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Micrdseisms in geothermal exploration-studies in Grass 
Valley, Nevada 

Alfred L. Liaw* and T. V. McEvilly$ 

Frequency(f)-wavenumber spectra of seismic noise in the bands I 5 f~ 10 HI. in frequency and 

Ikl 5 3.5.7 cycles/km in wavenumber. measured at severakplaces in Grass Valley, Nevada. exhibit numerous 

features which can be correlated with variations in surface geology and sources associated w,ith 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 

this potential geothermal area. 

A detailed investigation of the spatial and temporal characteristics of the noise field wa$ made to guide 

subsequent data acquisition and processing. Contour maps of normalized noise level derived from judiciously 

sampled data are dominated by the hot spring noise source and the generally high noise Ic\cls outlining the 

regions of thick alluvium. Major faults are evident vvhcn they produce a shallow lateral contrast in rock prop- 

ezies. Conventional~ scismic~ noise mapping techniques cannot differentiate noise anomalies due to buried 

seismic sources from those due to shallow geologic effects. The noise radiating from a deep reservoir ought 

to bc evident as body waves of high-phase velocity with time-invariant source azimuth. A small two- 

dimensional (2-D) array was placed at 16 locations in the region to map propagation parameters. TheJ-k spectra 

reveal shallow local sources, but no evidence for a significant body w’ave component in the noise field w’as 

found. 

With proper data sampling. array processing provides a povverful method for mapping the horizontal com- 

ponent of the vector wavenumber of the noise field. This information, along with the accurate velocity struc- 

ture. will allows rays tracing to !ocate a source region of r;ldi;lttjngmirroseisms. In Grass Valley. and probably 

in most areas of sedimentary cover, the 2-10 Hz microscixmic held is predominantly fundamental-mode 

Rayteigh waves controlled by the very shallow structure. 

INTRODUCTION 

Two methods have been proposed to utilize micro- 

seisms for delineating geothermal reservoirs. The 

first is based on the speculation that hydrothermal 

processes deep in the reservoir radiate seismic wave 

energy in the frequency band I to 100 Hz. If this 

phenomenon exists, the exploration method becomes 

a rather straightforward “listening” 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 surv’cy used widely in 

geothermal exploration. A second approach interprets 

the noise held as propagating elastic w’aves of appro- 

priate type, e.g., fundamental-mode Kaylcigh vvavcs, 

and inverts their propagation characteristics to obtain 

the distribution of medium properties. i.e.. velocity 

and attenuation, both laterally and vertically. The 

propagation parameters of ambient microscisms 
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1098 Liaw and McEvilly 

so measured will also locate distinctive radiation 
sources. With sufficient knowledge of the wave nature 
of the microseisms and a reasonably accurate velocity- 
depth model, a fixed nonaliased array can be used 
in a beam-steering mode to define the source region 
of radiated noise. Both approaches, as used in typical 
surveys, suffer greatly when data are contaminated 
by nongeothermal seismic noise, by interfering 
seismic wave trains, or by improper temporal and 
spatial data sampling. These pervasive problems have 
combined to render noise analysis at best a qualitative 
geophysical method and have substantially limited 
the acceptance of the seismic noise survey as an in- 
tegral element in geothermal exploration. 

This study attempts to avoid such problems through 
careful analysis of microseismic data in an evaluation 
ofthe feasibility of ground noise studies in geothermal 
site delineation. We report a series of investigations 
undertaken near Leach Hot Springs in Grass Valley, 
within the region of generally high heat flow in north- 
em Nevada. We first quantify the spatial and temporal 
variations of ground noise in the region and find that 
the seismic noise spectrum is strongly affected by 
near-surface sedimentary layers at the recording site. 
In fact, with broadband seismic sensors in a mapping 
technique using amplitudes and frequencies, one can 
outline lateral variations in alluvial thickness. This 
standard mapping technique cannot differentiate noise 
enhancement due to shallow structure from noise 
enhancement due to a buried seismic source. On the 
other hand, we find that the mapping of wave propa- 
gation parameters provides additional information 
about the noise field. However, the successful appli- 
cation of this technique requires some understanding 
of the wave nature of microseisms. We used multiple- 
sensor arrays to study the seismic coherency as a 
function of frequency and spatial separation. Based 
on this information, an array was designed to record 
propagating microseismic data. The array data were 
processed by both the frequency domain beam- 
forming method (BFM) and the maximum-likelihood 
method (MLM). From the dispersion curves obtained 
in the array study, it was verified that the seismic 
noise consists primarily of fundamental-mode 
Rayleigh waves. 

This paper consists of several sections describing 
the methodology, the area studied, the data, its inter- 
pretation, and recommendations. This study together 
with other detailed geologic, geochemical, and geo- 
physical studies carried out in the area provide all 
the ingredients, except the test wells, for a complete 
case history on a geothermal prospect. 

GEOTHERMAL GROUNI) NOISE 

Clacy (1968) first suggested that seismic noise in- 
creased near geothermal rescrvoirz. His first results 
northeast of Lake Taupo, New Zealand, were based 
on contours of total noise amplitude in the frequency 
band of I to 20 Hz. In subsequent surveys at 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, fre- 
qucncies higher than 3 Hz predominated. On the 
other hand, Whiteford (1970) found in repeat surveys 
of the same areas that neither the shape of the fre- 
quency spectrum nor its dominant frequency con- 
formed to any regional pattern. Whiteford measured 
the absolute ground motion in the Waiotapu geo- 
thermal area and found that, within a distance of I to 
2 km of the high heat flow area, the average minimum 
ground particle velocity was greater than I50 X 
IO-” m/set, while farther away the amplitude of the 
ground movement decreased by a factor of about 3 
and, in addition, exhibited pronounced diurnal 
variations. 

