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Abstract 

Seismological methods, including studies of micro- 

earthquakes, P- and S-wave velocities and P-wave 

attenuation are investigated as tools for the exploration 

and delineation of geothermal resources. Seismograms 

from explosions and microearthquakes are examined for 

changes in frequency content and relative arrival times 

across a known geothermal area, The Geysers, California 

and a potential geothermal region, Grass Valley, Nevada. 

Microearthquakes within the two regions are examined for 

evidence of spatial variations in radiated P- and S-waves. 

Additional information concerning Basin and Range structure 

is provided by regional refraction studies. Detailed 

structural analysis in Grass Valley is obtained by 

commercial reflection and refraction work. Heat flow 

modeling, consistent with structure inferred by seis- 

mological techniques, is used to discriminate between 

conductive and convective heat flow anomalies in Grass 

Valley. 

Concentrated observations in Grass Valley around 

Leach Hot Springs revealed moderate microearthquake 



a c t i v i t y  on a t r e n d  c r o s s i n g  t h e  southern end o f  t h e  v a l l e y ,  

wi th  occasional  s w a r m s  i n  t h e  a r e a  o f  high hea t  f l o w ,  

(4-6 h fu )  a t  t h e  no r th  end o f  t h e  1915 Pleasant  Valley 

earthquake (mag = 7.5)  f a u l t  t r a c e .  I n  t h e  contex t  o f  

Basin and Range t e c t o n i c s  and s e i s m i c i t y ,  t h e  Grass Valley 

microearthquakes a r e  not  anomalous i n  s p a t i a l  o r  temporal 

occurrence.  S tudies  o f  source properties obtained f r o m  

P-wave s p e c t r a l  c h a r a c t e r i s t i c s  a r e  inconclusive i n  s o  

f a r  as de f in ing  a unique geothermal earthquake. Re- 

f r a c t i o n  and r e f l e c t i o n  s t u d i e s  i n d i c a t e  normal f a u l t i n g ,  

w i t h  major f a u l t s  bounding t h e  v a l l e y  and c o n t r o l l i n g  

s p r i n g  a c t i v i t y .  Heat f l o w  m o d e l s  i n d i c a t e  s m a l l  

anomalies (3-5 h f u )  may be conductive r a t h e r  t han  convec- 

t i v e  i n  o r i g i n ,  c o n t r o l l e d  by basement topography. 

F l u i d  f l o w  is  r equ i r ed  t o  account f o r  t h e  h e a t  f l o w  

anomaly a s s o c i a t e d  with Leach Hot  Springs and t h a t  i n  

t h e  southern p a r t  o f  Grass Val ley.  Modeling a l s o  

revea led  t h a t  s h a l l o w  (2-3 k m ) ,  moderate temperature 

( 200°C) h o t  water  r e s e r v o i r s  can be present  without 

l a r g e  s u r f a c e  hea t  f l o w  anomalies (7-8 h f u ) .  

Regional r e f r a c t i o n  s t u d i e s  show high apparent  Pn 

v e l o c i t y  (8 .1  km/sec) northward, i n d i c a t i n g  e i t h e r  

c r u s t a l  t h i n n i n g  o r  c r u s t a l  v e l o c i t y  increase  northward 

i n  nor thern  Nevada, assuming t r u e  Pn v e l o c i t y  i s  nea r  7.8 

km/sec. 

mantle ho t  s p o t s  o r  plumes could account f o r  t h e  

no r the rn  Nevada high hea t  f l o w  ( 7 2 . 5  h f u ) ,  

Regional hea t  f l o w  modeling sugges ts  upper 



Studies  i n  The Geysers steam f i e l d  r e v e a l  s i g -  

n i f i c a n t  v e l o c i t y  and a t t e n u a t i o n  anomalies a s s o c i a t e d  

wi th  t h e  product ion zone. 

diagrams i n d i c a t e  lower Po i s son ' s  R a t i o s  i n  t h e  f i e l d  

than  i n  surrounding a r e a s .  P-wave v e l o c i t y  and a t t e n -  

u a t i o n  data i n d i c a t e  a s h a l l o w  high v e l o c i t y  - high Q 

zone, (1 -2  km) over ly ing  a lower v e l o c i t y  - lower Q 

reg ion .  F a u l t  plane s o l u t i o n s  a r e  l a r g e l y  c o n s i s t e n t  

w i t h  r i g h t  l a t e r a l  s t r i k e - s l i p  movement and NE-SW 

compression. Microearthquake s p a t i a l  d i s t r i b u t i o n  and 

source parameters f r o m  P- and S-wave s p e c t r a l  cha rac t e r -  

i s t i c s  suggest  a c l o s e  r e l a t i o n s h i p  t o  t h e  high g r a d i e n t s  

i n  pressure  and temperature bounding t h e  steam r e s e r v o i r .  

A b-value o f  1.1 f 0 . 1  is  poss ib ly  s l i g h t l y  anomalous 

compared t o  t h e  0.83 2 0 .04  r eg iona l  va lue ,  b-values 

depend c r i t i c a l l y  on t h e  magnitude s c a l e  u t i l i z e d .  

Although a d d i t i o n a l  data a r e  r equ i r ed ,  t h e  microear th-  

quake a c t i v i t y  impl ies  an  a s s o c i a t i o n  w i t h  steam 

withdrawal.  Recommendations a r e  given for t h e  a p p l i c a t i o n  

o f  se i smologica l  techniques i n  t h e  contex t  of  r e s e r v o i r  

exp lo ra t ion  and/or monitor ing.  

V /Vs data f r o m  Wadati 
P 

With proper sampling i n  space and t ime,  P- and S-wave 

v e l o c i t y  and a t t e n u a t i o n  data can d e t e c t  and d e l i n e a t e  

s i g n i f i c a n t  anomalies a s s o c i a t e d  w i t h  t h e  s t a t i c  

p r o p e r t i e s  o f  a geothermal resource .  Microearthquake 

data a r e  u s e f u l  f o r  monitoring t h e  dynamic s t r a i n  



r e l i e f  processes  a s s o c i a t e d  w i t h  f l u i d  movement, temp- 

e r a t u r e  and p res su re  g r a d i e n t s  i n  geothermal environ- 

ments. Refinement of  t h e  techniques presented i n  t h i s  

s tudy ,  and t h e  a d d i t i o n  o f  f u t u r e  case  h i s t o r i e s ,  should 

make se i smologica l  methods s i g n i f i c a n t  elements i n  t h e  

exp lo ra t ion  and d e l i n e a t i o n  o f  geothermal r e sources .  
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CHAPTER 1 

INTRODUCTION 

The i n c r e a s i n g  importance o f  l o c a t i n g  a d d i t i o n a l  

and a l t e r n a t i v e  energy sources motivates  t h e  sea rch  f o r  

a bas i c  understanding of  t h e  environments and cond i t ions  

i n  which t h e s e  resources  occur.  I n  t h e  case o f  geothermal 

energy, t h e  cond i t ions  are geo log ica l ly  complex, w i t h  

t h e  resource occurr ing  i n  v a r i e d  s t a t e s  (vapor ,  l i q u i d -  

vapor ,  l i q u i d )  and i n  d i f f u s e  o r  disseminated form. 

Because o f  t h e s e  unusual p r o p e r t i e s ,  convent ional  s e i s -  

mological methods a r e  n o t  e a s i l y  o r  p r o f i t a b l y  app l i ed  t o  

geothermal exp lo ra t ion .  

Previous t o  t h e  i n i t i a t i o n  o f  t h i s  s tudy  i n  1973, 

few r e s u l t s  o f  a comprehensive seismological  i n v e s t i g a t i o n  

i n  a geothermal a r e a  had been publ i shed ,  The m o s t  common 

s tudy  a s soc ia t ed  microearthquakes and geothermal a c t i v i t y ,  

(Lange and Westphal, 1969;  Ward and Bjornsson, 1971 ;  

Conant, 1972; Hamilton and Muffler ,  1972;  H o c h s t e i n  and 

Hunt, 1972;  Ward, 1972) d e a l i n g  mainly w i t h  t h e  s p a t i a l  

r e l a t i o n s h i p  between occurrence (or non-occurrence) o f  

microearthquakes and geothermal reg ions .  These s t u d i e s  

were concerned with t h e  l o c a t i o n  o f  f a u l t s  t h a t  could 

poss ib ly  se rve  as condui t s  i n  which ho t  f l u i d s  o r  steam 

could e x i s t .  It w a s  a l s o  thought t h a t  microearthquakes 

might r e f l e c t  t h e  presence o f  m a t e r i a l  t h a t  had been 

weakened by geothermal a c t i v i t y .  A second exp lo ra t ion  
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method used early in geothermal studies was based on the 

premise that geothermal reservoirs were characterized by 

detectable emanation of seismic waves, apparent as seis- 

mic "ground noise". Other seismological studies in high 

heat f l o w  o r  potential geothermal regions dealt with the 

presence of  magma chambers associated with volcanic regions, 

(Matumoto and Ward, 1967; Matumoto, 1971) .  Although 

studies of this nature were more comprehensive, they were 

concerned with the size and source of magma chambers and/ 

o r  the prediction of volcanic eruptions, rather than the 

location of a geothermal resource. However, few studies 

if any, gathered a l l  p o s s i b l e  seismological data and 

interpreted it in terms of the physical properties and 

processes in a geothermal reservoir. Therefore, pre- 

mature judgements were made in selecting exploratory 

wells, which almost always resulted in poor returns. 

For this reason the seismological methods, particularly 

noise surveys, were not considered of prime importance 

in geothermal exploration. 

This study seeks to assess the utility of a complete 

seismological data set for locating and estimating the 

extent of geothermal resources. To contribute signif- 

icantly to a comprehensive exploration program, infor- 

mation must be contributed that is either unobtainable o r  

inefficiently obtained by other techniques. 

also be interpretable in terms of the basic physics and 

properties of the resource. The desired parameters in 

The data must 

/- 



t h i s  case  a r e  po ros i ty ,  permeabi l i ty ,  hea t  con ten t  and 

s t a t e  of  t h e  pore f l u i d .  If t h e s e  p r o p e r t i e s  are n o t  

d i r e c t l y  d e t e c t a b l e ,  what r e l a t e d  c h a r a c t e r i s t i c s  a r e  

ev ident  i n  t h e  se i smologica l  d a t a ?  If e x i s t i n g  tech-  

niques and equipment a r e  inadequate,  can new methods and 

ins t rumenta t ion  be developed? F i n a l l y ,  i n  cons ider ing  

s e v e r a l  d i f f e r e n t  environments o f  known o r  p o t e n t i a l  

geothermal r e sources ,  t h i s  s tudy  w i l l  c o n t r i b u t e  t o  t h e  

a l m o s t  non-exis ten t  f i l e  o f  case  h i s t o r i e s  on geothermal 

a r e a s .  

The impetus f o r  t h e  s tudy  w a s  provided by a l a r g e  

s c a l e  program t o  eva lua te  and develop geo log ica l ,  geo- 

chemical, and geophysical techniques f o r  geothermal ex- 

p l o r a t i o n  sponsored by t h e  Atomic Energy Commission 

( l a t e r  Energy Research and Development Adminis t ra t ion and 

now t h e  Department o f  Energy).  I d e a l l y ,  t h e  s tudy  would 

be conducted i n  a reg ion  o f  known geothermal p o t e n t i a l  

t h a t  had n o t  y e t  been d i s tu rbed  by product ion.  However, 

such c o n s t r a i n t s  as l a n d  access ,  l o g i s t i c s  and government 

p a r t i c i p a t i o n  narrowed t h e  p o s s i b i l i t i e s  t o  t h e  high h e a t  

f l o w  reg ions  on Bureau o f  Reclamation l and .  The m o s t  

a t t r a c t i v e  p o s s i b i l i t y  a v a i l a b l e  w a s  t h e  Bat t le  Mountain 

h e a t  f l o w  high i n  n o r t h  c e n t r a l  Nevada. 

Although no confirmatory d r i l l i n g  w a s  done based on 

t h e  work i n  no r the rn  Nevada, t h e  se i smologica l  techniques 

and experience gained were app l i ed  t o  a producing geo- 
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thermal r e s e r v o i r ,  The Geysers i n  no r the rn  C a l i f o r n i a .  

Chapter Two of  t h i s  s tudy  d e a l s  wi th  t h e  se i smologica l  

mani fes ta t ions  and bas i c  p r o p e r t i e s  o f  a geothermal r e -  

source .  Presented i n  Chapters Three and Four  a r e  t h e  

r e s u l t s ,  i n t e r p r e t a t i o n  and conclusions o f  t h e  work c a r r i e d  

out  a t  The Geysers and no r the rn  Nevada. Because The 

Geysers i s  a known geothermal r e source ,  t h e  r e s u l t s  o f  

t h a t  s tudy a r e  presented  f i rs t .  

presented and d iscussed  i n  terms of  t h e  f ind ings  a t  The 

Geysers w i t h  p o s s i b l e  imp l i ca t ions  r e l a t i n g  t o  geothermal 

resources  i n  no r the rn  Nevada. F i n a l l y ,  Chapter Five i s  

t h e  o v e r a l l  conclusion r ega rd ing  t h e  u t i l i t y  of  seis- 

mological methods f o r  r e s e r v o i r  exp lo ra t ion  and manage- 

The Nevada work is then  

/- 

menta 

c 
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CHAPTER 2 

THE PHYSICAL BASIS FOR THE APPLICATION OF SEISMOLOGICAL 

TECHNIQUES TO THE EXPLORATION AND DELINEATION OF 

GEOTHERMAL RES OUR CES 

2 . 1  Def in i t i on  o f  a Geothermal Resource 

Random d r i l l i n g  deep enough i n t o  t h e  e a r t h  would 

produce adequate h e a t  f o r  a geothermal resource .  However, 

t h i s  h e a t  must be i n  an accessable  and usable  f o r m .  This  

impl ies  ample p o r o s i t y  and permeabi l i ty  t o  main ta in  t h e  

c o r r e c t  balance between a h e a t  source and a working f l u i d .  

The volume and s t a t e  of  t h i s  working f l u i d  must be l a r g e  

enough t o  j u s t i f y  t h e  e f f o r t  t o  f i n d  and e x p l o i t  i t .  

I d e a l l y ,  dry steam would be t h e  product ,  However, ho t  

water  and water-vapor systems a r e  more common. Although 

t h e  above c r i t e r i a  on h e a t  conten t  and volume may have 

been met, t h e  working f l u i d  must n o t  be i n  a f o r m  t h a t  i s  

co r ros ive  o r  high i n  d i s so lved  s o l i d s .  Therefore ,  a 

geothermal resource  o r  r e s e r v o i r  w i l l  be def ined  as a 

reg ion  w i t h i n  t h e  e a r t h  t h a t  has  s u f f i c i e n t  p o r o s i t y ,  

permeabi l i ty ,  h e a t  con ten t ,  water  con ten t ,  volume and 

a c c e s s a b i l i t y  with t h e  water i n  such a s t a t e  t h a t  it can 

be exp lo i t ed  p r o f i t a b l y .  

The parameters a f f e c t i n g  se i smologica l  phenomena i n  

a geothermal environment can be d iv ided  i n t o  two ca t e -  

g o r i e s ,  s t a t i c  and dynamic. S t a t i c  p r o p e r t i e s  a r e  
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p o r o s i t y ,  pe rmeab i l i t y ,  t empera ture ,  p re s su re ,  d e n s i t y ,  

thermal conduc t iv i ty  and s t a t e  o f  t h e  pore con ten t .  

Dynamic p r o p e r t i e s  inc lude  f l u i d  movement, phase changes, 

s t r e s s  r e l e a s e ,  thermal expansion and hydrothermal a l t e r -  

a t i o n ,  o r  phys i ca l  and chemical processes  t h a t  may be 

a f f e c t i n g  t h e  s t a t i c  p r o p e r t i e s .  Bas i ca l ly ,  t h e r e  a r e  

3 d i f f e r e n t  se i smologica l  c i rcumstances o f  i n t e r e s t ,  

microearthquakes,  wave propagat ion and "noise"  genera t ion .  

Although t h e  t h r e e  processes  a r e  probably i n t e r r e l a t e d  i n  

t h e i r  o r i g i n ,  only t h e  l a t t e r  s u b j e c t  i s  n o t  d e a l t  with 

i n  t h i s  s tudy .  The method o f  n o i s e  a n a l y s i s  has been 

t r e a t e d  by L i a w  (1977), as pa r t  o f  t h i s  same o v e r a l l  

s tudy  i n  no r the rn  Nevada. 

