blLM is the 

best way to process two-dimensional array data for high resolution in 

the presence of multi-path interference, the normal situation in 

ground noise studies. It is worthwhile, nevertheless, to consider the 

responses of the optimal array processor. 

Optimal Array Processor. The output spectrum given by Cox (1973) is 

which results from substituting = (Q - - a) (a1 - - a>-' into - - - 

Equation (5.49). Again, the first term corresponds to the noise response 

and the second term corresponds to the signal. Notice that Equation 

(5.55) reduces to Equation (5.51) for the case of spatially uncorrelated 

noise, Q = I, and a = d. 
n 

. - - -  - -  
In order to realize the effects of optimization, one must understand 

as a noise spectral 

correspond to the 

the effect of the matrix Q-', since we have defined 

matrix in Equation (5 .44) ,  the small eigenvalues of 

elements of array with less noise. 

- - 

- 

The effect of introducing - 4 - l  in - 
2 2 cos *(a,d;Q-') can be compared with cos (a,d;I) - - -  of Equation (5. 51) where 

there is no optimization involved. 

cos (a,d;Q-l) is equivalent to cos (a,d;I) - - -  with multiplications of 

- - - -  

Cox (1973) pointed out that 6-l in - 
2 2 

- - - -  - 
scaling factors to the projections of - a and d -- on the eigenvectors of - 8. - 
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N 

n=l 
Since'G has been normalized t o  have i ts  trace equal t o  N ,  

The scaling factors associated with 6-l a re  9 l / A n  which emphasizes 

A n  = N. - - 
- - 

components of a and d corresponding t o  sma:ll eigenvalues of 8, and 

de-emphasizes components corresponding t o  :large eigenvalues of - 8. 
Therefore the quantity 15. &1 . t} cos @,<!;Q ) gives r i s e  t o  

signal gain, fo r  the assumed Yignaldirection. 

defines the maximum possible gain, and (a' - - -5 

noise. 

the maximum gain for  a = d and optimal suppression for  a f d.  

- - - - 

- 
2 *-1 ' , 6-1 . 

4- - - - a) suppresses the 

The choice of - resul ts  in  the optimal estimator which provides 

- -  - _  

5.4.5 - Grass Valley data processing method 

Transient-free quiet- interval data blocks from each of the 1 2  

elements of the array are  selected for  processing. 

of the data blocks are  selected on the basis of resolution and s t a t i s t i c a l  

s t a b i l i t y  of the estimated power spectral density. 

for  different  numbers and lengths of data bloc:ks, holding the t o t a l  

number of data points constant, is i l lustrated.  with array data from 

s i te  E5.9W (Fimre 5.7).  The resu l t s  of nrocessinp the identical  data 

The number and length 

A MLM comparison 

usine three different lencrths a re  shown in  Figure  5.8 for  1 2  blocks x 

128 Doints, 24 blocks x 64 points, and 48 blocks x 32 points. 

1 2  blocks x 128 points (Figure 5.8A) provides the highest resolution, 

indicating the multiple directions of propagation. 

number of data points 'in the time domain requires the analysis of more 

frequency components and the FKPSD estimated in  such a way is  s t a t i s -  

t i c a l l y  less stable than the smaller number of' data points. 

48 blocks x 32 points (Figure 5.8C) has only 16 discrete frequency 

The 

However, t h e  greater 

The 
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components from DC t o  Nyquist frequency. 

frequency interval may resul t  in  an erroneous phase velocity estimate. 

I, therefore, have selected 24 blocks x 64 data points (Figure 5.8B). 

t o  process Grass Valley array data; t h i s  combination provides adequate 

resolution i n  wavenumber space and reasonable s t ab i l i t y  in  the s t a t i s t i c a l  

estimation. 

In t h i s  case, the coarse 

In the figures, FWSD are  estimated for  a desired frequency 

component a t  each of 41  x 41 gr id  points i n  wavenumber space, then 

normalized with respect t o  peak value and contoured in  dB. 

data are  processed i n  a wide frequency band and the maximum FKPSD of each 

frequency component is  plotted as  shown in  Figure 5.9 for data from 

sites E5.9W, GP, and A2N. 

FKPSD maxima a re  selected for  interpretation. 

Normally, 

Those frequencies corresponding t o  the 

The wavenumber and 

frequency of a FKPSD maximum provides the estimate of apparent phase 

velocity and direction of propagation for  the most coherent propagating 

plane wave in  the data sample. In case the microseismic f i e ld  has very 

low coherence across the array sensors, the plot of maximum FKPSD over 

a wide frequency band w i l l  show a low normalized curve without d i s t inc t  

peaks. 

a t  s i t e  A2N is higher than tha t  recorded a t  s i te  GP in  the frequency 

band of 2.54 Hz t o  12.9 Hz. A comparison of BFM and MU4 is provided 

i n  Figures 5.8B and 5.8D for  the case of 24 blocks x 64 points. The 

greater resolution i n  MLM is apparent i n  resolving the multiple directions 

Accordingly, i n  Figure 5.9, the  coherence of array data recorded 

of propagation. 

using 24 blocks x 64 points. 

Consequently, our processing method was normally MLM 

c 
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5.5 Grass Valley data interpretation 

Valley sites. The noise anomaly in  the center of the valley, e.g. 

E5.9W a t  5 t o  7 Hz (Figure 4.4B), can be explained by the superposition 

of multi-path surface waves propagating in  the shallow al luvial  section. 

The absence of a unique and time-invariant prclpagation direction, as  

seen in  Figure 5.10, indicates clearly that  the high amplitude ground 

noise a t  t h i s  s i t e  is not due t o  a local buried source. Further, the 

uniform propagation velocity, lkl 2 16 cycles/km, seen a t  a l l  azimuths 

suggests a surface wave nature of the noise f ie ld .  

azimuth surface waves are  seen also in  the f-k resu l t s  a t  5.71 Hz for  

the array data at sites E0.5W and M2.9N (see Figure 3.4 for  s i te  

locations). 

Leach Hot Springs. 

are seen at sites AZN, B0.35W, E2.9E, and GP (see Figure 3.2 fo r  s i te  

locations) in  the vicini ty  of Leach Hot Springs. 

recorded i n  t h i s  area show highly coherent energy i n  the array. 

from site A2N are  shown in  Figure 5.11. 

frequency of the propagating noise f i e l d  i n  the area is  4.4 Hz. 

f - k  p l o t s , a t  t h i s  frequency are  shown in  Figures 5.12A, 5.12C, and 

5.12E. 

hot springs. 

2.8 Hz. 

Similar multi- 

Time-invariant azimuths of propagating noise f ie lds  

Typical noise data 

Data 

Except a t  B0.35W, the dominant 

The 

The unique azimuth in  each plot  i s  i n  a direction away from the 

A t  B0.35W the dominant frequency of noise f i e ld  is 

In the same frequency band, we a lso see d is t inc t  2.5 Hz noise 

components at  sites A2N and GP. 

propagates constantly during quiet recording periods a t  an azimuth 

around 210°, as indicated in  Figures 5.12B, 5.12D, and 5.12F for  sites 

A2N, GP, and B0.35N. 

Noise in  t h i s  lower frequency band 

The phase velocit ies estimated from these plots  
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indicate tha t  the microseisms are  apparently fundamental mode Rayleigh 

waves. 

Another interesting feature appears a t  C6W and a t  the intersection 

of l ines L and H ( s i t e  LH) where f - k  analyses indicate that  the noise 

f ie lds  a t  both sites propagate away from the h i l l s  (Figures 5.13C, 

5.13D,' 5.13E and 5.13F). 

respond t o  gusty winds and generate ground noise. 

There i s  a possibi l i ty  that  the h i l l s  

5.6 Dispersion characterist ics and shallow structure 

On the assumption that the microseismic f ie ld  consists of surface 

waves, the f - k  analysis technique allows direct  measurement of the local 

dispersion curve by se lec t ing  phase velocit ies corresponding t o  the 

frequencies with peak FKPSD. As an example, in  Figure 5.14 we show 

phase veloci t ies  so estimated, along w i t h  computed fundamental and first 

higher mode Rayleigh wave dispersion curves, €or a model based on P-wave 

veloci t ies  from a shallow refraction survey in  the area. 

of the very shallow velocity structure is i l lus t ra ted  clearly.  

variations in  the upper 10-20 m w i l l  control the surface wave propagation 

characterist ics.  

sampling t o  the quiet periods, since larger microseisms are  very coherent 

across the array. 

observations of phase velocity for  shallow structure mapping, also 

provide a method of veri€ying the wave nature of the microseisms. 

is c lear  tha t  waves with periods of 1 sec and greater must be analyzed 

fo r  s t ructural  information a t  geothermal target depths, i f  the micro- 

seisms are fundamental mode Rayleigh waves (see, for  example, McEvilly 

and Stauder, 1965). 

The effect  

Lateral 

In estimating dispersion curves, we do not r e s t r i c t  

The dispersion measurements, besides providing local 

I t  

f 

c 
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Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

FIGURE CAPTIONS 

Estimated coherence near Leach Hot: Springs for various geo- 

phone spacings of (A) 10  m, (B) 30 m, (C) 40 m, and (D) 60 m 

i n  a single l ine.  

spacing increases, along with narrower coherent frequency 

bands. Frame E is  the typical VSI) of t h i s  s i t e .  

Estimated coherence a t  valley s i t e s ,  EM (A-D) and E2.75W (E) ,  

for  l inear geophone spacings of (A) 20 m (NS direct ion) ,  

(B) 20 m (EW direction),  (C) 40 m., (D) 60 m,  and (E) 120 m. 

Array configuration and i ts  contoured impulse response 

i n  wavenumber space, plotted t o  k x  and ky = 71 cycles/km. 

The effective Nyquist wavenumber can be seen t o  vary wi th  

azimuth in  t h e  range of about 50 -- 70 cycles/hn. 

in te r ior  square outlines the standard f - k  plot range of 

35.7 cyc le s /h ,  used in  subsequent figures. 

the concentric c i rc les  in  array aire indicated. 

High-resolution f - k  power spectral1 density estimates for 

a simulated 4 Hz plane wave signal propagating N60"E 

across the array a t  horizontal phase velocity 200 m / s  

(k=20 cycles/lan), t o  i l l u s t r a t e  spat ia l  aliasing. The 

array configuration is the same a:; shown in  Figure 5.3. 

The array dimension scales are (A) 1 time, (B) 1 . 5  times, 

(C) 5 times, (D) 10 times, the -radii values indicated in  

Note the coherence decreases as geophone 

The 

Radii of 

Figure 5.3. 

(A) 71.4, (B) 47.6, (C) 14.3,  (ID) 7 . 1  cycles/km corresponding 

approximately t o  the effective IVyquist wavenumbers for the arrays. 

The maximum kx and ky values in  the plots are 
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The f-k power spectral density contours are  -1.0,  -3.0, 

-6.0, -9 .0 ,  -12.0 dB below the main peak. Circles indicate 

the constant velocit ies shown, expanding with array size.  

Aliasing is  apparent i n  the high phase velocit ies i n  

Frames (B), (C) , and (D) , easi ly  misinterpreted as detected 

body waves. The 90% confidence l i m i t s  on the estimated 

FKPSD are  - +1.9 dB, based on the multiple of chi-square 

variable with approximately 26 degrees of freedom. 

Figure 5.5 Noise-free simulated 4 Hz plane waves crossing the array 

of Figure 5.3 with horizontal phase velocity of 200 m/sec. 

Comparison of f -k  resolutions using BFM (A) and MU1 (B t o  

F) on the simulated plane waves shown i n  Figure 5.5, with 

noise added. 

to-noise r a t io  of the input data varies from 

Figure 5.6 

MLM resolution deteriorates as  the signal- 

(B) 48.8 dB, (C) 30.6 dB, (D) 25.6 dB, (E) 20 dB, t o  

(F) 10.6 dB, whereas BFM is insensitive t o  signal-to-noise 

r a t i o  i n  the same range. 

levels are a l l  identical  t o  (A). 

The BFM resolutions for  a l l  noise 

Contoured l ines  are  a t  

-1, -3, -6, -9 ,  and - 1 2  dB below the main peak. 

Typical seismic noise data i n  the valley, a t  s i te  E5.9W, Figure 5.7 

recorded by the array shown in  Figure 5.3. 

i n  signal amplitude among traces i s  a consequence of the 

difference i n  geophone damping resis tor  o f  each channel. 

The scale factor ,  i n  lo-'  m/sec per'cm of displayed record 

The difference 

6 amplitude, a t  4.5 Hz,  are shown for  each t race on the r ight  

margin. 
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Figure 5.8 f -k  resu l t s  fo r  s i te  E5.9W fo r  different  data block lengths, 

comparing blLF1 and RFM. 

(A) 1 2  data blocks, each with :L28 points,  processed by 

MLM, with 90% confidence l i m i t s  of - +7.7 dB. 

(B) 24 data blocks, each with 64 points,  processed by 

MLM, with 90% confidence l i m i t s  of - +1.96 dB, 

(C) 48 data blocks, each with 64 points,  processed by 

MLM with 90% confidence limits of - +1.16 dB, 

24 data blocks, each with 64 points,  processed by 

BFM, with 90% confidence l i m i t s  of - +1.4 dR. 

(D) 

The frequency on each frame corresponds t o  a maximum FKPSD 

(see Figure 5.9). The range of wavenumber plotted is  

35.7 cycles/km. Contour l ines  are  a t  -1, -3, -6, -9, 

and - 1 2  dB below the main peak. 

Examples of maximum FKPSD plo ts  as a function of frequency, 

independent of t h e  wavenumber. 

frequency i s  normalized w i t h  respect t o  a common, reference 

power level.  

and GP. 

The time-variant nature of propagating seismic noise at  

valley site E5.9W. Data are se1ec:ted from the 4th, Sth, 

7th, 8th, 9th, and 10th hours .of the recording period, 

as indicated, and processed by W l u s i n g  24 blocks with 

64 points per data block. 

peaks given along with azimuth i n  each plot .  

Figure 5.9 

The maximum FKPSD a t  each 

Array data are taken from sites AZN, E5.9W 

Figure 5.10 

Circles indicate veloci t ies  of 
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Figure 5.11 Typical seismic noise data a t  s i te  A2N, 1 km SE of Leach 

Hot Springs, recorded by the array shown in  Figure 5.3. 

Note the high coherence across the array. 

i n  signal amplitude among traces is  resulted from the different 

geophone damping res i s tor  of each channel. 

i n  lo-’ m/sec per cm of displayed record amplitude, a t  

4.5 Hz, are shown for  each t race on the r ight  margin. 

The difference 

The scale factor ,  

Figure 5.12 FIigh-resolution f-k resu l t s  i n  wavenumber space fo r  sites 

A2N, GP, E2.9E, and R0.35W located near Leach Hot Springs. 

The frequency on each frame corresponds t o  a maximum i n  

the maximum FKPSD plot (Figure 5.9). 

plotted is  35.7 cycles/km, except for  frame (F) , where it 

i 

The maximum wavenumber 

is 17.9 cycles/km. 

-9 ,  and -12 dB below the main peak. 

velocity and the time-invariant direction of the propagating 

seismic noise f i e l d  are  indicated on each frame. These 

noise components a re  apparently fundamental mode Rayleigh 

wave generated a t  the hot springs, where near-surface 

velocit ies exceed 4 lan/sec. 

High-resolution f -k  resul ts  i n  wavenumber space for  sites 

B2.6W, COW and LH. 

35.7 cycles/km. 

The contoured l ines  are  -1, -3, -6 ,  

The horizontal phase 

Figure 5.13 

The maxinnrm wavenumber plotted i n  

The contoured l ines  are  -1,  -3,  -6 ,  - 9 ,  

and -12 dR below the main peak. 

Rayleigh wave dispersion curves for  fundamental and first 

higher modes, computed for  the model shown, compared with 

observed ground noise phase velocit ies a t  s i te  E5.9W. 

Figure 5.14 
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The observed phase velocities were determined at various 

times by f -k  analysis, the hour i:ndicated by symbol type. 
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XEL 778 9827 

Figure  5.1 
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Figure 5.2 
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4 HI 

XBL 776=9467 

Figure 5.4 
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Figure 5.6 
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V I .  SUMMARY AND RECOMENDATIONS 

6.1 Summary 

The main resul ts  of a study of microseisms i n  Grass Valley, 

Nevada, using a simple f i e ld  system, a re  'summarized below: 

Diurnal variation in the 2-20 Hz noise f i e ld  is regular. A consis- 

tent  diurnal variation that  repeats from day t o  day i s  due apparently 

t o  meteorological and cultural  sources, with typically 1 5  dB variation 

seen from the mid-day high noise level t o  the low noise level i n  the 

early morning hours of 2-4 A.M. Secular variations,  due t o  regional 

weather patterns, can produce a 5-10 dB range in  the early morning 

m i n i m  noise levels over a duration of a f e w  days. 

For spectral  s t a b i l i t y  in  investigating spat ia l  variation of 

noise, a t  least 28 quiet data blocks, each 12.8 sec long, were taken 

simultaneously a t  the network stations and the spectra were averaged 

f o r  each s i te .  

the area, revealing a characterist ically low amplitude smooth noise 

spectra a t  hard rock sites, a prominent peak a t  4-6Hz at valley s i t e s ,  

and wideband, high amplitude noise, apparently due t o  very shallow 

sources, a t  hot springs s i t e s .  Contour maps of noise level ,  normalized 

t o  a reference s i te ,  are dominated by the hot springs noise levels 

outlining the regions of m a x i m u m  alluvium thickness. 

evident when they produce a shallow l a t e ra l  contrast i n  rock properties. 

This procedure produced consistent resu l t s  throughout 

Q 

Major faul ts  are 

Microseisms in  the 2-10 Hz band are  predominantly fundamental mode 

Rayleigh waves, characterized by low velocit ies and wavelengths as small 

as 20 m, requiring closely spaced arrays fo r  adequate spa t ia l  sampling. 
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High resolution f - k  processing, with proper data sampling, provides 

a powerful technique for mapping the phase velocity and the direction of 

propagation of the noise f ie ld ,  revealing local sources and l a t e ra l  

changes i n  shallow subsurface structure. 

No evidence for a significant body wave component i n  the noise 

f i e l d  was found, although it becomes clear  that  improper spat ia l  sampling 

can give a fa l se  indication through aliasing. 

a deep reservoir would be evident as body waves and could be traced to  

Noise emanating from 

i ts  source given a reasonably accuratc veloc.ity model. 

6.2 Recommendat ions 

Conventional seismic ground noise surveys, conducted as outlined 

i n  t h i s  study, require a large number of stations for economical 

implementation. 

could provide maps of noise amplitude distribuition, P-wave delay t i m e ,  

and microearthquake locations, as w e l l  as  f-IC analyses a t  many sites, 

u t i l i z ing  a 2-3 man crew. I t  is not c lear ,  however, that  such data 

will be of significant value in delineating a geothermal reservoir. 

With 100 stations,  for  example, a week-long survey 

The amplitude mapping of ground noise i n  certain frequency bands 

i s  a poor exploration technique for delineating buried geothermal 

systems. 

the amplitude variations of microseisms i n  an area are  controlled by 

the near-surface geology, especially l a t e ra l  variations i n  thickness of 

the al luvial  layer. 

surface sources and propagating horizontally, w i l l  mask weak seismic 

waves emitted from a buried source. 

The resu l t s  of t h e  survey described in Chapter 4 indicate that  

The large amplitude surface wave generated by 

Therefore, amplitude mapping only 
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reveals information on the very shallow structure. 

On the other hand, the technique of f-k analysis can, theoretically, 

map the wavenumber of the microseisms, discriminating the vertically 

incident body waves from the surface waves. 

whether a reservoir acts as a radiator of seismic body waves can be 

The yet open question of 

answered through careful f-k analyses in existent geothermal areas. 

The array to be used for further study must be a non-aliased array of 

larger diameter than that used in this study. The expansion in array 

size will improve the resolution around the origin of the f -k  diagram. 

This improvement would provide a more accurate estimate for power at 

the small wavenumbers, such that the azimuth and the apparent,velocity 

of the long-wavelength body waves are estimated more accurately. 

The amplitudes of body waves radiating from a source at depth are 

apparently much smaller than those of the ambient surface waves. 

order to extract useful information from the body waves, a sophisticated 

signal detection and processing scheme is required. 

analysis technique may fail to detect the geothermal system at depth if 

our assumption of body wave radiation from the reservoir is not valid, or if 

the emanating body waves are either attenuated or completely masked by the 

ambient surface waves. It is fortunate that the ambient surface 

waves have shorter wavelengths that the body waves because then the 

detection of weak body waves can be improved by designing a more 

In 

However, the f-k 

sophisticated array to cancel short wave-lengths, as is commonly done 

in conventional seismic rcflection surveying. 

If the assumption about radiat-ed body waves is indeed valid, and 

such body waves are detectable, we can trace the recorded wavefronts 
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t o  t he i r  source, given a reasonably accurate velocity model. 

two schemes which have been used for projecting waves observed a t  the 

surface back into the earth and locating the source region, and these 

methods may be applicable t o  the geothermal reservoir delineation 

p r ob 1 em. 

There are 

The first method is seismic ray tracing described by Julian (1970);  

Engdahl and Lee (1976). 

distance t o  the buried source, the microseismic f ie ld  propagates as a 

plane wave across the array. 

velocity of the propagating noise f i e ld  from f - k  analysis along with 

the knowledge of the near-surface velocity distribution, can give us 

the incident angle of noise. 

If the array diameter is much smaller than the 

Estimation of the azimuth and the apparent 

Given a reasonable velocity structure 

in  the area and simultaneously occupied array sites, we can reconstruct 

ray paths t o  each si te.  

the region of the radiating source. 

The intersection of these ray paths outlines 

Another approach i s  much l ike  tha t  used .in a conventional reflection 

survey with two-dimensional surface coverage but without a surface 

controlled source. 

surface array are projected downward into the assumed subsurface model. 

The reconstruction of the coherent noise field propagating in  an upward 

direction, a t  a selected frequency, can be carried out by the wave 

equation migration technique, using a finite-difference approximation 

The coherent noise fields recorded by a two-dimensional 

such as described by Claerbout (1976). 

t o  microseismic data is  that the noise field. must propagate as a 

spherical wavefront across the geophone array. 

exis ts  i n  the s i tuat ion where the array dimension is greater than the 

The restr ic t ion of t h i s  approach 

The spherical wavefront 
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distance to the source. In this case, we can outline the region of 

radiating sources in terms of the convergent pattern of the extrapolated 

wave fields. 

It is clear that the ray tracing and the wave equation migration 

are applicable at different source-array distances in the application of 

delineating geothermal reservoirs. 

we do not know the depth of geothermal reservoirs, nor do we know the 

shape of the wavefront across the array. 

is to place a non-aliased array at several sites and search for the 

In a practical exploration program, 

One way of solving the problem 

evidence of time-invariant, high velocity body waves. 

body waves are detected, one may compare several f - k  diagrams, using 

As soon as the 

data of identical recording periods but of different sizes of sub-array. 

The deterioration of the resolution in the f - k  diagrams as we expand the 

size of the sub-array, indicates that the plane wave assumption is 

violated and the wavefront migration techniques should be applied. 

On the other hand, if the noise fields propagate as plane waves across 

the large array, the resolution in the f-k diagrams will be improved 

as we expand the size of sub-arrays and the f-k analysis with seismic 

ray tracing are the proper techniques to locate the noise source. 

