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ABSTRACT 

The application of high-resolution microseis- 
micity studies to the problem of monitoring 
injected fluids is one component of the Geo- 
thermal Injection Monitoring Project at LLNL. 
The evaluation of microseismicity includes 
the development of field techniques, and the 
acquisition and processing of events during 
the initial development of a geothermal 
field. To achieve a specific detection 
threshold and location precision, design 
criteria are presented for seismic networks. 
An analysis of a small swarm near Mamnoth 
Lakes, California, demonstrates these rela- 
tionships and the usefulness of high-resolu- 
tion seismic studies. A small network is 
currently monitoring the Mammoth-Pacific 
geothermal power plant at Casa Diablo as it 
begins production. 

INTRODUCTION 

The objective o f  the Lawrence Livermore 
National Laboratory Geothermal Injection 
Monitoring Project (GIMP) is to evaluate the 
use o f  geophysical techniques to monitor the 
movement of brine injected into geothermal 
systems. This project deals with questions 
such as: What anomalies would be produced 
by different assumed injection scenarios? 
What geophysical techniques would be sensi- 
tive to these anomalies and what are the 
present deficiencies of those methods? Can 
systems with the appropriate sensitivity be 
developed and demonstrated? Do the antici- 
pated anomalies actually occur and can they 
be analyzed to learn useful information about 
the movement of injected fluid? Four methods 
are being evaluated by the project: 1. 
Response of Wellbores to Earth Tides, 2. 
Cross-borehole electrical measurements, 3. 
Detection of Microseismicity associated with 
injection, and 4. Self Potential Methods. 
The application of high-resolution microseis- 
micity studies to the problem of monitoring 
injected fluids is discussed in this paper. 

Westphal, 1969; Ward and Bjdmsson, 1971; 
Ward, 1972). These studies depend on micro- 
seismicity delineating the faults that may 
act as conduits for hot fluids or steam, or 
suggesting zones weakened by geothermal 
activity. Microseismicity may also provide 
a technique to map the pressure front result- 
ing from brine reinjection. This approach 
would depend on locating and evaluating dis- 
crete seismic events associated with the 
injection of fluids (Bufe, et al., 1981; 
Denlinger and Bufe, 1982). At the LOS 
A l m s  National Laboratory k t  Dry Rock 
site, injection-produced seismicity has been 
mapped with a variety of surface and 
down-hole sensors (Murphy and Fehler, 
1984). We are evaluating the possibility of 
using microseismicity detected by a surface 
array to help track the migration o f  
reinjected fluids in geothermal areas. 

Our evaluation of microseismlcity has two 
components: Development of field techniques 
for the detection, location, and characteri- 
zation of microseismicity rear magnitude 
zero; and the acquisition and' processing o f  
events during the initial development of a 
geothermal field. The Long Valley Caldera 
in eastern California provides a suitable 
region for this development and evaluation. 
A high rate o f '  natural seiQicity within 
localized, shallow swarms allows development 
of the seismic methodology. Dqvelopment of a 
binary geothermal power plant at Casa Oiablo 
Hot Springs by Mammoth-Pacific provides the 
opportunity to monitor reinjection before 
and during its operation. 

To develop and demonstrate our capability of 
detection and location of very small seismic 
events, and to validate our debigns of seis- 
mic networks, a seismic field test studied a 
region of swarm activity within the Long 
Valley Caldera in California. This is a 
region of high natural seismiaity between 2 
and 9 km depth, strong temporal and spatial 

MICROSEISMICITY STUDIES 

Microseismicity has long been associated 
with geothermal reservoirs. Early studies 
considered the spatial relationship of micro- 
earthquakes to geothermal regions (Lange and 

T h i s  work was performed under the auspices 
of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory llnder contract 
No. W-7405-Eng-48. Supported by the DOE 
Division of Geothermal and Hydropower Tech- 
no 1 ogi e s. 

-297- 



swarming, and probable assoc ia t ion  w i t h  
e i t h e r  hydrothermal f l u i d s  o r  magmatic a c t i v -  
i ty .  Many events were expected from magni- 
tude 0 t o  1; consequently, t he  seismic net-  
work was designed w i t h  t h e  i n t e n t  t o  detec t  
and l oca te  these events and t o  cons t ra in  
t h e i r  source parameters. The network shown 
i n  Figure 1 contained 14 seismic s ta t i ons  
w i t h  spacing between s i t e s  as small as 
0.5 km. Ten s i t e s  used three-component 
seismometers, and a l l  s i t e s  used d i g i t a l  
event recorders  sampling a t  200 samples/s 
w i t h  an a r ray  t r i g g e r  c r i t e r i o n  t o  r e j e c t  
l o c a l  no ise  and t o  ensure accurate r e l a t i v e  