2 . 2  Microearthquakes 

To understand f u l l y  t h e  r e l a t i o n  between microear th-  

quakes and a geothermal environment, many d i f f e r e n t  f a c t o r s  

must be cons idered .  A c r u c i a l  ques t ion  t o  answer is:  

a r e  t h e  microearthquakes observed i n  geothermal a r e a s  

unique w i t h  r e s p e c t  t o  ear thquakes i n  non-geothermal 

reg ions?  That i s ,  does such a phenomenon as a "geothermal 

earthquake" e x i s t ?  If s o ,  a u s e f u l  exp lo ra t ion  t o o l  would 

be provided. I f  n o t ,  t hen  poss ib ly  t h e  environment i n  

which these  events  a r e  occur r ing  may provide an i n d i c a t i o n  

t o  causes  o f  a l l  ear thquakes.  

The bas i c  mechanism o f  an earthquake i s  a sudden l o s s  

o f  cohesion o r  s t r e n g t h  o f  a m a t e r i a l .  The f a c t o r s  

6 
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c o n t r o l l i n g  f a i l u r e  a r e :  rock type ,  conf in ing  p res su re  

temperature ,  amount and manner o f  d i r e c t e d  s t r e s s ,  s o l -  

u b i l i t y  o f  t h e  m a t e r i a l ,  time and r a t e  o f  s t r a i n  (Spencer,  

1969) .  

r e l a t e d ,  t h e  most obvious c h a r a c t e r i s t i c  t o  examine i n  

geothermal reg ions  i s  t h e  temperature ,  

c o n s i s t e n t ,  t h e  e f f e c t  o f  i n c r e a s i n g  temperature is  t o  

lower t h e  b r i t t l e - d u c t i l e  t r a n s i t i o n  p res su re ,  

Turner and Heard, 1960) .  Inc reas ing  temperature may tend 

t o  decrease t h e  r a t e  o f  microearthquakes (McNally, 1 9 7 6 ) .  

However, only a t  temperatures  i n  excess o f  4OO0C 

does t h i s  e f f e c t  begin t o  dominate. 

t h e  motion on a f a u l t  becomes s t a b l e  g l i d i n g  r a t h e r  than  

a s e r i e s  o f  d i s c r e t e ,  r a p i d  s l i p s  o r  " s t i c k - s l i p "  

(Stesky,  1 9 7 7 ) .  Therefore ,  i n  a reg ion  t h a t  i s  anomalously 

h o t ,  microearthquakes may be expected t o  be absent  o r  t o  

e x i s t  only a t  shal lower depths .  

e r a t u r e  a l s o  tends  t o  i nc rease  t h e  f a u l t  angle  wi th  

r e s p e c t  t o  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n  (Handin, 1966) .  

I n  a reg ion  t h a t  is  under r e l a t i v e l y  uniform s t r e s s ,  a 

h o t  a r e a  may be i n d i c a t e d  by anomalous f a u l t  plane s o l -  

u t i o n s  compared t o  t h e  c o o l e r  surrounding a r e a s .  

Although a l l  t h e s e  f a c t o r s  a r e  c l o s e l y  i n t e r -  

Though n o t  always 

(Griggs, 

A t  t h e s e  temperatures  

An inc rease  i n  temp- 

Increased temperature may have a secondary e f f e c t  

If  t h e  temp- by in f luenc ing  t h e  conten t  o f  t h e  pores .  

e r a t u r e  i s  high enough, steam, r a t h e r  than water ,  may be 

p re sen t .  A common f a i l u r e  c r i t e r i a  is  t h e  Coulomb r e -  
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l a t i o n , T  = 7, + rn/ t a n  4,  where 7 , t h e  t o t a l  shea r ing  

r e s i s t a n c e  o f f e red  by an i s o t r o p i c  m a t e r i a l  t o  f a i l u r e ,  i s  

p ropor t iona l  t o  t h e  e f f e c t i v e  normal s t r e s s  u-, t h e  

d i f f e r e n c e  between t h e  a c t u a l  normal s t r e s s  un, and t h e  pore 

p re s su re  ; i . e . ,  u I = c - CT . If t h e  pores con ta in  

steam, which is  h i g h l y  compressible ,  d is s m a l l ;  thus  O;I/ 

i s  l a r g e r  than i n  an ad jacen t  a r e a  where t h e  pores a r e  

P n n P  

P 

f i l l e d  with water  and c i s  l a r g e .  T h e r e f o r e , T  would be 

expected t o  be h ighe r  i n  a steam f i l l e d  r eg ion ,  thus  
P 

r e s u l t i n g  i n  fewer ear thquakes compared t o  an ad jacen t  

r eg ion .  This assumes, o f  course ,  t h a t  a l l  o the r  para- 

meters remain c o n s t a n t ,  which i s  n o t  t h e  c a s e .  

The parameter m o s t  l i k e l y  t o  be a f f e c t e d  by a geo- 

thermal environment would be t h e  rock type .  The high 

temperatures  and hydrothermal a c t i v i t y  undoubtedly a l t e r  

t h e  rocks wi th in  t h e  r e s e r v o i r .  Muffler and White (1969) 

r epor t ed  ex tens ive  metamorphism a s s o c i a t e d  with t h e  

Sa l ton  Sea geothermal system. The high temperatures  

(360'~) and p res su res  (500-1000 b a r s )  i n  t h e  Sa l ton  Sea 

reg ion  combine t o  produce a b r ine  con ta in ing  over 250,000 

ppm disso lved  s o l i d s .  Although t h i s  is  a n  extreme c a s e ,  

similar d i s s o l u t i o n  o f  s o l i d s  i n  o t h e r  geothermal environ- 

ments i s  probably occurr ing .  A poss ib l e  mechanical 

e f f e c t  is t o  weaken t h e  rocks i n  c e r t a i n  reg ions  and 

poss ib ly  s t r eng then  t h e  rocks where t h e  hydrothermal 

s o l u t i o n  c o o l s  and d e p o s i t s  i t s  d i s so lved  s o l i d s .  Along 

with hydrothermal a c t i v i t y ,  such f a c t o r s  a s  d i f f e r e n t i a l  

/- 

c 
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expansion due t o  l a r g e r  temperature g r a d i e n t s ,  weakening 

f r o m  dehydrat ion (Heard and Ruby, 1965; Raleigh and 

Paterson ,  1965) , e ros ion ,  and hydro ly t i c  weakening o f  

quar tz  (Griggs, 1967) may a l l  lower t h e  f a i l u r e  c r i t e r i a  

o f  t h e  m a t e r i a l ,  t h u s  encouraging s e i s m i c i t y .  

I n  a convect ive geothermal system t h e  temperature 

g r a d i e n t s  i n  t h e  zone o f  convection a r e  n o t  as l a r g e  as 

t h e  temperature g r a d i e n t s  on t h e  edges o f  t h e  r e s e r v o i r .  

If t h e  r e s e r v o i r  i s  a vapor dominated resource ,  pore 

pressure  may a l s o  remain r e l a t i v e l y  cons tan t  w i t h i n  t h e  

steam zone, e s p e c i a l l y  compared t o  a h y d r o s t a t i c  g rad ien t .  

However, t h e  p re s su re  d i f f e r e n t i a l  between t h e  ou t s ide  

and i n s i d e  o f  t h e  r e s e r v o i r  would vary  cons iderably  f r o m  

t h e  t o p  t o  t h e  b o t t o m .  These pressure  d i f f e r e n t i a l s  may 

be ev ident  i n  t h e  s t r e s s  drops o r  a v a i l a b l e  s t r e s s e s  f o r  

an earthquake. If t h e r e  i s  a sys temat ic  v a r i a t i o n  i n  t h e  

magnitude o f  microearthquakes w i t h  depth,  o r  i n  r e l a t i o n  

t o  steam zones,  such a d i f f e r e n t i a l  p ressure  e f f e c t  may 

be r e spons ib l e .  

Unfortunately,  geothermal r e s e r v o i r s  a r e  n o t  de- 

s c r i b a b l e  i n  s t e a d y - s t a t e  terms,  e s p e c i a l l y  i f  t h e  r e -  

source is  being exp lo i t ed .  Continual f l u i d  movement, 

phase-changes, and h e a t  t r a n s f e r  w i l l  change t h e  s t a t e  o f  

t he  r e s e r v o i r .  If microearthquake a c t i v i t y  is  r e l a t e d  

c l o s e l y  t o  t h e s e  processes ,  then  t h e  s e i s m i c i t y  w i l l  

a l s o  be i n  con t inua l  s t a t e  o f  f l u x .  Microearthquake 

a c t i v i t y  may i n d i c a t e  t h e  balance between t h e  withdrawal 
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of f l u i d s  and t h e  recharge  o f  f l u i d s  f r o m  t h e  surrounding 

water  supply.  Volumetric changes occur when t h e  f l u i d  i s  

withdrawn, and, because o f  f i n i t e  pe rmeab i l i t y ,  t h e  r e -  

charge is  not in s t an taneous .  McGarr (1976) has shown t h a t  

f o r  volume changes due t o  mining ope ra t ions ,  t h e r e  is a 

c l o s e  r e l a t i o n s h i p  between t h e  volumetr ic  moment due t o  

seismic f a i l u r e  and t h e  amount of  rock removed. Although 

rock is  n o t  being removed i n  t h e  geothermal case  ( o t h e r  

than  t h e  amount by d i s s o l u t i o n ) ,  compaction would be 

expected t o  occur w i t h  poss ib l e  f a i l u r e  c o n s i s t e n t  w i t h  

t h e  d i r e c t i o n  o f  t h e  maximum p r i n c i p a l  s t r e s s .  If more 

f l u i d  is  be ing  w i t h d r a w n  than r ep laced  by ground w a t e r  

recharge o r  r e i n j e c t i o n ,  an inc rease  i n  microearthquake 

a c t i v i t y  could be expected.  A l s o ,  as t h i s  occurs  and pore 

p re s su re  drops ,  a steam zone may develop i f  ample hea t  

i s  a v a i l a b l e .  Therefore ,  r a t h e r  than  an exp lo ra to ry  t o o l ,  

microearthquake monitor ing may prove u s e f u l  f o r  determ- 

i n i n g  a r e a s  o f  recharge  and dep le t ion  w i t h i n  a producing 

r e s e r v o i r .  

2 . 2 . 1  Experimental  Design 

To conclude f i r m l y  t h a t  t h e r e  e x i s t s  such a phen- 

omenon as t h e  unique geothermal ear thquake,  s e v e r a l  

necessary  data s e t s  a r e  r equ i r ed :  accu ra t e  hyopcenter 

de te rmina t ion  o f  a l l  even t s ,  w i t h  s u f f i c i e n t  azmuithal  

coverage t o  determine unambiguously f a u l t i n g  mechanisms, 

and s p e c t r a l  data wi th  adequate dynamic range (210 ) and 3 
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2 bandwidth (10  H z )  t o  record  s e v e r a l  o rders  o f  magnitude 

earthquakes f o r  de te rmina t ion  of s p e c t r a l  l o n g  per iod 

l e v e l ,  corner  frequency and high frequency r o l l  o f f .  

F i n a l l y ,  a m u l t i p l e  component record ing  is needed f o r  

t h e  a n a l y s i s  o f  S- and P-wave d a t a ,  With t h e s e  da t a  

meaningful comparisons with similar d a t a  i n  non-geothermal 

environments can be made. 

2 . 3  Wave Propagation 

It is n o t  t h e  purpose of t h i s  s e c t i o n  t o  summarize 

a l l  t h e  p r o p e r t i e s  o f  wave propagat ion,  However, it ie 

t h e  i n t e n t  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  anomalous 

c h a r a c t e r i s t i c s  of  a geothermal r e s e r v o i r  on t h e  prop- 

aga t ion  o f  P- and S-waves. 

waves w i l l  be examined, v e l o c i t y  and a t t e n u a t i o n .  The 

r a p i d l y  time va ry ing  c h a r a c t e r i s t i c s  o f  a geothermal 

r e s e r v o i r  a r e  no t  ev ident  a s  e f f e c t s  on v e l o c i t y  and 

a t t e n u a t i o n  as much as they  a r e  i n  microearthquake 

occurrence.  

p r o p e r t i e s  which a r e  r e f l e c t e d  i n  wave propagat ion 

Two b a s i c  p r o p e r t i e s  of t h e s e  

It i s  then  t h e  average s t a t i c  r e s e r v o i r  

c h a r a c t e r i s t i c s .  

- 
b 

2.3.1 Veloc i tx  

The p r i n c i p a l  f a c t o r s  t h a t  i n f luence  v e l o c i t y  a r e :  

water  con ten t ,  p o r o s i t y ,  crack c o n t e n t ,  temperature ,  

metamorphism, conf in ing  p res su re ,  and rock type .  Within 

a geothermal reg ion  a l l  o f  t h e s e  f a c t o r s  a r e  probably 



12. 

anomalous. /- 

Nur and Simmons (1969) r e p o r t  t h a t  t h e  P-wave 

v e l o c i t y  may e a s i l y  i n c r e a s e  by 20% i f  a dry rock is  

s a t u r a t e d  with water .  White (19751, a l s o  found a 20% 

i nc rease  i n  P-wave v e l o c i t y  wi th  p a r t i a l  s a t u r a t i o n ,  

and noted no change i n  t h e  S-wave v e l o c i t y .  T o k s o z ,  

Cheng and Timur (1976) a l s o  r e p o r t  t h a t  s a t u r a t i o n  has  

a g r e a t e r  e f f e c t  on P-wave v e l o c i t i e s  than on S-waves. 

I n  a gas f i l l e d  environment, cons ider ing  only water  

s a t u r a t i o n ,  t h e  P-wave i s  thus  expected t o  be delayed 

wi th  r e s p e c t  t o  surrounding a r e a s .  Because t h e  S-wave 

is no t  a f f e c t e d  as much by pore water  c o n t e n t ,  Poisson's 

R a t i o  should decrease .  If t h e  geothermal r e s e r v o i r  i s  

n o t  gas o r  vapor dominated, t hen  t h e r e  should be no change 

i n  t h e  v e l o c i t i e s  due t o  pore water  conten t  a lone .  

Although a geothermal resource  may no t  be anomalous 

w i t h  r e s p e c t  t o  water  c o n t e n t ,  it may be anomalous wi th  

r e s p e c t  t o  p o r o s i t y  o r  crack con ten t .  I n  a geothermal 

r e s e r v o i r  t he  crack con ten t  is  probably h ighe r  than  i n  

surrounding a r e a s ,  wi th  increased  crack a spec t  r a t i o s  

l i k e l y .  Both  o f  t h e s e  e f f e c t s  reduce t h e  P-wave v e l o c i t y  

and only mi ld ly  a f f e c t  t h e  S-wave v e l o c i t y  ( T o k s o z ,  

Cheng and Timur, 1976) .  Again, t h e  e f f e c t  i s  t o  delay 

the  P-wave and decrease Po i s son ' s  R a t i o .  

Confining p r e s s u r e ,  on t h e  o t h e r  hand, i nc reases  the  

v e l o c i t i e s  of  both P- and S-waves, (Nur and Simmons, 1969; 

Toksoz ,  Cheng and Timur, 1 9 7 6 ) .  The v e l o c i t i e s  i nc rease  
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r a p i d l y  a t  f i rs t  load ing ,  due t o  crack o r  pore c l o s u r e ,  

and approach an asymptotic behavior beyond 3 k i l o b a r  for 

t y p i c a l  c r u s t a l  rocks .  

c reased  f u r t h e r  when t h e  rock is  water  s a t u r a t e d .  The 

shear-wave however, is  l i t t l e  a f f e c t e d  by water  s a t u r a t i o n .  

F o r  a geothermal r e s e r v o i r ,  t h e  e f f e c t  o f  con f in ing  

pressure  on v e l o c i t y  may be noted only i n  vapor dominated 

r eg ions .  I n  such a c a s e ,  because o f  t h e  l a c k  o f  pore 

wa te r ,  t h e  e f f e c t i v e  normal s t r e s s  may be h ighe r  t han  i n  

surrounding a r e a s ,  t hus  caus ing  an inc rease  i n  P-wave 

v e l o c i t y .  However, t h e  h ighe r  p o r o s i t y  and crack  conten t  

may compensate f o r  t h e  increased  conf in ing  p r e s s u r e ,  

r e s u l t i n g  i n  l i t t l e  o r  no v e l o c i t y  change. 

The P-wave v e l o c i t i e s  a r e  i n -  

Other than caus ing  steam, thus  in f luenc ing  pore 

water  con ten t ,  temperature  e f f e c t s  on v e l o c i t y  would be 

small a t  t he  va lues  t y p i c a l  o f  mos t  geothermal environ-  

ments (<400°C) (Murase and McBirney, 1973). A t  temp- 

e r a t u r e s  above 8 O O 0 C ,  t h e  v e l o c i t i e s  o f  both P- and S- 

waves decrease w i t h  temperature .  F u r t h e r ,  i n  t h e  case  o f  

a l i q u i d ,  such as a magma chamber, only P-waves w i l l  be 

t r a n s m i t t e d .  