In the United States, a similar survey was first 
carried out southeast of the Salton Sea by Goforth 
et al (I 972) who suggested for geothermal reservoirs 
an empirical relationship between high-temperature 
gradient and high seismic noise Icvcl. Their results 
showed a significant increase in the noise power in 
the frequency band of I to 3 Hz at sites above the 
reservoir. They estimated the pow’cr spectrum at each 
site from ten 200-set data segments taken over eight 
hours of nighttime recording. The contour map of 
the total power in the frequency hand of I 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, to 
gravity and heat flow fields. East Mesa was later 
surveyed by lyer (1974) with significantly different 
results. lyer measured seismic noise by averaging 20 
of the lowest values of the root-mean-square (rms) 
amplitude in several narrow frequency bands, using 
data blocks of 8 I .92 set selected from four hours of 
digital data. He did not find an anomaly in seismic 
noise associated with geothermal activity but only the 
noise from canals and freeway traffic. 

The seismic pulsation associated with several 
geysers in Yellowstone National Park is believed to 
be indicative of the heating of water in the under- 
ground reservoir and the eruption triggered by the 

D
ow

nl
oa

de
d 

11
/1

3/
12

 to
 1

34
.1

97
.1

4.
10

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



Microseisms in Geothermal Exploration 1099 

superheated system. Nicholls and Rinehart (1967) 
have studied the seismic signature of several geysers 
in the park and inferred that their predominant pulse 
frequencies are quite similar, in the range of 20-60 
Hz, presumably due to steam action. The very low- 
frequency seismic pulses recorded at Old Faithful, 
Castle, Bead, Plume, and Jewel geysers are believed 
to be associated with some type of water movement. 
The maximum amplitude of seismic pulses recorded 
in Yellowstone Park is 5.08 X IO-” m/set. At Old 

Faithful Geyser, the maximum amplitude is 2.54 X 
IO-” m/set at 30-50 Hz. 

lyer and Hitchcock (I 974) also found good corre- 
lation between geothermal activity and high seismic 
noise levels in the I to 26 Hz range in the Park. The 
ground noise level in nongeothermal areas of the 
Park is approximately I3 to I5 X lO-s m/set at I to 
26 Hz. In the Lower and Upper Geyser Basins where 
there are numerous geysers and hot springs, the 
average noise level is in general higher than 50 X 

I 
I 

g, HIGH HEAT FLOW AREA 

0 PROMlSlNG HOT SPR\NGS AREA 

\ SCALE 

FIG. I, Prominent thermal springs areas and the Battle Mountain high heat flow region in Northwestern Nevada. 
Shaded area indicates high heat flow area. 
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1100 Liaw and McEvilly 

FIG. 2. Mapped faults and pertinent geophysical traverses in the Leach Hot Springs area. Hachured lines indicate 
down-faulted sides of scarplets; ball symbols indicate downthrown side of other faults. Star shows location of 
Leach Hot Springs. Heavy solid lines are survey lines E, B, and G with tick marks every 1 km. 
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Microseisms in Geothermal Exploration 1101 

IO-” m/set and reaches a value of672 x IO-” m/set 
near Old Faithful. In the Norris Basin. another highly 
active geyser basin in the Park, the noise level varies 
from 50 to 500 x IO-” misec. Part of the observed 
noise in the Lower, Upper, and Norris Geyser Basins 
is no doubt generated by the hydrothermal activity 
at the surface. The measurements near Old Faithful 
indicate that high-frequency noise, in the 8 to I6 Hz 
band, is generated during geyser eruptions; the noise 
level of lower frequencies is not affected by the 
eruption cycles. Noise levels around Mammoth Hot 
Springs are two to five times higher than in the sur- 
rounding area. There is no gcyscr or fumarole here, 
and the geothermal water is relatively cooler than at 
Norris and the other geyser basins. Hence, it is very 
unlikely that the seismic noise observed here is 
generated near the surface. The noise anomaly ob- 
served in the area between Lower Falls and Mud 
Volcano could be caused by ground amplification 
effects in the soft sedimentary deposits. 

Correlations have also been reported between geo- 
thermal activity and high seismic ground noise in the 
Vulcan0 Islands. Italy (Luongo and Rapolla. 1973), 
the Coso geothermal area, China Lake, California 
(Combs and Rotstein, 1975). and Long Valley, 
California (lyer and Hitchcock, 1976). High- 
frequency noise (f> 8 Hz) in the vicinity of geysers. 
fumaroles, and hot springs is associated with hydro- 
thermal 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. 

It is evident that a noise power anomaly may result 
not only from an active seismic source, but also from 
lateral variation in near-surface velocity, particularly 
where low-velocity alluvium is involved. In order 
to identify a buried radiating source, the direction of 
propagation and the apparent phase velocity of the 
coherent noise field must be utilized. Whiteford 
(1975) successfully located the noise source in the 
Wairakei area using tripartite geophone array mea- 
surements. Iyer and Hitchcock (1976) used an L- 
shaped array with 106-m geophone spacing in Long 
Valley and found that propagation azimuths for the 
high-velocity waves defined the area of surface geo- 
thermal phenomena, but they found that random 
directions of propagation were characteristic of low- 
velocity waves. 

Azimuth and apparent velocity measurements arc 
complicated for microseisms because of multipath 
arrivals and nonstationary characteristics. In addition, 

very short wavelengths (IO-20 m) can characterize 
the noise held in areas of low-vjelocity surface 
materials. and these arc often aliased to lower wavc- 
number (longer wavelengths. higher velocities) and 
misinterpreted if array geophone spacing is too large. 

MICROSEISMS 

The study of microseisms, or earth noise, has been 
directed primarily toward frequencies less than 0.5 
Hz, where the source is tither ocean waves associated 
with storms (Longuet-Higgins. 19.50; Gutenberg. 
1958; Oliver, 1962; Oliver and Ewing, 19.57; Oliver 
and Page. 1963: Haubrich and Mackenzie. 1965; 
Haubrich and McCamy, 1969; Fix, 1972) or atmo- 
spheric disturbances (Sorrells et al. I97 I: Savino et al, 
1972). Background microseism spectra for the range 

0.02 to I Hz are characterized by two maxima at 
frequencies near 0.07 I and 0. I43 Hz (periods of 
I4 and 7 set), both apparently due to coastal storm 
effects. In the period range beyond about 3 see, local 
atmospheric pressure changes contribute primarily 
to the microseisms observed. 

