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ABSTRACT 

With recent  improvements i n  acqui r ing,  process- 
i n g  and i n t e r p r e t i n g  data , seismic groundnoi se 
provides a va luable t o o l  f o r  geothermal explor -  
a t ion.  A t ime domain beam-steering ar ray  process- 
i n g  technique i s  employed. This  process e l im in-  
ates t h e  occurrence o f  f a l s e  anomalies caused by 
l o c a l  geolog ic  a m p l i f i c a t i o n  e f fec ts .  Surveys o f  
t h i s  type are used t o  l o c a t e  n a t u r a l l y  f r a c t u r e d  
reservo-i r s .  Results from D i x i e  Val l e y  and Desert 
Peak, Nevada c o r r e l a t e  w e l l  w i t h  t h e  l o c a t i o n  of 
product ive we l ls  o r  known geology. 

INTRODUCTION 

Since t h e  e a r l y  1970's groundnoise surveys 
have been used i n  an attempt t o  l o c a t e  geothermal 
reservo i rs .  A1 though, controversy on t h e  u t i l i t y  
o f  t h i s  technique f o r  l o c a t i n g  geothermal reserv- 
o i r s  e x i s t s ,  i n t e r e s t  remains h igh  s ince i t  i s  
one of the few methods considered as a d i r e c t  
geothermal i n d i c a t o r .  Par t  o f  the problems i n  
e a r l i e r  surveys r e s u l t e d  from a lack  o f  under- 
standing o f  the l o c a l  geolog ica l  e f f e c t s .  
t i a l l y ,  amplitude spect ra (PSD) were recorded a t  a 
number of loca t ions  and compared t o  determine areas 
of high noise concentrat ion. I t  was l a t e r  determ- 
ined t h a t  surface layers  of a l luv ium could a lso 
cause ground a m p l i f i c a t i o n  (Wagner and Kat t ,  1975; 
Katz, 1976; I y e r  and H i  tchcock, 1976) r e s u l t i n g  i n  
f a l s e  anomalies. To a l l e v i a t e  t h i s  problem t ime 
domain and frequency domain so lu t ions ,  independent 
o f  ground ampl i f i ca t ion ,  were developed t o  loca te  
the seismic no ise source. Both of these methods 
r e l y  on c o r r e l a t i o n  techniques. 

I n i -  

Liaw and IMcEvi'lly (1979) a t  Grass Val ley,  Nevada, 
Douze and Laster  (1979) a t  Roosevelt Hot Springs, 
Utah, Oppenheimer and I y e r  (1980) a t  Yellowstone 
Nat ional  Park, and Liaw and Suyenaga (1982) a t  
Roosevelt Hot Springs, Utah and Beowawe, Nevada 
a1 1 analyzed t h e i r  groundnoi.se data us ing  frequency- 
wavenumber techniques. 
a1 1 these surveys were mixed and non-conclusi ve. 
I n  some cases the  seismic no ise source was i n d i c -  
a t i v e  of a Rayleigh wave c h a r a c t e r i s t i c  o f  c u l t u -  
r a l  no ise o r  wind. I n  o ther  cases dur ing  the same 
survey t h e  groundnoi se was c h a r a c t e r i s t i c  o f  body 
(P)  waves a r r i v i n g  from a poss ib le  geothermal 
source a t  depth. However, these r e s u l t s  showed the  

I n  aeneral , the r e s u l t s  of 

no ise  a r r i v i n g  from random d i r e c t i o n s  t h a t  could 
no t  be cor re la ted  w i t h  known features.  

beam forming array processing method t o  l o c a t e  
small seismic events l o s t  i n  no ise a t  t h e  Large 
Aperture Seismic h r a y  (LASA) i n  Montana. Page 
and Sebastian (1975) describe t h e  use o f  a method 
s i m i l a r  t o  Capon's t o  process seismic no ise a t  
Long Val ley,  C a l i f o r n i a .  Utah Geophysical, Inc .  
(UGI) improving on the methods o f  Capon e t  a1 . has 
developed new f i e l d ,  processing and ana lys is  tech- 
niques t h a t  appear t o  be successful i n  l o c a t i n g  
f ractured reservo i rs .  We r e f e r  t o  t h i s  method as 
seismic emissions. Results a t  D i x i e  Va l ley  (Sun- 
edco), Desert Peak ( P h i l l i p s )  , and D i x i e  Hot Spr- 
ings  (Chaffee Geothermal) w i l l  be discussed. D r i l -  
l i n g  has confirmed survey r e s u l t s  a t  D i x i e  Va l ley  
and Desert Peak. Surface geology and m i  c roear th-  
quake a c t i v i t y  appear t o  support r e s u l t s  a t  D i x i e  
Hot Springs. 