Based on this study, I conclude that, if the geothermal system 

is indeed emanating detectable body waves, the analysis of ambient 

ground motion or seismic noise, can be applied to the delineation of 

geothermal reservoirs. In fact, if the radiated body waves exist, the 

method can be one of the most effective geophysical methods in geothermal 

explorations. 
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APPENDIX A 
NOTATION 

f 

fH 

f L  

fP 

f S  

G 

maximum-likelihood f i l t e r  coefficients 

standardized bandwidth of data window 

array response function 

cross - correlat  ion function 

auto correlation f unc t ion 

directional vector of microseismic f i e ld  

expectation 

transfer function of earth medium 

frequency, FIz 

cut-off frequency of a low-pass f i l t e r  

cut-off frequency of a high-pass f i l t e r  

tape recorder band width 

natural frequency of geophone, Hz 

generator constant of geophone 

transfer function of local  geology 

thickness of the layer 

transfer function of a l l  system element 

amplification of the amplifier 

transfer function of Butterworth f i l t e r  

transfer function of the digit ized signal 

transfer function of geophone 

transfer function of the low-pass f i l t e r  in  the 
playback system 

trans Fer function of RC low-pass f i l t e r  
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I 

m 

n 

N 

!? (f) mn 

t 

T 

At 

number of data blocks 

source characteristic of seismic waves 

complex i 

vector wavenumber 

number of data points in each data block 

index €or mth geophone 

index for nth geophone 

number of geophones in the array 

frequency-wavenumber spectrum (FKPSD) 

the RFM estimate for  FKPSD 

the MLM estimate for FKPSD 

the inverse of delayed spectral matrix 

random noise spectral matrix 

vector of geophone location 

damping resistance of geophone 

coherence function estimate between sensors m and n 

geophone coil resistance 

pwer spectrum 

power spectral density estimate for  the nth sensor 
output 

averaged cross-power spectrum 

normalized cross -porn r spectrum 

normal i zed spectral matrix 

time 

length of each data block in seconds 

sampling interval of the discrete time series c 
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energy of the data windoiw 

phase velocity vector 

velocity spectral density 

VCO f u l l  scale 

data window, lag window, w’eighting function 

weighting vector ; 
function 

Fourier transform 

w -. = vectlor of generalized weighting 

i of the time series 0, (t) n 
shear -wave velocity 

dampinE factor of geonho:ne 

phase mFle 

number of degrees of freledlom 

spa t ia l  lag 

observed microseisms 

in t r ins ic  noise a t  the 

local noise component 

microseismic component 

noise component 

sit’e 

from the distance source 

component of coherent microseismic signal 

temporal lag 

time series of nth geophone output 

discrete Fourier transform of time series 

chi-square variable with v degrees of freedom 

i 
$,(t) 

i 
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APPENDIX B 
DATA PROCESSING NOTES 

B. 1 Introduction 

Three programs have been writ ten in  FORTRAN I V  for  the CDC 7600 

machine and RUN 76 compiler a t  the Lawrence Berkeley Laboratory. 

DUMP reads the d i g i t a l  data from the tape (TAPE 5) generated by the 

d ig i t i ze r  located i n  Haviland Hall of the University of California a t  

Berkeley. I t  then unpacks each 1 2  b i t  tape word into one 60 b i t  CDC 

word, and writes the data onto another tape (TAPE 3) i n  binary mode. 

Program VSD reads the data from TAPE 3,  estimates the velocity spectral  

density of the t i m e  se r ies  from each geoyhone output by the method of 

modified periodogram, and p lo ts  the resu l t  using both t h e  Graphical 

Display System (GDS) a t  the University of California, Berkeley and the 

l i n e  pr in te r  (see subroutine YPLOTLC). Program FKPSD reads the array 

data  from TAPE 3 and estimates the frequency wavenumber power spectral  

Program 

density (FKPSD) by e i the r  the conventional frequency domain beam forming 

method (RFM) o r  the maximum-likelihood method (MLM), and f ina l ly  presents 

the resu l t  of f -k  analysis by the GDS and the l i ne  pr inter .  

B.2 Digitization 

The f i e ld  tape is played back a t  3 inches per second, i . e . ,  25 times 

f a s t e r  than the recording speed. This s h i f t s  the band of 0 .25  Hz t o  1 0  Hz 

up t o  the band of 6.25 Hz and 250 Hz, which are  the l i m i t s  of  our f i l t e r s .  

The 1 2  b i t  d ig i t i ze r  i n  Haviland Hall is  normally se t  t o  d ig i t ize  2500 

data points per record a t  the rate of 1000 data points per second (real  

time), which resu l t s  i n  the d ig i t iza t ion  o f  62.5 sec analog data  into 2500 6 
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d i g i t a l  data i n  TAPE 5. 

the ta i ler  (the stop time of each record) are  writ ten i n  front of and 

behind each record in  TAPE 5. 

along with the d ig i t a l  data,  the variable NSUP needs t o  be reset i n  the 

subroutine RFADTAP which is  called from the program DUMP. 

The header (s tar t ing time of each record) and 

If the header and/or ta i ler  are not writ ten 

R . 3  Prorrram DIP@ 

i )  Data structure in  TAPE 5 

As an example, we d ig i t i ze  f ive  records (NSEG = 5) from each 

geophone output at  each channel of the tape recorder, the s t a r t i ng  time 

(header) of each record is denoted by T (  I) ,  I == 1, 2 ,  3, 4 ,  5. The 

sequence of data i n  TAPE 5 is as follows: 

.Ch. 2 Ch. 3 Ch. 4 Ch.5. . . . Ch.14 

T (1) 1 6 11 16 . . . . (NREC-4) 

T(2) 2 7 1 2  1 7  . . . . (NREC-3) 

T (3) 3 8 13 18 . . . . (NIIEC- 2)  

T (4) 4 3 14 19 . . . . (NREC-1) 

T(5) 5 1 0  15  20 . . . . (NFEC) 

End of f i l e  (EOF) 

An end-of-f i le  mark is  required behind the last record. 

i i )  Input data cards 

(1) The first input data  card defines the number of records in  the 

f i l e  and the record t o  be plotted by the GDS. 

(2)  An input data card is  required for  each geophone output. 

card defines the number o f  the record digi t ized from the geo- 

phone output, the correction factor for  geophone polarization, 

the ident i f icat ion of the geophone output, and the gain factor 

of the playback system. 

Each 
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i i i )  Output 

The time ser ies  of each d ig i t a l  record (2500 data points) with i ts  

s ta r t ing  time and stop time are  printed, such tha t  the bad record is  

recognizable and can be deleted. 

i s  large, e.g., NREC > 50, it is  recommended t o  dispose the output into 

microfiche. 

tape (TAPE 3) fo r  further processing. 

When the number of records i n  TAPE 5 

The unpacked d ig i t a l  data are  written i n  another magnetic 

Three types of bad record may occur during t h i s  process. The 

record with a par i ty  error  can be skipped by the computer operator under 

the specification on the control card. In case of parity error ,  both the 

number of record in  the  f i l e  (NREC) and the number of the record a t  

tha t  particular geophone outnut (NSEG) must be reset i n  input data cards. 

then. the data i n  TAPE 5 ought t o  be reprocessed. 

record may happen when the number of words per record does not equal 

t o  502 words (when both the header and t a i l e r  are written). If t h i s  

happens, the translation of t h i s  record is skipped by the program and is 

not writ ten in  TAPE 3. The last kind of bad record is  the record with 

clipped amplitude. 

listeq in  front of the printed outnut data. 

sha l l  be deleted by the user under the specifications in  the input data 

cards of programs VSD or  FKPSD. 

iv) 

Another kind of bad 

In t h i s  case, the values of clipped data points are 

This kind of bad record 

Data structure i n  TAPE 3 

For each record, the unpacked data are  written onto TAPE 3 i n  binary 

mode by the statements 

(1) WRITE (3) (MAYS, NHOURS, MIN,  NSEC) for  the s ta r t ing  time of 

the record, 

c 
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(2)  WRITE (3) (NDAYS, NHOURY, M I N ,  NSEC) for  the stop time of the 

record , 

(3) WRITE (3) (STAT, NR, J) for  the record ident i f icat ion,  the 

sequence of record at  each geophone output, 

(4) WRITE (3) (NVAL ( I ) ,  I = 1, 2500) for the values of d i g i t a l  

data , 

(5) WRITE (3) (MORE) t o  indicate the last record of the geophone 

output i f  MORE = 0,  otherwise MORE =: 1. 

v) Sample input and output 

To unpack and t rans la te  one record in  TAPE 5 from the s i t e  HO.5E 

sampled from the first record o f  the lo th  hour (STAT = HO. 5E1001), 

the sample input cards are: 

INPUT DATA CARDS FOR PROGRAM DUMP 

1 0 0  
1 1.0 H0.5E1001 1 .0  

and the printed output is: 
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B. 4 Program VSD 

The program VSD estimates the velocity spectral density of each 

geophone output stored i n  TAPE 3.  Each record of 2500 data points 

is divided into several data blocks of (2**NPOW) points per block. 

maximum number of data point per block is 512 which is  set by the 

dimension of arrays i n  the program. 

by a 10% cosine be l l  taper before FFT. 

estimate of each geophone output is  obtained by the method of periodogram 

described i n  section 4.3.2.  

l i m i t s  of t h e  estimated VSD. 

i )  Input data cards 

The 

Each time ser ies  is multiplied 

The power spectral density 

This program also calculates 90% confidence 

(1) The first data card specifies the option for  punched data deck 

of VSD, the WOW t o  define the data point per block, and the 

record length in  second. 

An input data card is  required for  each geophone output. 

card specifies the termination of data processing, the option 

for VSD plot by the GDS, the identification of each geophone 

(2)  This 

output, the 

acquisition 

i i )  Output 

The VSD estimate 

bad records t o  be deleted, and the parameters of 

and playback systems. 

of each geophone output is plotted by subroutine 

YPLOTLG in  a log-linear scale and GDS in  a log-:log scale along with 90% 

confidence l i m i t s .  

processing, i f  the variable I?u" is  set t o  be 1. 

The estimated VSD are  punched on decks for  further 
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i i i )  Sample input and output 

To estimate VSD of the d i g i t a l  data obta ined  from bo th  s i te  HS 

and s i te  A3.7N, we need the d i g i t a l  data in  magnetic tape (TAPE 3) 

and the fo l lowing  input data cards 

INPUT DATA CARDS FOR PROGRAM VSD 

0 9 62.5 
10102 HS 3.40999.00 0.30102.00 30.00 5.00310.00 
00102 A3.7N 3.40999.00 0.30114.00 30.00 5.00310.00 

P o r t i o n  o f  the printed ou tpu t  (VSD o f  s i t e  HS from DC t o  8.99 Hz) is 

presented as follows : 

6 
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B.5 Program FKPSD 

The program FKPSD estimates FKPSD of the array geophone outputs 

stored i n  TAPE 3. This program is set up t o  process the data obtained 

by the maximum of 1 2  array elements and the maximum of 512 data points 

per block. Each data block i s  multiplied by a Hamning window t o  reduce 

the leakage effect  i n  t h e  Fourier transform. 

by e i ther  BFM described in  Section 5.4.2,  or MtM described in  Section 5.4.3. 

The variable 

BFM, and the 

frequency component the FKPSD are  estimated a t  each of 41 x 41 grid 

points i n  a two-dimensional wavenumber space. 

'The FKPSD can be estimated 

1c:ONVEN = 1 di rec ts  the program through the conventional 

ICONVEN = 0 d i rec ts  the program through MLM. A t  a 

In addition t o  estimate 

FKPSD, t h i s  program also provides the options t o  calculate the coherence 

between two geophone outputs with i ts  confidence l i m i t s  and the VSD 

by specifying ICOHER = 1 and NVSDPL > 1. 

We have found that  the s ta r t ing  time of each d ig i t a l  record can 

d r i f t  a few msec t o  250 msec from the designated s tar t ing t i m e  on the 

front panel of the digitizer; this results from inconstant acceleration 

of the tape drive before recording the d ig i t a l  record on tape. 

t o  correct the effect of random dr i f t ing ,  the d ig i t a l  data must be 

plotted by the GDS and compared with the  analog data before the estimation 

of FKPSD. 

i )  Input data cards 

In order 

(1) The first card specifies the record length, the variable WOW 

t o  define the number of data points per block, the number of 

data points per record, the m a x i m  rimber of data blocks 

t o  be processed, and the number o f  records per sensor output 
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of which starting-time correction is  required. 

The second card defines the contour levels i n  the f-k plot.  

The third card specifies the options for BFM or  MLM, fo r  f -k  

(2) 

(3) 

plot by GDS, and for VSD plot.  

A card specifies the termination of the data processing, the 

number of array elements, the parameters of the playback 

system, the s ta t ion identification, the minimum geophone 

spacing in  the array, the scale of output wavenumber, and the 

options for  coherence calculation and FKPSD estimations. 

card is  required for each array data set. 

Specification of the desired frequency component for  estimating 

EKPSD. This card is required for  each array data set. 

Correction t i m e  for each record. 

each array data set. 

The coordinate of array elements. 

each array data set. 

This card specifies the identifications of each geophone 

output, the parameters of geophone, and the option t o  skip 

the bad record. 

(4) 

This 

(5) 

(6) This card i s  required for  

(7) This card is  required for 

(8) 

A card is required for  each geophone output. 

i i )  Output 

The estimated FKPSD i n  the wavenumber space are  normalized with 

respect t o  the peak-valued FKPSD a t  each desired frequency component. 

The normalized FKPSD are multiplied by -10 t o  save space of the sign 

and the decimal point, then, printed in  integer format, contoured by 

symbols, and plotted by GnS. 

band are  plotted by the @-routine YPLCT. 

The maximum FKPSD over the frequency 
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i i i )  Sample input and output 

There are two array data sets, E5.9W04 and E5.9W05, stored i n  

TAPE 3. This example skips the array data  at  E15.9W04 and estimates 

the  FKPSD of the array data  at  E5.9W05 in  four frequency components, 

i.e. the 7th, 8th,  9th and 10th d iscre te  frequency components. The 

sequential number of discrete  frequency components is defined by the 

statements FK2.153 and FK2.154 of program FKPSD. The start ing-time 

correction fo r  each record is  as follows: 

ES.OWOSOl(1) = 0.0 sec 

E5.OW0502(1) = 0.0 sec 

E5.9W0503(1) = 0.0 sec 

E5.9W0504 (1) = 0.0 sec 

E5.9W0505(1) = 0.0 sec 

E5.9W0506(1) = 0.0 sec 

E5.9W0507(1) = 0.0 sec 

E5.9W0508(1) = 0.0 sec 

E5.9W0509(1) = 0.0 sec 

E5.9W0510(1) = 0.0 sec 

E5.9W0511(1) = 0.0 sec 

E5.9W0512(1) = 0.0 sec 

E5.9W0501(2) = 0.04 sec 

E5.9W0502(2) = 0.04 sec 

E5.9W0503(2) = 0.02 sec 

E5.9W0504(2) = 0.0 sec 

E5.9WOSOS(2) = 0.04 sec 

E5.9W0506(2) = 0.04 sec 

E5.9W0507(2) = 0.04 sec 

E5.9W0508(2) = 0.0 sec 

E5.9W0509(2) = 0.0 sec 

E5.9W0510(2) = 0.04 sec 

E5.9W0511(2) = 0.04 sec 

E5.9WOS12(2) = 0.04 sec. 
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We take only the first record of each geophone output t o  estimate 

FKPSD and set the maximum number of data blocks taken from each 

channel t o  be 24,  and the number of data points per block t o  be 

Z 6  = 64. The sample input data cards a re  following: 

* * * * * 4 4 + * * 0 * + * 4 * 9 * * * * * * * * * * * * * * 4 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * 4  
* * 
4 I lvPUT C b T A  L A R O S  F C R  P R O G R A M  F K P S O  * 
4 * 
1*+*+4**?*4*+L?44*44~~4~t~4*******444*14***41****4****************************** 

t2 .50 b 2 5 3 2  24 2 
5 -1-3 - 3 - d  -6.0 - 4 - U - 1 ~ . 0  
( r 3 0  
1 J I 1 12 C 0 3 10.0 0.50.007 € 5 . 9 4 0 4  

20  1 2 3 4 5 6 7 8 9 1 0  11 1 2  1 3  1 4  1 5  
16 1 7  l t  I P  L L  

~ ~ ~ ~ ~ J ~ ~ ~ J ~ ~ ~ I ~ 3 O ~ ~ O J C . l ~ C ~ . L O C O . l 2 O ~ ~ O 0 ~ O ~ l 2 O ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C . 1 2 0 0 . 3 J 3 u . U a J 0 . d U ~ ~ . 1 2 ~ 0 . G u 0 0 . 1 2 0 0 . 0 0 0  
-0.0190 0.011C C.OOOG O.C i5U C.CIS0 (1.0110 - C . O l O d  0.0063 0.0000 0 . 0 1 7 7  

0 . 0 1 0 t l  0.OJb3 - 0 . 3 1 5 3  -0.OCBY O . O O G J  -0 ,0125  0 . 0 1 5 3  -0.OObY -0.0217 -0 .0125  
C - O O O J  - O . O L l Y  C.C217 -0 .C125  

E5.9110401 2 1 3 1.0 3.4959.0 0.30 
E5.9W0402 2 1 3 1.0 1.35 3.00 0.60 
E5.FL.rO403 L 1 3 1.0 1.35 3.00 C.60 
E5.9WO40* 2 1 3 1.0 3.4CSS5.0 0.30 
E 5 . 9 k C 4 0 5  2 1 3 1.0 1.35 3.00 0.60 
E5 .YW04J t  i 1 3 1.0 3.4CS5S.O 0.30 
E5 .9W0407  2 A 3 1.0 3 .40595 .0  0 . 3 0  
E 5 . 9 h 0 4 U d  3 1 2 4 1.0 4 .30999 .0  0.60 
E 5 . 9 k C 4 0 9  3 1 2 4 1.0 1 .35999 .0  0.60 
E5.9HO410  2 1 3 1.0 3.40999.0 0.30 . - .. 

E 5 . 9 h 0 4 1 1  2 1 3 1.0 3.4C995.0 0.30 
E5.9W0412 2 1 3 1.0 1 .35  3.50 0.60 

0 3 I 0 12 0 0 3 10.0  0.50.007 E5.9Y05  
4  7 8 9 1 0  

C~0000~040C.0000.040~.000~.02C0.0000.0000~0000~0400~0000~0400~0000~0400~0000~000 

-0 .0195  0 .011C C.0OOC 0 .0250  0.ClSO 0 .011C -0.0108 0.0063 0.0000 0 . 0 1 7 7  
C. 0000.0300.0000.0400.000O. 0400.0000.O40 

0.010~ 0 .0063  -0.0153 - o . o o a y  o.oooo - 0 . 0 1 2 5  0 . 0 1 5 3  -0.0089 -0.0217 -0.0125 
C.0000 -0.0219 0.C217 - 0 . 0 1 2 5  

E5 .YW0531  2 2 3 1.0 3.4999.0 0.30 
E5 .YW0502  J 2 3 4  1.0 1 .35  3.00 0.60 
E5 .YW0503  2 2 3 1.0 1.35  3.00 0.6C 
E5.9LrC504 2 2 3 1.0 3 .409Y9 .0  0.30 

E 5 . 9 w 0 5 0 6  2  2 3 1.0 3 .40999 .0  0.30 
E 5 . 9 h O 5 J 7  2 2 3 1.0 3.4CS55.0 0.30 

* E5 .9W0509  2 2 3 1.0 1 .35995 .0  0.60 
E5.9hU5llJ 2 2 3 l.C 3.40999.0 0.30 
E5.9W0511  2 2 3 1.0 3.4CS4S.C 0.30 

1.0 1.35 3 .50  0.60 E 5 . 9 h 0 5 1 2  2 2 3 

E 5 . Y k C 5 0 5  2 L 3 1.0 1.35 3.00 0.6C 

E 5 . 9 4 C 5 0 8  2 2 3 1.0 4 - 3 0 4 9 9 . 0  0.60 

114.0  5.0 30.0 

The printed output for  the 9th Frequency component a t  E5.9W05 is 



................ __ .... ........ ... _______ - ...... 
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B.6 Program l i s t ing  

+ , 4 + 4 4 4 4 4 f 9 4 4 $ $ $ 1 + t * + + 0 * C * * 4 8 * * 4 * * * * * * * * * * * * * * * * * * * * * * * * * * + * * * * * * * * * * * * * ~ * * * * * * * * * * *  

* * PRCGRAC DUMP * * * 
* 4 * + 4 + 4 9 $ 9 * * * 4 * + 4 + 9 4 * * * * * ~ 4 * ~ * * * + * * * * * * * * * * * * * * * * * * * * * + * * * * * * * * * * * * * * * * * * * * * * * * *  

CUM P I  7 t 55.4712CS r L  1 A k 
OISKHLCt140JO. 
RUN 76 t SL 9 Y L 7  7 7  11. 
F E T L H M T I T A ~ € ~ ~ ~ ~ , P ~ , ~ ~ ~ ~ ~ , I F .  
F E T C H P S I ~ K Y U L I ~ t T t ~ P I G C S .  
F E T C H P S , ~ K Y L L U J , 6 U S C C I G O S C C .  
COPYI ,TEMPIL IB.  
RETURN ,TEMP. 
L I N K ~ X . F = L G O , P = L I ~ , P = ~ K Y I C .  
STAGE ,TAPE3 t 08 tW1 08665 .  
E h T E R M T t T A P E 3 g  C 8 6 0 5 .  
R E T U K N v T A P t 3 .  
E X 1  1. 
DUMPvO. 
FIN. 

D I S P l j S E I L J U l P U l ~ t ’ 6 .  
HE T UR R t L bir I L I u . 
R E T U H N t T A P E 9 9 t G C S L L .  

GCSLL.  