High-frequency microseisms (f> 0.5 Hz) ob- 
served away from the coast are generated locally by 
cultural activity, traffic, wind, rivers (Wilson, 1953; 
Robertson, 1965; lyer and Hitchcock, 1974), by 
geothermal processes, and by distant sources (Lacoss 
et al, 1969). Noise observed at the ground surface 
usually consists principally of fundamental-mode 
Rayleigh waves. At depths where the fundamental 
mode has decreased to negligible amplitude, the 
noise consists of Rayleigh modes of order higher 
than third, or of body waves (Douze, 1967). Sharp 
spectral peaks and troughs can be related to shallow 
geologic structure. Low-velocity alluvium or wea- 
thering can produce a significant amplitude increase 
of seismic noise over that observed at a bedrock site. 
Thus, the shallow section can provide a waveguide 
for microseisms at particular frequencies (Kanai 
and Tanaka, 1961; Sax and Hartenberger, 1965; Katz, 
1976; Iyer and Hitchcock, 1976). Certain sources of 
microseisms, such as waterfalls or pipelines, can 
produce narrow-band radiation. Near the Owens 
River at Long Valley, California, lyer and Hitchcock 
(1976) report that the flowing river generates noise 
at frequencies above 6 Hz, attenuated by about I2 dB 
at I km from the river. At East Mesa, California, the 
canals seem to be continuous wide-band sources of 
seismic noise which drops off rapidly with distance, 
reaching a fairly steady level at 3 km. At the power 
drops (small waterfalls) along the canal, however, 
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1102 

intense noise is seen in a narrow 
around 2.5 Hz (lyer, 1974). 

AREA OF STUDY 

Liaw and McEvilly 

frequency band and hot springs occurring along the valley margins. 
The valley is bounded by the Sonoma and Tobin 
Ranges to the east and the basalt-capped East Range 
to the west. The valley narrows south of the hot 

Leach Hot Springs in Grass Valley, Nevada is springs as it approaches the Goldbanks Hills (Figure 
located 30 km south of Winnemucca (Figure I). 2). These ranges are composed of Paleozoic sedi- 
Grass Valley is a typical valley of the Basin and Range mentary rocks or Triassic siliceous elastic and car- 
province with normal faulting, major earthquakes, bonate rocks. Some granitic intrusions, probably of 

_ BOUGUER GRAVITY ANOMALY - 
2 . 
z-1 
= 
E 

P-WAVE DELAY 

,..._._.. 
. I _ .  

_ y - -  .  .  

. . *  

^, 
_  _ . . _ _ _  _ - - - -  

t  

t 
% 

4w 3W 2w 1w 0 1E 2E 

FIG. 3. Profiles for line E, 5W to 3E, of Bouguer gravity anomaly, P-wave delay, and migrated seismic re- 
flection section. showing east margin fault (trace at IE) and maximum sediment thickness near 2W. Averaged 
section velocities are: (a) I .8 km/set, Quaternary alluvium; (b) 2.9 km/set, Tertiary sediments; and (c) 4.0 
km/set. Paleozoic rocks. 
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Microseisms in Geothermal Exploration 1103 

Triassic origin, have offset rock units of several tens 
to several hundreds of meters measured vertically. 
As shown on the fault and lineament map (Figure 2), 
the present day hot springs occur at the intersection 
of a major northeast-trending fault and the more 
common north-northwest/south-southeast 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 I. This 
high heat flow area is often called the “Battle Moun- 
tain high” (Sass et al, 1971) and exhibits heat flow 
values in the range of I.5 to 3.5 HFU (I HFU = IO 
Cal/m2 set). 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 rea- 
sonable to interpret the localized Battle Mountain 
high as an effect of fairly recent intrusion of magma 
into the earth’s crust. Quatemary volcanism within 
the province supports this hypothesis. 

Geophysical data were obtained primarily along 
I7 survey lines, although not all methods were 
employed on every line. Line E (Figure 2) is typical. 
Bouguer gravity anomaly, P-wave delay data, and 
seismic reflection data, presented in Figure 3 for 
line E, indicate that the greatest thickness of sedi- 
ments and major faulting occur near the eastern 
valley margin. The major lithologic units from the 
seismic reflection section are Quatemary alluvium 
(I .8 km/set), Tertiary sedimentary and volcanic 
rocks (2.9 km/set), Paleozoic rocks (4.0 km/set), 
and deep basement (5.0 km/set), respectively. The 
basement surface rises gently to the west but is ap- 
parently upthrown at the eastern boundary faults. 

A low apparent resistivity zone beneath 2W-4W 
on Line E (Figure 2) (Beyer et al, 1976), found in 
the dipole-dipole resistivity survey, has been iden- 
tified with Tertiary sediments. Since the heat flow 
value in this zone is not high by Battle Mountain 
standards (2.24 HFU), the accumulation of con- 
ductive sediments, such as ancient playa deposits in 
the deepest portion of the valley, is probably re- 
sponsible for the resistivity anomaly. More details 
of the geophysical data obtained in the Grass Valley 
area are given by Beyer et al (1976). 

DATA ACQUISITION AND PROCESSING 

A portable seismic network, with up to 12 stations 
linked by radio telemetry to a recording system 
mounted in a small, two-wheeled trailer, was de- 
signed for simplicity, flexibility, and ease of installa- 
tion. It proved possible for two men to deploy the 

FIG. 4. Array configuration and its contoured impulse 
response in wavenumber space, plotted to k, and 
k, = 71 cycles/km. The effective Nyquist wave- 
number can be seen to vary with azimuth in the range 
of approximately 50-70 cycles/km. The interior 
square outlines the standard wavenumber plot range of 
35.7 cycles/km used in subsequent figures. Radii of 
the array concentric circles are given. 

sensors and test the telemetry in about one day. Ease 
of network emplacement made it possible to modify 
the array as data were collected and to design field 
experiments with multiple objectives. 