Capon e t  a1 . (1 967,1968) described a time-domai n 

. 

THE METHOD 

Data i s  acquired us ing a s i x  element a r ray  usu- 
a l l y  having a diameter o f  2000 t o  3000 f e e t .  The 
ar ray  i s  movedvvery o ther  day t o  a new l o c a t i o n  
w i t h i n  the survey area u n t i l  f o u r  d i f f e r e n t  s i t e s  
are occupied. Data from the s i x  v e r t i c a l  HS-10- 
(2Hz) seismometers i s  t ransmi t ted  v i  a FM te lemet ry  
t o  a cent ra l  recording s i t e  and recorded, along 
w i t h  WWVB t iming,  on magnetic tape. 

P r i o r  t o  processing, 48 hours o f  data i s  s t r i p -  
ped o u t  and e d i t e d  t o  f i n d  q u i e t  sect ions conta in-  
ing  a minimum amount o f  c u l t u r a l  and wind noise.  
These q u i e t  sections are then d i g i t i z e d  a t  a r a t e  
of 100 samples per second. Processing employs an 
array processing-beam s teer ing  algori thm. To i m -  
p l iment  t h i s  program, t h e  t y p i c a l  4 by 4 m i l e  area 
o f  i n t e r e s t  i s  d iv ided i n t o  a 1000 ft. g r i d .  This 
r e s u l t s  i n  a 21 by 21 mat r ix  o r  441 poss ib le  lo- 
cat ions t o  be evaluated. Travel t imes from each 
g r i d  p o i n t  t o  each rece iver  are then ca lcu lated.  
Recorded traces are then s h i f t e d  according t o  t h e  
corresponding t r a v e l  t imes f o r  3 . p a r t i c u l a r  p o i n t  
i n  the q r i d  and cross cor re la ted  t o  t e s t  t h e i r  co- 
herency. This i s  repeated f o r  a l l  p o i n t s  i n  the  
g r i d  by an i t e r a t i v e  process. Areas e x h i b i t i n g  
h igh  c o r r e l a t i o n  values i n d i c a t e  t h a t  t h e  s i g n a l  
i s  i n  phase f o r  t h a t  p o i n t ,  and thus, i t  i s  t h e  
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probable l o c a t i o n  of  the noise source. 