Rock type and degree o f  metamorphism may w e l l  be 

the  m o s t  important f a c t o r s  c o n t r o l l i n g  t h e  v e l o c i t y  o f  

seismic waves i n  geothermal a r e a s .  Extensive hydrothermal 

a l t e r a t i o n ,  depos i t i on  o f  d i s so lved  m a t e r i a l  and dens i f -  

i c a t i o n  w i l l  a l l  occur i n  geothermal environments. In  

most  c a s e s ,  metamorphism and indura t ion  w i l l  i nc rease  t h e  
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v e l o c i t y  o f  both P- and S-waves. Lin (1977) found t h a t  

metamorphism o f  Franciscan Graywacke could inc rease  t h e  

P-wave v e l o c i t y  s i g n i f i c a n t l y  a t  p re s su res  l e s s  than  4 

k i l o b a r s  (depths  l e s s  than  1 0  k i l o m e t e r s ) .  If depos i t i on  

o f  s i l i c a  o r  carbonates  is  occur r ing  i n  sediments around 

a geothermal r e source ,  a P-wave v e l o c i t y  inc rease  i s  

expected due t o  increased  bulk and shea r  moduli, al though 

t h e  d e n s i t y  is  also i nc reas ing .  On t h e  o t h e r  hand, 

hydrothermal d i s s o l u t i o n  o f  m a t e r i a l ,  w i th in  t h e  r e s e r v o i r ,  

may conceivably in f luence  t h e  bulk and shea r  moduli such 

t h a t  t h e  P- and S-wave v e l o c i t i e s  would decrease .  

All o f  t h e  above f a c t o r s  depend f o r  d e t e c t a b i l i t y  

upon t h e  wavelength o f  t h e  se i smic  wave and t h e  e x t e n t  

o f  t h e  anomalous r eg ion .  Furthermore, without  t h e  a v a i l -  

a b i l i t y  o f  independent data it may be impossible t o  de- 

termine which phys ica l  cond i t ions  dominate i n  an anomaly. 

A l s o ,  it is p o s s i b l e  t h a t  a l l  e f f e c t s  may be p r e s e n t  b u t  

i n  a combination such t h a t  t h e  t o t a l  r e s u l t  is an i n s i g -  

n i f  i c a n t  v e l o c i t y  change. F o r  a d d i t i o n a l  r e s o l u t i o n ,  

v e l o c i t y  data should be complemented by a t t e n u a t i o n  

c h a r a c t e r i s t i c s .  

2 . 3 . 2  Attenuat ion  

The same f a c t o r s  t h a t  i n f luence  v e l o c i t y  w i l l  a l s o  

i n f luence  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  o f  t h e  medium. 

However, i n  g e n e r a l ,  t h e  Q ( r e c i p r o c a l  o f  s p e c i f i c  

a t t e n u a t i o n )  o f  expected r e s e r v o i r  m a t e r i a l s  v a r i e s  over 

r 



Grs a broader range (10-500) than does velocity (4-6), thus 

providing an added sensitive measurement of rock 

characteristics. Depending upon the frequency of the 

wave and the pore water content, the mechanism of 

attenuation may vary. At seismic exploration frequencies 

(1-100 Hz), the dominant mechanism appears to be grain 

boundary friction (Johnson and Toksoz, l977), although 

elastic geometrical effects, such as scattering, may 

play a secondary role. 

As for velocity, water saturation plays a dominant 

role. As the crack surfaces become wet the rock will 

tend to "soften" from chemical interaction with the 

intergranular material, thus increasing attenuation of 

both P- and S-waves (Johnson and Toksoz, 1977). In a 

dry steam environment, where little water is present, 

one would expect less attenuation, o r  higher Q values. 

If a rock is altered in such a manner that the inter- 

granular  material becomes less effective in "softening", 

attenuation would be reduced, This could be expected in 

highly metamorphosed o r  hydrothermally altered regions. 

In addition to pore content, the confining pressure 

will influence the attenuation characteristics. As 

pressure increases, cracks close, thus reducing the 

number of cracks available for frictional loss, which 

will in turn reduce attenuation. In a l o w  pressure 

region, where steam may exist, the differential o r  con- 

fining pressure will be greater and attenuation less than 
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f o r  a h y d r o s t a t i c a l l y  e q u i l i b r a t e d  pressure  reg ion .  

However, t h e  number o f  c racks  i n  such l o w  p re s su re  r e s -  

e r v o i r  may be much g r e a t e r ,  t hus  o f f s e t t i n g  t h e  d i f f e r -  

e n t i a l  p ressure  e f f e c t ,  as i n  t h e  case  o f  v e l o c i t y .  

To  d a t e ,  t h e  main body o f  experimental  work on wave 

propagation a t  high temperature and pressure  has been i n  

seismic v e l o c i t i e s  r a t h e r  t han  i n  a t t e n u a t i o n  a n a l y s i s  

If g r a i n  boundary f r i c t i o n  is adopted as t h e  dominant 

a t t e n u a t i o n  f a c t o r ,  t hen  rock type  and metamorphism should 

a l s o  be r e f l e c t e d  i n  Qp and Qs. Attenuat ion should de- 

c rease  with i n c r e a s i n g  metamorphism and i n d u r a t i o n ,  In 

a geothermal reg ion  w h e r e  b o t h  phenomena occur, a t t enu-  

a t i o n  should thus  be reduced l o c a l l y .  Most geothermal 

r eg ions ,  however, a r e  geo log ica l ly  complex, with a v a r i e t y  

o f  s t r u c t u r a l  u n i t s .  Though one rock type may have been 

metamorphosed, w i th  reduced a t t e n u a t i o n ,  another  may have 

been a f f e c t e d  such t h a t  a t t e n u a t i o n  is  increased .  

A t  in te rmedia te  va lues ,  temperature does n o t  i n -  

f l uence  a t t e n u a t i o n  s i g n i f i c a n t l y .  A t  h ighe r  temperatures ,  

when p a r t i a l  mel t ing  occurs ,  t h e  P- and S-waves a r e  

g r e a t l y  a t t e n u a t e d  (Walsh, 1968) .  Unless very  h o t  m a t e r i a l  

i s  c l o s e  t o  t h e  s u r f a c e ,  a t t e n u a t i o n  is n o t  a good in -  

d i c a t i o n  o f  shal low temperature .  However, as f o ~  v e I , o e i t y  

suspected deep h e a t  sources  o r  magma chambers may be 

de l inea ted  by mapping l a t e r a l  v a r i a t i o n s  i n  apparent  

a t t e n u a t i o n .  

S imi l a r  i n t e r p r e t a t i o n a l  d i f f i c u l t i e s  t h u s  a r i se  i n  

/- 
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t h e  search f o r  a t t e n u a t i o n  as f o r  velocity anomalies. O f f -  

s e t t i n g  changes i n  phys ica l  p r o p e r t i e s  may reduce de- 

t e c t a b i l i t y  o f  anomalous c h a r a c t e r i s t i c s .  Such ambig- 

u i t y  may be reso lved  p a r t i a l l y  by t h e  use o f  independent 

data though u n c e r t a i n t i e s  w i l l  s t i l l  e x i s t .  It i s  d e s i r e d  

t o  develop t h e  a b i l i t y  t o  d i s t i n g u i s h  between a change 

i n  rock type f r o m  one a r e a  t o  another  and a change i n  

rock p r o p e r t i e s ,  such as p o r o s i t y ,  pore water  conten t  and 

permeabi l i ty .  

2 . 3 . 3  Experimental Desigm 

A s  f o r  microearthquake record ing ,  ample dynamic 
4 range (10 ) and bandwidth (lo2 Hz)  a r e  d e s i r a b l e  t o  

d e t e c t  and map s u b t l e  v e l o c i t y  and a t t e n u a t i o n  v a r i a t i o n s .  

Conventional r e f r a c t i o n  s t u d i e s  can provide data on 

s t r u c t u r e s  c o n t r o l l i n g  water  f l o w .  Local explosions and 

ear thquakes can se rve  a s  sources  f o r  P- and S-waves. 

Because of t h e  high frequency n a t u r e  (5 -50  Hz) and shallow 

propagation pa ths  (0 -5  km) a s s o c i a t e d  w i t h  small, nearby 

sources ,  t hese  sources  could be u s e f u l  f o r  d e t a i l e d  

s t r u c t u r a l  a n a l y s i s ,  S t a t i o n  placement should be as 

c l o s e  a s  100 meters ,  and r a r e l y  more than  1 k m  f o r  

record ing  l o c a l  and r e g i o n a l  sources .  P-wave i n v e s t i -  

ga t ions  f r o m  r e g i o n a l  and t e l e s e i s m i c  events  (1-10 Hz) 

can provide information on broader and deeper s t r u c t u r a l  

t r e n d s  and rock p r o p e r t i e s .  I n  t h e  western United S t a t e s ,  

t h e  use o f  nuc lea r  explosions f r o m  t h e  Nevada t e s t  s i t e  
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can provide p r e c i s e  d a t a  on c r u s t a l  s t r u c t u r e  and a t t e n -  

u a t i o n  changes, w i t h  information on h e a t  sources  due t o  

c r u s t a l  t h inn ing .  

2.4 System S p e c i f i c a t i o n s  

The requirements o f  accu ra t e  t iming  (kO.005 s e c )  

f o r  Four i e r  a n a l y s i s  and r e l a t i v e  a r r i v a l  t ime measure- 

ment, a long with t h e  dynamic range used,  data must be i n  

e i t h e r  d i g i t a l  o r  i n  a r e a d i l y  d i g i t i z a b l e  f o r m .  For t h e  

e a r l y  microearthquake work i n  Nevada, Sprengnether Model 

ME& 800 smoked paper r eco rde r s  w i t h  4.5 Hz Geospace GSC- 

8 D  geophones ( 0 . 7  damping, 76 volts/m/sec c o i l  c o n s t a n t ,  

1350 ohms) were used. The system response is shown i n  

Figure 2-1. The b e s t  t iming  accuracy between s t a t i o n s  

f o r  t hese  smoked paper r eco rde r s  w a s  50 mil l i seconds .  

Although crude amplitude ana lyses  can be made w i t h  

t h e  smoked paper r e c o r d s ,  t h e  high frequency n a t u r e  o f  

t h e  waves obscure phases and makes t iming  d i f f i c u l t .  

I n  a d d i t i o n ,  no s p e c t r a l  ana lyses  can be performed on t h e  

data. For  t h e s e  reasons  a 1 2  channel te lemetered  - FM 

analog t ape  r eco rde r  system w a s  b u i l t .  The system com- 

ponents and s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Table 2-1. 

Typical  o u t - s t a t i o n  and c e n t r a l  r eco rd ing  s i t e  config-  

u r a t i o n s  a r e  shown i n  Figures  2-2 and 2 - 3 ,  r e s p e c t i v e l y .  

The o v e r a l l  system response a t  72 d B  a m p l i f i e r  ga in  i s  

shown i n  F igure  2-4. The ma jo r i ty  o f  data c o l l e c t i o n  w a s  

done w i t h  s i n g l e  component s t a t i o n s ;  however, t h e  capa- 

6 

c 
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Figure 2-1 
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10-1  1 o o  l o 1  

FREOUENCY C H Z I  

1 o 2  

Magnif icat ion o f  ME&-800 wi th  4 .5  Hz GSC 8 D  geophone, 
ga in  = 102  dB high f i l t e r  = 30 Hz l o w  f i l t e r  = 0 . 2  Hz 
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Tab le  2 - 1  

System Components and S p e c i f i c a t i o n s  

I .  C e n t r a l  Recording S i t e  

( A )  14 channel  Geotech t a p e  r e c o r d e r  

1 channel  t ime code 
1 channel  f l u t t e r  compensation 

E - 8 0  Hz response 
0.24 i p s  
4 days p e r  t a p e  

2 5  watts a t  12VDc 

1 2  channe l s  d a t a  

( B )  1 2  Sprengne the r  FM Disc r imina to r s  

(4) 680 HZ * 250 HZ 
( 4 )  1360 HZ 2 250  HZ 
( 4 )  2380  Hz 2 250 Hz 

( C )  Power Supply f 12VDc,  Two systems f o r  
a l t e r n a t e  use  

6 7 0  amp-hrs automobile  b a t t e r i e s  
each system 

3ystem power f o r  7 4 days 

( D )  Tine code g e n e r a t o r  ( I R I G - C )  and Time 

( E )  Two-wheeled t r a i l e r  

( F )  1 2  r a d i o  r e c e i v e r s  and an tennas  

code r e c e i v e r s  (lfltJV eC 'WVB) 

11 .  Out -S ta t ion  Equipment 

( A )  1 2  Sprengnether  Ampl i f i e r s  ( 2  12VDc)  

0 . 1  Hz t o  70 Hz 
F i l t e r s  

A Low 0 . 1  Hz t o  10 Hz 
B High 10 Hz t o  70  Hz 

Gain: 60-120 dB i n  6dB s t e p s  
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Table  2 -1  ( c o n t i n u e d )  

(B) 1 2  Sprengnether  Voltage C o n t r o l l e d  
O s c i l l a t o r s  (t 1 2 V E  1 

(4)  680 HZ 2 250 H Z  
( 4 )  1360 Hz 2 250 Hz 
(4 )  2380 Hz 2 250 Hz 

(C) Geophones 

1 2  4.5 Hz V e r t i c a l  
6 4.5 Hz H o r i z o n t a l  

( D )  Power: 2 1 2 V E  from two 70 amp-hrs 
automobile  b a t t e r i e s  

( E )  6 m u l t i p l e x o r s  ( 2  12VDc) 

(F) 1 2  r a d i o  t r a n s m i t t e r s  (24VDc) 
100 mw, 164-172 Iv3Iz 
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F igure  2-4 

z 
0 

F R E O U E N C Y  ( H Z )  
XBL 7712-1 11 35 

Displacement s e n s i t i v i t y  of  t e lemet ry  system w i t h  
H S - 1  4.5 Hz geophone, a t  two  damping va lues .  
Gain of  a m p l i f i e r  = 72 d E .  
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b i l i t y  e x i s t s  t o  mul t ip lex  3-component d a t a .  Each s t a t i o n  

a l s o  can be used as a r e l a y  wi th  a maximum of  9 mul t i -  

plexed s i g n a l s .  The dynamic range o f  t h e  system w a s  

40 dB (peak b a s i s )  when i n i t i a l l y  deployed; however, 

due t o  tape  r eco rde r  n o i s e  t h e  s igna l - to -no i se  r a t i o  

d e t e r i o r a t e d  t o  34 dB a f t e r  six months o f  use .  Except 

f o r  geophones, a l l  components remained t h e  same through- 

out both s t u d i e s ,  a t  The Geysers and i n  Nevada. For  

a c q u i s i t i o n  of a t t e n u a t i o n  d a t a ,  a s e t  o f  1 2  c l o s e l y  

matched Geospace H S - 1  4.5 Hz v e r t i c a l  geophones were used 

( c o i l  cons t an t  55 volts/m/sec, 0.35 damping, 3400 ohms 

c o i l  r e s i s t a n c e )  i n  Nevada and a t  The Geysers. F o r  

microearthquake d a t a  i n  Nevada , t h e  Geospace GSC-8D 

geophones were used. 

From t h e  above s p e c i f i c a t i o n s ,  it i s  apparent  t h a t  
4 t h e  previous requirements on dynamic range (10  ) and 

bandwidth (10’) were n o t  met. However, a s i n g l e  com- 

ponent t r i g g e r e d  d i g i t a l  c a s s e t t e ,  1 2 - b i t J  r eco rde r  was 

used f irst  w i t h  a 4.5 Hz v e r t i c a l ,  t hen  w i t h  a h o r i z o n t a l  

GSC-8D geophone, a t  The Geysers. The improvement i n  data 

q u a l i t y  is  apparent  by observing t h e  s igna l - to -no i se  

r a t i o  i n  Figure 3-13. It is  unfo r tuna te  t h a t  t h e  r e s t  

o f  t h e  d a t a  used i n  t h i s  s tudy  a r e  n o t  o f  such q u a l i t y ;  

however, u s e f u l  and meaningful r e s u l t s  were obtained wi th  

t h e  FM t a p e  system. 