PAUUKAY 3 L C P l  I ~ P L T I U U ~ P L ~ ~ P U ~ C H ~ P U ~ C ~ D ~ T A ~ E ~ ~ P U N C H ~ ~ T A P E ~ ~ T A P E ~ ~ T A O U M P ~ ~  

C P t ~ $ 0 4 4 4 4 4 4 $ + $ ~ 1 $ 4 $ 4 $ 4 4 4 4 * * $ $ * * 4 $ + * * * $ * * * * * * * $ * * * + 4 ~ * * 4 * * * * $ * * * 8 4 * 4 * * * * D U M P . 4  
I P E Y 9 r  TAPEYL t TPPEY 3 t T APFS4 1 DUMP. 3 

C DUMP.5 
C DUMP. 6 
L PPOGHAM CUMP DUMP.7 

C T R A M  DUMP.9 
C U h P K  DUMP. 10 
C T I P E  DUMP. 1 I 
L APLCT DUMP. 12  
C DUMP. 13 
L DUMP. 1 4  

DUMP. 15 
L DUMP. 16 

DUMP. 17 C.....THIS PROLPAM REPCS THE TAPE I T A P C  5 )  L r R I T T E h  BY TH€ D I G I T I Z E R  
C OF H A V I L A h D  h A L L .  TRAPkSLATES Tkk DATA, AND UN-PACKS EACH YURD OUHP.18 
C I N T O  60  B I T S  LORD. ANC P L C T S  THE T I M E  S E R I E S  BY CALCOMP UNDER DUMP. 19 
I REQUE STkD.  DUMP. 20 

DUMP.21 C 
C.....IPRINT, k H € N  I P P l h T  = J THAT RtCOHC W I L L  B E  P R I N T E D  I N  OCTAL FORM.DUMP.22 
C.....J = THC SEUUEhCE ~ U M ~ ~ E R  OF RECORD I N  TAPE 5. DUUP.23 
C.....NU = THE SECUEhCE hUMMEP CF EACH GECPkCNE DLTPUT. DUMP. 24 
C.....NNPL = THE TOTAL hUMbER CF NPL. DUMP.25 
C.....NPL =J, T h E  JTb T I M E  S E R I E S  k l L L  ME PLCTTED. DUMP.26 
C.....NREC = THE T O T A L  h u H U t R  OF R E L O R C  C I G I T I Z € O  Oh TAPE 5. D W P . 2 7  
L.....NSEG = THE hUCDER O f  HECORC FHCM EACk CEOPkOhE OUTPUT. DUMP.28 

DUMP. 29 C.....hSKIP = THE SEclUEhrLt h U N b E K  I N  THE TAPE TO ti€ SKIPPED.  
C.....PB = THE G A I h  FACTLR OF THE PLY-bACK S Y S T t M .  DUHP.30 
C.....PULA = lHE C O K K t C T I D U  FACTOR OF P b L L H I Z A T I U N  U F  THE SEISMOMETER AkDUMP.31 
c..... O/OH A C P L I F I E R .  DUMP. 32 
C.....STAT S T A I I U N  I D E N T I F I C A T I O N .  DUMP. 33 
C DUMP. 34 
C---..TdE I N P U T  D A r A  CARE5 A R F  AS F U L L O k I N G  DUHP.35 
C I11 kREL t H h P L  t hSK I Y 131 3 1  DUMP. 36 

C SUuRdUT I PkE R E P C T  AP DUMP. n 

C ( 2  I k S E G t P b L P .  STATVPLII I P P  I l d T I 1 2 r F B . 2 t A l O t  F 5 . 2 1 1 3 )  FOR EACH G€O- DUMP.37 



-143- 

C PHONE OUTPUT. DUMP. 38 
C OUMP.39 
C.....AJTHOR ALFREC L I A h G - C H I  L l A k  
C E N G I N E E R I N G  GEUSClEhlCE 
C U N I V E R S I T Y  L F  C A L I F C R N I A v - B E R K E L E Y  
C.. . . .OAT E SEPTEMBER 1 9 7 7  
~ + * * 9 * * 4 * 4 * 4 * + * + * + * + * * * * * * * * * * * * * * * * * + * * * * * * * * * * * * ~ * * ~ * * * * * * * * * * * * * * * * *  OUMP.40 

DUMP. 41 
DUHP.42 U I H E l r S  I G k  SPECS ( 1 2 )  

O I M E h S l O h  N P L l 5 5 l  DUMP.43 
L O Y Y O N  / o L K l / h l ( S l I I , L E F t M C A T A  DUMP.44 

LCHHLh / M L h 3 / h ~ 2 5 0 0 ~ ~ N ~ ~ l 2 ) ~ N T ~ l Z l  DUMP. 46 
OUMP.47 
DUMP.48 
DUMP.49 

DUMP.51 

COMMON / d L K Z / h t j , h S K I P  DUM P. 4 5  

C.....GVERRIDES I h S U F F I C I € N T  CATA REAC ERROR ON 8KVIO.  - .  - OUMP.50 
CALL F E T ( S , O ~ C C  oaco ooco 0000  0 0 0 0 8 ~ 8 * 6 4 )  

Y 
99 
1 0  

9Li 

2 0  

6 
5 

5 5  

8 00 

SPECS( l z ) = Y 9 .  
M J A T A = Z S J J  
I D E L - 1  
J=O 
NB=3 
R E A D  Y p N K E L v N h P L i h S K I F  
FORMA1 1 3 1 5 1  
KEA3 1 0 v . ~ S E G t P L L 4 t S T A T v F M r  I P h l N T  
FORMAT ( I Z 1 F d . 2 t A l U 1 F 5 . 2 , 1 3 1  
K ? u =  1 . 0 / 3 8  
J = J t 1  
N b = N L I + l  
CALL K E A L T A P i N  R E C t J 9 I PR I N T h N  PL t SP E C 5 h VAL I 
I F  INVAL.EC.0) GO T O  5 1  
CALL  TKANS l M C v S A M P v I C E C ~ S T ~ T , J l  

00 5 I = I . M n A l A  

OUMP. 5 2  
OUMP. 53 
DUMP. 5 4  
DUMP. 55 
DUMP. 56 
DUMP. 57 
OUMP.58 
DUMP. 59 
DUHP.60 
DUHP.61 
OUMP.62 
DUMP - 6 3  
DUt4P.64 
DUMP. 6 5  
DUMP .. 66 
DUMP.67 
DUMP.68 - -  . - _ .  

N (  I ) =!4 I 1 1 * Y J L A  ounp .  69 

FLKIJAT I l H O v l X i * h l  * t I 4 , * l  = * v l 6 )  DUMP. 7 2  
C J N T I N U E  DUM P. 1 3  

Ob 55 I = l v M O A T A  OUMP. 75 

D u n P . n  

I F  ( 1 A t % S ~ N 1 1 ) ) . L E . Z 0 4 0 1  60 T G  5 DUMP. 70 
PillWT 6 ,  I r N (  1 )  DUMP. 7 1  

I F  l J . L E . N S K I P 1  GC T O  4 DUMP. 7 4  

N I I I = N I I ) * R P B  DUMP. 76 
CONTINUE DUMP. 78 
P R I N T  800.POLA.P8 
FORMAT L l H J s l X v * T H E  CORPECTIONAL FACTOR FOR P-OLURlZATlON = * t F s . l * O U M P . 7 9  

1 5 X , + G A I N  OF THE PLAY @ACK SYSTEM * t F S . Z e I I  DUMP.60 

2 
4 

C 
c 3  

4 0  

41 

7 
* 49 

PUNCH 
F O R M A T  (20041 
DO 4 0  N L l l t N N P L  
I F  ( J .EO.h lPL(NL) I  GO TO 4 1 -  

31 t N (  I I t I = l r 2 5 0 0 J _  

CLINT INUE . -  

C A L L  A P L O T l S T A T r N B l  - . _ _  - - - - 
IF (J.GE.NREC) GO TO 7 - - - -  - 

- 
G J  TU 7 

CALL N X T F R H 4  SPECS) 
CON1 1 NUE 
MORE= l  

DUMP. 8 1  

DUMP. 83 
DUMP. 84 
DUMP.85 
DUMP. 66 
OUMP.87 
DUMP. 08 
DUMP.89 
DUMP.90 
DUMP.91 
DUHP.92 
DUMP.93 
DUMP.94 
OUMP.95 

DUMP.BZ 

_ _  _ -  
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DUMP. 96 
I F  1Na.GE.NSEGI MCkEXC DUMP-97 

DUMP.98 I F  1Iuu.GE.NSEGI hb=O 
h Q I T E  1 3 1  I W L R E I  OUMPoY9 
GO 1 0  5 2  DUMP. LOO 

5 1  P K I N T  5 3 1 S T A l i h t 3 , J  DUMP. 1 0 1  

5 0  CONTINUE 

5 3  FURMAT ( 1 H O , 5 X ~ * T H E  PRCJGRAP S K I P S  T H E  RECOHD O f  * t A 1 0 1 I 2 , *  AS  REQUOUMP-102 
IESTED.4,t J = 4 , 1 3 , / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / ~ ~ u ~ P . ~ o 3  

I F  IJ.GE.NRECI GC T C  6C OUMP.104 
I F  1 k o . L T . h S E b l  GO T O  S b  OUMP. 105 
P R I N T  94 DUMP. 106 

5 4  FORMAT I AHO,*AAAAA* I DUMP. 107 
M U R E = 3  DUMP. 108 
N O = O  DUMP. 109 

52 IF IJ.GE.hREC1 GG T O  6 C  DUMP. 110 
I F  lMuRE.EU.11 GL  TG 98 DUMP. 111 
GO TO 99 DUMP. 112 

60 CONTINUE DUMP. 1 1 3  
CALL  Z D S t k L l S P L C S l  DUMP. 114 ’ 

70  STUP DUMP. 115 
t . 4 U  , OUMP.116 

SUUI<LUTI u t  A P L L T l L A ~ I L Z ~ N l 3 1  
LLIYMOY / d L K 3 / h l 2 > 2 b  I 
O I P F h S I C I N  S P t ~ S 1 3 0 1 r X 1 2 5 0 0 1 ~ Y 1 ~ 5 ~ 0 J ~ 8 U ~ X ~ 5 0 0 ~ ~ 8 U f Y ~ 5 0 0 ~  
DIMErV5IUN G X S P E L ~ ~ ~ ~ X T I C K ~ ~ ~ ~ ~ ~ Y T ~ ~ K ~ ~ ~ ~ ~  
0 l M c N S I J h  L I N t 1 2 1  
S P E L S l l  l=O.O 
SPtLS I il = A .  3 ,  
S?ECSI,)=25CG.C 
S P E L S l 4 1  =I .o 
SPE c s  I 5  I = 2  C 4 J .  Ll 
SPkLS It 1=-2O48.0 
5?ELS 1 7  I =46 .ti6 
S P E ~ S ( t i l = 1 0 . 0  
S P E L S I 1 1 1 = 1 . 0  
SPELSI  1 2 1 = Y 9 . 0  
S P t C S 1 1 3 1 = 2 5 C 3 . C  
S P C L S I  l’t I = 1  .o 
S P E L S I  151=1.3 
OJ I 1 = 1 ~ 2 5 O J  
X I l l = I  
Y l I l = f L ~ A T l N l I I l  

1 CONTINUE 
C A L L  P ~ L I L I ( X , Y I B ~ F X I B L F Y ~ S P E C S )  
L I N E  1 1 1 - L A D E L 2  
L I N E l Z l = O  
R J L E  =3.0 
S P t L S  117 )=0.2 
S P E C S l 1 8 1 = 0 . 2  
sPtLsl1Yl=o.o 
SPECS 1 2 0  1=0.0 
SPELS I2 1 I = I .  0 
S P E C S  I22 I = 4 5  .O 
S P E L S I  23 I = 10.5 

SPELS 1 2 2  1.46.0 
S P E L S I Z d I = O .  
V A L U E = f L D A T l h b l  
L A L L  OECVALIRULE I VALJEI  SPECS 
S P t L S I 7 1 = 4 5 . c  

L A L L  T I T L E G I  R U L E t L  I N €  r SPECS)  

PPLOT.2 
APLUT.3 
A P L C T - 4  
APLOT.5 
APLOT. 6 
APL3T.7 
APLOT.8 
APLOT.9 
APLOT.10 
APLOT -11 
APLOT. 1 2  
APLUT. 1 3  
APLOT 14 
APLOT. 1 5  
APLOT .16 
A PLOT .17 
APLOT. 18 
APLOT. 19 
APLOT - 2  0 
APLOT.21 

APLOT.23 
APLOT -24  
APLUT - 2  5 
APLOT.26 
APLOT.27 
A PLOT - 2 8  
A PLOT -29  
APLOT. 30 
APLOT.31 
A PL 01-32  
APLOT.33 
APLUT. 34 
APLOT. 3 5  
APLOT.36 
APLOT - 3 7  
APLOT.38 
APLOT 39 
APLOT .40 

APLOT. 22 
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G X S P E C l l I = J . O  APLOT.41 
G X S P E L I  2 I =tJ. 0 APLOT. 42 
G X S P E L I  3 I = Z . d  APLOT.43 
C X S P € L l u l  =2.0 APLOT.44 
X T I ~ K l l ~ l l = 1 . 0  APLOT - 4 5  
X T I C K I  1 , 2 1  =1.0 APLOT. 46 
XTILK(ZvIl=O.l APLOT.47 
X T I  CK ( 2 P 11 =0.  2 APLOT - 4 8  
X T I C K I 3 r  11=33.0  APLOT.49 
X T I  i K (  3 r t  I ~ 3 .0 APLOT -50 
Y r 1  L K I  1 t I l = l - O  APLOT.51 
Y T  I LK I d ,  1 1 = o  .1 APLOT. 5 2  
Y l l L < l  3 . 1 l = t r . 0  APLOT.53 
Y T  ICKI I t L l = l . O  APLCT.54 
Y 1 ILK( 2 9 Z 1 =0 -2 APLOT. 55 
Y T I L K 1  3.2 I z2.C APLOT -56 
C A L L  G X L I L I l G X S P t L v X l  I L K , Y l I L K , S P k L S l  APLOT. 57 
RETURN APLOT - 5 8  
tlqu APLOT - 5 9  
SJbIWJT I ' 4 t  K t A 0 1  P P  L hhEi.. J, I PK I hT , h h F L  , SP ELS,  NV AL I R E A D 1  AP. 

REAOTAP. 
L T H I 5  PhuGuAW k t G C 5  Lt T A Y t  W R I T T E k  B Y  Tt-E H A V I L A N O  H A L L  READTAP. 
C 3 1 ~ l l I L E  At40 UUMP5 T h F  F l L F S  AS P P l h l E D  O d T P U l  AaIIC MAGFtFTIC TAPE REAOTAP. 
C C\rJI)/Ud PUhLHEU 0ELI.S. YEAOTAP. 
L . . . . .  ~ d S U P = 5 J J  tc r l  T H E  c t C L P C  r / L  I - E A D t R  ANG T A l L E f .  REAOTAP. 

REAOTAP. C..... d S J P = 5 3 1  F C ?  1hE k t L C F C  h l l H  P t A U E R  OP T A I L E R  C(uLY. 
Le.... Y S U P = 5 J L  k G A  T h F  H E C L h C  J 1 7 H  HEACER A k D  T A I L E R .  REAOTAP. 
C R E A 0 1  AP. 

L Jr( 111 '1 / LiLK 1 / h I I 5 I L  I t L E  h 9 MCA I A  R E A 0 1  A?. 
0 I r E h s I d Y  SP E L 5 I 1 I REAOTAP. 

R E A 0 1  A P. 
S ~ E L S I  lLj=YY.L REAOT AP. 
hSJP= 3 0 2  READTAP. 
K EM[) I 5 1 REAOT AP 

C I F  I C L F V ~ I  7 C v 1 L  AEAOTAP. 
REAOTAP. 
HEAOTAP. 

IF (IOCHECK,>l l * v l 5  R EADTAP. C 
C I4 P K l b T  U I t J  R E A 0 1  A P  . 
C 81 FU4o.tAT I l H l r *  P A R I l Y  E H H C R  IN R € C O R C * . I ~ ~ / / / I )  READTAP. 
C 1 5  L l l t v T I W t  READTAP. 

REAOTAP. 
READTAP. L E h = L € h r b T H  I5 I 

IF ILEN.LT.0 .  I LEL=-LER HEAOTAP. 
80 C L N T l h U €  READTAP. 

IF 1LEN. tO.kSUPI  GO T L  60 R EA01 A P - 
P h l N T  31 J t L E h  REAOTAP. 

REAOTAP. 
READTAP. 
REAOT AP. h v ' A L - 0  
R E A 0 1  AP. GO TO 5 0  

60 C31VTlNUE REAOT AP . 
P H I N T  4, J v L E h  REAOTAP. 

N V A L = l  REAOTAP. 
I F  I J . N F . I P h l h T 1  GC T C  50  REAOTAP. 
P R l N l  5 ~ l N l l I l , l = l ~ L € h l  REAOTAP. 

5 F d 4 M A l  1 4 C 2 5 1  REAOTAP. 
REAOT AP. 

C 70 L O h T l N U E  REAOTAP. 
READTAP. C P K l N T  7 1  
REAOTAP. C 7 1  F U R Y A T I *  €OF EhLCLhltREC. STOP.*) 

I S Y  I 1 I I I I = 1 I 4ibL F I 

12 c o r 4 i i ~ J ~  

3 F O R 4 & 1  l l H l *  1hT. NUYMEP GF k C R C S  I h  PECDR0* .14 t *  1S*,15,/, 
1" T H I S  OOES NGT ALHEC k I T H  THE E X P € C l E O  N b H D E R * . / / / r l  

4 F U K Y A T l I H l p *  HELOHI,  N L Y L ~ E R  * .13 , *  C C h T A l N S  * r l 5 t *  WORDS.*,///.) NEAOTAP. 

50 RETURN 



C I F  IhNDL.EG.01 GL T C  7 2  
C C A L L  G D S E N C ( S P E L S 1  
C 7 2  S T O P  

E lu0 

-146- 

READTAP, 
READTAP. 
R E  AD1 A P. 
READTAP. 

SUOROUTINF T I P €  1 L t h D A Y S , N H C U R S t ~ i k , N S F L l  T l M E . 2  
TIME.3 U I M E l r S l O N  L11.2)  

N U A Y S = 1 L l l l . A h U . 1 l * 2 O O t l L 1 2 ~ . A N D . 4 l * 2 5 + ~ L l 2 l . A N ~ . 3 l * 4 O i ~ L l 3 ~ . A N ~ . 6 T l M E . 4  
1 1 * 5 + (  L 1  3 1  .ANi). l l * d * ( L  (4 I . A h C - 7 1  TlME.5  

N ~ O l l n ~ = ~ L ~ 5 J . A h C . I I * 2 C i 1 ~ L l ~ l . A h L . 4 l / 4 l * l O t ~ L ~ 6 l . A h D . 3 ~ * 4 ~ ~ L ~ 7 l . A N T I M E . 6  
10.61 / L  TIME. 7 

M I N ~ l L ~ B J ~ A N G ~ 7 l + l 0 t ~ L I ~ l ~ A h U ~ 7 l ~ 2 + l L l l O l ~ A N C ~ 4 I / 4  T I M E . 8  
N S t L = l L l 1 0 ~ . A h 3 . 1 1 * 4 O + l L l l l J . A N ~ . 6 l * 5 + 1 L I l l ~ . A l ~ 0 . l ~ * 8 ~ ~ L ~ l 2 l . A N D . 7 T ~ M E . 9  

T IME.  10 

TIME.12 
. -  TIE(E.11 

1 1  
RETURN . 

EN0 

TRANS. 2 
TI(ANS.3 

F10.01 I I d U I L A T E S  THE HEADER-TRANS!4 
L G P T I U N v T H E  5 A P P L €  I h l F I I b A L  I N  S E L - r l k F  S T A T I O N  I O r A N U  THE DEFAULT OPTTRANS.5 
C D E E A L L I  O P T I C t u  1 5  ALWaYS L E F T  bLANK T H t  PhCGHAM T k R H I N A T E S  I f .  ANYTHINGTRANS.6 

C T A I L E R  2 = H E A U t K  A N u  T A I L t H  3 = H E A O € R  O h L Y  % = T A I L E R  ONLY. THE ITRANS.8 
C T A  A h t  T H E  h d I T T E N  IAJTYUT LF THt  PHbLKAM OUl4PTAPE FUR THE H A V - H A L L  DIGTRANS.9 

C ~ - E D  ~ r u  rt{is  F i i ~ o .  T H L  ~ ~ E A ~ ~ ~ - T A I L E K  C P T I D N  cnct  I S  A S  FOLLOWS L=NO H E A T R A N S . ~  

LLIMMbh 
Ldhtut \  1 S L K 2 / h U i h S h  I P  
LOMMLllu 
I f  ( M D A T A  .LE. 11 M D A T A  = 2 5 L 0  
MU3 = MUATA-3 
M 0 2  = YUATA-2 

/ 3LK l / h l l 5 1 2 )  r L k h r  M U A l D  

/ dLK3 ' /h  I L 5 C O  I 9 hh ( 1  2 I r NT 4 12 I 

C R t A ' )  21 N L ~ E K ~ S A H P I S T A I ~ C ~ F A U L T  
I 2 FORMAT11 2 rFLI .4  r A l 0 ,  F I0.C) 
C 

hCHE K- 2 
SAHP = 3.3 I 2 5 
OEtAULT=d.O 

C 
I F  I U k F A b L T ~ L 1 . . 0 0 0 1 1  G C  T C  110 
PRI.!!T I2 

1 2  FORMAT 1 *  YROtlLEC' h1Th LUHEER CF CARCS I N  THE I N P U T  DECK. 
1AM TERMINATED.  * )  

STOP 
110 Ci)NTlNUE 

I F  (NCH€K-21 101 ZJt 30 
10 L O N T I N U €  

II=O 
DO 3 1 = 1 r 5 0 0  
01) 2 J W = l r 5  
1 1 = 1 1 t 1  
N ( 1  I l = S H I F T f N l (  1 )  r l ~ * J k )  qAhC.77778 

2 Cd idTINUE 
3 C U N T I k U E  

C H E A D  ( 4 . 5 1  (N(II.I=I,MOITA~ 
C 3 f d R M A T l Z J O 4 I  

P K l N T  11 e S T A T * h B  

TRANS. 10 
TRANS. 11 
TRANS.12 
TRANS. 13 
TRANS. 14 
TRANS. 15 
TRANS. 16 
TRANS. 17 
TRANS. 18 
TRANS. 19 
TRANS.20 
TRANS - 2 1  
TRANS.22 
TRANS. 23 
TRANS. 24 
TRANS -25  

PROGRT RANS. 26 
THANS.27 

. .  TRANS. 28 
TRANS.29 
TRANS.30 
TRANS. 3 1 
TRANS.32 
TRANS.33 
TRANS. 34 
TRANS -35 
TRANS. 36 
TRANS. 37 
TRAhiS.30 
THANS. 39 
TRANS .40 
TRANS. 4 1 
TRANS.42 I 

TRANS. 43 
11 f i I R Y A T ( l H U r * N O  h E A D E R - T A I L € R  I N D I C A T E D  BY CONTROL CARD FOR + r A l O , I T R A N S . 4 4  

c 
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. 20 
C 
c 4  
C 
C 
c 5  

C 
c 2 2  

21  

2 1  
GLJ T G  40 
CON1 1 NJE 
READ ( 4 9 4 )  I l N H ( 1  I t 1 = 1 , 1 2 J  t ( h (  I F ) ,  I F - l r  
F J K ~ A T ( 1 2 0 1 t 1 7 0 4 1  
REAO ( 4 . 3 1  ( h i  IkJtIH=18,M03) 
READ ( 4 . 5 )  ( ( N I  I U J t  I U = M D Z t N D A T A J . ( N T ( J E  
F O R M A T ( 3 G 4 , 1 2 C l J  

C A L L  I l h P K l I W U R D )  
P R I N T  2 2 t I a O R I )  
Fi)hPlAT i l t i O 1 3 5 X ~ * I k U K D  * r I Z I  
ou 2 3  J 2 l l . U  
N T i J 2 J ~ S Y I F T l N l ~ I ~ ~ ~ O J t 3 * J 2 + 3 t ) . P N D . 7 B  

23 CCiuTIhUE 

TRANS.45 
TRANS.46 
TRANS.47 

__ _. . . TRANS.48 
TRANS. 49 
TRANS.50 
TRANS.51 
TRANS.52 
lRANS.53 
TRANS. 54 
TRANS.55 
TRANS. 50 
TRANS.57 
TRANS.58 
TRANS. 59 

DO 24 J 2 = 9 t 1 2  TRANS.60 
NT ( J 2  J = SH I F T  4 N 1  ( L E N  I 9 3* (JZ-81 J .AN0.78 TRANS.61 

24 L O N T I N U E  TRANS.62 
TRANS.63 
TRANS.64 
TRANS. 65 
TRANS.66 

W R I  1 E I 3  1 (#<DAYS, hWLURS tMIlu.hSFL J TRANS. 67 
PdINT 2 5 r J  TRANS.68 

TRANS.69 
5 0  C i l h T l f r J c  TRANS. 7 0  

P R I N T  6 r S T I T t ~ ~ t h D A Y S t h ~ L U R S I r l h t N S E C  TRANS. 7 1 
6 F J K A A T i l t l O v *  D I L I T I S A T I C N  S T A R T l k b  T I M t  F L R  * . A l O i I Z t *  IS * .131*  OTKANS.72 

1 A Y S t  * t I L t *  HQURSp * . l 2 , 4  Y l h i U T E S t  * t 1 2 1 *  SELUNDS-+, / r *  NOTE THAT TRANS.73 
l D A T A  k l l  L S T A k T  3 SAMPLES LATER CUE TO THE M R I T I N G  CF THE HEADER.*TRANS.74 
2 )  TRANS.7S 

31  L A L L  T I ~ E i ~ l l N D A Y S t ~ H L ~ R S ~ Y I ~ , h S E L )  TRANS. 7 6  
TRANS. 77 
TRANS.78 

hR I T E  TRANS. 7 9  
5 1  CUdT IIuUE TRANS.80 

I'd1 NT 7 9  Y C A Y S i h t L J R S v  WIh rNSEC TRANS.81 
7 F O K # A T ( *  STCIP T I M E * r 1 4 . *  LAYS, * t l Z t *  HOURS* * . I 2s *  M l N U T E S t  * t l Z t T R A N S - 8 2  
I* S C L U N J ~ . * ~  / / / I  TRANS.83 
Gd T O  40 TRANS.84 

30 C i l d T I N U E  TRANS.85 
I F  (NCHEK.EQ.4) GC T O  35 TRANS. 86 

C READ L 41 41 TRANS. 87 
C READ ( 4 1 3 )  ( N l K J J t K J = l b ~ M O A T A l  TRANS.88 

TRANS. 89 

7 ) )  

p J€* 1 q 121 J 

C A L L  T I t I E l  NHI NDAY S *  hHLURS .PI I N  rNSEC I 

zt,  F O H M P T  I ~ H C . +  J = *,IS) 

I a ) i NDAY S t  NHUUR 5 t MI N s NSEC J 

I ( N H (  I Y )  9 I Y =  1.12 I t I h (  I R  J t l R = l t  1 7  1 J 

C A L L  UNPKi IWORD) .. _. __ 

GI, T O  40 

C A L L  T I M t i N H ~ h i D A Y S t h H C U R S t C I N . h S E C )  - -  
P R I Y T  6 . S T A l . N D A Y S i h H U U P S t M l N t N S E C  

35 CONTINUE 
C READ ( 4 ~ 3 )  ( N (  l k ) t I W = l ~ h C A l A ~  
C READ ( 4 . Y )  ( h T ( K N J r K N = l r l Z l -  - - -  .. - t 9 F 0 9 r 4 A T ( 1 2 0 1 )  - 

II=O 
DO 1 0 3  I = 1 . 5 0 0  
DO 102 J k = l t 5  
1 1 = I I + 1  
N I  1 1  J = S H I F T ( N l I  1 ) .12*JkJ .AND.7777b 

- 

1 0 2  C 3 N T I N U E  
103 C U N T I N U E  

TRANS.90 
TRANS.91 
TRANS - 9 2  
TRANS.93 
TRANS. 94 
TRANS -95  
TRANS.96 
TRANS.97 
TRANS.98 
TRANS. 99 
TRANS. 10 
TRANS. 10 
TRANS. 10 
TRANS. 10 
TRANS. 10 
TRANS. 10 
TRANS. 10 
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DO 1 0 4  J 2 = 1 t 1 2  
N T i J Z ~ ~ S H I F T l N 1 1 5 0 1 l 1 3 + J 2 ) ~ A N O ~ 7 B  

1 0 4  L u N T I N L l E  
- _. 