Ma themat i c a l l  y , t h e  h i  ghes t obta inable cor re1 a t  i on 
value i s  one.. This value i s  r a r e l y  obtainable i n  
seismic processing. 
standards t h a t  determine if the  c o r r e l a t i o n  value ob- 
ta ined i s  i n d i c a t i v e  of a coherent s ignal .Typica l ly ,  
seismic emission c o r r e l a t i o n  values are on the  o rde r  
of 0.05. Using any of the t r a d i t i o n a l  standards, a 
value t h i s  low would be consi dered non-coherent . 
However, we have t o  consider the  type o f  data we are 
working w i t h  and de r i ve  a new set  of standards t o  
evaluate it. The data set  i s  most l i k e l y  made up of 
random background noise ( L e .  wind, human o r  animal 
movement) which i s  of  much h igher  amplitude than 
the s igna l  o f  i n t e r e s t .  Th is  masks the P wave s i g -  
na l  of i n t e r e s t  r e s u l t i n g  i n  a poor s ignal  t o  noise 
r a t i o .  However, the seismic s igna l  der ived from 
the rese rvo i r  has th ree  c h a r a c t e r i s t i c s  t h a t  make i t  
resolveable.  Although, i t  i s  o f  smal ler  amplitude, 
i t  i s  cons is tan t l y  being generated from the same l o -  
cat ion wh i l e  the  c u l t u r a l  no ise i s  random i n  d i rec -  
t i o n .  By using a c o r r e l a t i o n  window t h a t  i s  l a rge  
enough, the random c u l t u r a l  no ise should be aver- 
aged out  wh i l e  the  s igna l  from the r e s e r v o i r  would 
be enhanced. Secondly, t h e  seismic s igna l  from the 
geothermal r e s e r v o i r  appears t o  be a P-wave (Liaw 
and Suyenaga, 1982) , thus t r a v e l i n g  a t  twice the 
v e l o c i t y  of  t he  background produced Rayleigh wave. 
Since, the ray  t r a c i n g  uses a P-wave v e l o c i t y  mo- 
del ,  t h e  c u l t u r a l  no ise i s  subjected t o  a v e l o c i t y  
f i l t e r .  I t  cannot a l i g n  i t s e l f  i n  phase f o r  the 
c o r r e l a t i o n  because the  P wave v e l o c i t y  does n o t  
permit  t h i s  t o  occur. F i n a l l y ,  background noise 
t rave ls  across the a r ray  along the e a r t h ' s  surface. 
Whereas, the seismic waves from a geothermal re -  
s e r v o i r  would a r r i v e  from below the array.  This 
causes the apparent ve l  oc i  t i e s  f r o m  the reservo i  r 
t o  be much higher than those t r a v e l i n g  across the 
array from cul t u r a l  noise. This e f fec t  f u r t h e r  ad- 
heres t o  v e l o c i t y  f i l t e r i n g ,  enhancing the P wave 
a r r i v a l s .  
s ignals  where the c u l t u r a l  no ise i s  being f i l t e r e d ,  
wh i l e  the more s u b t l e  r e s e r v o i r  s igna l  i s  being pre- 
served, low c o r r e l a t i o n  values would be expected. 
Because of t h i s  we have chosen t o  use r e l a t i v e  cor- 
r e l a t i o n  values r a t h e r  than absolute values. For 
any data set, values t h a t  exceeded 80% o f  t he  maxi- 
mum value were considered anomal ous. I n  addi ti on, 
a t  l e a s t  two and i n  most cases three arrays had t o  
have t h e i r  anomalous values occur a t  the same l o -  
cat ion f o r  a seismic emissions anomaly t o  be de f i -  
ned. I n  t h i s  manner there had t o  be r e p e a t a b i l i t y  
over a per iod o f  several  days f o r  an anomaly t o  
occur. 

O f  importance when i n t e r p r e t i n g  the data i s  the 
f a c t  t h a t  the a r ray  diameter i s  small compared t o  
the area i t  i s  searching. 
sources located more than approximately a h a l f  m i l e  
from the  array r e s u l t  i n  the array generat ing a d i -  
r e c t i o n a l  vec to r  p o i n t i n g  toward the source r a t h e r  
than de f i n ing  i t  uniquely.  
two arrays need t o  have t h e i r  vectors i n t e r s e c t  t o  
def ine the source l oca t i on .  I n  addi t ion,  the small 
diameter o f  t h e  a r ray  causes the l o c a t i o n  t o  depend 
on the  v e l o c i t y  below the a r ray  ra the r  than the 

However, t he re  are s t a t i s t i c a l  

Considering the above combination o f  

Therefore, seismic 

I n  t h i s  case a t  l e a s t  

v e l o c i t y  f o r  the e n t i  r e  survey area. 

The v e l o c i t y  models are u s u a l l y  obtained from 
w e l l  logs o r  r e f r a c t i o n  surveys and may no t  be re -  
presentat ive o f  the e n t i r e  survey area. D i f f e ren -  
ces i n  v e l o c i t y  w i l l  cause the  d i r e c t i o n a l  vector  
t o  deviate s l i g h t l y  from the  t r u e  l oca t i on .  These 
e r r o r s  have been observed t o  be small 'e500 ft.) a t  
arrays located close t o  the source. For  arrays 
located a few m i les  from the source, t h e  e r r o r  i s  
usua l l y  l ess  than 1500 ft. Separate models can be 
used f o r  each array t o  account f o r  l a t e r a l  changes 
i n  geology. 

RESULTS 

D i x i e  Val ley (Sunedco) : 

. A seismic emissions survey was performed i n  
1977 a t  Sunedco's D i x i e  Va l l ey  Geothermal Prospect 
p r i o r  t o  the d r i l l i n g  of t he  i n i t i a l  t e s t  wel l .  
Th is  wel l  located i n  Sect ion 1 8  proved product ive 
conf i rming the f i nd ings  o f  t h e  seismic emissions 
survey which had ind i ca ted  a f rac tu red  rese rvo i r  i n  
the v i c i n i t y  o f  t h i s  w e l l .  