26 

2.5 Conclusions 

Because o f  t h e  complexity o f  m o s t  geothermal systems, 

t h e  e s t ima t ion  of p o r o s i t y ,  pe rmeab i l i t y ,  water  conten t  

and hea t  conten t  can only be attempted with a s u i t e  o f  

data types .  Microearthquake data a r e  u s e f u l  i n  de t e r -  

mining t h e  dynamic behavior o f  t h e  r e s e r v o i r .  Data on 

wave propagation c h a r a c t e r i s t i c s  can a i d  in determining 

t h e  s t a t i c  r e s e r v o i r  p r o p e r t i e s .  However, s i n c e  each 

geothermal reg ion  seems unique, a complete s tudy o f  

methodology is  requ i r ed  t o  determine each a r e a ' s  

c h a r a c t e r i s t i c s .  Although only i n d i r e c t  p r o p e r t i e s  a r e  

m e a s u r e d  by s e i s m o l o g i c a l  m e t h o d s  ( a r r iva l  t i m e s  and 

ampli tudes,  wi th  a t t e n d a n t  v e l o c i t y  and a t t e n u a t i o n  

v a l u e s ) ,  t h e  c a p a b i l i t y  t o  r eco rd  data wi th  s u f f i c i e n t  

bandwidth, dynamic range and accuracy w i l 1 , i t  i s  hoped,  

a l l o w  us  t o  i n f e r  s p e c i f i c  r e s e r v o i r  p r o p e r t i e s  o f  i n -  

t e r e s t ,  assuming r e l a t i v e l y  s t r a i g h t f o r w a r d  phys ica l  

models. 

i 
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CHAPTER 3 

SEISMOLOGICAL INVESTIGATIONS OF A VAPOR-DOMINATED 

RESERVOIR - THE GEYSERS, CALIFORNIA 

3.1 In t roduc t ion  

A t  t h e  p re sen t  t ime,  The Geysers geothermal r e s e r v o i r  

produces more power than  any o the r  geothermal f i e l d  i n  

t h e  w o r l d .  Although t h e  exac t  boundaries o f  t h e  resource  

a r e  n o t  known, t h e  planned product ion w i l l  soon exceed 

t h e  output  o f  a modern convent ional  nuc lea r  power p l a n t .  

To  be o f  p r a c t i c a l  i n t e r e s t  i n  t h e  exp lo ra t ion  f o r  geo- 

thermal r e sources ,  se i smologica l  methods must be capable 

o f  d e t e c t i n g  a resource  t h e  s i z e  and q u a l i t y  o f  The 

Geysers, and p re fe rab ly  sma l l e r  resources .  I n  a d d i t i o n  

t o  method eva lua t ion ,  a comprehensive s tudy  o f  t h e  s e i s -  

mological p r o p e r t i e s  a s s o c i a t e d  with t h e  known c h a r a c t e r -  

i s t i c s  o f  t h e  r e s e r v o i r  may a i d  i n  determining t h e  ex ten t  

o f  t h e  product ion zone. If s u c c e s s f u l ,  t h e  geothermal 

p o t e n t i a l  o f  o t h e r  geo log ica l ly  similar high h e a t  f l o w  

a r e a s  could poss ib ly  be determined by applying t h e  methods 

and experienced gained a t  The Geysers. 

T h i s  s tudy  w a s  prompted by t h e  planned de tona t ions  

o f  t w o  explosive sources ,  8 and 18 km west o f  t h e  geo- 

thermal f i e l d  ( see  Figure 3-1) f o r  an un re l a t ed  U.S. 

Geological Survey (USGS) r e f r a c t i o n  s tudy .  I n  a d d i t i o n  

t o  t h e  t w o  explos ions ,  seventy microearthquakes were 

recorded dur ing  t h e  20-24 September 1976 s tudy .  Based 
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Permanent (USGS) seismographic s t a t i o n s  i n  The Geysers - 
Clear  Lake a r e a ,  and temporary (Berkeley)  s t a t i o n  a r r a y  
i n  t h e  geothermal f i e l d .  
sequent maps. Re f rac t ion  explosion l o c a t i o n s  a r e  shown. 

Box i n d i c a t e s  a r e a  i n  sub- 
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on t h e  r e s u l t s  o f  t h e  1976 s tudy ,  t o  ob ta in  a d d i t i o n a l  

wide dynamic range information on magnitudes and source 

p r o p e r t i e s  o f  microearthquakes,  a s i n g l e  channel 1 2 - b i t  

t r i g g e r e d  d i g i t a l  c a s s e t t e  r eco rde r  and smoked-paper 

recorder  were s e t  out  n e a r  S t a t i o n  7 i n  t h e  steam f i e l d  

J u l y  22-25 and August 2-8, 1977. A t o t a l  o f  340 events  

were recorded on t h e  smoked-paper r eco rde r .  The d i g i t a l  

r eco rde r  malfunctioned dur ing  t h e  J u l y  22-25 pe r iod ,  but 

1 0 1  events  were recorded us ing  a h o r i z o n t a l  geophone and 

54 events  were recorded with v e r t i c a l  geophone du r ing  t h e  

August 2-8 per iod .  

The l i n e a r  a r r a y  o f  t h e  September 1976 s tudy  was 

placed through t h e  producing steamf i e l d  perpendicular  t o  

s t r i k e  o f  t h e  m a j o r  geologic  t r e n d s  i n  t h e  r eg ion ,  as 

shown i n  Figure 3-1. S t a t i o n  1 and t h e  U S G S  s t a t i o n  SGM 

served as r e fe rence  s t a t i o n s  t o  t h e  west and e a s t ,  

r e s p e c t i v e l y ,  of t h e  p re sen t  production zone which extends 

f r o m  s t a t i o n  2 through s t a t i o n  12 .  The t h i r t e e n t h  

s t a t i o n ,  e a s t  of t h e  producing f i e l d ,  was a model MEQ-800 

por t ab le  smoked-paper r eco rde r .  Conventional sho r t -pe r iod  

USGS s t a t i o n s  i n  t h e  a r e a  provided a d d i t i o n a l  a r r i v a l  

t imes and f irst  motion d a t a ,  The l o c a t i o n s  o f  t h e  temp- 

orary  s t a t i o n s  a r e  given i n  Table  3-1.  

3.2 Geological S e t t i n g  

The fo l lowing  is  a d i scuss ion  t h e  dominant l i t h o l o g i e s  
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Table 3-1 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

1 2  

1 3  

Locat ions  of Temporary Berkeley S t a t i o n s  

L a t i t u d e  (N) 

38 '47.124' 

47.847' 

48.100' 

40.210' 

48.483' 

48.653' 

40.669' 

48.840' 
48.891' 

48.788' 

49.045' 

49.474' 

50.578 ' 

Longitude (W) 

122'52.692 

50.258 

50.109 

49.045 

49.296 

49.000 

48.639 

48.532 
48.193 

47.735 

47.456 

46.639 

45.662 

Eleva t ion  (m) 

146 

736 

56 7 

476 

552 

692 

731 

889 
9 50 

9 88 
882 

721 

1.050 



and s t r u c t u r a l  t r e n d s  i n  The Geysers. F o r  a more d e t a i l e d  

d i scuss ion ,  t h e  r eade r  is  r e f e r r e d  t o  McLaughlin and 

Stan ley  (1975) and McLaughlin (1977) f r o m  which t h i s  

o u t l i n e  was obta ined ,  

The Geysers steam f i e l d  i s  l o c a t e d  i n  t h e  Mayacmas 

mountain o f  Northern C a l i f o r n i a .  The Basement complex o f  

t h i s  c o a s t a l  range c o n s i s t s  o f  Late  Mesozoic and Ea r ly  

T e r t i a r y  Franciscan assemblages o f  volcanic-sedimentary 

sequences.  The o p h i o l i t e  complex beneath t h e  Great Valley 

sequence may r e p r e s e n t  rocks o r i g i n a l l y  emplaced e a s t  o f  

t h e  Franciscan assemblage. 

has  been i n t e r p r e t e d  t o  be high p res su re ,  l o w  temperature  

metamorphic t e r r a i n ,  with t h e  deformation and metamorphism 

r e l a t e d  t o  subduction zone processes ,  whereas t h e  con- 

temporaneous Great Valley sequence has  been a l t e r e d  only 

mi ld ly .  

The Franciscan assemblage 

The Great Val ley sequence now o v e r l i e s  Franciscan 

rocks o f  equ iva len t  age a long  a zone o f  r eg iona l  t h r u s t  

f a u l t s .  It is hypothesized t h a t  as subduction ceased,  

t h e  r e l a t i v e  motion between t h e  c o n t i n e n t a l  and oceanic 

p l a t e s  w a s  accommodated by t r a n s f o r m  motion, wi th  t h e  

dominant mechanism o f  f a u l t i n g  becoming s t r i k e - s l i p ,  

r e s u l t i n g  i n  t h e  present-day San Andreas system. This  

sequence o f  events  i s  ev ident  i n  The Geysers r eg ion  by a 

northwest- t rending f a u l t  p a t t e r n  with a t  l e a s t  two  senses  

o f  d isplacement ,  The o l d e s t  being imbr ica te  n o r t h e a s t -  
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sou theas t  and southwest d ipping  high t o  l o w  angle  t h r u s t  

f a u l t i n g  s e p a r a t i n g  t e c t o n i c  s l a b s  i n  t h e  Franc iscan .  

The younger type o f  motion, s t eep ly -d ipp ing  northwest-  

t r end ing  f a u l t s  wi th  v e r t i c a l  and s t r i k e - s l i p  components, 

is  commonly superimposed on t h e  e a r l i e r  t h r u s t  f a u l t i n g .  

The most  abundant assemblage i n  t h e  reg ion  is  t h e  

Franc iscan ,  c o n s i s t i n g  o f  graywacke and minor s h a l e ,  w i t h  

s h a l e  being more p reva len t  i n  t h e  s t r u c t u r a l l y  h i g h e r ,  

most  deformed p a r t s  o f  t h e  assemblage. Greenstones 

( a l t e r e d  i n t r u s i v e  and e x t r u s i v e  igneous rocks)  a l s o  

occur i n  t h e  s t r u c t u r a l l y  h ighe r  p a r t s  o f  t h e  assemblage. 

S e r p e n t i n i t e  is  p resen t  a long  t h e  f a u l t s  and w i t h i n  highly 

sheared zones o f  t h e  Franc iscan .  Although Franc iscan  

assemblages range i n  age f r o m  Late  J u r a s s i c  t o  Ea r ly  

T e r t i a r y  i n  o t h e r  p a r t s  o f  C a l i f o r n i a ,  they  a r e  considered 

t o  be no younger than  Cretaceous i n  The Geysers reg ion .  

I n  a d d i t i o n  t o  t h e  Franc iscan  assemblage, o p h i o l i t i c  

rocks a r e  p re sen t  below Mount S t .  Helena t o  t h e  s o u t h e a s t ,  

between Geyser Peak and Black Mountain I t o  t h e  southwest 

and a long  t h e  n o r t h  s i d e  o f  Cobb and Collayomi Val leys  t o  

t h e  n o r t h e a s t .  S t i l l  l e s s  abundant i n  The Geyser reg ion  

a r e  strata o f  t h e  Great Val ley sequence which a r e  probably 

c o r r e l a t i v e  t o  t h e  Knoxville Formation. Considerable 

th i cknesses  o f  t h e  Knoxville Formation a r e  p re sen t  i n  t h e  

Clear  Lake a r e a  t o  t h e  n o r t h .  

I n  The Geysers steam f i e l d  upper J u r a s s i c  and 

Cretaceous rocks o f  t h e  Franc iscan  assemblage f o r m  t h e  

e 
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core  o f  a southeastward plunging a n t i f o r m  which has been 

c u t  by t h e  prev ious ly  mentioned f a u l t  p a t t e r n  o f  t h r u s t  

f a u l t s  superimposed by s t r i k e - s l i p  f a u l t i n g .  McLaughlin 

and S tan ley  (1975) d iv ide  t h e  rocks wi th in  t h i s  a n t i f o r m  

i n t o  t h r e e  s t r u c t u r a l  u n i t s .  Unit one, which dominates 

much o f  t h e  known steam zone, i s  t h e  lowest  s t r u c t u r a l  

u n i t ,  composed of a r e l a t i v e l y  i n t a c t  f l y s c h - l i k e  sequence 

o f  graywackes and s h a l e ,  compressed onto t i g h t  sou theas t -  

t r end ing  f o l d s .  Unit  t w o ,  over ly ing  u n i t  one n o r t h  o f  

t h e  Mercuryville f a u l t  zone and south  o f  t h e  Geyser Peak 

f a u l t  zone, is h igh ly  deformed, l i t h o l o g i c a l l y  he t e ro -  

generous, and l o c a l l y  c h a o t i c .  Unit two c o n s i s t s  o f  

r e l a t i v e l y  undeformed s l a b s  composed o f  subord ina te  wel l -  

bedded graywacke, w i t h  shake, conglomerate and b a s a l t i c  

vo lcanic  rocks and c h e r t .  Unit  3,  which o v e r l i e s  u n i t  

2 i s  t runca ted  by t h e  southeastward ex tens ion  o f  The 

Geyser Peak and Mercuryvi l le  f a u l t  zone i n  t h e  southern  

p a r t  o f  t h e  a r e a .  L i t h o l o g i c a l l y ,  u n i t  3 i s  v e r y  similar 

t o  u n i t  2 ,  except t h e  rocks  i n  u n i t  3 a r e  t e x t u r a l l y  

d i s t i n c t ,  Figure 3-2 shows t h e  r e l a t i v e  p o s i t i o n  o f  

u n i t s  1-3 and s e v e r a l  c r o s s  s e c t i o n s  through The Geysers 

a r e a  w i t h  poss ib l e  i n t e r p r e t a t i o n s  o f  t h e  r e l a t i v e  

p o s i t i o n s  o f  t h e  s t r u c t u r a l  u n i t s .  

Undoubtably, t h e  s t r u c t u r e  and f a u l t  p a t t e r n s  p lay  an 

important r o l e  i n  t h e  permeabi l i ty ,  p o r o s i t y  and t h e  

occurrence o f  microearthquakes.  The ex ten t  t o  which t h e  
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geothermal resource  in f luences  t h e  s p a t i a l  and temporal 

d i s t r i b u t i o n ,  as w e l l  as t h e  source mechanisms o f  t h e  

microearthquakes and wave propagat ion,  w i l l  be d iscussed  

i n  t h e  fo l lowing  s e c t i o n s .  However, t h e  observed anomalies 

i n  v e l o c i t y  and a t t e n u a t i o n  could be due t o  t h e  a l t e r -  

n a t i o n  o f  s t r u c t u r a l  u n i t s  discussed above. 

The h e a t  source t h a t  is  r e spons ib l e  f o r  t h e  steam 

f i e l d  may be r e l a t e d  t o  t h e  r e c e n t  volcanism i n  t h e  reg ion .  

The Clear  Lake vo lcan ic s  become p rogres s ive ly  younger as 

one proceeds n o r t h  f rom Mount S t ,  Helena, wi th  t h e  youngest 

ages occurr ing  nea r  Clear  Lake (Donnelly, 1977). Although 

t h e  vo lcan ic s  i n  The Geysers a r e a  a r e  n o t  t h e  youngest 

observed, t h e  complex f a u l t i n g  and hydrology o f  t h e  reg ion  

may be obscur r ing  t h e  t r u e  l o c a t i o n  o f  t h e  h e a t  source 

or ho t  waters  supplying The Geysers steam f i e l d .  

I 

3.3  Reservoir  P r o p e r t i e s  

I t  i s  hopedthe  c h a r a c t e r i s t i c s  o f  earthquake genes is  

and wave propagat ion r e f l e c t  t h e  steam r e s e r v o i r  prop- 

e r t i e s .  The Geysers geothermal f i e l d  i s  a vapor dominated 

r e s e r v o i r ,  as opposed t o  a h o t  water  o r  b r ine  system 

c h a r a c t e r i s t i c  o f  t h e  Basin and Range o r  Sa l ton  Sea r eg ions .  