A 4.5-Hz vertical-component geophone, a high- 
gain amplifier (60- 120 dB), a voltage controlled 
oscillator, and a radio transmitter constituted the 
station site equipment. A 0. l-watt transmitter gave a 
range of about 20 km for average topography. In 
applications using all I2 geophones spaced over a 
small aperture array (50-m diameter), the radio links 
were eliminated and signals were transmitted by cable 
to the recording trailer. The trailer housed the radio 
receivers, FM discriminators, a 14-channel slow- 
speed FM tape recorder (0.12 ips, O-40 Hz; or 
0.24 ips, O-80 Hz), timing system, and batteries. A 
slow-speed smoked-paper recorder was used as a 
monitor. The system had about 40 dB dynamic range 
(peak-to-peak measurement), limited primarily by the 
tape recorder. 

To study the spatial variations of ground noise 
amplitude, we occupied a reference site at E2W (line 
E, station 2W in Figure 2) throughout the survey 
period. Normally we recorded overnight, with sta- 
tions spaced at I -km intervals along the survey lines. 
The smoked-paper monitor record was observed 
every morning to verify the occurrence of low seismic 
noise level at the reference site; otherwise, the sites 
were reoccupied another night, until low-noise con- 
ditions prevailed. Geophones were buried about one 
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1104 Liaw and McEvilly 

(a) 

4 H; 

lb1 

u 4Hz 

FIG. 5. High-resolutionf’k power spectral density estimates for a simulated ~-HZ plane wave signal propagating 
N6O”E across the array at phase velocity 200 mlsec (k = 20 cycles/km) to illustrate spatial allasing. The array 
configuration is as shown in Figure 4. with dimensions scaled (a) 1, (b) 1.5, (c) 5, and (d) IO times the radii 
values indicated in Figure 4. The maximum k, and k, values in the plots are (a) 71.4, (b) 47.6. (c) 14.3, and 
(d) 7.1 cycles/km corresponding approximately to the effective Nyquist wavenumbers for the arrays. TheJ’k 
power spectral density contours are - I .O, -3.0, -6.0, -9.0, and - 12.0 dB below the main peak. Circles 
indicate the constant velocities shown, expanding with array size. Aliasin g is apparent in the high phase 
velocities in (b). (c), and (d). easily misinterpreted as detected body waves. 
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Microseisms in Geothermal Exploration 1105 

foot below the surface. Before and after a survey, all 
geophones were buried in a common hole to verify 
uniformity of their responses. 

For determination of spatial variation of wave- 
number, an array of 12 closely spaced geophones 
was emplaced at a site each evening. Data were trans- 
mitted by cable to the recording vehicle some 500 m 
from the array. The array configuration and its im- 
pulse response in wavenumber space are shown in 
Figure 4. 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 com- 
ponents (which we have seen dominant in the valley 
alluvium) into low-wavenumber noise components. 
The spatial aliasing results in the appearance of 
erroneously high-velocity ground noise, which is 
interpreted as body waves. The effect of spatial alias- 
ing due to inadequate element separation is illustrated 
in Figure 5, where we processed a simulated 4 Hz 
plane wave with 50-m wavelength, propagating with 
phase velocity of 200 m/set in the direction N60”E 
across four arrays. Those arrays have identical array 
shapes and numbers of sensors but different sensor 
spacing. The diameters of the arrays are 50, 75, 
250, and 500 m, such that the sensor spacing for 
each array is proportional to the array size. Since 
the plane waves are propagating at an azimuth of 
60 degrees, the folding effects are evident along the 
directions of 60 degrees and 240 degrees. Many inter- 
pretations of microseisms as body waves, based on 
coarse sensor separation, may well be incorrect due 
to abased low-velocity surface waves as seen, for 
example, in Figure 5c. It is true, of course, that when 
the array is made small enough to accommodate the 
short-wavelength noise characteristics, resolution 
for near-vertically incident body waves is degraded 
seriously; however, they could be enhanced by 
appropriate array expansion and spatial filtering. 

For determination of the spatial variation of ampli- 
tude, data were selected judiciously from the quietest 
recording period in the early morning hours. At least 
28 simultaneously recorded blocks of data were 
chosen from each of the recording stations, avoiding 
any spurious transient signals. Each data block of 
12.8 set length was filtered and digitized. The result- 
ing 512-point records were tapered to zero at each 
end over 51 points and Fourier transformed. The 
Fourier transform was multiplied by its complex 

conjugate to produce power spectral density. The 
estimated power spectral density at each location is 
the average over at least 28 data blocks, to increase 
statistical confidence. The ground velocity spectral 
density (VSD) in mp/sec/fi was obtained by 
taking the square root of the power spectral density 
estimate and correcting it for system response. The 
relative intrinsic noise level, indB, for a particular 
frequency band at a station is obtained by integrating 
the-velocity spectral density over the frequency band 
and normalizing by that quantity at the reference 
station. 

For estimation of the frequency(f)-wavenumber 
(k) power spectral density, array data were processed 
by using both the frequency domain beam-forming 
method (BFM) (Lacoss et al, 1969) and the 
maximum-likelihood method (MLM) (Capon, 1969). 
The BFM estimates f-k power spectral density by 
the formula 

@(f, k) = --$ a’ * k. a, 

where B(f, k) is BFM f-k power spectral density 
estimate, N is the number of geophones in the array, 
S is the estimate of the coherent power spectral 
density matrix between sensors, and a’, the conjugate 
transpose of a, is given by 

’ [exp(i2nk. r), exp(i2vrk. r2), . , 

exp(i2rk * rN)], (2) 

where r, is the coordinate of the n th geophone loca- A n 
tion. Each entry of S, S,,(f), is obtained from 

by the normalization 

n Sltt(.f) 
shu-) = GL(f&nu-1 ’ (4) 

where Q!,,,(f) are the Fourier coefficients of the 
mth block time series from the Ith geophone, and * 
indicates complex conjugate. 

BFM is commonly called a conventional method, 
whose operation can be seen by rearranging equation 
(1) to be 

* exp[-i2nk. (rl - r,)]. (5) 

For BFM, a uniform weighting function is applied D
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1106 Liaw and McEvilly 

(a) 

1 

340 mlsec 

(cl 
6.SHz 

d 

. 