C A L L  T I M t l ~ T t h D A Y S t N H C U R S t M I N , ~ S E C j  
P R I N T  7 r N U A Y S t N h O U R S t M I h t N S E C  

4 0  C d N T I N U €  
I F  I I O E C  .LT. 11 I U E C  = 1 
H D  = H D A T A / I C E C  
SAHP = SAHP+FLUAT ( l O E C I  
OS 120 J f ' = I q H C  
J A  = I f l F L * L J k ' - l ) t l  
I F  L N I J r ) . G & . Z 0 4 8 )  N L J A ) = N i J A ) - 4 0 9 6 + 1  
I F  l h l J A ) . E 0 . 4 0 Y 5 1  N i J A l = - 1  

120 CllNTIrUUt 
H E r U K N  
END 

SUdHOUTIhE U h P K i  l a O R D 1  

CdM4uh 
C J Y 4 U h  / J L K 3 / 1 \ ~ 2 ~ ~ O ~ t h ~ i l Z I ~ N T l l ~ )  

00 4 3  I = l r L E h  
1k i I . N k . 1 )  G L  TC 16 
OU 14 l I = l , l Z  
N H i I I l = S H I F T l N l l l ~ r 3 * l I ~ . A h r C . 7 ~  

/ b L h l / h l  I > 1 L  I 1 L E h t  HUATA 

14 CC)NTINUE 
03 1 5  1 1 = 1 1 2  
IV I I I I = SY I F! I hr 1 ( 1 1 t 1 Z* 1 I t 36  1 .AND. 7 7  7 7 8  

1 5  CJhlINUE 
G J  T O  43 

11.2 

1 1 = I I + 1  
N(  I 1  ) = S A L F T ( h l (  I I t 1 2 + 1 2  1 .AhC.7777B 
I WOHD=I 
IF (1 I .GF .MUATAI  GO T C  2 1  

1 6  I F  (I.ht.2) GO 10 1.2 

12 O J  1 7  1 2 = l r S  

1 7  C i l d T I l d U E  
4 3  CdNTINUE 
2 1  RETJRN 

END 

. -. 
1 0 0  

1 1.0 HO.SElUO1 1.3 

TRANS. 10 
TRANS. 10 
TRANS. 10 
TRANS.11 
TRANS.11 
TRANS. 11 
TRANS. 11 
TRANS. 11 
TRANS. I 1  
TRANS. 11 
TRANS. 11 
TRANS.11 
TRANS.11 
TRANS. 12 
TRANS. 12 

__. TRANS. 12 
TRANS. 12 

. -  

UNPK. 2 
UNPK.3 
UNPK. 4 
UNPK. 5 
UNPK.6 
UNPK. 7 
UNPK. 8 
UNPK. 9 
UNPK. 10 
UNPK. 11 
UkPK. 1 2  
UNPKI 13 
UkPK. 1 4  
UNPK. 1 5  
UFtPK. 16 
UNPK. 1 7  
UNPK. 18 
UNPK. UNPK. 19 20 

UNPK. 2 1 
UNPK. 22 
UNPK.23 
UlrPK.24 
UNPK. 25 
UNPK. 26 
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VSD.7 9 5 5 . 4 7 1 2 0 9  9 L I A k  
0 1 S K H O G ~ l 4 0 0 0 ~  
RUN769 SLt N L  7 7  177 .  
FETLHMl,TAPE3,DB,322?7,lF. 
F E T C H P S I B K Y U L l a r T E M P 1 G D S .  
F E T C H P S t B K Y L G O d t G O S C L 1 G C S L C .  
COPY1,TEMPvLIB.  
L I  hK,X ,F=LGL, P = L l  B,PP=I L L = 9 9 9 4 Y  1- 
EXIT .  - - -  
R E T  URN, LGO , L I B . 
DUMPIO. 
F I N .  
D I  S POSk 9 UUTPUT sMF. 
RETURN 9 TAP EL) 9 v G O  SLC. 

PROGIiAH V S O I  I h P U l ~ O U I P L T ~ P U N C H B ~ l A P E 6 = P U N C H b ~ T A f ’ E Y ? ~ T A P E 9 9 ~ T A P E 3 ~ T V S O - 2  
l A P € 9 2 r T A P t 9 3 , T A ~ t ~ 4 )  VSD.3 

VS0.4 
CCCCLLCCLCLCCCCCLLLCcc~LLcLCc~cCccccccccc~~L~ccccLcLc~ ,ccccccccccccccccccvsD.s  
C. VS0.6 
C. VSD.7 
C. PKUGRAP! VSL:  k E A C S  TI-E D I G I T A L  OATA FRCH TAPE 3 AN0 E S T I M A T E S  VSO.8 
C. THE V E L J L I T Y  SPELTHAL D E N S I T Y  I V S D )  D F  THE T I M E  S E R I E S  BY THE VS0.9 
C. M t T t i G U  CI- MOCIFIED PERICDUGPAH. VSD.10 
C. A 10 P E R L t h T  L C S I N E  b E L L  TAPER I S  A P P L I E D  T O  EALH DATA BLOCK. VSO. 1 I 
C. VSU IS DEI-INEO AS T H t  SCUARE RClUT OF P U k t R  S P E C l R A L  DENSITY.  VSD.12 
C. THE TAPE 3 IS GENEHATEO BY THE PRDGRAH DUMP WtiILH UNPACKES A N 0  VS0.13 
L. TRANSLATES THE TAPE 5 .  1 P E  TAPE 5 IS GENPRATEC I5Y TI-E D l G I T l Z E R  VS0.14 
C. I N  H A V I L A N O  HALL. EALI- L A T A  BLCCK C O h T A I N S  Z**NPObl OATA POINTS. V S D - l S  
C. THk A W A Y  O l f l E h S I L h S  ARE S E T  UP TL P k u C E S S  THE DATA BLOCK Y I T H  VS0.16 
C. MAXIMUM UF 5 1 2  DATA P L l h T S  PER DATA BLLCK. THEKIEFOR€, EACH VS0.17 
C. RECOHD OF 2 5 0 0  P C l h T S  I h  TAPE 3 IS O I V I O E O  INTCi 4 DATA BLOCK vso.18 
C. h I T H  5 1 2  PCIFiTS PER BLCLK. VSO. 19 
C. VSD.20 
C. VS0.21 
C. W L U T  = CUT OFF FRECJEkCY ( I -1 )  CF THE BUTTERnORTH F I L T E R ( L O k - P A S S J .  V S O - 2 2  
C. OMPFT = DAMPING FACTOH OF THE SEISMOMETEH. VS0.23 
C. ENW = ENERGY bF THE L A G  klhOOk. VS0.24 
C. ERRBD = LOnER E R R O R  BAR A 1  90 PERCENT CONFIDENCE.s VS0.25 
C. ERRBl l  = UPPER ERROR BAR A I  90 PERCENT CONFIDENCE. _._ . - -  - VS0.26 
t. FS = SPHTlPOkER SPECTAL D E L S I T Y ) .  VSD. 2 7 
C. G A I N  = THE G A I h  OF T t i t  A M P L I F I E R I  I N  DECIBAL .  VS0.28 
C. I I V S P L = l  WILL PLCT 1 H E  I h C I V I D U A L  FUURIER SPECTRUM. VSD.29 
C. I M V S P L = l  k I L L  PLOT THE AVEPAGED FOURIER SPECTRUM. VSD.30 
C. I N D E X 3  CAN BE ANY I N l E G E K .  VS0.31 

C. I P U N C H = l  WILL P U k L H  VSO ON LAKO; VSD.33 
C. L A M E L I  = S T A T I b h  I C E h T I F I C b T I G N .  VS0.34 
C. MORE2 10 I N D I C A T E S  NO MURE I N P U T  DATA LARD. VSO.35 

C. BY A C C S I N E  BELL. VS0.37 
C. N B h  = NUMBER OF E U l T k R k O R l k  F I L T E R  USED A S  A N T I - A L I b S I N G  FILTER. VS0.38 
C. hPUW NPTT = 2**EtPLIW VS0.39 
C. NPTF = THE NUMtlER CF FRECLENCY LOHPUNEhTS. VS0.40 
C. NPTT = THE NUMBER O f  DATA P O I N T  I h  T I M E  DCMAIN. VS0.41 
C. NREC = NUMaER GF VSC TO BE AVERACEC. VSD.42 

C. I N D E X 4  CAN UE AhY INTEGER. VSD.32 

C. M T A P t R  = THE P E R L k h T A G t  OF THE F I K S T  A N 0  THE L A S T  T I M E  DATA BEING TAPVSD.36 
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C. N S K I P ( N N S K I P 1  = S E O U E h T l A L  NUMBER OF DATA BLCCK TO BE SKIPPED. 
C. NVAL(NSMP1 = D I G I T A L  T I M E  S E R I E S  OF LihE RECUR0 BLOCK. 
C. NSMP = NUMr)ER O F  S A H P L I N C  P C I N T  I N  EACh RECORO 
C. PDWDST = POYEK S P t C T R A L  D E h S l T Y  - -  C. WLCUT = LUT OFF F R E C U E N C Y t k Z )  C F  2-PCLE RC LOW-PASS F I L T E R .  
C. RO = OAMPINC RESISTANCE OF THE SEISMDHETERt  I N  KILO-OHMS. 
C. RECLEN = LENGTH CF E A L H  HELORD B L U L K  LF 2500 P O I N T S  I I N  SECOND). 
C. R S  = C O I L  RESISTANLE OF T k F  SEISMOMETER. I N  KILO-OHMS. 
C. SAMIN = S A M P L I h G  I N T E H V A L  I N  R E A L  TIC€ DCWAIN. 
C. VCLlFS = F U L L  SCALE VOLTAGF C'F VOLTAGE CONTRDLLFC D S L I L L A T D R .  
C. V S  = VELOCITY SPECTRAL O k N S I T Y ,  IN ~ l L L l M l C R O N / S E C / S Q R T ( H Z )  
C. 
C. 
C. THE I N P U l  D A T A  CAROS ARE 
C- (1) I P U N L H t N P U W v R E L L E h  ( 2 1 5 r F 5 . 0 )  
C - ~ 2 1 ~ M O R E 2 ~ l I V S P L ~ I M V S P L t I N 0 E X 3 ~ I N 0 E X 4 ~ L A B E L 1 ~ N N S K  
C. 6 )  tR S t  R D t  DMPFT ,GAIN tRCCUT t VCOFS, N B k  tBb ICUTd511  
C. I I ~ F 4 . 1 l  FLH E A L H  SEISHCCETER OUTPUT. 
C. 
C.....AUTHOK ALFRED L I A N G - C H I  L l A H  
C 
C U N I V E H S I T V  CF C A L I F C K h I C t  bERKELEY 
C.. . . .OAT E SEPTEMBEt4 1 9 7 7  
L. 

E N I, I N F E R  1 hG G E tlSL I E hC E 

VS0.43 
VS0.44 
VS0.45 
VSD.46 
VS0.47 
VSO.48 
VS0.49 
VS0.50 
VSD.51 
VS0.52 
VS0.53 
VSD.54 
VS0.55 
VS0.56 
VS0.57 

tVSD.58 
VS0.59 
VS0.60 
VSD.61 

V S D . 6 2  
CCCCCCLCLCCCCCLCCCCCLLLCLCCLCLCLLCLLCLCC~CL~~LCL~CLCC~C~~CCCCCCCL~CCCCCCCCCCCCCCCCCCCVSD.63 

VSD.64 
CJMPLEX O A T A t F U A T P r L ~ C A l A t P C W D S T  VS0.65 
C L H l J L t X  X VSU.66 
LOYMON / d L K l / F R E C ( 2 5 7  1 VS0.67 
COMYCJN / B L K 2 / V S ( 2 5 7 l  VS0.68 
CIJMYLiY / B L K 3 /  € k P L U ( 2 5 7 1 1 E H R B O ( 2 5 7 J  VS0.69 
COMMi)l\ / ULK4/h iH t Lt L A b t L 1  V W . 7 0  
L J 4 M U N  / t i L K 5 / l h C t X l t I N D E X Z  VS0.71 

LCIMMDF) / B L K b / R L F S  1257) VSO. 72 
COMMDhi / B L K 7 / S T A T  VS0.73 
CZMrlLlr /BLKB/II VS0.74 

D I M E k S I O N  SUMFS ( 2 5 7 )  t F S ( 2 5 1 )  t SPELS(  12) t h F F S ( 2 5 7 )  VSO. 16 
D I M E N S I O N  P H A S E ( 2 5 7 1  VSD.77 
D I M E N S I D h  N S K I P 4 6 l t C H 1 5 I 1 0 ) t C H I Y 5 0  VS0.78 
D I ME N S  I Ubq D AT A h  I D ( 5 12 J VS0.79 
DlMEhSION A ( L 5 7 . 1 2 )  , X ( 1 2 l  VSD.80 

D I M E N S I U ~ \ I  NVPL ( 2 5 0 O )  ,DATA( 5 1 2 )  t F D A T A l 2 5 7 )  t C F O A T A I 2 5 7 )  rPOWOST(257)  VSD.75 

DATA C H I 9 5 / 0 ~ 0 C ~ 9 t 0 ~ 0 5 2 t 0 ~ 1 1 7 1 0 . 1 1 8 1 0 . 2 2 9 1 0 . 2 7 2 t 0 ~ 3 1 0 t 0 ~ 3 4 2 ~ 0 ~ 3 6 9 t V S 0 ~ 8 1  
1 0 ~ 3 Y 4 t 0 ~ 4 1 6 ~ U ~ 4 3 6 ~ 0 ~ 4 5 3 t 0 ~ 4 6 ~ ~ 0 ~ 4 ~ 4 t 0 ~ 4 9 B t 0 ~ 5 1 0 t 0 ~ 5 2 2 t 0 ~ 5 3 2 ~ 0 ~ 5 4 3 / V S D ~ 8 2  

D A T A  ~ ~ 1 ~ / ~ . e ~ ~ 3 . 0 0 , 2 . ~ 0 ~ 2 . 3 7 ~ 2 . 2 1 ~ 2 . 1 ~ , ~ . 0 l r i . ~ ~ , i . ~ ~ , 1 . ~ 3 ~  VS0.83 
OATA NSMP/2500/tnTAPER/lO/t2/1.645/ VSD.84 

VS0.85 
READ 1 9  I PUNCHt N P C h t  R E L L E N  

I FURMAT ( 2 1 5 . F 5 . 0 1  

SPECS4 1 2 J = Y 9 .  
NPTT=Z**NPOk 
NPTF I = ( i q P T T / i J  t 1 
NPTF-NPTF 1-1 
S A M l h = H E C L t N / ( h S ~ P - l l  
PERICJO = ( S A M I N )  *lNPTl-Il 
PI=C.*ATAN( 1.) 
P I Z = P I * 2 . 0  
M l = N P T l * M T A P E R / l O O  
MZ=NPT T-M 1 
NT APE R E O  
NTRFUN=O 

VS0.86 
VS0.87 
VSD.88 
VS0.89 
VS0.90 
VS0.91 
VS0.92 
VSD.93 
VSD.94 
VSD.Y5 
VS0.96 
VS0.97 
VS0.98 
VSD.99 
VSD. 100 

_. - __ 

. __ - 
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. 

C.....GENERATING T H E  AhRAY CF 

21 FREO( I I =  I /PER ILU 
97 I A = O  

NS=12 

Oil  21 I z 1 , N P T F  

VSD.101 
FRECUENCY VSD.IDZ 

VSD. LO3 
_. -. VSD. I04 

VSD.105 

VSD.107 
VSD.106 

i , i v s ~ . i o a  
VSD-109 
VSO.110 

P i  I VSD. 1 11 
VSO. 112 
VS0.113 
VSO.114 

I A = I A + l  VSD.115 
-_  - I F  ( E b F ( 5 L I N P U T I . N € . O J  GO T C  999 . . __ VSD. 116 

DJ 20 K I = I , N P T t  VSO- 1 I ?  
S U M F S I K I  l = O . O  VSD.118 

20 CONTINUE USD.119 
NHE L= 0 VSD.120 

VSD.121 
99 READ 1 3 1  I I ~ C A Y S , N ~ U U R S I C I N ~ ~ S E C I  VSD.122 

I t  ( E O I - i j ) . N E . O J  G I J  TU 599 VS0.123 
READ I 3  1 VSD.124 
R E A D  1 3 )  l S T A T h , N G r J l  VSD.125 
E A b O E  i l b . 5 r S I A T )  S T A T h t N b  VSD. 126 

5 FUI(MAT i H b . A Z )  VSD.127 
K E A 0  13)  i N V A L i l l i I = 1 , 2 ~ 0 0 )  VSD.128 
R E A 0  1 3 )  IPCJHEI VSD. 129 

VSO. 1 3 1  

1RE * , I l l  VSO.133 
VSD.134 

I F  ( IMVSPL.NE.11 G L  TL 3 3  VS0.135 
VSD.136 

C P R I N T  4 ,  S T A T i h P l l ,  L IVSPLI IMVSPLI  l N C E A 3  VSD.137 

i NCAY S 7 t NhOUST 1 PI  KT * hSEC T J 

VS0.130 

3 FOdI4AT ( l H O , *  S T A T h  I N  TAPE 3 = * , A 1 0 , *  N e  a * r l l t *  J *,13,* MOVSO.132 
PAJUT 3 , S T h T l * , h ~ ! ,  Jit4Lo.E 

4 FURMAT l l H l t / / / / / / / / / / / / / / , 5 ~ X , * l H €  FLJLLOYINC OATA CAME FROM + ~ A l O V S 0 . 1 3 8  
1. /15OX1*hUP'bEk L F  YL1E.T I h  T l W F  O L M A I N  = * r l 4 ~ / i 5 0 X ~ * I N D E X l  * r l L V S D . 1 3 9  
1 ~ / ~ 5 0 X r * I N b E X C  = * , 1 1 , / , 5 3 X , * l N D F X 3  *,11,////////1 VSD.140 
00 1Y 1 = 1 1 N h l S K l P  V S 0 . 1 4 1  
IF i W L . t G . R S K l P i I ) )  CL Tb 3 3 1  VSD.142 

19 C O ' J l l N u E  VSD. 143 
C.....ADJUSTINb T H t  OC S H I F T .  VSD.144 

VSD. 145 
VSD.146 
VSO. 1 4 7  
VSD.148 

f VSD.149 

VSD. 150 
VSD.151 
VSD.152 
VSD. 153 

_. 

VSD.154 
VSD.155 
VS0.156 
vso.15r 

SHIF T=O.O 
O U  btrb I O C ~ l t Z S O O  
S r i l F l = S H I F T + F L O A T  ( k V A L  

S H I F T = S H I F T / Z 5 O d . O  

NVAL I I O C ) = N V A L t  I C C  I-SH 

b66 C J N T I N U E  

DO 667 I O C = l r 2 5 C O  

6 6 7  C O N T I N U k  
ZY LJ=1 

ICL) 1 

F T  

C.....APPLYlNG C O S I N E  t l E L L  TAFER. 
90 E.dW=O.O 

VSD. 158 

I F  ( J . L l . M I l  GO T O  7 VSO. 160 

TAPER.l.0 VSD.162 

D J  10 J=I ,NPTT _ _ .  
N V A L I J ) = N V A L ( J + L J )  VSD.159 

I F  i J . G T . M Z I  GO T O  9 YSD. 161 

http://J.Ll.MIl
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GU TL b 
7 A ~ G = P I * l H 1 - J + 1 ) / H 1  

T A P t k = l l . D + L C S ( A R G  
GO TO 8 

T A P t H = ( l . O + L L S l P h G  
9 A R t = P I * l  J - P Z ) / M l  

6 C O N T I N U t  

JI2.C 

E IN W = k Nk + TAP E R * T A P t R 
D & T A l  J I = C M P L X (  TAP€H*NVAL ( J 1 ~ 0 . 0 )  

C O A T A h l O l  J ) = T A P E k  
10 C U N T I Y U €  

C PdI iUT  1 d Y t t h h  
IO$ FOk’ lAl  1 l t i J 1 5 C h 1 * t N h  = * , E 1 2 . 3 1  

C I F  (k lAPEK.NE.0)  GC T C  2 5  
C P Y A X l = l .  > 
C P i 4 I N 1 = U A T ~ k I D i 1 )  
C C A L L  Y P L U T L G l D A T A h l D i l ~ h P T l r P H A X 1 ~ P M A X l ~ P ~ l N l ~ S T A l l  
C NTAPEK= 1 

25 LdRTIFtLJF 

C P h I h T  14 
14 F J r ’ U A T  I / / / / / / )  
1 5  C J N l I k U t  

L ir ILJ.LI.S~L) G l i  I G  15 

C P t t i r J i  1 1 ,  I I . . ~ A L I J I  . J = ~ , ~ P T T  1 
11 F O K M A T  I i X ~ 5 1 b ~ 5 ~ ~ 5 1 6 r 3 X ~ 5 1 6 ~ 3 X t 5 1 6 l  

G J  TC 3 3 3  
3 3 1  P K I k T  j j Z t S T A 1 , h t  
332 F d W A T  (IhbrlOXs*ThE PPLGKAM S K I P S  THE R E C O R D  +.A11).13l 

i o  T L I  3 3  

333 C A L L  F ~ T I O ~ T A ~ ~ P L ~ ~ ~ ~ T T ~ P I I  , 
D U  3 d  K J - 1 , N P T f  
~ I ~ ~ T A I ~ J ~ = ~ A T ~ I K J + ~ I ~ ~ . O ~ S A ~ I ~  
c F D A T A 1  K J )  = C C h J G ( F O A T A  1 s  J) ) 
F H E U  I K J )  = I  KJ-  1) / P E h  100 
P O * D S T i K J ) = F U A T P l K J ) ~ ~ ~ C A T A l K J )  
P ~ n D S T ( K J ) = P C k D S T ( K J ) / P E H I ~ C  
POW D S T I K J I = PC k0 5 I I K J ) / E  h k 
F 5 I K J ) = S ~ P T I K E A L i P L k O S T i K J ~ l J  
S J Y Y = F S (  K J  J 
SUMFS I K J  I =  SUMf S I K J  j +5Ut4P 

L 

30 C O N T I N U E  

C-..-.PLUT T H t  I N O I V I D U A L  F L U H I E R  SPECTRUM t I Y  THE VPLGT ROUTINE. 