The temperature and p res su re  o f  t h e  vapor reg ion  is f a i r l y  

cons t an t ,  ranging w i t h i n  a few degrees o f  24OoC a t  30 t o  

40 bars (Weres, e t  a l . ,  1977). 
An unusual c h a r a c t e r i s t i c  o f  t h e  r e s e r v o i r  is  t h a t  

it is  no t  a t  h y d r o s t a t i c  p re s su re ,  but  much below. The 
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observed p res su res  a r e  much l e s s  than  expected hydro- 

s t a t i c  p re s su res  a t  t h e  depths  involved (2 -3  km) .  Several  

hypotheses have been advanced t o  exp la in  t h e  pressure  

d i f f e r e n t i a l .  I n  one, an  " i n c r u s t a t i o n  s e a l "  has  formed 

on t h e  edge o f  t h e  r e s e r v o i r ,  p revent ing  any pressure  

e q u i l i z a t i o n  f r o m  t h e  surrounding ground water  (White, 

- e t  a,, 1971). The model proposes t h a t  minerals  such 

as c a l c i t e  and anhydr i t e ,  which have s o l u b i l i t i e s  t h a t  de- 

c rease  w i t h  i n c r e a s i n g  temperature ,  have p r e c i p i t a t e d  

f r o m  t h e  coo le r  ground water  upon e n t e r i n g  t h e  geothermal 

zone, t hus  reducing t h e  permeabi l i ty  a t  t h a t  p o i n t ,  A 

second model proposes r e s e r v o i r  permeabi l i ty  such t h a t  t h e  

r e l a t i v e l y  v i scous  water ,  as compared t o  steam, cannot f l o w  

r a p i d l y  enough i n t o  t h e  l o w  p res su re  steam zone t o  equa l i ze  

p re s su re .  T h i s  impl ies  an expanding r e s e r v o i r ,  i f  t h e  

w i t h d r a w a l  r a t e  were high enough and t h e  h e a t  source 

adequate ,  t o  conver t  incoming water  t o  steam. A t h i r d  

explana t ion  c a l l s  upon " t r a p s "  o f  steam, similar t o  gas 

t r a p s  found i n  o i l  producing r eg ions ,  s e a l e d  f r o m  

surrounding waters .  

A s  p rev ious ly  s t a t e d ,  t h e  dominant rock type  i n  The 

Geysers r e s e r v o i r  is  Franc iscan  graywacke (McLaughlin 

and Stan ley ,  1975), which is  i n i t i a l l y  impermeable and. 

non-porous, bu t  ex tens ive ly  sheared and f r a c t u r e d  such 

t h a t  i t s  p o r o s i t y  and permeabi l i ty  is s u f f i c i e n t  t o  

provide t h e  e x i s t i n g  r e s e r v o i r .  

shown evidence of  secondary p o r o s i t y  due t o  hydrothermal 

D r i l l  c u t t i n g s  have 
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d i s s o l u t i o n  o f  minera ls  (Weres, et d., 1977). Often i n  

p l ace  of t h e s e  minera ls  is  a ''sand" o r  a l t e r a t i o n  product 

o f  t h e  minera ls .  I n  s u c c e s s f u l  steam w e l l s ,  "geothermal 

sand" i s  o f t e n  encountered above t h e  steam zones,  ( Joe  

L a f l e u r ,  personal  communication, 1977). The steam-water 

i n t e r f a c e  is  probably no t  smooth but i r r e g u l a r ,  r e f l e c t i n g  

d i f f e r e n t  p o r o s i t i e s  and c a p i l l a r y  e f f e c t s .  The a c t u a l  

amount o f  economic steam i n  t h e  r e s e r v o i r  w i l l  depend upon 

t h e  rock type ,  p o r o s i t y ,  pe rmeab i l i t y ,  water  conten t  and 

a v a i l a b l e  h e a t .  

w i l l  su r r ende r  l e s s  steam pe r  O C  than  a h igh ly  permeable 

and porous rock.  

A rock with l o w  permeabi l i ty  and p o r o s i t y  

An important c h a r a c t e r i s t i c  of  The Geysers r e s e r v o i r  

is  t h a t  it seems t o  be a maximum enthalpy system. I n  a 

s a t u r a t e d  steam, t h e  enthalpy ( h e a t  con ten t )  has  a maximum 

value  o f  2,804 kj/kg a t  2 3 4 O C  and 30 b a r s .  The enthalpy 

o f  t h e  steam e n t e r i n g  t h e  d i f f e r e n t  u n i t s  a t  The Geysers 

i s  very  n e a r  t h i s  va lue  (Weres, e t  a l . ,  1977). Why t h e  

enthalpy o f  t h e  steam is  a t  t h i s  p a r t i c u l a r  va lue  is  n o t  

e n t i r e l y  c l e a r .  However, o t h e r  steam r e s e r v o i r s ,  

L a r d a r e l l o ,  I t a l y  and Kawah Kamojang, Indonesia  a l s o  

e x h i b i t ,  t o  some degree,  t h e  maximum entha lpy  phenomenon 

(Weres, & a,, 1977). 
Natural  l eakage ,  commercial product ion and i n t e r -  

connected r e s e r v o i r s  a r e  s e v e r a l  mechanisms proposed t o  

exp la in  t h e  maximum enthalpy phenomenon a t  The Geysers. 

This  impl ies  t h a t  t h e  steam f lowing toward t h e  bottom o f  
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t h e  w e l l s  begins as s a t u r a t e d  steam a t  some temperature 

above 2 3 4 O C  and is  expanded i s o e n t h a l p i c a l l y  t o  below 30 

/- 

bars under cond i t ions  which cause t h e  water t o  condense 

out  o f  i t .  F o r  example, an i n i t i a l l y  water -sa tura ted  

r e s e r v o i r  i s o l a t e d  f r o m  o t h e r  p a r t s  o f  t h e  r e s e r v o i r  would, 

due t o  commercial product ion o r  l eakage ,  even tua l ly  b o i l  

dry a t  some temperature below 234OC and a t  a pressure  

below 30 b a r s ,  depending on t h e  permeabi l i ty  and i n i t i a l  

temperature .  On t h e  o t h e r  hand, i f  t h e r e  were an unl imi ted  

amount o f  steam a v a i l a b l e  f r o m  o t h e r  p a r t s  o f  t h e  r e s e r v o i r ,  

t h e  temperature and  p re s su re  would s t a b i l i z e  a t  t h e  

maximum enthalpy p o i n t .  A s  product ion cont inued,  t h e  

234'C zone would spread  and new w e l l s  d r i l l e d  might a l s o  

encounter t h e  maximum entha lpy  phenomenon. The a c t u a l  

case  i s  doubt less  between unl imi ted  steam and zero  steam, 

which would account f o r  d e v i a t i o n  f r o m  t h e  maximum 

enthalpy p o i n t .  
r 

The s t a t e  o f  t h e  r e s e r v o i r  before  commercial produc- 

t i o n  began is  n o t  e n t i r e l y  c l e a r .  Weres, et a l . ,  (1977) 

hypothesized t h a t  t h e r e  w a s  a shal low i n i t i a l  vapor zone 

i n  t h e  reg ion  o f  u n i t s  1 and 2 ,  but  as product ion increased  

t h e  "deep water  t a b l e "  w a s  bo i l ed  down by t w o  o r  more km 

t o  t h e  p re sen t  2.5 km. T h i s  "cracked sponge model" 

hypothesizes  t h a t  t h e  water  is  bo i l ed  r a p i d l y  out  f r o m  t h e  

c racks  which are innerconnected;  however, t h e r e  i s  s t i l l  

a l a r g e  amount o f  water  l e f t  behind i n  t h e  body o f  t h e  
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sponge o r  i n  t h e  f i n e  pore s t r u c t u r e  o f  t h e  r o c k ,  which 

could se rve  as a water  supply t o  t h e  steam r e s e r v o i r .  

White -- e t  a l .  (1971)  suggested a system which w a s  in -  

i t i a l l y  water  s a t u r a t e d ,  bu t  with t h e  in t roduc t ion  o f  

a poten t  hea t  source ,  a h o t  water  convection system w a s  

i n i t i a t e d .  Eventua l ly ,  near -sur face  temperatures  and 

p res su res  allowed t h e  onset  o f  b o i l i n g  and because o f  

l i m i t e d  recharge and permeabi l i ty ,  t h e  h o t  water  system 

turned  i n t o  a vapor-dominated system. An important 

a spec t  of White’s model, f r o m  a se i smologica l  p o i n t  o f  

view, is t h e  recharge a r e a .  Because o f  l i m i t e d  perme- 

a b i l i t y  due t o  t h e  i n c r u s t a t i o n  s e a l ,  t h e r e  would 

be l a r g e  pressure  g rad ien t s  n e a r  t h e  margins,  T h i s  

high p res su re  would provide l a r g e  pressure  g r a d i e n t s  

between t h e  r e s e r v o i r ,  which is  much below t h e  hydro- 

s t a t i c  p re s su re ,  and t h e  boundary of  t h e  r e s e r v o i r  

which is  poss ib ly  above h y d r o s t a t i c .  A s  product ion 

increased ,  t he  vapor f r o n t  would advance, t h u s  exposing 

new reg ions  t o  p re s su re  d i f f e r e n t i a l s .  The f r o n t  would 

s t o p  advancing when e i t h e r  t h e  h e a t  sources  w a s  i n s u f f i -  

c i e n t  t o  cause b o i l i n g  o r  t h e  permeabi l i ty  increased  

such t h a t  t h e  recharge and d ischarge  r a t e s  balanced. 
c 

3 .4  Explosion Data 



3.4 .1  P-Wave V e l o c i t i e s  

A fundamental ques t ion  i n  t h i s  s tudy  is whether 

t h e  presence o f  t h e  geothermal r e s e r v o i r  is ev ident  i n  

t h e  v e l o c i t y  o f  porpagat ion o f  P-waves. A r e g i o n a l  

r e fe rence  t r ave l - t ime  curve ,  shown i n  Figure 3-3, wi th  

v e l o c i t i e s  o f  4.49 k 0.10 km/sec and 4.98 f 0.09 km/ 

s e c ,  w a s  cons t ruc t ed  f r o m  U S G S  s t a t i o n  readings f o r  both 

explos ions ,  omi t t i ng ,  however, s t a t i o n s  i n  The Geysers 

and Clear  Lake a r e a s .  A n  at tempt  was made t o  f i t  t h e  

d a t a  with a v e l o c i t y  model o f  t h e  f o r m  v = vo+kz, with 

= 2 . 0 ,  2 . 5 ,  3 . 0 ,  3.5 km/sec and k = 0.4 ,  0 .5 ,  0 . 6 ,  
vO 

0 . 7 ;  however, t h e  b e s t  f i t  w a s  a l aye red  m o d e l .  These 

va lues  can then  be compared, f o r  v e l o c i t y  anomalies,  

t o  t h e  r e g i o n a l  t r ave l - t ime  curve.  Explosion a r r i v a l  

t imes a r e  given i n  Table 3-2 .  The t r ave l - t ime  d a t a  

i n  Figure 3-3 i n d i c a t e  t h a t  only t h e  upper t w o  t o  t h r e e  

k i lometers  o f  t h e  c r u s t  a r e  sampled by t h e  f i r s t  

a r r i v a l s  f r o m  t h e  explos ions .  It w a s  hoped t h a t  by 

r eco rd ing  s e v e r a l  r e g i o n a l  earthquakes o r  t e l e s e i s m i c  

events  t h e  deep s t r u c t u r e  could a l s o  be s t u d i e d .  Un- 

f o r t u n a t e l y ,  no such events  were recorded dur ing  t h e  

f ive-day  f i e l d  pe r iod .  

Figure 3-4 p r e s e n t s  reduced t r a v e l - t i m e s  f o r  t h e  

temporary s t a t i o n s  with r e s p e c t  t o  t h e  r eg iona l  d a t a  

i n  Figure 3-3. Times a r e  c o r r e c t e d  f o r  e l e v a t i o n  

d i f f e r e n c e s  wi th  r e s p e c t  t o  S t a t i o n  4 us ing  4 .0  km/sec. 

A l s o  shown a r e  t h e  reduced t imes f o r  t h e  USGS s t a t i o n s  
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Figure 3-3 
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Table 3-2 

Explosion Data and A r r i v a l  T i m e s  

Time (UTC) Loca t ion  
8 1  1235 00.58 Day 266 38'43.50'N 123'01.44'W 
82 1235 00.64 Day 268 38'48.60'N 122'55.62'U 

USGS S ta t io -  

*BKO 
BGG 
ALX 
m 
CM 

*DRY 
*FTR 
AAF 

*GYP 
*IUS 
*HOC 
HOG 

*tu5 
GLV 
MKI 

*MOP 
*MCL 
* M U  

SCR 
SGM 

*SNO 
*SKG 
*PNM 

A r r i v a l  Time of 81  (UTC) 

1235 05.05 f 0.05 sec. 
07.22 
05.75 
05.95 
01.82 
04.92 
06.08 
10.15 
04.51 
07.82 
05.00 

07.82 
06.95 
08.30 
03.10 
03.40 
07.65 
05.38 
07.60 
06.60 
01.36 
04.30 

-- 

* S t a t i o n  used f o r  v e l o c i t y  model. 

Berkeley S t a t i o n s  

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  
1 3  

A r r i v a l  Time of 111 (UTC) 

1235 04.170 i .005 s e c .  
04.857 
04.863 
04.900 
05.185 
05.200 
05.263 
05.327 
05.396 
05.478 
05.564 
05.883 -- 

A r r i v a l  Time of #2 (UTC) 

1235 02.43 f 0.05 see. 
05.21 
04.50 
03.88 
03.00 
06.65 
08.50 
11.10 
02.85 
06.20 

01.85 
05.90 
04.41 
05.65 
05.46 
04.56 
07.60 
03.58 
05.10 
06.55 
04.05 
01.80 

- 

A r r i v a l  T i m e  of 112 (UTC) 

1235 01.890 t .005 sec .  
02.540 
02.535 
02.580 
02.750 
02.840 
02.935 
02.990 
03.070 
03.200 
03.270 
03.610 
03i816 

c 

I 
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D I S T A N C E  FROM S O U R C E  (KM)  

Reduced t r a v e l - t i m e s ,  wi th  r e s p e c t  t o  v e l o c i t i e s  shown i n  
Figure 2 ,  f o r  s t a t ions  w i t h i n  The Geysers-Clear Lake a r e a ,  
for bo th  explosions.  Temporary s t a t i o n s  a r e  numbered, 
USGS s t a t i o n s  a r e  shown by name. 
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i n  Figure 3-1 which were n o t  used i n  d e r i v i n g  t h e  r e g i o n a l  

curve.  Along the  temporary s t a t i o n  a r r a y ,  e a r l y  a r r i v a l s  

wi th  r e l a t i v e  P-wave advances o f  up t o  200 mi l l i seconds  

a r e  seen commencing around S t a t i o n  5 and cont inuing  t o  

t h e  end o f  t h e  temporary l i n e a r  a r r a y  a t  S t a t i o n  13. 

S t a t i o n  SGM t o  t h e  n o r t h e a s t  o f  t h e  producing f i e l d  

appears normal. USGS S t a t i o n s  SCR, CMT and BGG a r e  a l s o  

e a r l y ,  i . e . ,  fast  with r e s p e c t  t o  t h e  r eg iona l  r e fe rence  

model. S t a t i o n s  GYP, BKO and GLV, l i k e  SGM, appear 

normal, r e g i o n a l l y .  S t a t i o n  MKI, n e a r  Clear  Lake, is  

e s p e c i a l l y  l a t e ,  PNM is somewhat s o .  The genera l  tendency 

seems t o  be t h a t  t imes i n  t h e  product ion zone and south-  

e a s t  o f  it a r e  e a r l y ,  and as one proceeds northeastward 

toward Clear  Lake t h e  t imes become r e g i o n a l l y  normal, 

t hen  s i g n i f i c a n t l y  delayed. This  genera l  p a t t e r n  holds  

f o r  both t h e  n e a r  and f a r  explos ions .  Closer  i n s p e c t i o n  

of data f r o m  t h e  f a r  explos ion  r e v e a l s  t h a t ,  even though 

t h e  shape o f  t h e  curve is  t h e  same as t h a t  f o r  t h e  n e a r  

source ,  t h e  t imes f r o m  t h e  f a r  explosion have been 

s h i f t e d  down o r  delayed by n e a r l y  1 0 0  mi l l i seconds  with 

r e s p e c t  t o  t h e  r e g i o n a l  t r a v e l - t i m e  r e fe rence .  This 

e f f e c t  i s  seen a t  a l l  d i s t a n c e s ,  PNM t o  M I ,  and may 

r e p r e s e n t  r e g i o n a l l y  l o w  v e l o c i t y  m a t e r i a l  west o f  

S t a t i o n  1. 
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3.4.2 Attenuat ion  

I n  a d d i t i o n  t o  poss ib l e  anomalous v e l o c i t y ,  it w a s  

des i r ed  t o  know i f  t h e  product ion zone a f f e c t e d  t h e  

amplitude and waveform of  t h e  P-wave. 

seismograms f r o m  t h e  f a r  explosion p l o t t e d  i n  r e l a t i v e  

Figure 3-5 shows 

time and d i s t a n c e  and a t  equal  ga ins .  It is  ev ident  

f r o m  v i s u a l  i n spec t ion  o f  t h e  f irst  t w o  o r  t h r e e  cyc le s  

o f  t h e  P-wave t h a t  t h e  waves a r e  a t t e n u a t e d  l e s s  w i th in  

t h e  product ion zone than  a t  S t a t i o n  1, f i v e  k i lometers  

west o f  t h e  product ion zone. 