(bl 

I 

(d) 

FIG. 6. Results off-k analysis for site E5.9W (line E, station 5.9W) for different data block lengths, comparing 
MLM and BFM: (a) 12 data blocks, each with I28 points, processed by MLM, (b) 24 data blocks, each with 
64 points, processed by MLM, (c) 48 data blocks, each with 32 points, processed by MLM, (d) 24 data blocks, 
each with 64 points, processed by BFM. The frequency on each frame corresponds to a maximumf-k power 
spectral density estimate. The range of wavenumber plotted is 35.7 cycles/km in both k,r and k,. 
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Microseisms in Geothermal Exploration 1107 

to each array element and then a delay-and-sum during propagation. or from amplitude. phase. and 

operation is performed. The resolution in wave- position errors in the sensors (peophonesl. sampling. 

number space is therefore strongly characterized by and digitization. However. MLM spectra from the 

the impulse response of the array (Figure 4) with array data of Grass Valley seldom showed evidence 

prominent side lobes. In the presence of multipath of serious degradation. Regarding resolution of two 

propagation. the large side-lobe effects are not clearly separate waves. BFM depends on the array impulse 

recognizable. resulting in an ambiguous pattern of response. while MLM depends not only on array re- 

peaks in w~avenumber space with loss of resolution sponse but also on the signal-to-noise ratio (Cox. 

due to smearing of the true spectrum. 1973). 

MLM. sometimes called the hiph-resolution 

method, calculates the f-k power spectral density 

estimate by 

p(.f: k) = (a’ . k1 . a)-‘. (6) 

To motivate this operation. equation (6) can be 

written as 

The maximum entropy method (MEM) would 

theoretically provide higher resolution estimates than 

the above two methods. Unfortunately, this method 

is developed only for equally-spaced (Barnard, 

1969) and nonuniform-spaced (McDonough. 1974) 

linear arrays. It appears that, at present. MLM is the 

best method for processing 2-D array data for high 

resolution in the presence of multipath interference. 

the normal situation in ground noise studies. 

. exp[-i2nk * (f - r,)] 

2 

.exp[-i2nk.r,] , 

where A, (f, k) are optimal complex weighting func- 

tions. known as maximum-likelihood filters. applied 

to each sensor’s output. The procedure for finding 

A,(f, k) intiolves the inversion of the signal-plus- 

noise coherent power spectral matrix. such that 

x qr,t(.f; k) 
A,(f, k) = ,!=I, (8) 

c 2 q,n(f, k) 
n=1 I=1 

and [q,,, (f, k)] is the inverse of the matrix {i,,1 (f ) 
exp[-i2rk. (r, - r,,)]}. Application of the max- 
imum-likelihood filters allows the array processor 

to pass an undistorted monochromatic plane wave 

with a given velocity corresponding to a peak in,f-k 

power spectral density and to suppress. in an optimal 

least-squares sense, the power of waves traveling 

at different velocities. The MLM impulse response, 

without noise. is ideally sharp; with noise, it depends 

on the characteristics of the data. 

Theoretically. MLM has a disadvantage relative to 

BFM in terms of its sensitivity to measurement errors, 

especially in a case of channel mismatch (Cox, 1973). 

Mismatch may result from distortion in the waveform 

Data blocks without sporadic noise pulses (i.c., 

transient-free) from each of the I2 geophones of the 

array were selected for processins. The number and 

length of the data blocks were selected for resolution 

and statistical stability of the estimated power spectral 

density. A MLM comparison of different numbers 

and lengths, holding the total number of data points 

constant. is illustrated with the array data from the 

site E.5.9W by processing the identical data in three 

different lengths. The results are shown in Figure 6a 

for I2 blocks X I28 points. in Figure 6b for 24 

blocks X 64 points, and in Figure 6c for 48 blocks X 

32 points. We tind that the USC of either I2 blocks X 

I28 data points. or 24 blocks x 64 data points pro- 

vides adequate resolution in wavenumber space and 

realistic direction estimates. especially in situations of 

multipath propagation. In Figure 6, the f-k power 

spectral densities are estimated at each of41 X 41 grid 

points in a 2-D wavenumber space at a desired fre- 

quency component. The frequencies sclccted for 

processing are maxiina in the power spectral density 

curves. The wavenumber of the peak value in the 

wavenumber plot, along with the frequency, provides 

the estimate of apparent phase velocity and the di- 

rection of propagation for the most coherent propaga- 

tion in the data sample. 

A comparison of BFM and MLM is provided in 

Figures 6b and 6d for the 24 block X 64 point case. 

The resolution improvement in MLM is quite ap- 

parent. Consequently. our processing method was 

normally MLM. 

Based on these studies, data were processed for 

the Grass Valley area using the large network spac- 

ing for studying spatial variations in ground noise c 
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p IO 
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FIG. 7. Diurnal variation of ground noise level at FIG. 8. Secular variation of early morning quiet 
reference site E2W, with respect to IO-” m/set/ 
v’%, (0 dB), from day 212, hour 10 to day 213, 

ground noise level at E2W with respect to lo-i1 m/ 
set/G, (0 dB), from day 211 to day 219 of 1976. 

hour 16 of 1976. Contour interval is 2 dB. Note the Contour interval is 2 dB. Thunderstorms and unsettled 
minimum noise level at 2-4 AM for all frequencies. regional weather characterized days 2 14-2 16. 

and utilizing the 25-m radius array with MLM for 
ground noise propagation (f-k) parameters. 

DATA AND INTERPRETATION 

Temporal variation of ground noise 

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

(+(x, y, f,f) = fl&, y> r,f) 
+ mm@, y, 0) + ar(x,Y, r,f), 

where 

(1) 

(2) 

(3) 

oi(x, y, t,f) is the intrinsic noise at the site, 
including geothermal noise, 
um(.r, y, t,f) is the microseismic component 
from distant sources, and 
ar(x, y, t,f) is the noise generated locally at 
the surface by human activity and atmospheric 
disturbances. 