C P  P?4AA1=0.00 
CP P M I N l = F S I l )  
C P  00 2 2 0  I= l ,F IPTF 
C P  I F I I - S I  I )  .GT.PMAXl) P M A X l = F S I  I 
C P  I F ( F S I I I . L T . P M I ~ J I ~  P H I N I = F S L I )  
C P 2 2 0  LbhT I NU€ 
CP C A L L  YPL J T L G I F S ,  1 r N P T F  t 1 v P M A X l v P C I h 1 , S T A T )  

L J = L J + N P T T  
k A t L = N Q E L + l  
IF ( I IVSPL.NE.1)  GL T C  36  
11=0 
I t -  (NKEC.EQ.1) GC TO 34 
L A L L  N X T F R H I S P E C S )  

VSD.163 
VSD.164 
VSD.165 
VSD. 166 
VSO. 167 
VSD.168 
VSD. 169 
VSD. 170 
VSD.171 
VSD.172 
VSD. 173 
VSD. 174 
VSD.175 
VSD.176 
VSD. 1 7 7  
VSD.178 
VSD.179 
VSD. 180 
VSD.181 
VSD.182 
VSD.183 
VSD.184 
VSD. l&5 
VSD.186 
VSD.187 

VSD.189 
VSD. I 9 0  
VSD.191 
VSD.192 
VSD.193 
VSD.194 
VSD. 195 
VSD. 196 
VS0.197 
VSD. 198 
VSD. 199 
VSD .200 
VSD.201 
VSD.202 
VSD.203 
VSD.204 
VSD.205 
VSD.206 
VSD.207 
VSD.208 
VSD -209 
VSD.210 
VSD. 2 1 1 
VSD.212 
VSD.213 
VSD.214 
VSD.215 
VSD.216 
VSD.217 
VSD.218 
VSD.219 
VSD.220 
VSD.221 
VSD.222 
VSD.223 
VSD .224 

v s o . i a t i  
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3 4  C A L L  P L O T F S I N P T F I  
36 I F  LLJ .LT .20491  GG Ti l  90 
33 I F  (MDRE.NE.01 GC T C  99 

C 33 IF lNHEC.LT.NNHtC1 GO IC 99 . 

I F  I IMVSPL.NE.11  GL TL 45 
00 40 K K = l r h U P I F  
F S l K K l = S U M F S ( K K l / h R E C  

40 CONTINUE 

C.....CiJRK€CTING THE S Y S T E M  RESPbNSE 

CALL  
I F  IR0W.k t .C l  CALL  A N T I A L I l V S t P 1 2 ~ h b h t ~ h ~ U T . N P ~ F l  
L A L L  A M P ~ C O l V S ~ ~ P T F ~ G ~ l h ~ V C C f ~ ~ R ~ C U T l  

L b  0 PHClv I V S  1 I- 5 DM PF T t P I 2  1 h P1 F 9 R S t I< D I 

C.....CALCULATINb THE L O N F I C E h C E  L I M I T S  -_ 

5 1  
52  

5 3  

5 4  

5 5  

3 5  

NFRDM=Z*NHEC 
I F  INFRDM.GT.lO1 GC T C  5 1  
CHI  2-CHI 51 NFkDM I 
GO TL 5 2  
L A L L  C H I  S C I  Y t  R D H  ,Zt C H I 2  I 
I F  I d F ~ D k \ . G T . 2 9 1  LL T U  5 3  
C i 1  I = ~ h 1 9 5 l N F K D t J l  
L0 TL 5 4  
Z l = - L  
CALL  L H I S C I N F R D M ~ Z I ~ L h l l I  
COivT INUL 
D u  55  K K - l r N P T F  
t k H u u ~ K h ~ ~ ~ S l ~ K ~ / S C R T ( L H I 1 )  
E R H d U l K K  l=VS.( K K i / S ( I R T  I L t - I 2  I 
LONTINUE 
P H I l r T  35, N R t C t L A B E L l , C t - I l , C H I 2  

v s o . 2 2 5  
VSD.226 
VSD.227 
VSD.228 
VSD. 2 2 9  
VS0.230 
VSD. 231 
VSD.232 
VSD. 233 
V SO. 2 34 
VSD.235 
VSD.236 
VSD.237 
VSD.238 
VSD. 2 39 

- -  VSD. 2 4 0  
VS0.241 
VSD .2*2 
VSD.243 
VSD.244 
VSD.245 
VSD.246 
VSD.241 
VSD.248 
VS0.249 
VSD.250 
VSD.25 1 
VSD.252 
VSD.253 
VSD.254 
VSD.255 
VSD. 2 5 6  
VSD.257 

FtJRMAT l l H l t / / / / / / / / / / / / / / / t 3 5 X , * T H ~  F C L L L n I h G  DATA ARE THE ESTIMAVSD.258 
I T E S  OF d E L O L I T Y  SPFCTRAL O E K S I T Y * , / , 3 5 X t  * d V E R ~ ~ v 1 4 1 *  RECORDS U F  *vVSD.25Y 

VSD.260 l A 1 0 t / * 3 4 X 1 * C H I S i  OVER DF = * t Z F 1 0 . 3 1  
VSD.261 

350 F J R M A I  I j W . v * T H E H C  A H t * t 1 5 t *  UATA P L I N T S  I N  EPLH RELORD, W I T H  SAHPVSD.262 
IL I lUC.  I N T E H V A L  + rF12 .3 , *  SELLNOS.*) VSD . 2 6 3  

P A  1 h T  3 5 0 .  NP 11, S A M  1 Fc 

2 3 0  

4s3 

4 4 4  

5 0  
44 

PMAXl=O.30  
P i 4 l N l = V S I  11 
DJ 2 3 0  I = l , N P T F  
I F L V S I I I . G T . P M A X 1 1  P M A X l = V S ( I l  . ... 
I F  ( V S I  I I .  LT.  P H I  kl) 
CiIiJT INUE 
L A L L  

PH I N I = V S (  I )  

Y P L O T L G I L S  t 1  t N P T F 9 1  r P H A X 1 v P P  I k l r  L A B E L 1  I 

_ _  

I F  l lPUNCH.NE.1I  GO TC 4 4 3  

n R l T E  1 6 1  ~ V S l I l ~ l ~ l t h P T F l  
W k I T E  ( 6 1  l L H I l r C H 1 2 J  
L U L L  "SECOND I T  I M E  I 
P R I N T  4 4 4 9  T I M E  
F l l H M A I  1 1 5 X ~ ~ I l P 1 E  = * t F 1 5 . 4 1  
I F  I IMVSPL.NE.11 GO T O  44 
CALL N X T F H H I S P E C S I  
1 1 1 1  
C A L L  P L O T F S I N P T F I  
C d N T I N U E  

' P  
L_ ., 
3.. I 

> I  

VSD.264 
VSD.265 
VSD.266 
VSD.267 
VSO. 2 60 
VSD.269 
V S D . 2 7 0  
VSD.271 
VSD.272 
VS0.273 
vso.214 
VSD.215 
VS0.276 
VSD.277 
VSD.270 
VSD.219 
VSD.280 
VSD.281 
VSD.282 
VS0.283 
VSD. 2 8 4  
VSD.285 
VSD. 2 06 
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45 I F  lMOPE2.hE.O) GO TO 98 
9 Y 9  C A L L  GDSENO(SPECS)  

STLIP 
_ _  €NO.  . -  

S U B R O U T I k E  A M P V C U ( V S r N P 1 F ~ G A  

~. 

. . . . . - . - .. . . . . . . . . . . _ _  -. . - - 
.. . 

h,VCCFStRCCUT I 

C.....SUliROUTIhE AMPVCO I S  USEC T C  CCRRECT T k E  G A I N  AND ThE LOW-PASS 
C F I L T E R  OF THE A M P L I F I E R  PNO THE VCO F U L L  SCALE. 
C THE L O h - P A S 5  F I L T E R  AT A S 1 1 0  I S  A 2-POLE RC FILTER.  

AMPVC.2 
AMPVC.3 
AMPVC -4 
AMPVC . $ 
AMPVC. 6 

CGHMLN / a L K l / F H  EO ( 2  57 1 
D I M E N S I O N  V S ( 2 5 7 )  
G A I N = G A I  h/20.0 
GA 1 N= 1 0. O**GAl N _ _  __ - 
A=G A I N*2 04tl. O/ VCOF S 

B = F R E Q ( I J / R C L b T  
825 8 * 8 4  1 
v s  I I = v s  ( I ) * J Z / A  
V S ( I l = V S ( l ) * l . J E + C 9  

1 C J i r T I N U E  
RETdRN 
END 

_ _  - 
DO 1 I = l . N P T F  

. .  

AHPVC.7 
AMPVC.8 
A MPVC . 9 
AMPVC. 10 

AMP VC. 12 
AM PVC -13 
AMPVC. 14 
AMPVC.15 
AMPVCI 16 
AMPVC. 17 
AMPVC. 18 
AMPVC.19 
AHPVC. 20 

__ - - AMPVC.11 

SUtlrl(JJTI.?rE A N T I ~ L I ( V S I P I Z ~ N B ~ ~ B W C U T ~ N P T ~ ~  ANTAL.2 
ANTAL.3 

C...-.SUB&OUTIhE A N T I A L I  I S  L S E D  TC COREECT WCDULUS CF T H E  TRANSFER ANTAL -4 
C Fd14c.T I L l U  OF ' A R t 3 I T & A R I  B U T T E R M O R T H  LOW PASS F I L T E R  U S E 0  AS ANT I - A L I A N T A L . 5  
C A S I N G  F I L T E R .  
C NBW = NUMBER CF STAG€ OF F I L T E R S .  
C NPOLE = NUCBER CF PCLE CF 1I.E F ILTEW. 

LUMAON / M L K l / F R E C 1 2 5 7 1  
01 ME h S I  ON US ( 2 5 7 )  
N P U L E = 4  

N=Z*NPOLE 
A = F H E O I I I / B M C U T  

A=A++N 
B = S O H T ( l + A I  
B=M**NBbi 

1 C O N T I N U E  
RETURN 
EN 0 

UU 1 I Z l s N P T F  

C FOR H I G H  PASS F I L T E R ,  b= l .O/A 

- _  ._ v s ( I l = v s ( I ) * B  _ _  -._. . 

ANTAL -6  

ANTAL - 7  
ANTAL - 8  
ANTAL -0  
ANTAL. 10 
A h 1  AI.. 11 
ANTAL. 12 
ANTAL. 13 
ANTAL. 14 

ANTAL . 15 
ANTAL -16 
ANTAL.17 

- . _  ANTAL. 18 

ANT AL I 20 
ANT A L  .2 1 

ANTAL. 19 

-- - - -. . - - __ __ C H I  S2:2-- S U 6 R J U T I N E  C H I S C l N F R D M i Z r C H I ,  

C.....THIS SUl lROUTlHE CALCULATES P E R C E h T I L t S  C F  TI'€ CHI-SPUARE/OEGREE OFCHIS2.3 
C.-...FREEOOH O I S T R I B U T I O N S  FCR LARGE VALUES OF CEGREE OF FREEDOM. CHIS2.4 

DF=FLUAT(NFRUM) - C H I  SZ -6 
A=2.0/ 8 = S * r R T ( A )  9.0*DF I - ___ __ CHIS2.7 

C=l. 0- A4 Z* B * -  C H I  S2.9 
LHI=C*C*C C H I  S2.10 

C H I S 2 . 1 1  RETURN 

CHIS2.5-  _. - -- - - - _- - - __. _ _  

- . - .__ 
CHIS2.8 - 
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END 

S J B K O J T I N E  FFTlA,M,h ,PI )  

C.....THIS FCT SUUHL,LJTIR€ PkRFORMb THE F r H h A P D  F A S T  FOURI€R TRANSFORM 
C CNLY. A F T E h  C C O L E Y ~ L k k I S t k E L L H ~ O ~ T A I N E C  FRCM L-R. R A B I N E R  A N 0  B .  
C GOLO---- THEORY ANl l  A P P L I C A T I O N  O F  O I C I T A L  S I G N A L  PROCESSING. 
C.....N=Z**M 
C.....A(ru) = T H t  ANdAY LF UATA TI, tlt ThAlvSFORHEO. 
C.....FJdgIEH TRuNSFl lHP IS TI -E  FORM CF L k E A L l - l ( I H A G I .  

L L M P L ~ X  4 ( 1 r l  t U i k v 1  
N V 2 = N / 2  
hlMl=N- I 
J= 1 
DO 7 I = l t N M l  
I F  I I . G E . J I  GC TC 5 
T = A l J I  
A I  J I s A l  I I 
A I  I I = T  

5 u=IUv2 
6 I t( l ( .Lt.Jl  L L  I C  7 

J=J-K 
K = U / Z  
2d T u  6 

7 J = J + K  
DO 20 L.1.b' 
L E = 2 + + L  
L € l - L E / L  
U=(l.d,3.) * 

n = C M P L X l ~ C S l P I / L F l l ~ S l ~ l P l / L E l l l  
DO 23 J = l r L t l  
04 10 I = J i h r L E  
1P= I t L t l  
T = A ( I P ) * k J  
A(  I P l = A l  I I - T  

10 A I I I ~ A l I l + T  
20 U=U+k 

R E T  J R N  
tV0 

SUtlr(0UTINC G E O P H C h l V S ~ F S ~ O M P f T ~ P l 2 ~ h P T F ~ R S t ~ D l  

C-.. . .t IOOJLUS CORRtCTIGh G N L I .  
C.....SUaHuJTINE GEuPHOh IS U S E 0  TL C b R H € L T  THE V E L U C I T V  S E N S I T I V I T Y ,  
C D A M P I N G  HESISTAhLE,ANC E-thERATCR LCNSTANCE. J 

c.....wG = N A T U R A L  FKECUENCV CI- THE SEISHCHEIER (IN nzl; 
C GS = GENEkATuR CbhrSTAhLE r lF  
C R S  = L C l L  R t S I S I A h C E .  
C hi) = D A M P I h G  R E S I S T A N L E .  
C DYPFT = DAMPING FACTCR. 

CLMALN / d L K l / F d C U (  2 5 7  I 
0 1 M F h S I O N  V S 1 2 5 7 ) , F S I Z 5 7 1  
DATA WC/4.5 / tGS/77.17 /  
HS- dG*P I 2  
k S 2 =  hS* nS 
ROC=Z.O*UHPFT 
RD=HD*lOJO.O . . 
RS=RS*lOGO.O 

THE S E I S M d l E T E R  ( I N  VOLT/METER/SECI .  

CHI s2. 12 

F F T W . 2  

FFT*R. 3 
F F T r R . 4  
FFT*R.S 
FF T*R. 6 
FFT*R.7 
FFT*R.8 
FFTbR.9 
F F  T + R . I O  
FFT*R . 11 
FFT *R .12 
FFT*R.13 
f F T *R - 1 4  
F F T  *R .15 
FFT*R.16 
FFT+R. 17 
FFT*R.18 
FF T*R .19 
F F T  *R .20 
Ff T*R. 2 1 
FFT2R.22 
FFT*R.23 
FFTeR.24 
FFT*R.25 
FFTeR.26 
F FT*R.27 
FFT*R.28 
FFT*R.29 
FFTeR.30 
FFT*R .31 
FF T*R .32 
F F T W . 3 3  
f F T * R .  34 
FFT*R.35 
FFT*R.36 
F F T  *R. 3 7  
F F T * R  -38 

CEOPH.2 
CEOPH. 3 
GEOPH-C 
GEOPH. 5 
GEOPH.6 
GEOPn. 7 
GEOPH.8 
GEOPH.9 
GEOPH. 10 
CEOPH. I 1  
GEOPH. 12 
GEUPH. 13 
CEOPH. 14 
G t  OPH. 15 
GEOPH. 16 
GEOPH. 17 
GEOPH. 18 
GEOPH. 19 
CEOPH.20 
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00 1 I = l v N P T F  
w t = P I 2 * F R E O l  I )  
kE2 =WE *WE 
A-mEZ- wS2 
AZ=A*A 

BZ=B+B 
C=SQRTIAZ+CiZ )  
A M P = W E + W ~ / L  
V S I I I = F S I I I / A C P  
v s I I l = v ~ l I l / G s  
I F  (Hd.GE.YYY030.0) CO T O  1 
R=RS+RO 
V S I I ) = V S I I I + t i / H I J  

- _ _  _ _  
~ = R O ~ W S + W E  

1 L O N T I N U E  
RETURN.  . _ _  - - - - .- 
EN0 

GEOPH. 2 1  
CEO PH . 2 2  
CEOPM. 2 3  
GEOPH. 2 4  
GEOPH.25 
GEOPM.26 
GEOPH. 2 7  
GEOPH.28 
GEOPH.29 
GEOPH. 30 
GEOPH. 3 1  
GEOPM. 32 
GEOPH - 3 3  
GE OPH .34 

GEOPM -36 
GEOPH. 37 

GEOPH.35 
- -  . - .__. 

S d U R O U T I h E  P L C T F S I h P T f )  PLFS. 2 
PLFS. 3 

C.....THlS SUtidtuUTIhE PLLITS T k t  V E L C C I T Y  SPECTRAL D E N S I T Y  I N  LCG-LOG PLFS.4 
L.. .. . . SLALE. 

O I M t N S I b \ I  SPECS130lrLIhEI4) 
CtJMMUN / d L K l / X I 2 5 7 1  
COMrlUiv / d L K Z / Y  ( 2 5 7 1  
COMMON / d L K 3 / E H R B J I 2 5 7 )  s E R R e C l 2 5 7 1  
COMMON / S L K 4 / h k E C  v L A B k L  1 
CCiaiNLh / d L K S / I h C E X l  r l h O E X Z  
C 0 M Y  0 h / J L  K 7  / S T A 1 
COMMON / b L K B / I  I 
S P E t . . S ( l ) = l . O  
SPECS( 21 = I .  5 
SPECS ( 3  l=25.0 
S P E C S ( 4 )  = 0 . 3  
DO 8 1 = 1 5 s N P T F  

I F  I Y l I ) . L T . l . J E - O l I  6 C  Ti) 4 

S P k L S  I5 ) = 1 . 0 € + ~ 3  
SPEL S (  t ) =I. O E - 0  1 

IF ( Y I I ) . C T . ~ . O E + O ~ )  GL T a  6 

8 CONTINUE 

Gd TU 5 

S P E C S ( 6 )  51.0 
6 SPECS151 -1.OE+04 

- - - . . ___ GO TO 5 - .. 
9 S P E C S l 5 ) = 1 . 0 E + 0 1  

S P E L S l 6 )  =1.OE-03 
5 S P E C S I 7 1 = 7 . 8 7 5  

S P E C S I 8 1 = 5 . 2  
S P E C S l 1 1 ) = 1 . 0  
SPECS1 1 2 1  - 9 9 .  tl\LL A X L G L S ( S P E C S ) .  .... - 

.- YYAX=SPECS 151 
Y M I  N= SPELS I6 I 

I f  I Y I  I I .GT.YMAX) 
I F  l Y I I ) . L T . Y M I N l  

C P R I N T  l l v I X ( I 1 r Y l  
C 11 FORMAT ( l O X v * F H E O  

00 10 I = l v N P T F  -- - 

- I b - C O N t l N U E  -- 

SPELS I 25 1 =-0 .15  

. .. 

Y I I )=YCAX 
Y ( I l = Y Y I N  

PLFS. 5 
PLFS.6 
PLF S. 7 
PLFS.8 
PLFS.9 
PLFS.10 
PLFS. 11 
PLFS. 1 2  
PLFS.13 
PLF  S. 1 4  
PLF  5.15 
PLFS. 16 
PLFS.17 
PLFS. I8 
PLFS. 19 
PLFSs  20 
PLFS. 2 I 
PLF 5.22 
PLFS. 23 
PLF 5.24 
PLFS.25 
PLFS.26 
PLFS.27 

_- _ _  - ._ PLF 5 - 2 6  
PLFS.29 
PLFS.30 
PLFS.31 
PLF  5 - 3 2  
PLFS.33 
PLFS.34 
PLF S. 35 
PLFS.36 
PLFS.37 
PLFS.38 
PLFS. 3 9  
PLF 5.40 
PLFS.41 

.__ . 

- - .. -.. _. . 