Two approaches were taken  t o  e s t ima te  t h e  a t t e n u a t i o n  

e f f e c t  a t  t h e  d i f f e r e n t  s i t e s .  The f i rs t  approach is 

an adap ta t ion  o f  a technique developed by Teng (1968) 

f o r  a n a l y s i s  o f  t e l e s e i s m i c  d a t a .  The r a t i o  o f  t h e  

spectrum of  t h e  P-wave a t  each s t a t i o n  t o  an a r b i t r a r y  

r e fe rence  s t a t i o n  is used t o  ob ta in  t h e  d i f f e r e n t i a l  

a t t e n u a t i o n ,  Assumptions a r e  t h a t  Q is  frequency- 

independent over t h e  p a r t i c u l a r  frequency band used. 

The a t t enua t ion  ope ra to r  c a n  be expressed as: 

pa th  . 

1 
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F i g u r e  3-5 
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XBL i i n  2590 

Seismograms f rom t h e  f a r  explosion,  p l o t t e d  
a t  equal  ga ins  and a t  r e l a t i v e  d i s t a n c e s .  



crs 

? 

where s = path  l e n g t h  

9-l = i n t r i n s i c  a t t e n u a t i o n  =  IT A E 
E 

- AE 
E p e r  cyc le  

= f r a c t i o n  o f  s t r a i n  energy d i s s i p a t e d  

C = wave v e l o c i t y  
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The pa th  of  i n t e g r a t i o n  is  taken  a long  t h e  r a y  pa th .  

The log o f  t h e  s p e c t r a l  r a t i o ,  reduced r a t i o ,  o f  t h e  

P-wave a t  two  d i f f e r e n t  p o i n t s  w i l l  be a l i n e a r  func t ion  

o f  frequency w i t h  t h e  s lope  o f  t h e  s p e c t r a l  r a t i o ,  

X&t/Q, where 6 t  i s  t h e  t r ave l - t ime  d i f f e r e n c e  between 

t h e  t w o  s t a t i o n s .  The r e s u l t i n g  a t t e n u a t i o n ,  assumed 

cons t an t ,  a p p l i e s  t o  t h e  d i f f e r e n t i a l  r a y  pa th .  I n  

p r a c t i c e ,  one c o r r e c t s  f o r  d i f f e r e n c e s  i n  instrument  

response and r a d i a t i o n  p a t t e r n  o r  any frequency dependent 

e f f e c t s  which d i f f e r  a t  t h e  two s t a t i o n s  and then  f i t s  

a s t r a i g h t  l i n e  t o  t h e  r e s u l t i n g  reduced s p e c t r a l  r a t i o .  

An i m p l i c i t  assumption i n  t h i s  method is  t h a t  t h e  

path t o  t h e  f irst  poin t  is  common t o  t h e  second path.  

T h i s  impl ies  a nega t ive  s lope  t o  t h e  s p e c t r a l  r a t i o ,  

w i t h  ze ro  s lope  f o r  i n f i n i t e  Q ;  i . e . ,  no a t t e n u a t i o n .  

I n  p r a c t i c e ,  p o s i t i v e  s lopes  can be obtained i f  t h e  path 

t o  t he  f i rs t  p o i n t  con ta ins  a segment o f  l o w  Q medium 

n o t  common t o  t h e  second pa th .  Widely d i f f e r i n g  near-  

s u r f a c e  t r a n s f e r  f u n c t i o n s  a t  t h e  t w o  s i t e s  can also 

produce s t r a n g e  e f f e c t s  i n  t h e  reduced s p e c t r a l  r a t i o .  

To minimize such e f f e c t s  o f t e n  it is  necessary t o  use a 



smoothed average spectrum as r e fe rence  i n  forming r a t i o s .  

The procedure used i n  t h i s  s tudy  w a s  as f o l l o w s :  

The seismograms f r o m  each s i t e  f o r  t h e  d i s t a n t  explosion 

were a n t i - a l i a s  f i l t e r e d  and d i g i t i z e d  a t  200 samples/ 

s e c .  The d i g i t i z e d  d a t a  were then  p l o t t e d  f o r  comparison 

checks with t h e  analog d a t a  t o  s e l e c t  t h e  proper P-wave 

i n t e r v a l s .  The 0.65 sec  P-wave d a t a  windows were tapered  

wi th  a 20% cos ine  t a p e r ,  average s i g n a l  l e v e l  w a s  removed, 

and zeros  were added t o  a t o t a l  o f  2l0 p o i n t s .  

were then  transformed wi th  a F a s t  Four i e r  Transform and 

c o r r e c t e d  f o r  instrument  response.  Spec t ra  were smoothed 

w i t h  a moving 10 -po in t  w i n d o w .  The reduced spec t r a l  

r a t i o s  were than computed and p l o t t e d .  

The data 

The P-wave f o r m s  a long  w i t h  i n d i v i d u a l  displacement 

s p e c t r a  a r e  shown i n  t h e  first t w o  columns o f  F igure  

3 - 6 .  The s p e c t r a  a r e  n o t  c o r r e c t e d  f o r  geometr ical  

spreading .  The i n d i v i d u a l  s p e c t r a  show t h a t ,  w i t h i n  t h e  

product ion zone, t h e  high frequency components a r e  l e s s  

a t t e n u a t e d .  A t  s t a t i o n s  1 and 1 2 ,  t h e  s p e c t r a  have no 

d e f i n i t e  high frequency co rne r .  However, s t a t i o n s  i n  

t h e  f i e l d ,  e . g . ,  7 and 8 ,  have well-developed co rne r s  

a t  approximately 1 0  Hz sugges t ing  h ighe r  Q beneath t h e  

product ion zone. 

The t h i r d  column i n  F igure  3-6 shows reduced r a t i o s  

w i t h  r e s p e c t  t o  an average spectrum. I n i t i a l l y ,  s p e c t r a l  

r a t i o s  were obtained us ing  s t a t i o n  1 as re fe rence .  
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P-wave signals, s p e c t r a ,  and s p e c t r a l  r a t io s  wi th  r e s p e c t  
t o  smoothed r e fe rence  spectrum ( see  t e x t ) .  



Examples a r e  shown i n  Figure 3-7 .  Signal - to-noise  r a t i o s  

a r e  maximum i n  t h e  2-10 Hz range.  I n  an at tempt  t o  reduce 

t h e  l a r g e  v a r i a t i o n s  i n  t h e  r a t i o s ,  an a l t e r n a t e  r e fe rence  

spectrum w a s  sought .  The f i rs t  cyc le  o f  t he  P-wave was 

analyzed, t h e s e  s p e c t r a  were then smoothed and averaged 

us ing  a l l  t h e  s t a t i o n s .  The r e s u l t i n g  average w a s  used 

as t h e  r e fe rence  spectrum. Reduced s p e c t r a l  r a t i o s  

(between 1 and 1 0  Hz)with r e s p e c t  t o  t h i s  average spectrum 

a r e  given i n  t h e  t h i r d  column o f  Figure 3-6 .  These r a t i o s  

resemble s t ra ight  l i n e s .  A p o s i t i v e  s lope  t o  t h e  l i n e  

means a h ighe r  Q than  average,  a nega t ive  s lope  means a 

lower Q .  Consider ing t h e  e n t i r e  1-10  Hz span, s t a t i o n s  

1, 2 ,  6 ,  and 1 2  have nega t ive  s lopes  while  a l l  o t h e r  s i t e s  

have p o s i t i v e  s l o p e s ,  roughly i n d i c a t i n g  lower Q a t  t h e  

edges and ou t s ide  o f  t h e  f i e l d  than  i n s i d e  t h e  product ion 

zone. Fu r the r  a t tempts  t o  use t h e  s lopes  i n  F igure  3-6 

f o r  i nve r s ion  t o  ob ta in  Q s t r u c t u r e  would be beyond t h e  

q u a l i t y  o f  t h e  data. It would have been b e t t e r  had 

s e v e r a l  s t a t i o n s  been ou t s ide  o f  t h e  steam f i e l d ,  and 

t h e i r  average spectrum used as r e f e r e n c e .  

range 3-10 Hz is a l s o  s u s c e p t i b l e  t o  e f f e c t s  o f  very  

shallow s t r u c t u r e ,  r ende r ing  d i f f i c u l t  t h e  e s t ima t ion  

of  meaningful s p e c t r a .  I n  g e n e r a l ,  i f  t h e  data a r e  o f  

high enough q u a l i t y  i n  bandwidth and dynamic range,  i f  

t h e r e  a r e  s e v e r a l  r e fe rence  s t a t i o n s  ou t s ide  t h e  zone 

o f  i n t e r e s t ,  and i f  t h e  t a r g e t  is  l a r g e  enough, then  t h i s  

The frequency 

6 

c 
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Example,spectral  r a t i o s  wi th  r e spec t  t o  
s t a t i o n  1 spectrum, unsmoothed, as r e fe rence .  



method can probably be used s u c c e s s f u l l y .  The e f f e c t i v e -  

n e s s  might a l s o  be r a i s e d  i f  longer  per iods  a r e  a v a i l a b l e ,  

though t h e  e f f e c t s  become small on t h e  s c a l e  of t h i s  

experiment. 

A second a t tempt  w a s  made t o  l o c a l i z e  t h e  Q e f f e c t  

by cons ider ing  only t h e  amplitude o f  t h e  f irst  h a l f  cyc le  

o f  t h e  P-wave a t  each s t a t i o n  and t o  s p e c i f y  more pre-  

c i s e l y  t h e  d i f f e r e n t i a l  r a y  pa ths  by us ing  both explo- 

s i o n s ,  A v e l o c i t y  model as shown i n  Figure 3-8 w a s  

s e l e c t e d  t o  s p e c i f y  t h e  r a y  pa ths  and v e l o c i t i e s  a long  

t h e  r ay  p a t h s .  

The procedure is  t o  s e l e c t  a r e fe rence  station, r, 

w i t h  amplitude A r ,  and c o r r e c t  f o r  t h e  v e r t i c a l  p a r t  o f  

t h e  path t o  s t a t i o n  r, assuming a value Q . There can r 
then  be c a l c u l a t e d ,  based on t h e  model, a value Qi 

corresponding t o  t h e  h o r i z o n t a l  propagat ion pa th  f r o m  

t h e  r e fe rence  s t a t i o n  t o  s t a t i o n  i and t h e  n e a r - v e r t i c a l  

propagat ion under i. The r e s u l t i n g  Qi  va lue  w i l l  depend 

on t h e  Qr assumed immediately beneath t h e  r e fe rence  

s t a t i o n ,  and it w i l l  con ta in  information on t h e  e n t i r e  

path f r o m  beneath t h e  r e fe rence  s t a t i o n  t o  t h e  s u r f a c e  

a t  s t a t i o n  i. R e s u l t s  f o r  Qr va lues  o f  3 0 ,  45 and 60 

f o r  s t a t i o n  2 as r e fe rence  a r e  given i n  Table 3-3 f o r  

both explos ions .  A maximum value  o f  250 w a s  ass igned 

t o  Qi, because t h e  f r a c t i o n a l  change i n  amplitude o f  t h e  

wave f o r  h ighe r  va lues  o f  Q cannot be measured over t h e  

d i s t a n c e s  involved. The Qi va lues  for Qr = 60 a r e  shown 

6 
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Far Source 

S t a tioo 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Near Source 

Stat i o n  

1 
2 
3 
4 
5 
6 
I 

8 
9 
10 
11 
12 

54 

c 

Table 3-3 

Average Attenuation Values, 91, for varlous Qr. 

QL = 30 

14 
30 
33 
38 
48 
44 
41 
34 
28 
30 
40 
19 

Q L  = 30 

10 
30 
32 - 
- 
75 
164 
92 
50 
62 
34 
51 

% = 45 

17 
45 
52 
63 
86 
71 
63 
47 
36 
37 
56 
23 

Q L  = 45 

12 
45 
51 
- 
- 

189 
250 
250 
76 
100 
42 
66 

QL = 60 

19 
60 
71 
94 
142 
102 
86 
58 
43 
44 
70 
25 

Q L  = 60 

13 
60 
67 

- 
250 
250 
250 
94 
132 
47 
75 
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i n  Figure 3-8. 

F o r  both explosions t h e  apparent  Q i nc reases  

throughout t h e  f i e l d  then  decreases  aga in  by s t a t i o n  1 2 ,  

f o r  a l l  Qr. 

t h e  s p e c t r a l  r a t i o s .  

f i e l d  a r e  h ighe r  f o r  t h e  shal lower p e n e t r a t i n g  waves 

f r o m  t h e  nea r  source than  f o r  t h e  deeper p e n e t r a t i n g  

waves f r o m  t h e  f a r  source .  Although t h e  apparent  Q 

va lues  a r e  h ighe r  t han  r e g i o n a l  va lues  f o r  t h e  d i s t a n t  

explos ion ,  they  inc lude  t h e  e f f e c t  o f  t h e  shal low high 

Q zone as w e l l  as t h e  e f f e c t  o f  a deeper Q .  

because t h e  Q va lues  a r e  similar f o r  b o t h  nea r  and far  

explosions a t  s t a t i o n  I, a zone o f  lower Q beneath t h e  

high Q zone i n  t h e  product ion a r e a  is  i n d i c a t e d .  

va lues  i n  t h e  steam f i e l d  thus  appear high with r e s p e c t  

t o  r e g i o n a l  va lues  a t  shallow depth (<1 km), dec reas ing  

a t  g r e a t e r  depths (3 km). 

Q va lues  decrease below r e g i o n a l  va lues  a t  depth.  Data 

c o n s i s t e n t  with high Q i n  t h e  f i e l d  come f r o m  t h e  s tudy  

o f  t h e  corner  f r equenc ie s  o f  microearthquakes,  d i scussed  

i n  t h e  fo l lowing  s e c t i o n .  

This  is  t h e  same genera l  p a t t e r n  seen  i n  

The apparent Q va lues  w i t h i n  t h e  

A l s o ,  

Q 

It is n o t  c l e a r  whether t h e  

3 .5  Microearthquake Data 

3.5.1 Locat ions 

During t h e  f i v e  days o f  record ing ,  seventy e a r t h -  

quakes were observed i n  t h e  monitored s i g n a l s  f r o m  
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s t a t i o n s  1, 7 and 12. There were no l o c a l  events  recorded 

by t h e  USGS s t a t i o n s  PNM, BKO, SGN, CMT,  SCR, BGG and G Y P  

t h a t  were no t  recorded by t h e  temporary s t a t i o n s .  However, 

t h e r e  were 1 2  events  recorded by t h e  temporary s t a t i o n s  

t h a t  were r eco rded-on ly  by t h e  t w o  USGS s t a t i o n s  c l o s e s t  

t o  t h e  production zone, BKO and CMT, i n d i c a t i n g  t h a t  t h e  

microearthquakes a r e  confined t o  t h e  genera l  a r e a  o f  t h e  

steam f i e l d .  The high r a t e  o f  s e i s m i c i t y  is appa ren t ly  

an ongoing phenomenon. Hamilton and Muffler (1972)  

recorded 53 events  i n  t h r e e  weeks with e p i c e n t e r s  i n  

t h e  same genera l  a r e a .  Lange and Westphal (1969) r e -  

corded 1 9  " s m a l l "  earthquakes throughout t h e  product ion 

zone dur ing  a f o u r  day observa t ion  peri'od. I n  a l a t e r  

survey,  J u l y  22-25 and August 2-8,  1977,  340 events  wi th  

S-P t imes l e s s  t han  1 second were recorded nea r  s t a t i o n  7 .  