If we are interested only in intrinsic noise, the 
sampling and processing procedures must exclude the 
effect of the other two noise sources. To minimize 
local noise, or(x, y, t,f), the data must be taken be- 
tween midnight and dawn, because normally the 
noise level is low. Figure 7 presents the diurnal varia- 
tion of seismic noise at the reference site E2W. To 
construct this figure, transient-free noise data were 
chosen to estimate VSD every hour for a 30-hour 
period. Roughly 6 minutes of seismic noise actually 
went into each hourly average. The spectral density 
then was contoured as a function of time and fre- 

quency. The figure shows t@ typical wide-band, 
high-diurnal noise level, extending from 9 AM to 
7 PM, the result of more disturbed daytime meteo- 
rological conditions and cultural activity in the area. 
This suggests that we record only between 2 and 4 AM 
to minimize contamination of the VSD estimate by 
unwanted diurnal noise sources. 

A typical survey is carried out over a period of 
several days, so that long-term secular variations are 
apparent in the data. The nature of this variation over 
a 9-day period at the reference site E2W is shown in 
Figure 8. We estimate one VSD every 24 hours, using 
the quietest data during early morning hours, and 
contour the VSD from day 21 I to day 219. In this 
figure, the high-amplitude seismic noise which ap- 
pears from day 214 to day 216 is related to regional 
weather conditions. On those three days there were 
thunderstorms starting in the afternoon and ending in 
the early evening throughout the region. To eliminate 
temporal variations of the observed microseisms, the 
band-limited power of seismic noise at each site, ob- 
tained by integrating VSD over the frequency band 
of interest, is normalized by the simultaneous power 
in the same frequency band at the reference site, 
provided that data are sampled from the quiet period 
in early morning. Mapping the normalized power 
gives the spatial distribution of relative intrinsic noise 
power level. 

Spatial variation of ground noise 

Estimation of ground noise VSD from simul- D
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Liaw and McEvilly 

FIG. IO. Velocity spectral density (VSD) of ground 
noise at Leach Hot Springs and at site A3.7N, 500 m 
northwest of the hot springs (upper) and at site E5W 
in the center of the valley (lower) compared to bed- 
rock site AC, at the valley edge (Figure 2). The 
horizontal bars show typical 95 percent confidence 
limits for A3.7N (upper) and AC (lower) sites. 

E LINE 

FIG. I I. Instantaneous noise field along survey line E. 
Abscissa is station location, with I km spacing and 
ordinate is frequency. Contour interval is 2 dB. Note 
high wide-band noise level at 3W, the region of thick- 
est alluvial cover, and the sharp gradient across the 
valley margin fault trace at IE. 

taneous sampling in the early morning, with stations 
at l-km intervals, yields relative intrinsic noise power 
contour maps as illustrated for the frequency band 
of 2-4 Hr (Figure 9a), 5-7 Hz (Figure 9b), and 
IO- 12 Hz (Figure SC). High noise levels are found at 
Leach Hot Springs and near the center of Grass 
Valley, as anticipated, but then are also local 
anomalies such as in the areas around G2W and G3W. 
HI E and H2E (see Figure 2 for site locations). Those 
ground noise anomalies, especially in the 5-7 Hz 
band, correlating spatially with IIIC occurrence of 
Bouguer gravity anomalies. imply the occurrence of 
thickest alluvial deposits. The long-term stability of 
these anomalies is reproducible as indicated by close 
agreement with the results of a preliminary survey 
carried out in the summer of 197.5. a year earlier than 
the survey for the data shown here. 

Leach Hot Springs clearly generates seismic noise, 
but the noise is localized and does not propagate 
unattenuatcd more than a few km. In the vicinity of 
the springs, noise spectra show the high-amplitude 
seismic noise over a wide-frequency band; 500 m 
northwest of the hot springs (A3.7N) the amplitude 
of the noise at all frequencies greater than I Hz has 
attenuated nearly 20 dB. The noise spectrum at the 
Hot Springs site, at site A3.7N (500 m northwest of 
the Hot Springs site), and at a bedrock valley edge 
site AC (Figure 2) are shown in Figure IO. Note the 
wideband nature of the hot springs noise. 

In the valley center, station ESW. the noise has a 
distinctive broad peak around 5.5 Hz, as can be seen 
at the bottom of Figure IO. The character of the 
broad valley peak varies from site to site, probably 
as a consequence of changes in near-surface prop- 
erties. In Figure 9b, the areas of high-amplitude 
seismic noise in the 5-7 Hz band generally corre- 
spond to the areas of thick alluvium. The details of 
noise variation across the valley arc illustrated by 
data for three typical survey lines, E. B, and G, 
shown respectively in Figures I I, 12, and 13. 

The instantaneous ground noise level along 8.25 
km of line E is presented in Figure I I, Data blocks 
were taken simultaneously from sites at E6W, 5W. 
4W, 3W, 2W, I W, IE, I .25E, and 2.2SE. In this 
figure there is a clear peak at 5.5 Hz extending 
westward. The source of this well defined and band- 
limited peak is not clearly understood, though it is 
doubtless related to near-surface pt-operties and is a 
surface wave with a wavelength 01. about 50 m. A 
wide-band ridge of rather high-amplitude noise 
appears at E3W and is frequently seen to extend to 
I W. Maximum thickness of alluvium and the lowest 
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4W 3W 2W IW 0 IE 2E 3E 4E 
G LINE 

0 
6W 5W 4W 3W 2w IW 0 

I3 LINE 

FIG. 12. Instantaneous noise field along survey line B. 
Abscissa is station location with 1 km spacing and 
ordinate is frequency. Contour interval is 2 dB. Note 
high wide-band noise level at valley center near 2W. 
Sharp gradients may indicate valley faults. 

FIG. 13. Instantaneous noise field along survey line 
G. Abscissa is station location with I km spacing and 
ordinate is frequency. Contour interval is 2 dB. Note 
high wide-band noise level at valley center near IE. 
Sharp gradients may indicate valley faults. 

topography occurs around 2W. A remarkable feature 
seen in the figure is the dramatic IO dB contrast be- 
tween points 1E and I .25E, spanning the Hot Springs 
fault (Figure 2). It seems the local noise field, gen- 
erated by hot springs, is less attenuated east of the 
fault than west of it, probably due to high-Q surface 
rocks on the east being in faulted contact with allu- 
vium west of the fault. This geologic feature can be 
seen in the faults anomaly (Figure 2) as well as in the 
Bouguer gravity map, the P-wave delay profiles, and 
the seismic reflection section; in addition, it is in- 
dicated by surface scarps. 

to larger distance from the Leach Hot Springs and 
thinner alluvial deposits to the south. 