The seismic emissions survey was used t o  eval-  
uate a 6 by 6 m i l e  area. 
sed. Results are shown i n  F igure 1. Anomalies oc- 
cur  i n  p a r t s  o f  Sections 18,17,8 and 7. 
na l  vectors (h igh c o r r e l a t i o n  regions) from three 
arrays i n t e r s e c t  a t  these p o i n t s  forming the  ano- 
mal ies.  I n  addi t ion,  t h e  f o u r t h  ar ray was close 
enough t o  the  anomalous reg ion  t o  prov ide a unique 
so lu t i on .  
i nd i ca tes  a bur ied normal f a u l t ,  downthrown toward 
the east a t  approximately t h i s  same loca t i on .  
h igh degree o f  confidence was placed on these ano- 
mal ies s ince the  r e s u l t s  from a l l  f ou r  arrays i n d i -  
cated the same loca t i ons  f o r  t he  seismic noise 
sources. The r e f r a c t i o n  survey provided add i t i ona l  
conf i rmat ion o f  these loca t i ons .  

Four ar rays were proces- 

D i r e c t i o -  

A r e f r a c t i o n  survey (Thomson e t  a l .  ,1967) 

A 

Recent d r i l l i n g  appears t o  have encountered r e -  
s e r v o i r  toward the  n o r t h  beyond t h e  ex ten t  of the 
seismic emissions anomaly. It i s  assumed t h a t  t he  
emi t ted noise was e i t h e r  l o c a l i z e d  o r  stronger to -  
ward the southern p a r t  of t h e  r e s e r v o i r  where the 
anomaly occurred. I n  any case, a d r i l l i n g  program 
based on the conclusions o f  t h i s  survey would have 
l i k e l y  resu l ted  i n  a commercial d iscovery.  Re- 
sul  t s  o f  a 1 a te r  m i  croearthquake survey added supp- 
o r t i n g  in format ion t o  t h e  i n i t i a l  f i nd ings .  Parch- 
man and Knox (1981) have p rev ious l y  repor ted on the 
cha rac te r i s t i cs  o f  t h i s  s i t e .  

Desert Peak (Phi 1 l i p s )  : 

During 1983, using improved processing a l g o r i -  
thms and f i e l d  procedures, a 4 by 4 m i  l e  area was 
evaluated a t  Desert Peak, Nevada f o r  P h i l l i p s  Pe- 
t ro leum Co. This  survey was performed twice,  p r i o r -  
t o  and a f t e r  a r e s e r v o i r  t e s t  t h a t  l as ted  several 
months. 
t i c a l  demonstrating the repeatabi  1 i ty  o f  the sei  smi c 
emissions technique. 

Results o f  both surveys were almost iden- 

U n l i k e  the D i x i e  Val ley sur- 
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vey, we l l s  had already been d r i l l e d  def in ing the 
reservo i r .  Results o f  t he  survey performed p r i o r  
t o  the r e s e r v o i r  t e s t  are shown i n  F igure 2. 
The anomalous region (A)  shown i n  the NE& of sec- 
t i o n  21 appeared on both surveys and i s  co inc i -  
dent w i t h  the current  product ive we l l s .  It was 
formed by the i n t e r s e c t i o n  o f  d i r e c t i o n a l  vec- 
t o r s  from a l l  4 arrays p rov id ing  a h igh degree o f  
confidence i n  the r e s u l t s .  S ing le  s t a t i o n  anom- 
a l i e s  (B,C,D,E), being less we l l  def ined and 
poss ib ly  caused by array b ias ing  o r  leakage, are 
shown dashed. Data were processed using a depth 
o f  4000 ft. I n f e r r e d  f a u l t s  were located i n  p a r t  
by using t h e  observat ion from previous work t h a t  
seismic emi ssions anomal i e s  usual l y  occur a t  cross 
f a u l t s .  I n  addi t ion,  P h i l l i p s  (John Maas, perso- 
n a l  communi cat ion)  reprocessed t h e  raw co r re la -  
t i o n  values us ing d i f f e r e n t  s t a t i s t i c a l  packages 
t o  generate a contour map t o  compare the  r e s u l t s  
w i t h  f a u l t i n g  i d e n t i f i e d  by magnetic and s e l f  
p o t e n t i a l  surveys. The geology and rese rvo i r  
cha rac te r i s t i cs  have been descr i  bed by Benoi t e t  
a l .  (1982). 