Hypocenters were es t imated  us ing  a simple v e l o c i t y  

model of  t w o  l a y e r s  over a ha l f space ,  w i t h  v e l o c i t i e s  

of 4 ,  5 and 6 km/sec, and l a y e r  t h i ckness  o f  1 and 5.. 

km, r e s p e c t i v e l y .  This  model w a s  obtained by l o c a t i n g .  

s e v e r a l  l a r g e  events  i n  t h e  c e n t e r  o f  t h e  a r r a y ,  u s i n g  

d i f f e r e n t  v e l o c i t i e s  c o n s i s t e n t  wi th  t h e  explosion d a t a ;  

t h e  model g iv ing  t h e  s m a l l e s t  s t anda rd  e r r o r  i n  depth 

w a s  s e l e c t e d  as b e s t .  Events with c l e a r  a r rLva l s  on 

a t  l e a s t  f i v e  temporary s t a t i o n s  and t h r e e  USGS s t a t i o n s  

were processed f o r  l o c a t i o n s .  Fo r ty  of t h e  f i f t y - e i g h t  

events  processed a r e  p l o t t e d  i n  Figure 3-9 and l i s t e d  

i n  Table 3-4. These events  could be l o c a t e d  with 
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Figure 3-9 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

LO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

' 22 
23 
24 
25 
26 
27 

29 
30 
32 
33 
34 
35 
36 
37 
30 
39 
40 
41 
42 
44 
45 
46 
47 

49 
50 
51 
52 
53 
57 
58 

28 

48 

0.6 0.1 
0.4 -0.5 

0.2 -1.0 
0.4 -0.6 
0.7 0.2 
0.2 -1.0 
0.7 0.2 
0.1 -1.3 
0.5 -0.4 
0.8 0.5 
0.4 -0.6 
0.1 -1.3 
0.4 -0.6 
0.4 -0.5 
0.3 -0.7 
0.3 -0.9 
0.3 -0.9 
0.3 -0.7 

0.2 -1.2 
0.3 -0.7 
0.3 -0.9 
0.6 0.1 
0.4 -0.5 
0.4 -0.4 
0.7 0.3 
0.9 0.9 

0.3 -0.0 
0.4 -0.6 
0.7 0.1 
0.5 -0.2 

0.3 -0.8 

0.8 0.8 

0.3 -0.0 
0.4 -0.4 
0.6 0 
0.3 -0.7 
0.7 0.2 
0.5 -0.3 
1.0 1.2 
0.5 -0.3 
0.2 -1.1 
0.3 -0.9.. 
0.4 -0.6 
0.7 0.3 
0.5 -0.1 
0.5 -0.1 
0.4 -0.5 

0.5 -0.3 

Sequence 
Number. McB MCL - -  Latitude 

38'48.54" 

48.58' 
48.35' 
49.18' 
48.32' 
47.57' 
48.17' 
48.46' 

48.94' 
49.24' 
48.86' 
48.04' 
48.89' 

48 .ga' 

49.06 

47.57' 
40.53' 

47.56' 
49.01' 
40.51' 

40.97' 
49.05' 

40.70' 
40.63' 
49.01' 
40.37' 
40.50' 
40.11' 
40.09' 
40.65 
40.93' 

40.39' 

48.36' 

48.66' 

40.21' 
47.90' 
40.00' 
49.01 

40.40'  
48.80' 

Longitude 

i22°4a.06'w 

48.86' 
48.37' 
48.26' 

48-93' 

47.70' 
48.25' 

48.16' 

49.06' 
48.25' 
40.82' 
48.94' 
49.04' 
40.95' 

48.95' 

48.34' 
49.50' 
47.86' 
40.50' 
49. S i '  
47.97' 
47.80' 
40.861 
40.74' 

48.10' 
40.55' 

46.74' 
40.16' 
46.54 
46.49' 

48.34' 

4 0 . 8 4 '  

48.18' 

47.81' 

' 49.17' 
40.92' 
48.09' 
48.97' 

47.95' 
40.06' 

Depth 
(km) 

0.71 

1.19 
2.79 

1.41 
4.40 
0.90 
0.75 

0.84 

1.43 
1.74 

1.49 
1.30 
1.41 

1.54 

3.0 
1.11 
4.14 
3.0 
0.67 
3.55 
3.76 
1.25 
0.60 

1.64 
3.70 

3.77 
2.06 
1.64 
0.52 
3.10 
3.75 

3.05 

1.58 

1.38 

1.92 
0.40 
3.50 
0.98 

3.59 
4.01 

S.E. of Epicenter 
(km) 

.02 

.07 

.Ol 

.05 

.03 

.07 

.10 

.07 

.07 

.03 

.os 

.07 

.04 

. oa 

.03 

.05 

.Ol 

.05 

.06 

.09 

.05 

.05 

.03 

.03 

.04 

.00 

.04 

.09 

.10 

.07 

. i o  

.03 

.06 

.05 

Table 3-4 

Microearthquake Locations 

.04 

.05 

.05 

.07 

.04 

.07 
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, 

s t a n d a r d  e r r o r s  l e s s  t h a n  0 . 1  km i n  e p i c e n t e r s ,  S-waves 

were not  used i n  l o c a t i n g  t h e  even t s ,  but S-wave a r r iva l  

t imes  were used t o  e s t ima te  Poisson ' s  R a t i o ,  as d i s -  

cussed l a t e r .  

Figure 3 - 1 0  presen t s  t h e  microearthquakes hypocenters 

p ro jec t ed  onto t h e  v e r t i c a l  s e c t i o n s  shown i n  F igure  3 - 9 .  

The s p a t i a l  d i s t r i b u t i o n  o f  f o c i  is  d i f f u s e ,  w i t h  no 

wel l -def ined throughgoing f a u l t s .  Focal depths  a r e  l e s s  

than  5 km, w i t h  a no tab le  absence o f  f o c i  i n  t h e  depth 

range of  2 t o  3 km. Se i smic i ty  is a l s o  l o w  i n  t h e  f i e l d  

n o r t h  and n o r t h e a s t  of  The Geysers Resor t ,  t h e  a r e a  

f i rs t  exp lo i t ed  f o r  steam product ion,  The w e l l s  i n  t h i s  

a r e a  a r e  s h a l l o w  ( s e v e r a l  hundred meters)  compared t o  

more r e c e n t  w e l l s ,  which extend t o  n e a r l y  3 km. I n  

gene ra l ,  t h e  product ion zone throughout t h e  f i e l d  i s  

between t w o  and t h r e e  km i n  depth (Richard Dondanville,  

o r a l  communication, 1977). Most o f  t h e  l a r g e r  even t s ,  

e . g . ,  2 8 ,  2 9 ,  45, occurred i n  an a r e a  n o r t h e a s t  o f  The 

Geysers Reso r t ,  During t h e  l a t e r  f i e l d  s tudy ,  J u l y  

2 2 - 2 5 ,  August 2 - 8 ,  1977, a magnitude 2.3  shock was 

recorded i n  t h i s  same gene ra l  a r e a .  

The temporal d i s t r i b u t i o n  o f  events  is  a l s o  o f  

i n t e r e s t .  While c l u s t e r s  o f  events  a r e  seen ,  t h e r e  is  

no i n d i c a t i o n  of  sys temat ic  migra t ion  through t h e  f i e l d .  
-. . 

F o r  example, events  3 6 ,  37, 38, 39 and 40 occurred wi th in  

a t w o  hour pe r iod ,  bu t  i n  t h r e e  separa ted  a r e a s .  There 

were no t  apparent  i n s t ances  o f  foreshock a c t i v i t y  
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followed by a main shock, nor  o f  c l e a r  a f t e r shock  

sequences.  There were no long  aseismic pe r iods ;  r a t h e r  

t he  a c t i v i t y  seems t o  progress  a t  a,more o r  l e s s  cons t an t  

r a t e .  

3.5.2 Mechanisms 

P-wave p o l a r i t i e s  were used i n  f o c a l  mechanism 

s t u d i e s .  Because complete as imuthal  coverage w a s  n o t  

o f t e n  obtained,  t h e r e  i s  some ambiguity i n  t h e  d e t a i l s  

o f  f a u l t  plane s o l u t i o n s .  F o r  t h i s  reason,  only t h e  

b e t t e r  cons t r a ined  s o l u t i o n s  a r e  shown on t h e  r e g i o n a l  

f a u l t  map i n  F igure  3-11, P l o t t e d  a r e  t h e  p r i n c i p a l  

s t r e s s  axes ,  which a r e  mainly compressional i n  the  

northeast-southwest  d i r e c t i o n ,  c o n s i s t e n t  w i t h  s t r i k e -  

s l i p  f a u l t i n g  on nea r  v e r t i c a l ,  nor th-south t r e n d i n g  

f a u l t s ,  t y p i c a l  o f  r eg iona l  C o a s t  Range t e c t o n i c s  e a s t  

o f  t h e  San Andreas f a u l t .  The major f a u l t  zones i n  t h e  

Clear  Lake vo lcan ic s  t o  t h e  n o r t h e a s t  a r e  t h e  Collayomi 

and Konocti Bay f a u l t  zones,  which a re  a t  l e a s t  18 -21  

km long,  r e s p e c t i v e l y ,  and show both r i g h t - l a t e r a l  and 

v e r t i c a l  movement. The Collayomi t r ends  northwest and 

. t h e  Konocti Bay t r e n d s  north-northwest ,  c o n s i s t e n t  with 

t h e  r eg iona l  San Andreas t r end .  Donnelly (1977) s t a t e s  

t h a t  many of  t h e  small (41 km l e n g t h s )  normal f a u l t s  

t r end ing  no r theas t  and northwest a t  Clear  Lake a r e  

probably due t o  c r u s t a l  adjustments f r o m  t h e  ex t rus ion  

o f  magma i n  t h e  reg ion .  I n  The Geysers r eg ion ,  t h e  
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Figure 3-11 

I81 IIIZ-10891 

Horizonta l  p r o j e c t i o n s  of  p r i n c i p a l  stress 
axes from f a u l t - p l a n e  s o l u t i o n s .  E i t h e r  
compression o r  t e n s i o n  ax i s  is given,  which- 
ever  is  nea r -ho r i zon ta l .  
McLaughlin, l97'C. 

F a u l t s  adapted f r o m  



northwest-southeast  s t r u c t u r a l  g r a i n  is  due t o  t h e  

p r e v a i l i n g  f a u l t  p a t t e r n  which c o n s i s t s  o f  imbr ica te  

no r theas t - ,  sou theas t - ,  and southwest-dipping high- 

t o  low-angle f a u l t s .  These r eve r se  f a u l t s  a r e  c u t  by 

l a t e r  s t r i k e - s l i p  f a u l t s ,  r e f l e c t i n g  t h e  t e c t o n i c  

evolu t ion  o f  t he  a r e a  (McLaughlin and Stan ley ,  1975) .  

Some t h r u s t  f a u l t i n g  is ind ica t ed  i n  t h e  f a u l t  plane 

s o l u t i o n s ,  Permeabi l i ty  may be c o n t r o l l e d  by b o t h  

t h r u s t  f a u l t i n g  and s t r i k e - s l i p  f a u l t i n g .  

3.5.3 Magnitudes 

Microearthquake magnitudes were obtained by aver- 

aging  coda du ra t ions  f o r  events  recorded a t  s t a t i o n s  5,  

7 ,  9 and  12. These magnitudes a r e  intended t o  be 

equiva len t  t o  t h e  l o c a l  R ich te r  magnitude, %. 
d i f f e r e n t  formulae were used f o r  magnitude de te rmina t ion ,  

I n  t h e  f i r s t ,  MCL = -0 .87 + 2 log lo  ( T )  where T is  t h e  

average coda l e n g t h  f r o m  t h e  f o u r  s t a t i o n s .  The amp- 

l i t u d e  th re sho ld  taken f o r  coda l e n g t h  w a s  obtained by 

observing t h e  same events  on t h e  USGS Develocorder 

Two 

systems which have peak magni f ica t ions  around 15 H z .  

T h i s  r e l a t i o n ,  a f t e r  Lee e t  a l .  (1972) w a s  developed for 

c e n t r a l  C a l i f o r n i a  ear thquakes.  

MCB = -,28 + 0 . 7 1  loglo ( T )  was obtained by Bakun and 

Lindh (1977) f o r  earthquakes wi th  coda l e n a h s  l e s s  

than  30 seconds i n  t h e  1975 Orov i l l e ,  C a l i f o r n i a  sequence, 

recorded by similar systems used f o r  M C L a  If no magnitude 

The second formula 
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is  given i n  Table 3-4, a t  l e a s t  one o f  t h e  f o u r  s t a t i o n s  

d i d  n o t  have s u f f i c i e n t  q u a l i t y  d a t a  t o  ob ta in  coda 

l e n g t h .  

Figure 3-12 p resen t s  t h e  d i s t r i b u t i o n s  obtained 

f o r  t h e  t w o  d i f f e r e n t  formulae,  b-values o f  0.81* .O3 

and 2.3 t 0.15 were found us ing  t h e  MCL and MCB f o r m -  

u l a e ,  r e s p e c t i v e l y .  A r eg iona l  b-value of  0.83 .04 

w a s  c a l c u l a t e d  f o r  73 even t s ,  2 . 8 ~ M ~ 5 4 . 8 ,  occur r ing  wi th  

a 50 km r a d i u s  of  The Geysers between 1934 and 1973. 

C .  Bufe (personal  communication, 1977) has  obtained a 

b-value o f  1 . 2  f o r  events  i n  The Geysers a r e a  wi th  MCL 

magnitudes between 1 and 3.  

of  0.8 impl ies  t h e  occurrence o f  t w o  MCL=3 events  p e r  

y e a r ,  and a MCL=4 shock every t h r e e  yea r s .  

t h i s  r a t e  of  occurrence o f  l a r g e r  events  has  n o t  been 

T h e  MCL der ived  b-value 

However, 

observed, i n d i c a t i n g  e i t h e r  some n a t u r a l  magnitude 

l i m i t i n g  process  i n  ope ra t ion ,  o r  t h a t  t h e  l o c a l  b-value I 

i s  h igher  than  t h e  0.8 r eg iona l  v a l u e ,  o r  t h a t  t h e  r a t e  

o f  s e i s m i c i t y  i s  h ighe r  now than  i n  r e c e n t  decades. 

LoglO(N) = 2.4-2.3 MCB p r e d i c t s  one M C B = 3  event  every 

600 yea r s  and 121,000 yea r s  between MCB=4 ear thquakes.  

While b = 2 . 3  is  h igh ,  as b-values g o ,  a va lue  g r e a t e r  

t han  1 is c o n s i s t e n t  wi th  t h e  absence o f  l a r g e r  events  

i n  t h e  a r e a .  

The a p p l i c a t i o n  t o  The Geysers o f  coda magnitude 

formulae developed f o r  o t h e r  reg ions  i s  a ques t ionable  

s t e p  i f  occurrence d a t a  a r e  then  compared t o  d a t a  f o r  

e 
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d i f f e r e n t  r eg ions .  Coda l e n g t h s  f o r  s e v e r a l  l a r g e  events  

and t h e  t w o  explosions v a r i e d  widely f r o m  one USGS s t a t i o n  

t o  t h e  n e x t ,  depending on d i s t ance  and azimuth. Thus, 

although t h e  same measurement used r o u t i n e l y  by USGS w a s  

a t tempted,  it s u f f e r e d  from t h e  unusual v a r i a b i l i t y  o f  

earthquake c h a r a c t e r i s t i c s  a t  The Geysers. The same 

n e a r - s t a t i o n  p r o p e r t i e s  t h a t  a f f e c t  t h e  amplitude of t h e  

P-wave w i l l  a f f e c t  t h e  measured coda l e n g t h .  At tenuat ion  

is  anomalous i n  The Geysers; t hus  our magnitudes and 

r e s u l t i n g  b-values may be meaningless f o r  comparisons 

t o  o the r  reg ions .  It is  important ,  b u t  un fo r tuna te ly  

d i f f i c u l t ,  t o  know i f  t h e r e  e x i s t s  a unique geothermal 

earthquake, w i t h  occurrence p r o p e r t i e s  d i f f e r e n t  f r o m  

norma l  t e c t o n i c  events  . 
Becuase t h e  coda magnitudes were no t  s a t i s f a c t o r y ,  

an at tempt  w a s  made t o  ob ta in  Wood-Anderson magnitudes 

(ML) us ing  data f r o m  a single-component 1 2 - b i t  t r i g g e r e d  

d i g i t a l  c a s s e t t e  r eco rde r  and a 4.5 Hz h o r i z o n t a l  geo- 

phone, s e t  out n e a r  s t a t i o n  7 dur ing  August 5-8, 1977. 

1 0 1  events  w i th  S-P t imes  l e s s  t h a n  1 second were r e -  

corded dur ing  t h e  3-day per iod .  The events  were recorded 

a t  a sample r a t e  o f  200/sec. 

were transformed, t h e  instrument response removed, and 

t h e  r e s u l t i n g  s p e c t r a  o f  t h e  h o r i z o n t a l  ground d i sp lace -  

ment were condi t ioned by t h e  Wood-Anderson instrument  

response 

The d i g i t i z e d  t ime s e r i e s  

c 
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2 
- S  

2 s2 + 2SOnS + w n  

4 

where s =  

6 =  

i w  
damping f a c t o r  = 0 .8  

n a t u r a l  frequency o f  Wood-Anderson, 

2lr  - 
o,8 rad/sec 

To avoid noise-induced peaks i n  t h e  s p e c t r a  a t  l o w  and 

high f requencies  a window w a s  app l i ed  t o  t h e  data 

between 3 and 40 H z .  

were then  inve r t ed  t o  t h e  t ime domain and t h e  r e s u l t i n g  

s y n t h e t i c  Wood-Anderson seismograms were read  f o r  magnitude 

ML i n  t h e  convent ional  manner. 