Propagation characteristics 

The most effective parameters for discriminating 
noise due to a buried localized source from that due to 
distributed surface sources and variations in local sub- 
surface properties are the direction of propagation 
and the apparent phase velocity of the microseisms. 
Above a deeply buried source, we expect time- 
invariant direction of propagation associated with 
high-phase velocity across the array. 

Asymmetrical ridges of wide-band noise with Time-invariant azimuths of propagating noise fields 
sharp gradients to the east are seen near 2W on line B are seen at sites in the vicinity of Leach Hot Springs. 
(Figure 12) and near 1E on line G (Figure 13). These Typical noise data recorded in this area show highly 
ridges in the noise contours, as was the case for line E, coherent energy, as seen in the array data from site 
correspond in position to the location of the minimum A2N, I km southeast of Leach Hot Springs, shown 
Bouguer gravity anomaly along each line and to the in Figure 14. The dominant frequency of the propagat- 
location of the thickest alluvium (Beyer et al, 1976). ing noise field in the area is 4.4 Hz. The result of 
The positions of high gradients in ground noise east f-k analysis at the dominant frequency indicates that 
of the noise ridge on line B near 2W and on line G the noise field propagates across the array at azimuth 
near I E apparently correlate with locations of shallow 149 degrees, with phase velocity of 422 m/set. The 
faults. The prominent broad peak of 6.5 to 7 Hz, seen azimuth in the plot is in a direction away from the 
at G3W in Figure 13, is probably also related to prop- Hot Springs. In the frequency band near 2.5 Hz shown 
erties of shallow alluvium. At the south end of Grass in Figure 14b, the coherent noise propagating at 
Valley, the ground noise level is generally lower than 904 m/set at an azimuth of 207 degrees also is away 
at the north end, and this contrast is presumably due from the Hot Springs. 
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1112 Liaw and McEvilly * 

la) 

-I-=- 

0 

A2N 
(b) 

FIG. 14. High-resolution f-k results at site A2N, 1 km southeast of Leach Hot Springs. The microseismic field 
consists of (a) 4.4 Hz noise propagating in the direction 149 degrees with apparent phase velocity of 422 m/set 
and (b) 2.5 Hz noise propagating in the direction 207 degrees with apparent phase velocity 904 m/set. The 
maximum wavenumber plotted is 35.7 cycles/km. These noise components are apparently fundamental- 
mode Rayleigh waves generated at the hot springs, where near-surface velocities exceed 2.9 kmisec. 
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FIG. 15. Rayleigh wave dispersion curves for funda- 
mental and first higher mode computed for the model 
shown, compared with observed ground noise phase 
velocities at site E5.9W. The obsetved phase 
velocities were determined at various times of the day 
by fk analysis, the hour indicated by symbol type. 

The noise anomaly in the center of the valley, for 
example, E5.9W at 5 to 7 Hz (bigure 9b). can be 
explained by the superposition of multipath surface 
waves propagating in the shallow alluvial section. 
The absence of a unique and time-invariant propaga- 
tion direction, as seen, for example, in Figure 6a, 
indicates clearly that the high-amplitude ground noise 
at this site is not due to a local buried source. Further, 
the uniform propagation velocity. 340 misec in Figure 
6a, seen at all azimuths suggests a surface wave nature 
of the noise field. Similar multiazimuth surface 

. _. 
waves are seen also in the results ot f-k analysis at 
5.71 Hz for the array data at other sites. The phase 
velocities estimated from these plots indicate that the 
microseisms are apparently fundamental-mode Ray- 
leigh waves. 

Dispersion characteristics and shallow structure 

On the assumption that the mict-oseismic field con- 
sists of surface waves, the f-k analysis technique 
allows direct measurement of the local dispersion 
curve by selecting phase velociticz corresponding to 
the frequencies at peak f-k power spectral densities. 
As an example, in Figure IS we show phase velocities 
so estimated, along with computed fundamental and 
first higher-mode Rayleigh wave dispersion curves 
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for a model based on P -wave velocities from a shallow 
refraction survey in the area. The effect of the very 
shallow velocity structure is illustrated clearly. 
Lateral variations in the upper IO to 20 m will control 
the surface wave propagation characteristics. In 
estimating dispersion curves, we do not restrict sampl- 
ing to the quiet periods. since larger microseisms are 
very coherent across the array. The dispersion mea- 
surements, besides providing local observations of 
phase velocity for shallow structure mapping, also 

provide a method of verifying the wave nature of the 
microseisms. It is clear that waves with periods of 
I set and greater must be analyzed for structural 
information at geothermal target depths, if the micro- 
seisms are fundamental-mode Rayleigh waves (see, 
for example, McEvilly and Stauder, 1965). 

CONCLUSIONS 

The spatial distribution of the amplitude, fre- 
quency, and wavenumber characteristics of back- 
ground microseisms, or ground noise. contains in- 
formation on the variation of subsurface properties 
and the location of buried sources of seismic waves. 
Extraction of the information requires careful sampl- 
ing of the microseismic field in time and space. A 
simple field system, utilizing FM telemetry of data 
to a small, trailer-mounted, central recording site. 
was fabricated for one- or two-man installation and 
operation in a study of the methodology in a potential 
geothermal area in Grass Valley, Nevada. 

Diurnal variation in the 2-20 Hz noise field is 
regular. A consistent diurnal variation that repeats 
from day to day is due apparently to meteorological 
and cultural sources, with typically I.5 dB variation 
seen from the midday high noise level to the low noise 
level in the early morning hours of 2-3 AM. Secular 
variations, due to regional weather patterns, can 
produce a 5-10 dB range in the early morning 
minimum noise IevJels ov’er a duration of a few days. 

