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ABSTRACT 

The purpose of this seismic monitoring project was to 
characterize in-detail the micro-seismic activity related to 
the flow-injecti-on test in the Salton Sea Geothermal Field. 
Our goal was to determine if any sources of seismic energy 
related to the test were observable at the surface, using both 
conventional seismic network techniques and relatively 
newer array techniques. These methods allowed us to detect 
and locate both impulsive microearthquakes and continuous 
sources of seismic energy. 

Our network, which was sensitive enough to be triggered 
by magnitude 0.0 or larger events, found no impulsive 
microearthquakes in the vicinity of the flow test in the 8 
month period before the test and only one event during the 
flow test. We have observed some continuous seismic noise 
sources that may have been caused by fluid flow at depth, 
but the amplitudes of these sources were not large enough to 
be unambiguously distinguished from surface sources. 

Introduction 

Geothermal reservoirs often produce detectable 
geophysical signals both before and during production. 
These signals, if understood, could provide valuable 
information about the processes taking place within the 
reservoir. This kind of information can be used to guide 
reservoir development strategies. Some geophysical 
signals, such as resistivity and gravity, are well understood, 
and their contribution to reservoir engineering models has 
been demonstrated in many geothermal fields. Other 
geophysical signals, including seismic signals, are not so 
well understood. Lawrence Livermore National Laboratory 
(LLNL) has a program to collect case histories of surveys 
of geophysical signals produced during injection and 
production of geothermal fields. In this paper, we describe a 
case study of seismic signals produced during a small-scale 
injection-production test at the Salton Sea Geothermal Field. 

Several different types of seismic signals have been 
observed in geothermal areas. Tectonic earthquakes 
associated with geothermal production have been observed 
at the Geysers Geothermal Field [Eberhart-Phillips and 
Oppenheimer, 19841. Acoustic emissions (high-frequency 
microearthquakes) have been observed during hydraulic 
fracturing at Fenton Hill [Fehler and Bame, 19851, and during 

reservoir production in Japan [Niitsuma et al., 19851. 
Geothermal "noise" (anomalously high seismic signals 
having no clear onset and lasting longer than several tens of 
seconds) has been observed near several geothermal areas 
[Douze and Laster (1979). Goforth et al., (197211. 

The area where the flow test took place is in the transition 
between the Brawley seismic m e  and the San Andreas'Fault 
system. The Brawley Seismic zone is. a broad area of 
moderate seismicity extending N N W  from the Imperial Fault 
to the San Andreas Fault. For a discussion of the seismicity 
and tectonics of the region, see Nicholson et al., 1986. 

The flow-injection test conducted as the second phase of 
the SSSDP provided an opportunity to study seismic 
signals associated with the initial fluid production from a 
well-studied area. During the first phase of the SSSDP, the 
State 2-14 well was drilled to a depth of 3 km: During the 
flow/injection test, fluids produced fiom an open section of 
State 2-14 between approximately 2000 m and 3200 m 
depth were injected into Imperial 1-13, about 600 m to the 
north (Fig. 1). The flow continued for approximately 30 
days. 

We installed a seismic recording system to monitor 
microearthquakes and continuous seismic noise signals 
associated with the initial production of these two wells. 
Our recording network and recording system was capable of 
detecting all types of events previously seen in geothermal 
fields, except for acoustic emissions with dominant 
frequencies greater than 30 Hz. 

Our processing of the data collected during the flow test 
period using both network and array methods found no 
evidence of impulsive microearthquakes and no conclusive 
evidence of noise energy originating at depth in the flow 
test zone. 

Seismic Network Description 

Figure 1 shows the configuration of the LLNL seismic 
stations during the flow test. Two sets of stations were 
deployed; seven three-component stations within a 3 km 
radius of the two wells, and three small (100 m aperture) 
arrays at distances of 1 to 2 km. The network of three- 
component stations, which provide primarily phase arrival 
times, were used to detect and locate microearthquakes in 
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Figure 1. Map of the L W  seismic network during the 
June, 1988 flow/injection test. The triangles are three-com- 
ponent station locations and the squares are the array loca- 
tions. The insets show the geometries of the arrays. The 
shaded elliptical zone delineates the area within which we 
expected to see seismic activity related to the test. 

the traditional manner. The arrays, which can provide 
direction, velocity, and depth information for any incoming 
seismic energy, were used to monitor all sources of seismic 
energy originating from the flow/injection zone. 