1 ,  I =  1 ,409  1 PLF  s. 4 2  
= + v F 1 0 . 7 s l O X .  +AMPL I T U O E  SPECTRUM +s €13.3) PLFS. 4 3  

PLFS.44 

c 

c 



Grs -157- 

f 

1 2  

1 3  

1 5  

20 

CALL S A X L G T ( S P E C S )  
SPECS( 2 7 1 = - 0 . 1 5  
CALL S A X L b K ( S P E C S 1  
SPECS ( 1 3 ) = F L C A T I  h P T F )  
SPECS1 1 4 1 = 1 . 0  
S P E C S ( 1 5  ) = 1  .o 
SPECS( 3 0 1  1 9 7 .  
CALL S L L G L G t  X v Y  v S P € C S l  
I F  ( l l . E Q . 0 )  60 T C  1 5  

S P € L S ( l j  I = k L b d l  ( h P l F )  
O J  1 2  1=1,1b4 
Y (  II=ERRBU( 1 1  
I F  ( Y L I ) . G l . Y M A X I  Y I I ) = Y C A X  
I F  t Y ~ I ) . L T . Y M l h l  Y ( I J = Y Y I h  
CON1 I NUE - -  
SPECS( 1 6 ) = 1 7 . C  
SPECS ( 1 7  I= 0.05 
S P E C S ( I S ) = O . O 5  
L A L L  P S L b L t t  X v Y v S P t C S )  
UJ 13 I = l , I J P T F  
Y (  I ) = E P R d D (  I 1  
I F  ( Y l I l . G T . Y P A X )  Y ( l I = V M A X  
IF ( r t l i . L T . r n l h l  Y ( 1  l = Y P I h  
CLJIUT I hUE 

S P E C S (  1 7 )  =. 1 
S P E C S ( l B ) = . l  
S P E C S l Y )  =10.0  
SPECS1 19)=,U.O 
SPELS 1 2  1 ) =  1 .O 
SPECS( 24) =o.0 
SPECS t 2 9  I =L. 0 
CALL h L L C E l S P E L S )  
SPECS 120)=0 .0  
SPECS ( 2 0  ) ~0.0 
CALL h O L G L I S P E L S 1  
SPECS( 1 7 J = 0 . 1 5  
SPECS ( I d  1 =O. 1 5  
SPECS1 2 r  I =C. 2 
CALL T I T L E t 3 ( l r H F R E O U E h L Y  1b.L) , SPECS) 
SPECS120l=Y~.O 
S P t C S ( 2 6  l = 0 . 4  
C A L L  T l T L E L ( 3 J H V S O  ~ M I L L I ~ I C R C N / S E C / S P R T l H Z ) ) v S P E C S ~  
SPELSL 1 7 1 = 0 . 1 5  
S P E C S ( 1 8 ) = 0 . 1 5  
S P E C S ( 1 9 ) - 0 . 0  
s P € c s ~ 2 0 ~ = 0 . 0  
S P E C S ( Z l I = l . O  
S P E C S ( 2 3 ) = 6 . 6  

CALL P S L G L G 1 X v Y p S P E L S )  

RULE= 1 .O 
I F  (II.EC.0) GO 10’20’ 
SPECS( LL )=L. 15  
SPEl.St.26 ) = O . O  
VALUE=NRtC 
CALL OELVAL I AUJ E, VALU’~  , 
L I N E  ( 1)  = L A o E L 1  
L I ~ E  ( z i - i o n  RECORDS 
L I N E  I 3  ) = O  

L I N E (  1 l = S l A T  
L I N E ( Z I = O  

GJ TU 2 1  

SPECS) :. -1 , )  

PLFS.45 
P L f  5 - 4 6  
PLF 5.47 
PLFS.48 
PLFS.49 
PLF 5 . 5 0  

PLFS.52 
PLFS.53 
PLFS.54 
PLF  5 - 5 5  
PLFS. 56 
PLFS.57 
PLFS. 5 8  
PLFS. 5 9  
PLF  5 - 6 0  

P L f  S. 62 
P L f  5.63 
PLFS.64 
PLF  5.65 
PLFS.66 
P L f S . 6 7  
PLF 5 . 6 8  
PLFS.6Y 
P L F  5.70 
PLFS.71 
PLFS. 7 2  
P L f  5.73 
PLFS. 7 4  
PLFS.  7 5  
PLFS. 76 
PLFS. 7 7  

P L F S . 7 9  
PLFS. 80 
PLF 5 - 6 1  
P L F  5.82 
PLFS. 8 3  
PLFS. 8 4  
PLFS. d 5  
PLF 5 - 8 6  
P L f  5 - 6 7  
P L f  5. &E 
PLFS. 8 9  
PLFS.90 
P L f S . 9 1  
PLFS.92 
PLFS. 93 
PLF 5.94 
PLFS.95 
PLFS.96 
PLFS.97 
P L f  S. 9 8  
PLF  5.99 
P L f  s. 100 
PLFS. 101 
P L F  5.102 
PLF 5.103 
PLFS.104 
PLFS. 105 
PLF 5.106 

P L F S . 5 1  

PLFS.61 

PLF s. 7 n  
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21 SPLCS(2 r ! )=O.5  
L A L L  
RETURN 
END 

1 I T L F G I  R U L E t L  I N E t S P € C S  1 

SUBhOUT I ibE Y P L U T L G I Y  t I E t  I E t  I K t P Y A X t P M I h t T I T L E I  

PLFS.107 
P L F  S. 108 
PLFS.109 
PLFS.110 

Y PLLG - 2  

, C n M M U N  / O L K l / X ( Z 5 7 )  Y PLLG. 3 
01Mf I u S l u r  Y 1 1  ) ~ h h A P l 1 0 0 ) t  I S L A L E l  111 YPLL6.4 
D r l A  K b L A h K t K Y / l b  r l H * /  YPLLG.5 
CPTA I S L I \ L t /  0 ~ 1 0 ~ 1 0 ~ ~ 0 ~ 4 J ~ 5 0 ~ 6 0 ~ 7 0 t ~ G ~ ~ G t 1 U 0 /  YPLLG.6 
DO 2 I = l t l O U  YPLLG. 7 

2 K Y A P ( I l = K a L A h K  YPLLG.8 
C....PKINT titb1luNIhL CF L h A P h  Y PLLG .9 

QMAX=ALUG101 PPAX 1 YPLLG.10 
~ M I N = A L U G 1 0 1  YP I N  I Y PLLG. 1 1 
C=100 .O/ lCMAX-GMIN)  YPLLG. 12 
~ J = L + O M I  b. YPLLC.13 
S L u L t  51. i l / L  Y PLLG. 14 
P A 1  N l  f t  T I T L E  t 11%. I t  I K t P P A X t  P P I h  YPLLG. 1 5  

( 1 P l t  l ux ,  4 b i’L i ,  1.. . . . . * t A 1 C + / t ACX t 4 I6=4 I I 5  t L  X t * I  E = *  t 151  2X 9 * IYPLLC.  16 
1 K = * .  I b r Z A , * P K A A = * r l  1Z.3r2*rLPCIh=+rEI2.31///) YPLLG. 17 

P d I h T  (I, I I S ~ A L t l I ~ ~ l - l r l l l  YPLLG.18 
6 Fulii1l.T ( 1 1 X r 5 ( I 2  9 d A ) t 1 X t I2 9 5 I 7X I I 3 ) ) Y P L L G - 1 9  

YPLLG.20 3 1  7 I = l t r ’  
7 t J d l \ l  n Y PLLG. 2 1  

5 FJh’l  A T  

Y PLLG. 22 
YPLLG.23 _ -  

12 FdhmAT I 6 ? r  1 HXI  7A t I L C k .  - - e. a. - a a a. - a. a. e -I.. a. e. a a La. e .a. e .. a e. YPLLG.24 
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 7 A t I H Y P L L G . 2 5  
1 Y  I YPLLG.26 

L. . . .P~I INT 8LUY L F  6KAPI.r YPLLG. 2 7  
i l l  10 I = I l ) r I E t I K  YPLLG.28 
Y L G = A L U G l O ( Y l I ) )  YPLLG.29 
I Y=L*YL;-b YPLL6 .30  

L LHELK 1 H A l  Y I S  Oh S C A L t  Y PLLG .3 1 
I F ( 1 Y  .LT. 1 . O R .  I Y  . C T .  100) GL 1L 1 3  YPLLG. 3 2  

Y PLLC. 33 
K Y A P I  I Y  l = K Y  YPLLG.34 
P H I  Y T  Y I  YPLLG. 3 5  

GC! Tu 14 YPLLG.37 
1 3  P R I N T  9 9  X l I ~ r ~ K N A P l J ~ t J ~ I t l d O ) r V ( I I  Y PLLG. 3 8  

GO T O  10 YPLLG.3Y 
14 KMAPL I Y ) = K b L A h K  Y P L  LG. 40 
10 L J N T I N U E  YPLLG.41 

R t  TURh YPLLG.42 
E N 0  YPLLG.43 

SJUHUiJTI hF Y P L U T I Y  9 I t !r  I t t  I K I  PIVA);, P H  Iht  T 1 T L t  1 

X i  I )  I I K C A F I J )  t J = I  v 1001 r Y  ( 1  1 1  I 
Y t U K ~ 4 i T  ( Z X t f Y . 3 t l X e  I H I  P l O O A l t l h 1  t 2 k t E l U . 3 9  1x914)  YPLLC.36 

YPLL I .2  

LlAPLk  / O L K l / X ( 2 5 7 l  
DIMENSIL I ’V  Y l l l ~ K M A P l 1 L O l t I S L A L E ~ l I ~  
DATA K B L A h K t K Y / l H  t l H * /  
DATA I S L A L E /  
DJ 2 I=lr100 

2 KMAP( I ) = K b L A h K  
C.,..PRINT B E G I N N I N G  CF GRAPI- 

- 

C= lOO.O/ (PHAX-PMIN)  

SLAL € = I .  d/L 
M=C* PH I d  

Y P L L l . 3  
YPLL I .4 
Y P L L I . 5  
Y P L L I . 6  
Y P L L  I .  7 
Y P L L I  .8 
Y P L L  I .9 
Y P L L  1-10 
Y P L L I . 1 1  
YPLL I .12  

c 
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0 Y u2.5 
101 02 HS 
00102 A 3 .  l h  

3.40YY9.00 0.30102.00 30.00 5.00310.00 
3.409SS.CC 0.30114.00 39-00 5.00315.00 
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****L***t,*4**44*00+******4~*~0*****+0~**4*4~*0**4*********4*********0***4**~*** 
* 4 * PHOGRAC FKPSO 0 
0 t 
* + 4 + * * * + * t * * * + ~ * * * * * * * * * * * * * ~ * * + ~ * * * * * 4 * * 4 * 4 * * ~ * * * * 4 * * * * * * * * * ~ * * * * * * * * * ~ 4 * * ~ * 0 * ~  

F K  PSI) 9 7 s 5 JO. 4 7 1209 s L I b k 
O I S K H O G v 1 4 3 0 0 .  
RUN76 t SC NL I77 1 7 .  
FETLHNT v TAPE>r U J  t Z L j 0 4 r  I t  . 
FETCHP 5 t dKYLGOb r L D S L L  I bC\LL. 
COPY1,TEMPvL IJ .  
R F L ~ t 3 1 S U J J .  
L I N K , X , F = L G G , P = L I ~ , P P = [  L C 1 9 5 9 4 9  1.  
EX1 1. 
RETURN 1 LGO P L I tr 
DUMP, 0 -  
F l h .  
GDSLL.  
RE T UK N t T A P t 4 '1 t (I L) SL C . 

F E T C H P S , ~ K Y U L I ~ , T E ~ P , L ~ ~ .  

I'HbG6 At4 k K b ' S O I  I I \ P U 1  ~ u L I I ' U T  ~ T A P t 3 r T A P f 4 S , T A t ' t 5 7 ~ T & b ' t ~ 2 ~ T A P E ' ~ 3 ~ T A P t ~ c ~ ~ . 2  
1 4 1  I-KL.3 

FK2.4 
C L L L L L L C L L L C L ~ ~ L L L L L L L L C L L L L L L L L ~ L L L L L L ~ L L L L L C L L L ~ L ~ C L L L L L C ~ ~ C L ~ L L C C C L L L ~ ~ K ~ . ~  
C Flc2.b 
C .  T H I S  P<s~GrlA's  CIEADS T h t  O I L I T & l  DATA I l l  TAPE 3 1  THE64 LL IMPUT~S THE FKL.7 
C .  L O t i E H E s L E  t 3 F T r r E f . h  ANY Tnl .  S T I S Y I l M E l t P  CUTPJTS AND/OR ESTIMATFS T H t  FK2.b 
C. F R E L U E l ~ L Y - k ~ ~ t h U V ~ t H  P i h t p  SPFCTNDL C F h S I l V  ( F K P S D J  AT THE FKL.', 
C .  F K t P U E d L I E S  S P E L l F l L - U  bY FI 'EO(RFV1h:UFY)) .  FI(L.10 
C. THE T A P t  3 I S  GENko<ATtlJ b Y  T h k  PRubkAE'  ( L L I ~ P )  k H l C h  Ul rPAcKkS ANL FK2 .11  
C. THANSLATLS THf T A P t  5. T k F  TAPF 5 IS L F N t k A T E D  d Y  Tht G I G I T I L E K  IN FK2.12 
C. ThE H A V I L A i \ r O  HALL. t A L H  L J I G I T L L  RECGCL T F  2 5 U 0  PCINTS IS I4ORMALLV FKd.13 
C. U I V l O t U  I N T u  2 4  DATA b L u L K 5  E A C d  HAS 64 PC1'4TS. T H t  NJMbE4S OF DATA FK i .14  
C. BLUCK AhU UATA P C l l r l h  P h L  C S S I G h t G  L Y  THE I l r P J T  CARUb AND THE FKL.15 
c .  O I M ~ N S I J N  rib S O Y E  VAI{IAJLLS. FK2 .16  
C. FhPSO L A N  U C  E S T I M k l E D  U V  COivVFhTIChAL  d E A V - F C r N I N G  M E T H O D  I B F M )  OH F K 2 . 1 1  
C. H I Z d - R c  S O L 4  I 1  LNAC METHOd (CAI( I M U W - L  1 K t  L 1  HCCd WETHOG, MLH) B Y  S P t L I -  FKL .  1 d 
C. FVIprC I L L N V E N = l  1.h 0. F K 2 . 1 9  

F K 2 . 2 J  
C. AMGAIN = C A l h  CF Thf A M P L I b I E k  S E T  l h  T H t  F I E L D ,  Ih  Ub. FKZ.LA 
C. UMPFT = U A M P l h G  t A C T c l h  LF THE S E I S # L M € T t k .  FK2.22 
C. G A I N  = THc COhRFLTIUNnL FACTGR FOR A P P L I F I E R  ANO VCL F U L L  SCALE AND/ FK2.23 
C. O H  T H t  P G L A H I L A T I O h  OF T H E  SEISWLMETER. FK2 .24  
C. I C O H E R = l  THE PHU6RAP LCMPLTES THE CCkEPENCE. FK2 .25  
C. ICONVEN=A T H E  PRO-RAY E S T I n A T t S  TClt I -KPSL BY L C J N V F ~ T I O N A L  METHOD.  FK2.26  
C. I F K P L b T = l  THL P R ~ C H A P  G t h E R A T C S  A CLCK FLR L A L L L P P  PLLTTER. FK2.27 
C. I F K P S D = I  THC P K b G R i M  k S T l V A T E S  FKPSC. FK2.2 d 
C. I S K A H H = l  THE PKULHAM S K I P S  THk 3 1 T A  CF T k E  k H C C E  ARRAY. FK2.29 
C. I T R A I Y S = l  THE PHbGKAH b l V E S  T H t  THAhSCEH F U h L T I U Y  C F  THE ARRAY INSTEADFK2.30  
C. OF FKPSI). FK2 .31  
C. MLF = M&XIMUP L I K t L I H L I C O  F I L T F C .  t K 2 . 3 2  
C. MTAPEK%= P F N C E N l A L E  U t  D k l A  P I i I l J T  Ih 1 k E  k € A C  AN0 TI-E T A I L  OF F A L H  FKZ.33 
C. DATA b C b c K  ARL T L t P t H t O  CY HAf'ClNG WIYDOk.  FKZ.34 
C. ( N A V l * L I + l  NAV = hL.  Ut THE b IJJCLEN1 FdEUUthCY LLf4PuNENTS t l E I N G  FKL.35 
C. A V L kA',t- L - FK2.36 
C. NEMA,: = THE P A X I P L M  NC~VHLR OF LIATA C L f L K  USEE TU t S T 1 M i T l  FKPSD. FKL.37 
C. h f 3 5 1 2  = Nb. UF UATA o L L L K  S E L L L T E D  IHLM EACH SEISMOHETEK (JUTPUT. F K Z  .3d 
C. hFYI"rl\FY) A d  DKHAY OF S t C U E h T I A L  h J P t t W S  CF FREUUtNCY CiJMPilhENT FK2.35 
C. OF P l K X , K Y  r k k E C 1 .  FK2.45  
C. N h F Y  = N u M B t H  OF tKFOUFIYLY LCVPONFNT CF P(KX,KYIFRLJJ T O  BF CALCULATEFK2.41 
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. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
c. 
C. 
C. 
C. 
C. 
C. 
C. 
C. 
C.  
L .  
L. 
L. 
C. 
C. 
C. 
L. 
C. 
C. 
L. 
C. 
L. 
C. 
C. 
C. 

0. 
hFP = S t i , U E i r T l A L  hUMbtR LF FRELUEhLY L L M P C M h T S  B € I N G  USED TO 

NKk  = INb. UF TH€ X-hAVFNUMb3EH Cb*fJLhLhTS. 
NKY = NO. I lF  THE Y-kAVFhUMEER CCPPUhENTS. 
NPLEV = NO. OF THE LGNTllUI( L E V E L S  I h  A FKPSD P L O I .  
h P T F  = NUM6tR u t  FREbUFNLY Cr lMPLh tNT.  
NPTT = \U. .It DATA P L l h T  I h  L ~ C H  CATA ULOLK. 
NS = YllMG€I( OF S t I S M C M F T t C  I N  T H t  AnHAY. 
N S M P  = MI. , I F  r H F  S A M ~ L  I ~ G  PnI r ,T  I N  F I L ~  P F L I I R C .  
k V A L  = I J I G I T A L  T l M t  S L K I r S -  
N V S O I I ~ V S D I J L l  = hL. LF AFdAY t L t r l f i - 1  E X r t L T I ; \ L  T L  H A V i  VSD PLLT. 
N 2 5 0 J  = NC. OF RELCICC ( 2 5 0 0  DATA P U l l v l S l  OF F A L H  SENSLIH O J T P J T  

L A L L U L A T E  F-K SPECTRLM. 

NEE3S T l M t  COhYEClIbN CUE TU IMPhOPEh STARTING T I M E  I N  THE 
T A P t  DWIVEP O t  T t - €  D I G I T I L F Y .  

PMAXREF = R€FERENT POkER L t V E L  F D R  T k F  PAXIMUM FKPSD. 
RCLUT I CUT OFF FHLQUEhLY L F  THE RC F I L T E R  S E T  I N  THE A M P L I F I E R .  
HECLEN = THF L € h G l k  OF F P L H  R E C U r ( C ,  I h  $ E C @ Y D S .  
K u  D A ’ l P I N e  K € j l S I A h L f  (‘F T H E  S E I S M W P L T t H i  I h  KILP-WINS.  
14s = C L I L  K F S l S T A k L E  L t  l h t  StlSVLKETfkr Ih  hILCl-OHMS. 
S Y  = S i ) r ~ l h . . ~  M n T h l K ,  L 0 H E ” t Z C Y  * P I P I A .  , \ P k @ A L l l t L  SPECTRAL M A T P I X  
sk1i.tt-v = ( I P ~ ~ A T  I r rJnL Y ~ T P I X  
SPALI; = 1t-C M I I \ I Y v P  I ’ I S T A h L F  b E 1 k t t i . r  1hf ’  S € l S f i ( J V C T k R S  114 THE ACkAY, 

r E h P  I ) \  V t T F ” .  
S l A  = hbkAV L I L A l I L h  

X = ( r \ l 4 . K N )  T H E  L ~ L i ’ O l h A l t  C F  THL  S t l S Y U V t T E P  L L L A T I d h .  
XF = N U D l F l E O  F l l l l h l t Y .  C S E t F I C I F k l S  C f  NVAL. 
X K l h  = L u r F k  L t F T  C C R l . t P t U  VALUE C F  X K A  AhD VKY 
N P l t V  = S l L r  U F  ThF AKPAY ( P L k V E L l .  
P L t V E L ( Y P L E V 1  C u h l L U k  L F b F L S  irF FKI‘SL P L L T ,  IF1 U O .  
VLOkS = V L l l  F J L L  SLALC S t T  AT F I E L D ,  I N  VCLT. 
V S l h P T F I  = V t L O L l T Y  S P t L l k b L  O E h S l T Y  
W(I \PTT I  = H a P 1 4 l  4G wII~CIUV. h E l L H T l N G  I - I J ~ L T I O I V  A P P L I E D  Clh T I M r  3PYA1‘4. 
kSPA( iqS  I SPAT I u L  h E  I G H l  IhG f ~ . i \ c l  I b r u .  

S T A T  = ~ I I E s u T I ~ - I L A T I L I ~  F ~ F .  E A L H  S E I F H b P L T f h  b ~ 1 2 , J T  I h  THk APPAY. 

FK2 .42  
F K 2 . 4 3  
FK2 .44  
F K 2 . 4 5  
t K 2 . 4 6  
F K 2  - 4  Z 
f K 2 . 4 d  

F K 2 . 5 0  
FK2 .51  
F K 2 . 5 2  
F K L  -53 
FK2.54  
FK2.55 
F K 2 . 5 6  
FK2.57 
FK2 .5d  
FKZ. 5 5  
F K 2 . t J  
F K 2 . 6 1  
F6L.LL 
F K ~ . L ~  
F K L . C 4  
FK2.65 
FK2 .LL  
FKZ .t I 
FK2.60 
FKZ.65 
FK2.7, 
FVC.71 
F n d . 1 2  
f 6 2 . 7 3  
tK2 .7*  
FK2 .73  
FK2 .7b  
F K 2 . 7 7  
FK2 .7d  
FKL .75  
F K ~ . G O  
F h 2 . 6 1  
FK2.C2 
FKZ.b3  
FK2 .84  
FKZ.b5 
F K 2 . 0 6  
FKL.67 
FK2.80 
F K i . 6 9  
FK2.90 

FK2.4‘3 

‘_ .. - I  
C.....AUT’iUR A L t R t b  L I A E I G - L h l  L l A h .  
C E N G I k E E R I N G  GEUSCIENCF 
C UNlVEI (S1TY U F  C A C I f L R N I A .  L!.ERKELEY 

F K 2 . 9 1  
C.....DATE S€PTEHDEH 1 9 7 7  
C 
L L C C C L L C C C L L C C C L C L C C C L C C L C C C C C L C C L ~ C L C ~ C L ~ C L L L C L C L C L C L L C ~ L L C L L ~ C C C C C ~ L C F K 2 . 5 2  

FK2.93  

” .  