For spectral stability in investigating spatial varia- 
tion of noise, at least 28 quiet data blocks, each 12.8 
set long, were taken simultaneously at the network 
stations, and the spectra were averaged for each site. 
This procedure produced consistent results through- 
truth ibe area, reveaiing a chardcteristicaiiy iow- 
amplitude smooth noise spectrum at hard rock sites, 
a prominent peak at 4-6 Hz at valley sites, and wide- 
band high-amplitude noise, apparently due to very 
shallow sources, at hot springs sites. Contour maps 
of noise level, normalized to a reference site. are 
dominated by the hot springs noise levels outlining 
the regions of maximum alluvium thickness. htajor 

faults are evident when they produce a shallow lateral 
contrast in rock properties. 

Microseisms in the 2-10 Hz hand are pre- 
dominantly fundamental-mode rayleigh waves. char- 
acterized by low velocities and wav*elcngths as small 
as 20 m, requiring arrays of closely spaced geophones 
for adequate spatial sampling. 

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 field, revealing local sources and lateral 
changes in shallow subsurface structure. 

No evidence for a significant body I+ ave component 
in the noise field was found, although it becomes 
clear that improper spatial sampling can give a false 
indication through aliasiny. Noise emanating from a 
deep reservoir would be evident as hody waves and 
could be traced to its source given a reasonably 
accurate velocity model. 

RECOMMENDATIONS 

Conventional seismic ground noise surveys, con- 
ducted as outlined in this study, require a large num- 
ber of stations for economical implementation. With 
100 stations. for example, a week-long survey could 
provide maps of noise amplitude distribution P-wave 
delay time and microearthquake locations, as well 
as ,f-k analyses at many sites, utilizing a 2-3 man 
crew. It is not clear. however, that such data will be 
of significant value in delineating a geothermal 
reservoir. 

The amplitude mapping of ground noise in certain 
frequency bands is a poor exploration technique for 
delineating buried geothermal systems. The results 
of the amplitude mapping indicate that the amplitude 
vtariations of microseisms in an area am controlled by 
the near-surface geology, especially lateral variations 
in thickness of the alluvial layer. The large amplitude 
surf~e wave generated by surface sources and propa- 
gating horizontally will mask vveak \cismic waves 
emitted from a buried source. Therelore. amplitude 
mapping only reveals information on the very shallow 
structure. 

On the other hand, the technique offlk analysis 
can, theorericaily, map the w,av*enumhcr ofthe micro- 
seisms, discriminating the vertically incident body 
waves from the surface waves. The yet open question 
of whether a reservoir acts as a radiator of seismic 
body waves can be answered through careful f-k 

analyses in existent geothermal areas. The array to be 
used for further study must be a nonaliased array of 
larger diameter than that used in this study. The ex- 
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1114 Liaw and McEvilly 

pansion in array size will improve the resolution 
around the origin of the k,. - k, diagram. This im- 
provement would provide a more accurate estimate 
for power at the small wavenumbers, so that the 
azimuth and the apparent velocity of the long- 
wavelength body waves arc estimated more accu- 
rately. The amplitudes of body waves radiating from 
a source at depth are apparently much smaller than 
those of the ambient surface wavcx. In order to cx- 
tract useful information from the body waves. a 
sophisticated signal detection and processing scheme 
is required. However, thef’k 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 sur- 
face waves have shorter wavelengths than the 
anticipated body waves; because of this, the detection 
of weak body waves can be improved by a more 
sophisticated array, as is commonly done in con- 
ventional seismic reflection surveying. 

If the assumption of radiated body waves is indeed 
valid. and if such body waves are detectable, we can 
trace the recorded wavefronts to their source, given a 
reasonably accurate velocity model. There are two 
schemes which have been used for projecting waves 
observed at the surface back into the earth and locat- 
ing the source region, and these methods may be 
applicable to the geothermal reservoir delineation 
problem. 

The first method is seismic ray tracing described by 
Julian (1970) and Engdahl and Let (1976). If the 
array diameter is much smaller than the distance to 
the buried source, the microseismic field propagates 
as a plane wave across the array. Estimation of the 
azimuth and the apparent velocity of the propagating 
noise field from f’k analysis, along with the knowl- 
edge of the near-surface velocity distribution, can 
give us the incident angle of the coherent body wave 
noise. Given a reasonable velocity structure in the 
area and simultaneously occupied array sites, we can 
reconstruct raypaths to each site. The intersection 
of these raypaths indicates the region of the radiating 
source. 

Another approach is much like that used in a con- 
ventional reflection survey with 2-D surface coverage 
but without a surface-controlled source. The coherent 
noise fields recorded by a 2-D surface array are pro- 
jected downward into the assumed subsurface model. 
The reconstruction of the coherent noise field propa- 
gating in an upward direction can be carried out by 

the wave equation migration technique, using a tinite- 
difference approximation such as the one described 
by Claerbout (I 976). The restriction of this approach 
to microseismic data is that the noise ticld must propa- 
gate as a spherical wavefront across the geophone 
army. The spherical wavefront exists in the situation 
where the array dimension is greater than the dis- 
tance to the source. In this case. we can determine 
the region of radiating sources in terms of the con- 
vergent pattern of the extrapolated wave tields. 

It is clear that ray tracing and the wave equation 
migration are applicable at different source-array 
distances in the application of delineating geothermal 
reservoirs. In a practical exploration program, we do 
not know the depth of geothermal reservoirs. nor do 
we know the shape of the wavefront across the array. 
One way of solving the problem is to place a non- 
aliased array at several sites and search for the evi- 
dence of time-invariant. high-velocity body waves. 
As soon as the body waves are detected. one may 
compare several results of f-k analysis. using data of 
identical recording periods but of different sizes of 
subarray. The deterioration of the resolution in the 
f-k diagrams, as we expand the size of the subarray, 
indicates that the plane wave assumption is violated 
and the wavefront migration techniques should be 
applied. On the other hand, if the noise fields propa- 
gate as plane waves across the large array. the resolu- 
tion in the ,f-k diagrams will be improved as we cx- 
pand the size of subarrays. and the fk analysis with 
seismic ray tracing is the proper technique to locatc 
the noise source. 

Based on this study. we suggest that if the geo- 
thermal 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 explora- 
tions. Clearly, a few carefully executed and strategi- 
cally located experiments are warranted. 
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