The seismic signals were digitized at each station at a 
rate of 120 samples/sec and the digital signals transmitted 
to the central recording site located near well 2-14. The 
frequency range covered by the three-component stations 
was 1 to 30 Hz. The arrays were optimized for signals 
between 3 and 25 Hz. All of the sensors were buried several 
inches below the ground surface. 

Microearthquake Monitoring 

To record impulsive microearthquakes, an event detection 
process at a central recording computer monitored all of the 

signals continuously and archived all of the waveforms when 
a detection threshold was exceeded at the required number 
of stations. To characterize and locate the 
microearthquakes detected in this way, the arrival times of 
the direct P and S seismic phases were used in a standard 
least-squares inversion location algorithm. 

We monitored the flow test zone for background 
seismicity between Sept. 1987 and the beginning of the 
flow test on June 2, 1988. During this time, the system 
operated in the event-detect mode. Although we had more 
than 1500 detections, no microearthquakes occurred within 
the flow test zone. Most of the earthquakes we recorded 
were associated with the Brawley seismic zone. Our 
earthquake locations indicated that many of these events 
were located just outside our network, however,- and from 
the size of these events can estimate the lower detection 
threshold of our system to be magnitude 0.0. 

Our examination of the data collected during the 
flow/injection test did not reveal any detectable (larger than 
M 0.0) microearthquakes within the zone of interest, except 
for one event that will be discussed in detail below. This 
negative result indicates that neither stress nor thermal 
effects of the flow test were large enough to induce 
microearthquakes during this shallow test. 

Comparison of traditional and array seismic 
met hods 

An array is a group of sensors arranged so that energy 
arriving at all of the sensors is coherent. This coherence can 
be exploited to cancel incoherent noise and obtain 
directional information about incoming signals. The desired 
arrangement of the sensors is dependent on the properties of 
the surface material and the fiequency of signals expected. 
For our experiment, we designed our arrays to be sensitive 
to energy between 3 and 25 Hz. We deployed three 
separate arrays so that we could determine the location of 
energy sources in the flow test zone. 

We will first compare the performance of the mays and the 
standard 3-component seismic stations for the 
characterization of impulsive seismic sources. This will 
also provide a brief introduction to the methods used for 
processing array data. We will then describe how arrays 
can be used to characterize continuous seismic sources, or 
seismic noise. 

When State 2-14 was first opened, we recorded a single 
small (magnitude -0.5) seismic event followed a few seconds 
later by an air wave. The cause of this signal is most likely a 
result of the initiation of fluid flow in the well column, but it 
provides us an opportunity to compare the monitoring 
capabilities provided by the traditional networks with the 
experimental may methods. We will present here in detail 
the information that we have been able to infer about these 
signals using both the seven station three-component 
network and the three arrays. 

Three vertical component waveforms for the flow event 
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are plotted in Figure 2. The event-to-station distance is 
increasing from the top to the bottom trace. The seismic 
wave and the air wave are clearly differentiated by the 
difference in moveout across the network. 

The same information can be obtained by computing the 
narrow band 2-dimensional w avenumber [Aki and Richards, 
19801 from the signals at one of the arrays (array a). Figure 
3 shows contour plots of power as a function of the narrow 
band 2dimensional wavenumber for the air wave and the 
seismic phase. The azimuth of arrival is obtained from the 
azimuthal position of the peak power. The wavenumber of 
the arrival is obtained from the radial position of the peak. 
The apparent velocity is the ratio of the frequency at which 
the spectrum is calculated and the wavenumber. 

It can be seen from Figure 3 that the two phases are 
arriving from the same azimuth, but that their apparent 
velocities are quite different. For the air wave, the frequency 
is 3 Hz and the peak wavenumber is 6.4 km-1, yielding a 
velocity of 0.33 km/sec., which is the velocity of sound.. 
For the seismic wave, the frequency is 8 Hz and the peak 
wavenumber is 3.48 km-1 resulting in an apparent velocity 
of 2.3 km/sec. 

We were able to locate this event using both the network 
and the three arrays. The seismic veolocity structure used 
for the location was from Frith, (1978). The locations were 
similar using both methods (Figure 4.). The depths 
calculated from the network and the arrays were also similar 
(0.5 km). 