, . , -  I *  
L L K P L € X  L Z t R D .  GATA, CEN.Sf 9 EKX, A, T I ,  E rSi l ’OJL,MLFv SUMFJP:,LFLN~ SUHQL FKZ -94 

. ,  FK2.Y 5 
Fh2.96 

CUMPLEX F vU€TvFF 

FK2.97 
COMPLEX bYTEMP 

FK2.9b 
CI lMPLEX ‘ V I  SHNPF 

FK2.99 
CUIYPLEX 1.61 
LAFGC C . S H ( l Z v l L v 1 2 6 ~  

, ? e  

‘ 1  



-162- 

LAN(;€ C.XF 1 1 2 r 2 4 r  b 4 1  FK2 .100  
D I M E N S I O N  P M A X 0 8 1 2 0 1 ~ F Y P l 3 0 1  FKZ.101  
D I M c N S I O N  S M N P F l 1 2 r l Z l  FKZ.102 
D I M i N S I d d  V I l L r 2 4 1  FK2 .103  
D I Y E N S I U N  N ~ P L l 2 5 U O l  F K 2 . 1 0 4  
DIf lEkSIUhi  X ( 1 L l r C L F l I L I r E K X L l 2 1  F K 2 . 1 3 5  
D I M E N S I O N  N F V ( 5 3 l v F K P C A X 1 5 0 1  f K 2 . l O b  
DI Y t  NS I l J < g  b A T A l 5 1  L l  r N P l 4  l r  4 1  I F K L . 1 0 7  
O I M i k 5 1 b ~  S P t C S 1 1 2 1  r N S K I P I 1 0 1  F K Z .  1 O d  
D l  M C h S  1 CJ? PHASc l 2 2 b  1 ,  k 1 5 1 2  I . T I  2 2 6 1  9 N I b  ( 1 L  J t *SPA1 1 L l  r D T  IME( 7 2 1  rNVSUFI (L  . 1 3 4  

l ( 1 L )  F K 2 . 1 1 0  
LbM'ILk / L1L K 1 / t h t r! I 2 2 6  I F K 2 . 1 1 1  
CdM1UIU / d L K L  / C O H I 2 2 0  J F K L . 1 1 1  
C A M O N  / B L K 5 / S T A T F i I l L J  FI(2.117 
LOMMON / 1 5 L K ~ / X K l 4 1 1 r Y K ( 4 1 1  FK2.1 I* 
COMYUN / B L K 8 / P l 4 1 v 4 1 )  FK2 .115  
COMMJN / oLK9 /hKXINKY f K2.116  
COMYOY / d L K l O / P L E Y E L  I101 r N P L E V  FKL .  11 7 
COMMON / E L K A l / S T A l L )  FI(Z.118 
Cul l  I U N  / ~ L K ~ L / V L L I ~ I ~ ~ ~ V F L I  A Z I  V U 1  5 1  FI(2.119 
CC'4ViJV / d L h l J / t H R b d (  1 6 4  1 rtRKuLllL+ 1 FKL. 1 L J  
Cdk' 1 I \  / JL K 1 4  / V  S I L L  6 1 v PB t 5 1 L t I*?  T F F h Z  - 1 2 1  
DATU M l & ? k d / l O /  FKZ. 1 L Z  
d A T A  Z Y b / l . L 4 > /  FKZ.12; 
DATA tqr X / 4 l /  . i \ K Y  / 4 1 /  FK2.114 
D A l A  PMAAREF/ lOJCJ .O/  F K 2 . 1 L 5  

FK2.126  
L A L L  S t L L X O ( T I Y E 1  F K L . 1 2 7  

F K ~ . 1 2 c  
c..*..------------------------------------------------------------------ f K C - 1  2 9 
C.....RFuO I N P u l  h A l A  F K Z .  1 3 J  

k K L . 1 3 1  L..... .................................................................. 
PHI JT I 4 t T I M F  F I (2 .132 
REA? 1 r F  ELLEkv h P C h r  hSP P r h t Y P X  t N 2 5 J b  F k 2 . 1 3 3  
I L U  4.0 FKL.  1 3 4  
S T A I  2 I = O  FKZ.135  
C Z € R O = C Y P L X l  U.CvO.O1 F K 2 . 1 3 6  
C I = C H P L X l  U.C, 1.0 1 F K 2 . 1 3 1  
S P t  c 5 ( 12 1 =99. FI(2.15M 
1.1 P r T = L * * N PCI F K 2 . 1 3 5  

C. DUE 1d Tht  L I f l l T  U t  L L P t  S E T  M & X .  i uPTF=226 .  F K2.140  
NPTF=NPT T/2 t K 2 . 1 4 1  
IF lNPTF.GE.2261 N P T F = Z 2 6  FK2 .142  
S A d l N = H € C L E N / F L O A T ( N S M P - I  I F K 2 . 1 4 3  
PER100 = l S A M I N l * F L O A T ( N P T T - l l  FKL .144  
P I = 4 . * A T A N l 1 . 0 1  f K 2 . 1 4 5  
P I 2 = Z  . 0 * P I  f K 2  . I  46 
C A L L  H A Y P I  N l  N P l  T VI' IL r k r E N U I  t K L . 1 4 7  
P l = ~ I P T T * H T A P t R / l O O  FK2 .146  
M Z = N P T T - M l  FK2.149  
NTAPEk=O F K 2 . 1 5 0  

R E A D  Zv h P L E V v  I P L E V t L  ( I  I t  I = l r  10) FK2 .151  
FK2 .152  

DO 110 I = l * N P l t  FK2 .153  
110 F R E Q I I I - F L O A T 1  I l / P L R I C L :  F K 2 . 1 5 4  

F K 2 . 1 5 5  
R t A D  3 r I L ~ i ~ V L N t 1 F K P L L T v h V S O P L I o r l P 1 , 1 1 l  FK2.150 

I F  l ICUNVEN.HF.11 CC T C  149 FKZ.157  
DO 1 4 0  l l l . 1 2  F K 2 . 1 5 8  

140 k S P A I I l = l . O  FKZ. 1 5 4  

1 P A L I N r S T A l  A 1  FK2.161  
198 R E A D  4 r M i l R E 2 r I C C H E R r I ~ K P S D r l S K A F ~ r N S r N A V l ~ I l ~ A N S r N ~ ~ r B ~ C U l r S C A L K r S F K L ~ l 6 O  
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. 
220 

2 2 7  
LZY 

c. 
C. 
C. 

3 7 3  

3 7 7  

460 

REAG 5 ~ N Y F Y r I N ~ Y l l ) r I = l ~ N N ~ Y )  
N F l = N F Y l L I - N F Y i  11 
DO 2 2 0  1=2,NNFY 
I 1 = 1 + 1  
h F 2 = N F Y I I l ) - h F Y i I )  
I F  i h F l . h E . N F 2 )  G[J 111 2 2 7  
IFKYPL.1 
Ik i l 1 .GE.Nh l -Y )  GU 10 2 2 5  

C J k T  IhOt 
G J T i l  22'V 
I F I ( Y P L = d  
LCli.1 I h L E  
STATt '4Ea-4TS F k 1 . 1 7 0  ANlJ I -KL.22L A h t  USED d N L Y  kHEN THAT 
3 KCCUROS/ARK&V E L L F E h T .  h 2 5 0 0 = 2 ,  &NU T t i €  I - IdST HELL)QU b € I N G  TU 
E S T I M A T E  FKPSD. 
I D E L = - l  
NDT 1 ME =IJ 2 5 OO*h S 
READ 
NAV=hAV 1 + 2 + 1  
N A V L =  J P T k - N A V l  
XK 1 q =  1 - I .  01 / lZ.O+SPA, I h  I 
X K I N = X I (  I l u * S c A L K  
D E L ~ ~ l - L . O * X K l h l / F L O A l l ~ ~ X - l )  
REAL) 
IF ~ t I , k ~ 5 L l h P J T I . l u k . J )  CCI T C  L 6 7 ~  
C d L L  S t L b h i r I T I M ' l  
P R I h t l  1 4 r 1 1 H i  
N S K i l ? h  = I) 
OU 7 3 3  J - l r h S  
~ S L U N = N S L I J N + I .  
K E A 0  B r ~ T ~ T ~ i N N S K I P ~ i h S ~ I P l l J ~ l ~ l ~ ~ ~ ~ ~ G A ~ t ~ ~ H S r K ~ ~ ~ ~ P F T  
PRIEvT 1 5 r S T A T v N P T T r  ILCbEHe I F K P S D I S T A I ~ ) ~ S ~ A C I N ~ X K I N ~ ~ ~ E L ~ ~ X ~ J J  

6 ,  i D T  IHtl1 J e l = l r h C 7 1 M F  I 

7 9 I X I  I I r 1 - 1 ,  NS I 

P H I  NT l b r  I COflVEEvt I F K F L L T  t h V S U P L  , G A I  h 
fri3512=0 
M =  3 
GI3 TU 3 1  7 
P d I N T  1 7  

REAO ( 3 1  i N D A Y S I N H L U R S r ~ l Y l h S E ~ )  
I F  l t O i - i j ) . h E . O )  GI, 1 C  3 7 5  
REAO ( 3 1  i N C A Y S T , h ~ C J S T , H I ~ T , h S E ~ T )  
R t A D  1 3 )  I S T A T N i J l r N a r J J )  
I F  i S T A T N i J ) . b E . S T A T l  GC TU 2 6 7 5  
READ131  i N V A L l I I ~ 1 = l . h S H P )  
R t A D  1 3 )  ( M O R E )  

I F  i ISKAMR.NC.0) GO T D  6 0 2  
DL, 46J I = l r d N S K l P  
1F 1 N U . E C . N S K I P i I ) )  GO TU 6 0 2  
CONTINUE 

F K L . l b 2  
FKZ.165  
F K 2 . 1 6 4  
FK2 .165  
FK2.1 b6 
F K 2 . 1 6 1  
F K 2 . l b b  
F K 2 . 1 6 9  
F K 2 . 1 7 0  
F K 2 . 1 7 1  
FK2 .172  
FK2 .173  
FKZ.1 14 
F K Z . 1 7 5  
F K 2 . 1 7 5 1  
F K Z  . 1 7 6  
F K 2 . 1 7 7  
FK2 .170  
FK2 .174  
F K 2 . 1 6 J  
FKL .161  
F K ~ . ~ G L  
FK2 .1  ti3 
F K 2 . l b 4  
k I ( L . 1 6 5  
F K L . l b 6  
FK2 .167  
FK2.1 A i l  
FI(2.169 
FK2.1Y.. 
F K Z . 1 9 1  
FK.?. 1'92 
F K 2 . 1 9 5  
F K 2  -1 5 4  
F K 2 . 1 2 5  
FrCL.19L 
F K d . 1 \ 7  
F K2.196  
FKL.1YS 
F K L . 2 3 9  
F K 2 . 2 0 1  
FKZ.202  
FK2 .203  
FK2 .204  
F K Z  -205 
FKZ. 2 0 6  
F K2.207 
FKZ.  Z O L  
FK2.205  
FK2 .210  
FKL .211  

4 80 

5 1 0  

S H I F  T = O .  0 
ULI 4 8 0  I l i L = l , h r S H P  
S H I F T = S H I F T + F L O A T i N V A L (  1 I ; L ) )  
C O h  1 I NUE 
SH I F T = S H 1 F T /F L CIA T 1 1.1 SMP 
DO 510 I U C = l r N S H P  
N V A L I I  I L )  = N V A L i  I O C ) - S k ! I t - T  
CON1 INLIE 

F K 2 . 2 1 5  
F K Z  .Z  16 
F KL.217  
FKL .218  
F K2.2 1 5  
F K 2 . 2 L b  
FK2 .221  
f K 2 . 2 2 2  

7 -  - .  



L J = l  

L. S E E  IuUTE A T  F h 2  
1 DEL = 1 D t L + 2  

N A d V = C T I M E I  I U E L  
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I F  l A b 5 1 L . G t . h B h A X )  GD 70 7 2 6  

' 7 2 0  L O N 1  INUC 
L J = L J + R P l T  
L J L K = L J + h P T T  
I f  1LJLl t .LT.NSMP) bf. TL 5 L l  

7 2 5  IF IMUHE.NL.J) GC IL 3 1 1  
. 7 2 6  I F  (M iJkE.hE.0 )  GL Tb 3 1 1  

NR f(,= Nb:, 1 2  

CALL StCbNfJlT I M t l  
7 3 0  L J N T I N U C  

P q I N 7  1 4 , T I H L  
Pf. I I d 1  2 2 ,ND 5 1 2  9 NAV 

F K 2 . 2 7 0  
FK2.272 
f K L . 2 7 3  
f K 2 . 2 1 4  
F K 2 . 2 7 5  
F h Z . 2 7 t  
f K L . 2 1 7  
F K L . 2 7 0  
k K 2 . 2 7 9  
fK2 .280  
F K 2 . 2 8 1  
F K 2 . 2 8 2  
FK2.283 
F K 2 . 2 8 4  

c 
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f K 2 . 3 d i  
FK 7.304 
F K 2 . 3 8 5  



. - . .. . .. . 
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. .  
D J  2160 JS-1 ,NS f K 2 . 4 9 7  
DU 2 1 5 0  L S = l t l u S  FK2 .44 .1  
) U ~ ~ J L = ) U C , J L t S r h P F ( J S , L S )  FK2.455 

2 1 5 0  C O N T l h u t  FK2.5GJ 
2 1 6 0  C O N T I N J E  F K 2 . 5 0 1  

DL) 2 2 1 0  J S = l t N S  f K 2 . 5 0 2  
s ~ Y u L = l o . o , o . ~ )  FK2.SO5 
DO 2 1 7 3  L S z l v N S  F K 2 . 5 0 4  
SUo4CJL=~JHOL+SktvPFl  JS,LS F K 2 . 5 0 5  

2 1  70  CDhT I N J E  F K 2 . 5 0 6  
H L k l J S J = S U H D L / S b H ~ J L  F K 2 . 5 0 7  
M L F I  J S I = L u N J 6 l M L F I J S l  ) F K 2 . 5 0 8  

2 2 1 0  C J N T l N U t  F K 2 . 5 0 9  
GO TCI 2 2 2 4  F K 2 . 5 1 0  

F K 2 . 5 1 1  
2 2 1 3  D J  2 2 2 0  L S = l , N S  F K L . 5 1 2  

H L F 1 L S ~ ~ C H P L X 1 ~ S P A 1 L S 1 r C . O )  FKL.5 1 3  
2220 CONTINUE F K 2 . 5 1 4  

F K 2 . 5 1 5  

T X = R E A L l X l J S J )  FKL.5 1 7  
T Y = A I M A G l X l J S l ~  F KL.5 1 8  
B E X P = X K l  K X I  +TX+YK (KY ) + T Y  FKZ.5 19 
b E X P = B E X P * P I  2  f K 2 . 5 2 0  
E=CMPLX(J.O, BEXP) FK2.521 
EKA I J S )  = L t X P  I E F K 2 . 5 2 2  

F K 2 . 5 2 4  
F K L . 5 2 5  c..... ................................................................. 

C.....ESTIMATE FKPSO F K 2 . 5 2 6  * 
FK2.527 '..... .................................................................. 

SJM=O. F K 2 . 5 2 b  
N 8 L - 0  FK2.52Y 
DO 2 3 2 0  M r l p N H E C  F K 2 . 5 3 0  
SUMF UN=CZ€RO f -KL .531  

F K L . 5 3 2  DLJ 231U J S = l v h S  

2 2 2 4  DO 2250 J S z l t N S  F K 2 . 5 1 6  

2 2 5 0  ' C O N T l h U i  F K 2 . 5 2 3  
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, 

23 10 

2320 

2 3 4 0  
23 50 

2 3 5 3  

2 4 5 4  

2 4 5 7  

24 7 0  
2480 

2 5 1 6  
2530 

P R I N T  3 1 ~ F F E U L Y ~ S l A l 1 l ~ P M 4 X l t X K l ~ ~ C E L K ~ h F Y ~ ~ F J  
P N l l J T  3 L  

PkIs . lT  35 
D u  Z 4 a b  K Y = l , N K Y  
00 2 4 7 L  & k = l t h K X  
P I K A  t K Y  I = l U . U * A L i b l U l  P( KX, KY 1 / PMAX 1) 
N P l K A t K Y  J = - l O + P ( K A r K Y  I 
I F  ( t ' ( K A , Y Y I . L T . O . O I  GL TC' 2 4 7 0  
XK2 4 A X = X K l  K X  J * X K l K k  I 
Y K P 1 4 ~  A =  VK I KY 1 *Y K I KV J 
h V L L  = W c L + l  
DELKH=U.S*DELK 
T E M ~ K = S ~ ~ T l X K P M A X + Y K ~ ~ A ~ )  
I F  lT fM9K.LT .DELKH)  GL T (  2 4 5 4  
V t L l  N d t L  J= I -REOLY/TEkPh  
GCI T I 1  2 4 5 7  
V t L 1 NV I- L 1 = bS 4 .  ' a ~ 9  
TH€TA=u .  450 
AZI:-lJ I h V  t L  I =  C.030 
GO T O  2 4 1 5  
CONTINUE 
T t l E T A = 5 7 - 2 Y 5 ~ * A T A N 2 1  Y k t K Y l  r X K I K X )  b 
A Z I H J ( N V t L J ~ 9 0 . 0 - T H E T A  6~ * 
I F  I A . ?  IMUI NVEL 1 .GE . O . O l  GO TO 2470 

CON1 I NU€ 
CLllJT INIIC- 
DO 2 5 3 0  JKY= l ,NKY 
J Y = N K Y - J K Y + l  
l k  l JY .EJ .21 )  GC T O  2 5 1 6  
P R I N T  3 4 , I N P l K X ,  J Y J  . K X = l  ,NKXJI 
GO TCJ 2530 

CUhT I tvUE 

P R I N T  32 
P R I N T  3 6 , l V E L l I U ) ~ I V ~ 1 ~ ~ V E L ) ~  , ' 
P R l N T  3 7 t l A L I M l r l I V ) , I ~ ~ 1 ' , N V € L )  . + ' 
I F  l IFKPLOT.EP.1 )  C A L L  F K P L C T l F P E O C Y t I C O N V E  

A L I M U I N J E L  15360 . O t A L  I M U I N J E L )  

P R I N T  3 5 , l N P l K X t J Y ) , K X = l r N K X J  . '  
P H I N T  3 3  

F 6 2 . 5 5 5  
F K 2 . 5 5 6  
FK2 .557  
FKZ.556  
F U 2 . 5 5 3  
FK2 .560  
FKZ.CIL1 
Fl'. 2 . 5 ~ 2  
FKZ.5L5  
FKZ.204  
F K 2 . 5 0 5  
FKZ . 5 u 6  
F K 2 . 5 6 7  
FKZ.566 
FKZ. 5 L v  
FKZ. 5 7 0  
F K Z  - 5  7 1  
F K 2 . 5 7 1  
F K Z . 5 7 3  
FK2 .514  
FKZ.5 75 
FKZ. 5 7 6  
F K Z . 5 7 7  
FKZ.578 
F K 2  -519 
FK2.5&0 
F K 2 . 5 8 1  
FK2 .562  
FK2 .583  
F K 2 . 5 8 4  
F K 2 . 5 8 5  
FK2 .586  
FKZ. 5 8 7  
FK2 .588  
FK2.5115 
FK2.5'10 
F K 2 . 5 9 1  
FK2 .592  
FK2 .593  
FK2.5Y4 
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L A L L  SYHLLNT(P,NKX,NKY)  FK2 .595  
CALL  S E L d N D i  T I  hE) FK2.596  
P R I N T  1 4 , T I H E  FK2.5Y7 
IF (NF.FC.N~+Y.ANO.MORE~.FQ.O) cc TC 2600 FKZ.54C 
L A L L  N X T f - R M ( S P f C S )  FK2.5YY 

2600 CIJNTIMJE F K 2 . 6 0 0  
F K Z  -60 1 

DO 2650  l = l r N N F Y  FK2.602 
k F P = k F Y ( I I  FKL .605  
F Y P ( l J = F R t U ( Y F p J  F K 2 . 6 0 4  
P H A X J b i  1 )=10 .0*ALUG10(FFPt ’LX  I 1  4 I P H A X k E F  1 F K 2 . 6 0 5  

P R I h T  3 9 ~ I ~ N F ~ ~ F Y P ( I I . F ~ P C ~ A ~ I ) ~ P ~ A X D t ( l )  FK2.  6 0 ~  
26 50 C G N  T I N u t  F K 2 . 6 0 7  

I F  (1FKYPL.EU. l )  L A L L  V P L O T ~ P M A X O E ~ 1 ~ N N F V ~ l ~ 3 O ~ ~ ~ 3 O ~ i S T A ~ l J ~ l ~ F Y P ~ F K 2 ~ 6 0 ~  
2671 I F  (MORE2.NE.O) GL T O  1 S 8  FK2.605 
2 6 7 2  CALL  GOSEND(SPECS)  F K 2 . 6 1 0  

FK2 .611  
2 6 7 5  P R I N T  4 0 1 J i S T A T N ( J l t S T A T  FK2.612 

F K Z . 6 1 3  2 7 1 0  C O I - ~ T I M J E  
CALL SELOND I T 1 M E  1 FK2.614  
PRIt \ l  1 4 r T I M k  F K 2 . 6 1 5  

FKL.6 1 C  
FKZ.617  

1 FdfiHAT I F 5 . b 9 4 l 5 )  F K L  -6 l b  
2 I - O K H i i l  ( I 5 . 1 C I - J . O J  FKZ.619  
3 F u K l A l  ( 1 5 1 5 )  F k 2 . 6 2 0  
4 FORMAT I ~ I Y , ~ F > . O I A I U )  F K i  .6L  I 
5 FOI(MAT ( 1 b 1 5 1  F K 2 . 6 2 2  
6 FuR’lLT ilob5.3) F K 2 . 6 2 3  
7 FJHWAT ( I O f - 8 . 4 1  F K 2 . 6 2 4  
8 FJKXAT ( A l i J , ’ l O I 2 ~ 4 F 5 . U I  FK2.625 

14 FOR(YA1 I l S A , * T I M F  = *,F15.41 F K 2 . 6 2 t  
1 5  FJRhvT i l H O s / / / , l 7 P  ,33X,*THE DATA CANE FRGM * , A l U F K L . 6 2 7  

1, / ,5 ’ lX,* lubkutK bt P C l h T  I N  l l N E  UbPAlhr * ~ 1 4 ~ / v 5 b X ~ * I L O H € R  = * , I l F K 2 . 6 2 0  
l , / r 5 U A ~ * I F K P S D  * * I l , / v 5 O X v * S T A  = * , A 1 0 ~ / , 5 O X ~ * S t I S M J M E T E ~  S P A C l h F K L . L 2 5  
16 I N  KM = ~ , ~ 6 . 3 1 / 1 5 0 X , * I N I T I A L  KX ANO KY * 1 F 7 . 2 1 / 1 5 0 X 1 * D E L T A  K FK2 .133  
1s *,F 1 . 3 r / ~ 5 0 X ~ * C O ‘ J P O l l ~ A T F S  0s THE SFISMBHETFR I N  K M  p * r 2 F 7 . 3 1 / 1  F K 2 . 6 3 1  

16 F O A Y A l  I l H O i 4 F X , * I L U N V L h  = + , I L , / , 5 0 A ~ * 1 F K P L O T  a * 1 1 2 , / 1 5 0 X , * ~ V S D P F K 2 . 6 3 2  

P k l N T  3 8 , S T A t l I  

GO TO 2 7 1 0  

1 L  = * , I L , / r S O X , * G A I N  = * , E 1 2 . 3 1 / / )  FK2 .633  
1 7  FORHhT ( l H O , l O X , * E h n  UF F l L F  PAPK EhLCUNT€O* , / / J  F K 2 . 6 3 r  
18 FURYAT (/HO~lOX,*STATICh * , a I D , 1 3 r *  T I M E  L C H H E L T I U N  I S  *1F8.3,*  SEhK2.635 

l L U N L i S t  r iHlLH L U R K -  TU *,IS** P O l l v T S  AOV. I N  O l G l T A L  DATA.*) F K2.636  
19 FORMAT ( 2 k , ~ 1 ~ 1 3 X , 5 1 6 ~ 3 X i b l 6 , 3 X 1 5 1 6 1  FKZ.637 
20 FOKHAT ( l H U , l O k , * T H E  PRCCKAM S K I P S  THE RECORD * v A 1 0 , 1 3 1 *  A S  REPUESFK2.638 

l T E D . * )  FK2.63Y 
2 1  FORMAT ( l H 0 , / , 1 0 X , * T H E  D I G I T A L  DATA F-RCM THE S T A T I O N  * t A l O , *  G I V E  F K 2 . 6 4 0  

1 N 8 5 1 2 = 0  WHEN HbRE=O.*) F K L e b 4 1  
2 2  FOhHAT ( l H O , b X * * h C .  OF 5 1 2 P T S  C A T A  BLCCK = * , 1 5 , * i R U N N I N G  AVE. O V E F K 2 . 6 4 2  

1R *,I*,* P U I N T S . * t / )  FK2 .643  
2 3  FURHAT llH0~2X~*SMl*~//r24~2X~l2E10~2,/)~ FK2.644  
2 4  FORMAT (3FS.01 f K 2 . 6 4 5  
25 FORMAT i l H O t *  A H P L I F l t N  G A l h  = * r F t . Z r *  VCL FULL  SCALE 5 * , F S - l , * F K 2 . 6 4 6  

F K 2 . 6 4 7  
26 FOKYAT ~ 1 H 0 ~ L X ~ * S U 2 ~ ~ / / ~ 2 4 ~ 2 X i l ~ E ~ O ~ 2 ~ / ~ ~  FK2.646  
2 7  FdHHAT ( / / , 2 X i * N 6 5 l i  * , 1 5 )  FK2.649  