t iming. F i n a l l y ,  a simultaneous invers ion 
f o r  hypocentral locat ion ,  v e l o c i t y  s t ruc ture ,  
and s t a t i o n  co r rec t i ons  reducaa t h e  r e l a t i v e  
l o c a t i o n  e r r o r  t o  approximately 20 meters. 
Each o f  these elements i n  t h e  deployment and 
ana lys is  i s  essen t i a l  t o  r e t a i n  both the  
network s e n s i t i v i t y  and l o c a t i o n  accuracy. 
F igure  2 i l l u s t r a t e s  the  ep i cen t ra l  l oca t i ons  
o f  a small swarm near Mammoth Lakes. The 
l o c a t i o n  accuracy a l lows de l i nea t i on  o f  a 
plane o f  se ismic i ty ,  wh i l e  f o c a l  mechanisms 
f o r  one small event suggests t h a t  t he  plane 
o f  se i sm ic i t y  l i e s  normal t o  t h e  minimal 
s t ress  axis. The depth sec t ion  i n  F igure  3 
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Figure  1. Map o f  t h e  Mammoth Lakes-Long 
Va l ley  reg ion  i n  Eastern C a l i f o r n i a  showing 
the  ep icenters  and seismic s t a t i o n s  used i n  
t he  microearthquake survey. The map covers a 
reg ion approximately 9 km square and inc ludes 
t h e  p r i n c i p a l  highways and the  town o f  
Mammoth Lakes. The l i n e  extending east-west 
across the  p l o t  represents t he  southern 
boundary o f  t h e  Long Va l l ey  Caldera. 

Three-component, d i g i t a l  s t a t i o n s  are shown 
by squares. S ing le  component, v e r t i c a l  
s ta t i ons  i n s t a l l e d  by Lawrence Berkeley 
Laboratory are  denoted by t r i ang les .  A l l  
these s t a t i o n s  use 4.5 Hz seismometers except 

one which uses a 2 Hz seismometer. The 
c e n t r a l  s t a t i o n  i n  the  network also includesl 
a 1 Hz three-component seimometer and a 
forced-bal  anced accelerometer. The nearest  
U n i v e r s i t y  o f  Nevada, Reno, and USGS s ta t i one  
used f o r  t h e  f i r s t  motion s tud ies  are  SHL, 
EMH, CHS, LCC and MLK. 

Epicenters o f  earthquakes used i n  t he  micro- 
se i sm ic i t y  survey are  i nd i ca tqd  by  a s t e r i  sks.1 
A swarm on August 9, 1982, i$ apparent as q 
c l u s t e r  o f  events near t h e  cerlter of t he  map. 
The box near t h e  center  i nd i ca tes  the  region1 
covered by F igure  2, wh i l e  t h e  depth sections1 
i n  F igure  3 extend from A t o  A ' .  
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f u r t h e r  c l a r i f i e s  t h i s  i n te rp re ta t i on .  I n  a a t  Casa Diablo. A network o f  t h ree  v e r t i c a l  
reg ion geothermal f l u i d  i n j e c t i o n ,  t h i s  type and one three-component seismometer are 
o f  in format ion would he lp  de l i nea te  f rac tu res  recorded a t  100 samples/s us ing an event 
which ac t  as paths f o r  f l u i d  migrat ion.  t r i g g e r .  The s t a t i o n s  are  separated by 450 

meters s ince r e i n j e c t i o n  occwrs a t  a depth 
To assess t h e  occurrence o f  microse ismic i ty  o f  500' meters. The background se i sm ic i t 4  

I I I 

dur ing  i n j e c t i o n  a t  a geothermal power plant; p r i o r  t o  product ion w i l l  be Uompared t o  
we have deployed a small d i g i t a l  network i n i t i a l  and l a t e r  product ion phase o f  
around the  i n j e c t i o n  w e l l s  o f  Mamnoth-Pacific power p lan t .  
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Figure 2. Expanded view o f  t he  swarm reg ion 
on August 9, 1982. The map covers a 3 k i l o -  
meter square as shown i n  F igure  1. 

The ep icenters  are i nd i ca ted  by  l e t t e r s  
represent ing  t h e i r  o rder  o f  occurrence: A 
through Z, a through 2 ,  and 0 t o  9. Events 
h 'through r occurred dur ing  a th ree  hour 
per iod  s t a r t i n g  a t  0500. These events de f i ne  
a segment of a v e r t i c a l  plane o r i en ted  f rom 
A t o  A ' .  The maximum coda magnitude f o r  
these events was 1.5. 
The f o c a l  mechanism f o r  event k w i t h i n  t he  
swarm i s  p l o t t e d  i n  t h e  upper l e f t .  F i r s t  

K I L O M E T E R S  
( E a s t )  

motions are p l o t t e d  on a lawer hemisphere 
where C i nd i ca tes  compression and D repre.1 
sents d i l a t a t i o n .  The p l o t  combines the  
d i g i t a l  s t a t i o n s  and UNR/USGS sta t ions .  A, 
double couple mechanism i s  p l o t t e d  suggestin 
t h a t  t h e  l e a s t  compressive axis, T, i s  w e l l !  
constrained. A compensated l i n e a r  vec tor  
d i p o l e  would a lso  g i ve  an azimuth o f  approx- 
imate ly  N30E f o r  the  T axis. The shallow1 
events j, 1, m, and p, p l u s  t h e  deeper event 
x are a lso  cons is tent  w i t h  t h i s  mech nism 
although n o t  as we l l  constrained. The ieepe i i  
event 6, however, has a component of reverse1 
s l i p .  
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D I S T A N C E  (KM) FROM A- A '  
( V I E W E D  F R O M  A ' )  

I 

p l o t s .  The p l o t  on t h e  l e f t  Shows a depth 1 
sec t ion  along the  t rend  o f  seibmici ty,  A t o  1 
A ' .  
2.5 t o  3.5 km. 

The swarm now appears betwken depths o f  
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