For earthquake characterization and location, then, three 
arrays or six network stations can provide equivalent 
performance. There is no significant advantage to either 
configuration from an operational standpoint. The next 
section will demonstrate the advantages that the array 
methods provide for characteriziig continuous sources of 
energy, or "noise". 

Noise Monitoring 

Arrays are extremely useful for characterizing continuous 
noise sources associated with geothermal areas because they 
provide directional and depth information about seismic 
signals. This ability can be used to screen out noise from 
cultural sources, which are typically located at the surface. 

The discrimination of surface and deep sources is done on 
the basis of phase velocity. Using known deep and shallow 
sources, we determined that surface sources had velocities 
less than 2 km/sec, and deep sources (> 0.5 km depth) had 
velocities greater than 2 km/sec. 

For each of more than 900 twice-hourly 120 second data 
samples, we calculated the average noise power in a 60 deg. 
bearing range corresponding to the flowhnjection zone at 
4.5 Hz and 20 Hz. Figure 5 shows the results of this 
processing. The surface and deep noise power show an 
increase when the flow is greatest, suggesting that the the 
flow test is producing significant amounts of seismic 
energy. The high similarity of the surface and deep noise, 
however, indicates that the surface noise could be 
contaminating the 20 Hz signals. 

The reason for this problem is that the arrays are too small 
and don't have enough elements to adequately filter out the 
large amplitude low-velocity signals from the much smaller 
deep signals. The overall amplitude of the 4.5 Hz power is 
approximately a factor of 10 greater than the 20 Hz powcr 
(Figure 5.). and any deep seismic sources that may be 
present are masked by the surface signal. 

Conclusions 

Although we conducted an exhaustive search for 
earthquakes and continuous seismic energy related to the 
flowhnjecion test, we could not find any conclusive 
evidence for significant amounts of this energy. 

Other sources of seismic energy not directly related to the 
flow test allowed us to explore the usefulness of seismic 
arrays for characterizing both continuous and impulsive 
sources of energy. Our results indicate that in a geothermal 
environment where significant levels of deep seismic energy 
are present, arrays can provide useful information not 
available from traditional seismic networks. 

The range of velocities resolvable at a given frequency is 
dependent on the size of the array. For our arrays, the 
energy with frequencies less than about 5 Hz is primarily 
surface energy, and frequencies greater than 20 Hz are 
primarily deep sources. We attempted to use this difference 
to monitor the noise originating in the deep part of the 
flow/ijection zone. I 
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Figure 2. Seismograms from thc flow event from stations at three differcnt distances. At left is a 50 sccond segment domi- 
nated by the high-amplitude air wave. At right is the smaller seismic portion of the signal enclosed by the box in the left fig- 
ure. Zero time is June 2, 1988 00:41:44, 10 minutes after State 2-14 was opened. The number above each trace is the maxi- 
mum amplitude of the seismogram times 104dsw. The distance between the station and the event is shown between each 
pair of traces. 

NORTH 

Frequency: 8 Hz 
Bearing: 251 degrees 
Velocity: 2.3 km/sec 

NORTH 

Frequency: 2 Hz 
Bearing: 258 degrees 

Velocity: 0.33 km/sec 

Figure 3. Contours of narrow-band 2dimensional wavenumber power for the seismic (left) and air (right) waves re- 
corded at array A. The bearing is measured clockwise from north. The wavenumber is 0 km'lat the center and 10 krn-' 
at the edge of the plot. 
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Figure 4. Summary of location results for the seismic part of the flow event. The array location is defined by 
the intersection of the beams from the three arrays. The network location is obtained from the arrival times at the 
network stations. The uncertainty in the network location (400 m) is indicated by the circle centered on the 
location. The network and array locations are the same, within the uncertainties of each measurement. 
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Figure 5. Flow rate (top) and surface and deep noise power at array a as a funtion of time during the entire flow test. The power 
for each time segment was obtained by integrating the power as a function of bearing over a 60 deg. range corresponding to the 
flowhnjection zone (see Figure 1.). At a frequency 4.5 Hz, the seismic energy is limited to surface sources, and at 20 Hz, the 
seismic encrgy should be primarily from deep sources. 
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