The r e s u l t s  of t h i s  survey were q u i t e  s i m i l a r  
t o  t h a t  a t  Sunedco's D i x i e  Val ley Prospect. I n  
both surveys, a l l  f o u r  arrays pointed t o  the same 
loca t i on  forming the anomalous reg ion where the  
f rac tu red  comnerci a1 reservo i  r appears t o  occur. 

D i x i e  Hot Springs (Chaffee Geothermal) : 

I n  1983, both seismic emissions and microearth- 
quake surveys were performed f o r  Chaffee Geother- 
mal a t  t h e i r  D i x i e  Hot Springs, Nevada Prospect. 
Resul ts from t h e  seismic emissions survey are 
shown i n  F igure 3. Un l i ke  the  previous two sur-  
veys t h a t  had one prominent noise source, t h i s  
prospect appears t o  have several  d i f f e r e n t  sour- 
ces. Anomalies A and B are seen on both Arrays 3 
and 4, whereas, Anomal i e s  C, D and E are seen 
only  on one array.  The reason fo r  the one-array 
anomaliies i n  t h i s  survey i s  l i k e l y  caused by the  
array 's  c lose p rox im i t y  t o  the noise source. 
ray 1 i s  c lose t o  Anomaly D and Array 2 i s  c lose 
t o  Anomaly C. 
close, i t  masks the noise a r r i v i n g  a t  these ar-  
rays from the  more d i s t a n t  sources (A,nomalies A & 
B). Anomalies A, C and D a l i g n  themselves w i t h  
the  D i x i e  Meadows F a u l t  which i s  associated w i t h  
a ser ies o f  springs. Anomaly B, l i e s  along t h e  
1954 scarp o f  the S t i l l w a t e r  Faul t .  
prev ious ly ,  t he  seismic emissions anomalies usu- 
a l l y  occur a t  cross f a u l t s .  Reports by Koenig e t .  
a l .  (1976) and Denton e t .  a l .  (1980) show the 
Whi terock and Miss iss ipp ian Canyons, j u s t  north.  
o f  the survey, t o  be f a u l t  c o n t r o l l e d  and extend- 
i n g  i n t o  the va l ley.  Assuming t h i s  i s  a lso t h e  
case f o r  Cottonwood Canyon, an i n f e r r e d  f a u l t  can 
be placed through Anomalies A and B. 
malies would then appear a t  cross f a u l t s .  

A r -  

Because t h e  seismic noise i s  SO 

As mentioned 

These ano- 

Addi t ional  evidence suggesting t h e  existence 
o f  a cross f a u l t  was supported by t h e  l o c a t i o n  
o f  microearthquakes. Fol lowing the ' se i sm ic  emi- 
ssions survey, a 
ducted fo r  a two 
were located, o f  

microearthquake survey was con- 
week per iod.  S i x t y - th ree  events 
these about one- th i rd  were found 

t o  occur w i t h i n  the reg ion def ined by the previous 
seismic emissions Anomalies A and B. Spect ra l  an- 
a l y s i s  o f  t h e  microearthquakes i nd i ca ted  low Q 

. 

(h igh at tenuat ion)  values along the p rev ious l y  map- 
ped areas o f  f a u l t i n g .  These low Q values c o i n c i -  
ded w i t h  the seismic emissions anomalies conf i rm- 
i n g  the poss ib le  existence o f  a f rac tu red  zone. 

CONCLUSIONS 

The three seismic emissions surveys descr ibed 
w i t h i n  t h i s  r e p o r t  are t y p i c a l  o f  t he  r e s u l t s  found 
a t  several o the r  locat ions.  The r e s u l t s  o f  o ther  
surveys are e i t h e r  p r o p r i e t a r y  o r  have been repor-  
t e d  elsewhere ( i  .e. S w i f t ,  1979). Resul ts appear 
t o  c o r r e l a t e  we l l  w i t h  d r i l l i n g  and other  geologi-  
ca l  and geophysi ca l  methods. A 1  though surveys o f  
t h i s  type have been controvers ia l  i n  the  past,  as 
perhaps w i t h  any geophysi ca l  met hod, the consi  s- 
tency and r e l i a b i l i t y  o f  cu r ren t  r e s u l t s  are en- 
couraging. This  would i n d i c a t e  t h a t  w i t h  carefu l  
data a c q u i s i t i o n  and improved processing techniques , 
seismic emissions could be a meaningful and r e l i -  
ab1 e geophysi c a l  t o o l .  
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