F K Z - b S C  28 FORYAT ( 3 X 9 * 9 5  PERLENT CONFIDENT L I H l T * i / l  
2Y FORMAT i l O I 3 X v 2 F 5 . 2 ) l  FK2 .651  
3 0  FUHHAT ( l H 6 l  F K 2 . 6 5 2  

1 RC CUT = * , F 5 . l r *  ri EAERGY * r E 1 0 . 3 1  

31 FORMAT ( l H l , l X , * F R E Q U t N C V  hAVENUMb€R POWER SPECTRAL D E k S l T Y  AT F R € F K 2 . 6 5 3  
1c lUtNCY = *,F7.2,* A T * t A l O ~ / , Z X ~ * M A X I C A L  PSD * ~ E 1 2 - 3 i / i 2 X ~ * N C F l L 2 . 6 5 4  
1 T €  THAT THt VALUES PRINTEG PHE ( - l O I l P S O / P M A X l )  I N  D b . * i / r Z X , * X 2 ~ 5 F K 2 . 6 5 5  
1 = * , F 9 . 5 , 2 X 1 * O t L T A  K = *,F9.3, / / ,2X,*NFY * , 1 3 , / / / 1 / / / / / / / / )  FKL .b56  

c 
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(I 

32 FuhHAT ( 6 4 X t l H i D )  
33 FOWHAT 1 2 X v 1 2 3 H  . 

i . . . . . .  
1 . . I  

3.r FORMAT ( 1 H U , l k . 4 1 1  
35  FJHMAT (1HO,*U+,41 
36 FORMA1 ( l H O v 2 X v * V €  

. . . .  . . . .  
3 ) )  
1319. O + )  
O L l T t  ( r .P /S 

. . .  . . .  
I = * v 5 F  

FK2.657 

J - . . a f K 2 . 6 5 5  
F K Z . 6 t C  
F K 2 . 6 6 1  
FKL.662 

0.31 FK2.663 
3 7  FOKYAT ( I H O I Z X ~ Q A Z I M U T H  I O F G k t E )  = * v S F 1 0 = 3 )  F K 2 . 6 6 4  
38 FORMAT ~ l H l ~ C k 1 A 1 0 ~ / )  F K 2 . 6 6 5  
39 FORMAT ( 2 1 5 , +  FREOUEhLY = * , F 7 . 2 , *  P A X I M J M  F K P S D  = *rE12.3sF10.3I-K2.6Cb 

1.4 3u") FK2.617 
40 I-JkMPT LIHUr///p* T I - t  PHOGRAP STCPS LLJE 1G STATN(* , IZ I * )  * ,AlOFK2.6Gc 

1.8 hHlCH L O N F L I C T S  h I T H  STAT = * , A l U )  F K 2 . 6 o i  
41  F U k M A T  1 l H O )  FK2.07, 

STOP FK2.671 

. . . . . . . . .FK2.65a 

END FK2.672 

SUBROUTINE A M P V C O ( V S r N P T F , G A l ~ , V C C F S , k C C U T )  AMPVC. 2 
AYPVC.3 

C.....SLJbYaJUTINt AHk'VLL CCRRkLTS T H t  G A 1 h  BNC T h E  LGh-PASS F I L T E P  LF  THtAYPVL.4  
C A M P L l I - l t d  AUtJ 1 H E  V L O  F L L L  S L A L t .  At4PVL. 5 

S U t R t I L J T I N t  A k l  I A L  I (  V S  P F I L  vNMh,@WLUl ,NPTF) 

C.....SJUHOUTINF A N T I A L I  IS USEU TU C b A L t C T  MUUULUS tiF THE TRANSFER 
C F U I v C l l C l N  CIF AHt)ITKAI?Y LPk P A S S  6UTTERWLkTH FILTfzR SUCH AS THE 
C A~ lT ! -AL !ASINC F l L T E R  U S E 0  I N  T H E  H A V I L A N O  hALL .  
C lYAh = NUMBEP LI- F I L T E R  STAGE 
C NPOLE = N U H O t P  tjF P O L E  L F  T k E  F I L T E R .  ' . L 

COMPLEX VS 
Lbk l4UN / B L K 1  /FR Eb ( 226 ) 
O lHENSlOIJ  V S ( Z 2 6 )  - .  
N P U L t = 4  
DL) 1 I = l v N P T F  
N=2 +NPOL E 
A=F REP( 1 1 /WLUT 
A=A*+N 
B = S Q R T I i + A I  
d=b*+NaW t -  
VS(  I ) =vs ( I )*E3 

1 CUtJTINUE 
RETURN 
END 

AMI'VL . 6 
AM?VL. l  
AMPVC.d 
AMYVL.9 
IlNPVL. 13 
AMPVL. 1 1 
AMPVC. 1 L  
AHPVC . 1 3  
A C P J c .  1 4  
A,.YPVC.LS 
AMPVL. 16 
AHPVC. 17 
At'PVL.16 
AMPVC. 1 5  
AMPVL. 2 3 

ANTA1 .L 
At iTAL.  3 
AIvTAL .4 
ANTAL.5 
ANTAL. 6 
ANTA1 7 
ANT A L  .8 
ANTAL. 9 
ANTAL. 10 
ANTAL. 11 
AhrTAL. 12 
AhTAL.13 
ANTAL. 14  
ANTAL. 15 
A h 1  AL -16 
ANTAL . I ?  
ANTAL - 1 8  
ANTAL.19 
ANTA1 - 2 0  
ANT AL - 2 1  

ANTA1 - 2 3  
ANTAL.d2 
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1 4 - Y  
0'1 252 J 
V l I v K I = V  

252  COn~TlNUE 
253 COlJT INuE 
2 5 9  CONTINU€ 

, c  

CMXDV.2 
L M X O V . 3  
CMXLIV.4 
L h X d V  . f 
LYXDV.o 
CHXVV.7 
CMX3V.9 
CWXJV.9 
LMX2V. IJ  
LMXDV. 11 
CMX9V. 12 
CMAUV .1> 
LMXJV.  I r  
LMX3V. 15  
CMXiJV.16 
CMXDJ.17 
CMXDV. 18 
CHXDV. 14  

LMXDV.21 
LAX3V.22 
c k X S V  . L 3 
CMXOV.L4 
c I4 x u v .2 5 
CnXDV.2-a 
CMXJV. z 7 
L84XJV. L .I 
C M A ) V . I I  
L M X 3 k .  3 J 
CMXJk.31 
cnx tJv .32  
CMXJd .73  
CMX5V. a 4  

c HX3V. 3 L  
CMXOV. 3 7  

CMAUV.39 
L*XDV. 43 
ChlACL.+l 
CYXDV.42 
CHX9V.43 
GMX3V.44 
CMXDV. 45 
CMX0V.CL 
CMXDV.47 
G I4XDV. 4 L 
CMXDV. 49 
CMX3V.53 
CMLDV.51 
LYXl lV .52  
CMXOV. 53 
CMXDV.54 
CMXJV.55 
CHXDV.5L 

CNXDV. 58  
CHXDV .59 

CHXOV.61 
LMXDV.62 

r m o v .  L)U 

L I4X 3v 3 J 

LMA?V. 3 b  

c YXDV .5 r 

C 8"X.I V 6 J 

6 
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W 

2 9 0  CONTINUE 
DE T =l)t T E R M  
R E T i l R t d  
ENn 

CWXDV.63 
CMXDV. 64 
C Y X D V . 6 5  
CMXDV -66 
CYXDV.67 

CONFL. L 
COHEKENCE ESTIW&TECUNFL.3  

LUirFL -4 
LLI4kL .5 
CONFL - 6  
L b N F L  - 7  
CGidFL . d 
CONFL - 9  
COIJfL.10 
C O N F L . l l  
CONFL. 1 2  
CCINkL. 13 
CboiFL. 14 
COHFL . 1 5  
C G N f  L .16 
CO'.IF L .1 I 
CUNFL. 1 d 

L.....Ti-iLS F F ?  S u n R O J T l h L  P E F F C C P S  T P t  FChhAPC FAST F O J R I E P  TPANSFORY 
C UNLY. A I - T t R  ~ L C L t Y , L F h l S t k E L C ~ p O ~ T A l h E C  FhCM L.P .  H A b I N E R  AN0 8 .  
C ~ L I L O - - - -  T t + t J d Y  AIID APPL I L A T I ~ ~  L f  D l L l T A L  S IGNAL PROCkSSING. 
C.. .. .N=2**M 
C.....A(Nl = THE AtlHAY 06 D A T P  T G  O E  TkAhSFGhMFL.  

CJMPLEX A l 1 d l  t U p h t T  
N V 2 = N / L  
NY 1 = I +  1 
J=: 
DIJ 7 I = l r l \ r P J l l  
I F  ( 1 . o E . J )  b C  T 5  I, 
T - A i  J)  
A I  J = A I  1 I 
A i  1 ) = T  

5  K=NVL 
6 I f ( K . G E . J l  GC T C  7 

J= J-K 
K = K / 2  
G3 TU 6 

7 J = J + K  
DU LO LS1.M 
LE.Z**L 
L E l = L E / 2  
u=i 1 .0,0 .) 
M = L M P L X I L C S I P I / L E I )  p S I N l P I / L E 1 l )  
O L  20 J = l v L E l  
OLI 10 l = J v N * L E  
I P =  I + L f  1 
T = A l  I P ) + U  
A t  I P  I = A I  1 ) - T  

10 A I  1 ] = A I  I ) + T  
2 0  U=J*n 

R t  TURN 

I t - .  
J ,/ I 

- -  ? 
.I I 

4. 
> 1  

FFT.2  
FFT.3 
FFT.4 
FFT.5 
f FT .6 
FFT.7 
FFT.8 
FFT.9 
FFT .10  
F F T . 1 1  
FFT .12  
FFT .13  
FFT.14 
f F T . 1 5  
FFT .16 
FFT.17 
f - F T . l i l  
FFT.19 
FFT .20  
F F T . 2 1  
FFT.22 
FFT.23 
FFT .24  
FFT.25 
FFT.26 
FFT  . 27  
f F T . 2 a  
FFT.ZY 
FFT.30 
f-FT.31 
FFT - 3 2  
FFT .33  
FFT.34 
FFT.35 
I -FT.36  
FFT.37  

. .. . 
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0 
5 
h K X )  
1) 
NKY 1 
1 )  
J 
0 . ,J 

k U L E =  1. ;1 

SPFCS ( 2 2  1-6.9 
CALL S I G V A L  I P U L E ~ F R E C C Y ~ O ~ S P E C S I  

CALL T I  T L E G i  RULE, ZHHZ t S F E C S  1 
SPE LS ( 22 I = 1.4 

VAL U t - N A V  
S P t L S l Z d l = O . O  

L A L L  DECVAL4 H J L  E, VALUEISPELS 1 

SPt.CS i L 2 1 = 2 . 5  
L A L L  T I T L E ~ I R U L E I L I N F ~ S F E L S )  
S P t r , S (  1 7 )  -0. 1 
S P t L 5 l l a l = 0 . 1  
~ P t C S ( 1 9 1 = O . O  
SPL c s  ( 2 4  1 = c. 0 
5 P E L S  I 2u I =  1 .J 
CALL  k L l D L I 8 i S P E C S I  
SPECS ( 16 1 = O . O  

FKPL.L 
F K P L  . 3  

.hS I TYFKPL - 4  
k K P L  5 
FKPL.6 
FKPL. 7 
FKPL d 
kKPL.Y 
FKPL. 1b 
I -KPL .11  
FKPL. I2 
fI(PL. 1 3  
fKPL .14  
f K P L . 1 3  
FKPL.16 
FKPL. 1 7  
FKPL.13 
FKPL.14 
FKPL. 2 J  
f K P L . I I  
F K P L . I L  
FKPL.2: 
f K P L . 2 4  
FKPL.L> 
FI(PL.26 
FKPL.  27 
FKPL.LL  
FI(PL.29 
FK?L.>" 
FKPL. 3 1  
f KPL .3?  
F I< ?L . 3  4 
Fhr 'L.  34 
FKPL - 5 5  
FKPL.30 
FKPL.37 
Fq r 'L .  3C 
fI(PL.34 
F KPL .43 
FKPL.41 
FI(PL.42 
f K P L . 4 3  
FKPL. 4 4  
FKPL. 4 5  
f l w L . 4 6  
FKPL.41  
f KPL.4b 
kKPL.4Y 
f CPC. 5 b  
k K P L  .51 
FKPL .52 
FKPL.53  
FKPL.54 
FKPL.55  
F r, P L .5 a 
FKPL. 5 7  
FKPL.  5 8  
FI(PL.59 
FKPL.6d 
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C A L L  N O O L I L l S P t C S l  
S P E C S I 1 7 1 = 0 . 1 5  
S P E C S l l d ) = O . I 5  
S P t C S I 2 4 1 = 0 . 2  

S P E C S l Z 6 l = C i . 4  
CALL T I T L E L l 1 4 H K Y  
S P t L S I 2 2  l=6 .1  
SPECS 123 1 =6.0 
SP€L SI  17 1 =o. 1 
S P E L S ( l & ~ = u . l  

C A L L  T I T L E ~ I I ~ H K X  L Y C L € S / K H l  e S P t C S l  

CYCLE S / K P l  e S P L C S I  

L A L L  T I T L E ~ I ~ J L t e l l b L F V t L S  ( C L ) i S f ’ E L S I  
SPECS ( 2  3 1=4.  L 
CALL T I T L F G I I 3 U L E e l 7 b V E L C C I T Y  ( K Y / S E L ) i S P E C S )  
SP t L  5 I 1 7  =o. 1 
SPECS1 ldl=0.1 
S P E C S I 2 2 1 = 6 .  3 
SP EL S I L d ) 1 0 
DO 5 L = l i h L  
S P t C S  123  1=5.7-G.2*l-L CAT I L - 1 )  
VAL U t = 2 L i V t L I L I 
CALL CCLVAL I d G L  t i  V A L d t e S P k L S )  

5 C d N I I N U t  
S P E C 5 l i o ) = 3 . 0  
DJ 0 L = l r Y V t L  
SPELS I 2 3  I ~3.6-3 . / W L  LUT 
V A L J F - V F L I L )  
L A L L  O € L V A L  I h L L f t k A L L E  

S P L C S I 2 2 1 =  I . C  
S P E C S  I L J I  =1:3 
DO 7 L = l i h V € L  
SPEC s 123 I -3.d-O.Z*F L b U l  
V A L U E = A L J ~ ~ J I  L 1 

6 CUldT11wbi 

L - 1 )  

S P E C S )  

L - 1 )  

f-KPL.61 
FKPL.62 
FKPL.63 
FKPL.64 
FKPL.65 
FKPL. 66 
FKPL.67 
FKPL.68 
FKPL. 6 3  
FKPL.79 

. FKPL.71 
FKPL.7L 
FAPL.  7 3  
FKPL.74 
I-KPL. 7 5  
FKPL.  76 
FKPL.11 
FKPL.78 
FKPL. 7 9  
FKPL.60  

FKPL.62 
FKPL.83  
FKPL.84 
FKPL.85 
FKPL.  ticl 
FKPL.  a7  
FKPL.8Y 
FK?L.d> 
F K P L . 9 j  
FKPL. 91 
FKPL.92 
FKPL.53 
FKPL.94 

F K p L . a i  

C A L L  O f L V A L ( ~ J L E e ~ A L U F ~ S P E C S 1  
7 C O h T I N U t  

SPECS I 2 2  1.0.3 
S P t  L S I  23 1-1 .5  
S? EL 5 1 2 -  I =4 .0  
C A L L  
SPCL S I L L  I ~ 6 . 1  
CALL T I T L E u I N U L L ~ ~ ~ ~ P C A X  t e S P E C S 1  
SPECS122  1.7.4 
SPECS I L I) I =3. 
V A L d E = F L O A T l  IPOWER) 
C A L L  D E L V A L I  R U L E i V A L U € e S P C C S I  
H E T U R i r  
kNJ  

S I c.L AL I r( J L  E i PKAY 1 e I PCh F R e 5 P FLS 1 

I + $  A :  I + ., 1 

SJbll JUT I GEOPH$N I D A T A  i 
1 ,  I .  

C.....Sd8HCLTIhE GECFHCN IS U ULITY S E N S I T I V I T Y ~  
C DAYPIt4G K E S I S T A N L E e A N D  GENERATCR COLSTANCE. 
L.....WG = NATURAL FltEUJEhCV C F  THE S E I S *  
C GS = GEuERATLR CONSTA.hCE, OF THf ,  S t 1  

R S  = L O I L  RESISTANLE.  ’ ”.. + C 
C I30 = DAMPING WESISl&NCE. 
C OYPFT = OAMPlhiG F A C T C R .  

1 

1 

LOMPLEX DATA, € 9  Pk I .  

CDHM’IN / B L K I / F R E O t L 2 6 )  

F K ? L . Y I  
FKPL.46 
FhPL .37  
FKPL.96 
FKPL.99 
FKPL.  100 
FK?L.  101 
FKPL. 1 S 2  
F K P L . l d 3  
FKPL.104  
FKPL. 105 
f KPL. 106 
F K P L  1 0 7  
FKPL. 108 

GEOPH.2 

GEO PH. 4 
GEOPH. 5 
tiEOPH.6 
GEOPH.7 
GEUPH.6 
GEOPH.5 
GEOPH.10 
GEUPH . I 1  
GEOPH.12 
GEOPH. 13 

~ ~ c l ~ n . 3  
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GEOPH. 14 
GEOPH.15 
GE w n  . i h  
GEuPn. 1 7  
G E G P H .  1 a 
GEI3PP.1'3 
GEJPH. 20 
GEUPH. L 1 

G E 0 PH .2 3 
b E  UP ti .  2 s  
LE? OH. L 5 
GEUPH.Cb 
GEflPH.27 
GEUPH - 2  D 

GEOPH. 29 
GEOPtI. 30 
GEOPk.31 
G€ OPH -32 
GtCl PH. 3 3  
GF.,,FIH. 34 
GE 11 PH 35 
G E b + ~ . 3 t  
tLuPt6 .37  
CltOPti. 3 d  
LEOI".  39 
G t ' l P V . * O  
LELPP .* I 

GFLPH.42 
LEI IPt i .43 
GElJrH.4'o 

GEnPn. 2 2  

P L C O H . ~  
PLC un . 3 
PiLOn. 4 

P L C ~ .  7 
PLt.un.a 

P L c w . 1 3  
P L c u n .  11 
P LLOH . 1 2 
PLCDH.13 
PLC on. 14 

C.....THIS SuSPCUTlhrE PLGTS TI-E COHFVENCE B E l k E t N  T I 0  SEISHOWETEk 
P L L ~ .  s 

C UJTPLITS. PLLOh.6 

CUMHIJN / 3L< 1 / X l  2 2 6 )  
CC)HM(lhi / d L K 2 / Y ( 2 2 6 )  PLCOH.9 
COMEICIY 
O l N E h S I U Y  S P E C S 1 3 0 1  t L  I h t  (4) 
S P t L S  I11 -1.0 
SPECS ( 2 1  = I  .5 
S P E C S ( 3 1  = 2 5 . 0  
SP€CS I 4  1 =0.3 

/ t iLK 13/ E PGI$IJ (164 1 t EWRtiC ( 1 6 4  

. 

c 
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€1419 

S J B R U J T I N ~  P L b T V S  

PELTRAL 0 NS I T Y  N L  

PLLOH 7 7 
PLCGH. 76: 

PLVS.2 
PLVS.3 
PLVS. 4 
PLVS. 5 
PLkS.6  
PLVS.7 
PL J S .  8 
PLJS.4  
PLVS. 10 
PLVS. 11 
PLVS. 1 2  
PLVS. 13 
PLVS.14 
PLVS. 1 5  
PLVS.16 
PL 4;. 1 7  
PLVF. 1 3  
PLVS. 11 
PLVS.23 
PLVS. il 
PLVS. C L  
PLV5.Z.: 
P L V 2 . 2 4  
PLVS.23 
PLVS.26 

PLVS.2d 
P L V i .  2 9  
P L V 5 . 3 0  
PLVE.31 
PLVS. 5 1  
PLVS. 3 3  
PLVS.34 
PLVS.35 
PLVS. 36 
PLVS.37 
PLVS. 36 
YLVS. 35 
PLVS.40 
PLVS.41 
PLVS.42 
PLVS. 4 3  
PLVS. 44 
PLVS.45 
PLVS.46 
PLVS.47 
PLVS.43 
PLVS.4Y 
PLVS.50 
PLVS.51 
PLVS. 5 2  
PLVS.53 
PLVS.5+ 
PLVS. 5 5  
PLVS. 56  
PLVS.57 

PLVS. 59 

PLVS. z r 

p L v s . s a  

c 
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:i 

:i 

A 

I'LVS. 6 J 

P L v ' > . b I  
PLVb. b 2  
PLV1 .63  
PLVC. tJS 

PLVS.65 
PLVS.bL 
P L V j . 6 7  
PLVL.60 
PLVS. b Y  
t 'LV5. I J 
PLVS. I I  
PL d 5.7 L 
PLVS. 7 3  
PLV5.74 
PLVS. 7 5  
PLVS. 76 
PLVS.77 
PLVS.7E 
P L l ' j . 7 9  
PLV5 .80  
PLV). d l  
PLVb.62  



GO TrJ 200 

G J  T U  2J0 
30 K E Y I K X l = K 3  

20 K E Y I K h ) = h Z  

10 K E Y I h X l - h l  
G'J l e  zoo 

200 LL)NTINLJ€ 
IF l J Y . E U . 2 1 1  GL T(r 1 5 1  
P K I N T  l S O , I K E Y l J )  v J = l i h W X  

150 FIIR'4AT l 1 H ! ~ ~ l X ~ 4 1 I L X ~ A l l )  

1 5 1  P R I Y l  I>Z 9 [ K E Y  I J l  9 J.1 t h K X  
152  FORMAT ( l H d r + 0 * , 4 1 ( 2 A r A 1 1  
100 C JLJT 1 O U J E  

G J  TL l d J  

P H l h T  7 6 1  
P R I N T  753 
RETURN 
ENU 

5 

6 

7 
8 

12 
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SYMCU. 39 
SY YCL?. 43 
S Y Y L D  .41 
SYI'(CG.L~L 
S Y M c u  . 4 3  
SY K O .  44 
SYYCO. 45 
S Y  M U .  4 6  
S Y 4  CO . 4 7 
S Y H C 0 . 4 8  
SYf4LO.49 
SYf4LrJ. 2 I 
SY!-lC". 31 
SYYLC. 32 
SYMCO. 53  
S Y M i L I .  54 
SYMCG.55 
SY HCO. 56 

f 001 

1 Y l  
C....PKINT B C D Y  CF G R A P H  

DO 10 I = I b i l E v l K  
I Y = C * Y l L I - B  

I F I I Y  .LT. 1 .OK. 1 Y  . G T .  1 U O l  6 C  
~ M A P l I Y l = K Y  

L C i i t C K  T A A T  Y 1.5 tti S i P L t  

P R I N T  9, X ~ I l ~ ~ K C A P l J l ~ J ~ 1 ~ 1 0 O l ~ Y  
9 FOMMAT I 2 X , F Y . 3 , l X , l H I , l O O A l r  

GU TO 14 

GO TU 10 
14 K N A P ( I Y l = K t L A h K  
10 CJNTlhtUE 

13 P K I N T  5 ,  X ( 1  ) , ( K H A P l J ) , J = l , l 0 3 l , Y  

R E  T JRN 
E N D  

62.50 6 2500 24 2 
5 -1.0 -3.G -6.L -9.0-12.C 
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