To check t h e  method, events  f r o m  o t h e r  a r e a s  wi th  

The equiva len t  Wood-Anderson s p e c t r a  

known magnitudes and e x i s t i n g  Wood-Anderson r eco rds  

were processed i n  t h e  manner descr ibed .  

f r o m  t h e  Briones H i l l s ,  C a l i f o r n i a  s w a r m  of  January 1977 

recorded on t h e  Berkeley magnetic t ape  system were used. 

Good agreement w a s  found between magnitudes. 

d i f f e r e d ,  but t h e  Wood-Anderson records  and s h o r t  per iod  

h o r i z o n t a l  records  used f o r  ob ta in ing  t h e  s y n t h e t i c  Wood- 

Anderson records  were n b t  w r i t t e n  a t  t h e  same s i t e  i n  

Berkeley. 

Severa l  events  

Waveforms 

It w a s  f e l t  t h a t  t h e  l a r g e  sample which w a s  used 

i n  t h i s  s tudy  would minimize t h e  f a c t  t h a t  only one 

s t a t i o n  wi th  one h o r i z o n t a l  component was used. Ninety- 



6 8 .  

e i g h t  events  were processed f o r  Wood-Anderson magnitudes, 

r e s u l t i n g  i n  a magnitude range o f  0 t o  1 . 8 ,  with a b- 

va lue  of 1.1 +_ 0.1. This  b-value is between t h e  two  

coda b-values o f  0 .8  and 2 . 3 .  The magnitude 3.7 e a r t h -  

quake n e a r  Cobb Mountain on September 2 2 ,  1977, i n d i c a t e s  

t h a t  t h e  2.3 b-value is t o o  h igh ,  i f  t h i s  event is f r o m  

t h e  populat ion o f  events  i n  t h e  production zone, 

n o t  c l e a r  but t h e  shock d i d  occur on t h e  edge of t h e  

hypothesized steam zone ( G o f f  - -  e t  a l . ,  1977). 

duct ion  of  steam cont inues  and t h e  hydrology is a l t e r e d ,  

it may w e l l  be t h a t  t h e  b-values are changing wi th  t ime.  

A t  any r a t e ,  t h e  b e s t  e s t ima te  b-value for The Geysers 

f i e l d  ear thquakes,  based on convent ional  ML magnitude, 

is  somewhat g r e a t e r  t h a n  u n i t y ,  implying a process  

producing a h ighe r  p ropor t ion  of  s m a l l  magnitude events  

t han  c h a r a c t e r i s t i c  o f  r e g i o n a l  s e i s m i c i t y .  

This  is  

A s  pro- 

3.5.4 V e l o c i t i e s  

P- t o  S-wave v e l o c i t y  r a t i o s  ( V  /Vs) may be est imated 
P 

u s i n g  t h e  Wadati diagram, where S-P time is  p l o t t e d  

ve r sus  t h e  P-wave a r r iva l  time a t  many d i f f e r e n t  s t a t i o n s  

f o r  a s i n g l e  event ,  assuming t h e  same ( V d V s )  along a l l  

propagation p a t h s .  

p o i n t s  is k-1 (where K = V d V s ) .  

u, may be c a l c u l a t e d  

The s lope  o f  t h e  l i n e  through t h e  

From K ,  Po i s son’ s  R a t i o ,  

d (K2-2) 
2 ( K 2 - 1 >  

I 
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This  method, which g ives  an average u along t h e  pa ths  

between t h e  s t a t i o n s  and t h e  even t ,  does n o t  r e q u i r e  

knowledge o f  t h e  o r i g i n  t ime o f  t h e  ear thquake.  However, 

i t  does r e q u i r e  a r e l a t i v e l y  l a r g e  number o f  good S-wave 

a r r i v a l s  t o  ob ta in  a r e l i a b l e  s l o p e .  Because h o r i z o n t a l  

geophones were n o t  used throughout t h i s  s tudy ,  t h e  

number o f  s h a r p  S-wave rad ings  w a s  l i m i t e d  f o r  any 

p a r t i c u l a r  event .  Therefore ,  it w a s  e l e c t e d  t o  use 

mul t ip l e  events  and s i n g l e  s t a t i o n s  as an a l t e r n a t i v e  

method f o r  e s t i m a t i n g  K-1. This  method r e q u i r e d  a knowl- 

edge of  t h e  o r i g i n  t ime.  However, because t h e  events  

were l o c a t e d  u s i n g  P t imes only and t h e  s t anda rd  e r r o r s  

were small, it w a s  f e l t  t h a t  e r r o r s  i n  t h e  o r i g i n  t imes 

would n o t  obscure any s i g n i f i c a n t  l a t e r a l  v a r i a t i o n  i n  

c. The method g ives  a value o f  Po i s son ' s  R a t i o  a long  

t h e  path t o  t h e  s t a t i o n  for each source ,  r e l a t i v e  t o  t h e  

P-wave v e l o c i t y  used i n  l o c a t i n g  t h e  ear thquake.  An 

average 6 w a s  obtained for each s t a t i o n  by u s i n g  mul t ip l e  

s o u r c e s ,  S t a t i o n s  1, 5, 7 and 1 2  were s e l e c t e d  for 

a n a l y s i s  and t h e  events  used a r e  l i s t e d  i n  Table 3 - 5 .  

K - l  w a s  determined by a l e a s t  squares  f i t  t o  t h e  data 

p o i n t s .  Resu l t s  a r e  shown i n  F igure  3-13. Because t h e  

P-0 t imes d i d  n o t  vary  over a wide range a t  s t a t i o n s  1, 

7 and 1 2 ,  t h e  va lues  were weighed t o  pass  through t h e  

o r i g i n .  However, t h e  va lues  a t  s t a t i o n  5 were weighed 

a t  t h e  po in t  P-0 = 0 .0  and S-P = 0 . 1  s e c ,  because t h e  



STATION 1 

27 

28 

29 

42 

0 - 0.37 

7 

49 

50 

0 - 0.32 

70  

Table  3-5 

Events Used for Poisson's Ratio Estimation 

STATION 5 STATION 7 

3 

5 

7 

1 5  

19  

23 

24 

45 

50 

u = 0.15 k 0.05 

12  

1 4  

24 

25 

34 

39 

40 

5 1  

58 

u = 0.21 f 0.03 

STATION 1 2  

3 

5 

14 

16 

17  

18 

21 

22 

23 

30 

35 

36 

37 

39 

40 

52 

u - 0.24 f 0.05 

e 
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F igure  3-13 

0.5 1.0 I 

I O  

- 
Y 
Y VI 

a 

0 5  

I T A  I I T A .  12 

a 
VI 

0.5 

P -  0 l I L C l  

Wadati diagrams f o r  four s t a t i o n s ,  u s i n g  
m u l t i p l e  events  and assumed o r i g i n  t imes .  . 



r e s i d u a l  t r a v e l  t imes  were c o n s i s t e n t l y  between - 0 . 1  

and - 0 . 2  ( e a r l y )  f o r  s t a t i o n  5 ,  while  t h e  r e s i d u a l s  

average zero  a t  t h e  o t h e r  s t a t i o n s .  

a t  P-0 = 0 i s  used,  u is (0 .02  f ,04), ( 0 . 2 1  0.07) 

and (0.15 f .l3) a t  s t a t i o n s  5, 7 and 1 2 ,  r e s p e c t i v e l y .  

The data f o r  s t a t i o n  1 a r e  inadequate because o f  t he  

small range o f  P-0 t imes .  However, e x t r a p o l a t i n g  t o  t h e  

o r i g i n ,  two  d i f f e r e n t  va lues  of  6 a r e  obtained a t  s t a t i o n  

1; 0 = 0 . 3 2  is  found us ing  events  ou t s ide  o f  t h e  f i e l d  

and t r a v e l  pa ths  no t  pas s ing  through t h e  product ion zone, 

CT = 0 . 2 7  is obtained f o r  events  i n  t h e  c e n t e r  o f  t h e  

f i e l d  s o  t h a t  p a r t  of  t h e  path is through t h e  product ion 

zone. F o r  t r a v e l  pa ths  completely wi th in  t h e  f i e l d ,  

s t a t i o n s  5 ,  7 and 1 2 ,  t h e  Po i s son ' s  R a t i o s  are lower.  

Although t h e  data s e t  is  l i m i t e d ,  t h e  genera l  tendency 

i s  for Poi s son ' s  R a t i o  t o  be l e s s  i n  t h e  product ion zone 

than  ou t s ide  o f  i t ,  Combs and Rostein (1975), obtained 

a low Poisson R a t i o ,  CT = 0.15, a t  Cos0 H o t  Springs u s i n g  

t h e  same technique .  

When no weighing 

Because we know t h e  P-wave v e l o c i t y  i s  h ighe r  t han  

r e g i o n a l  w i t h i n  t h e  f i e l d ,  t h e  lower Po i s son ' s  R a t i o  

impl ies  anomalously high va lues  of  t h e  shea r  modulus 

w i t h i n  t h e  r e s e r v o i r .  Such a c h a r a c t e r i s t i c  may be 

r e l a t e d  t o  t h e  vapor domination. 

6 
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3.5.5 Source Parameters 

Spectral characteristics of selected events were 

examined in the search for anomalous features in The 

Geysers microearthquakes. 

is the lack of comparative data on the spectral charac- 

teristics of microearthquakes in other areas. Douglas 

et el. (1970) and Douglas and Ryall (1972) have studied 

Basin and Range events and concluded that scaling laws 

accepted for large events seem to apply for earthquakes 

as small as magnitude 1. Because a comparison was 

desired to other central California areas, Brune's (1970) 

widely used source model for S-waves, extended to P- 

waves, was applied. The parameters of interest are the 

seismic moment Mo = 4qrRpv no, the stress drop bcr = 

A difficulty with this approach 

3 
3 2 2  (7/16)M0/r , fault slip u = Mo/hVvsr , and source radius 

r = 2.34 v/foZ7?, where R = distance from source to 

receiver, 

displacement spectral level, f o  = corner frequency and 

v = velocity of material (4.5 km/sec f o r  v 

for vs). 

agation path, site response and radiation patterns will 

P =  density (2.67 g/cc),.n0 = long period 

2.6 km/sec P' 
Such effects as attenuation, complex prop- 

affect the spectra, as will the source parameters. If 

spectra are averaged f o r  many events or stations, these 

effects will tend to decrease. The approach is no more 

than a rough estimate, but it provides a basis f o r  

comparing earthquakes. In this study the only correction 

made was for instrument response, and source parameters 



were averaged over s e v e r a l  s t a t i o n s .  

Fourteen events  were s e l e c t e d  on t h e  b a s i s  of  

magnitude and l o c a t i o n  w i t h i n  t h e  f i e l d .  F igure  3-14 

s h o w s  t y p i c a l  data f o r  P-wave s i g n a l s  recorded analog 

FM and d i g i t a l l y ,  and an X-wave recorded d i g i t a l l y .  

Spec t ra  a r e  shown f o r  t h e  i n d i c a t e d  data windows. The 

events  recorded on t h e  FM magnetic t a p e  system were 

f i l t e r e d  a t  50 Hz and d i g i t i z e d  a t  a r a t e  o f  200 samples/ 

s e c .  While t h e  l e n g t h  o f  P-wave s i g n a l  used va r i ed  

w i t h  event it w a s  kept  cons t an t  f r o m  s t a t i o n  t o  s t a t i o n  

f o r  a p a r t i c u l a r  event .  

I n  some cases  one event  was examined a t  s e v e r a l  d i f f e r e n t  

l o c a t i o n s  t o  determine t h e  e f f e c t  o f  propagat ion path 

Table 3-6 l i s t s  t h e  r e s u l t s .  

and azimuth. 

&-correc ted  templa tes  o f  t h e  f u n c t i o n  

Corner f requency,  f o ,  w a s  picked by u s i n g  

f o r  t = 0.5,  1 . 0 ,  1.5 s e c ,  Q = 40, 80, 120, 2 5 0 ,  700, 

= 3 ,  5,  7 and f o  = 15, 2 0 ,  25, 30, 35, 40, 45, 50, 
60 H z .  The procedure w a s  t o  pick t h e  long  per iod  l e v e l ,  

then  f i t  each spectrum f o r  f o ,  Q ,  and high frequency 

r o l l - o f f ,  6 .  A l s o  l i s t e d  i n  Table 3-6 a r e  t h e  r e s u l t s  

f o r  events  recorded on t h e  d i g i t a l  r e c o r d e r ,  w i t h  both 

v e r t i c a l  and h o r i z o n t a l  geophones. A s  can be seen i n  

Figure 3-14, showing t y p i c a l  s p e c t r a  of  signals and 

background n o i s e ,  t h e  dynamic range is  much g r e a t e r  f o r  
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recorded on FM t a p e  sys t em,  c e n t e r  is P-wave recorded on  d i g i t a l  system, 
and r i g h t  is S-wave recorded d i g i t a l l y .  
ga in  than  o t h e r  t w o .  Corner f requencies  and data windows a r e  i n d i c a t e d .  
Note t h e  h ighe r  q u a l i t y  d a t a  obtained wi th  t h e  d i g i t a l  system. 
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c 

Event 

3 

3 
3 

37 
37 
37 

37 

39 
39 

39 
39 

42 
42 
42 
42 
42 

41 
41 
41 

41 

51 
51 
51 

51 
51 

7 
15 
17 

a) 

STA 

7 
11 

12 

- 

7 
3 

11 

12 

7 
3 

11 
12 

7 
3 

11 
12 
1 

7 

3 
11 

12 

7 
3 
11 

12 
1 

7 
7 

7 

Table 3-6 

P-wave Spectral Parameters (halog msystern) 

R 
Ikm.) 
1.3 
2.5 

3.8 

4.7 
6.3 
4.1 

4.3 

3.6 
5.1 

2.1 
3.0 

3.8 
3.9 

4.0 
4.6 
8.0 

3.3 

4.1 
3.5 

4.2 

3.6 

4.5 
3.6 
4.2 
8.2 

4.8 
2.1 

1.6 

1.2x101' 250 
1.7~10~' 120 25 5 
1.9x10 l7 80 

1.3xd7 250 

3.8~10" 25 3 
1.5x.10~~ 250 

1 . 3 ~ 1 0 ~ ~  120 

6 . 4 ~ 1 0 ~ ~  250 

6 . 1 ~ l . O ~ ~  120 35 
1 . 6 ~ 1 0 ~ ~  80 
1.3X10 40 

3 . 4 x d 7  250 

4.1~10'~ 120 
3.5d017 120 25 5 

2.6~lO'~ 60 

2'7x10 l7 80 

7.8~10'~ 250 
16 

4.6xlOl6 120 
4.8~10 120 30 3 

3.7~10 l6 40 

1 , 4 x d 7  250 
1 . 7 ~ 1 0 ~ ~  120 

1.5~10'~ 120 35 5 
I. 3x10 l7 40 

9.7~10 l6 40 

2.0~10" 250 30 7 
7.9~10 250 50 5 
1 . 0 ~ 1 0 ~ ~  250 30 7 

1.6 

Depth 
(km) 

1.2 

3.8 

1.6 

3.8 

3 . 2  

3.5 

4 . 4  

1.7 
1.5 

Au 
(bar) 

0.23 

0.25 

0.13 

0.48 

0.14 

0.63 

0.52 
0.96 
0.26 

U r 
0 - (m) 

Z . O ~ X ~ O - ~  66 

4 . 3 2 ~ 1 0 - ~  66 

1.01~10-~ 55 

e 
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77 

Table 3-6a 
(cont  inued) 

I . R MO fo Depth Aa u r 
A_ (dyne-cm)_ 4 (Hz) - 6 (km) - ( b a r )  _- ( c m ) ( m )  

18 7 1.5 7 . 9 ~ 1 0 ' ~  250 35 3 1 . 3  o.33 2.11x10-~ 47 

28 7 3.7 4 .0X1017  250 25 5 3.6 0.61 5 . 4 1 ~ 1 0 - ~  66 

34 7 1.8 1 . 3 ~ 1 0 ~ '  250 35 5 1.6 0.54 1 . 7 5 ~ 1 0 - ~  47 

38 7 3.0 ~ . O X ~ O ~ ~  250 25  7 2.9 0.15 1 . 3 5 ~ 1 0 - ~  66 

58  7 4 .1  3 . 2 ~ 1 0 ~ '  250 25 5 4.0 0.49 4 . 3 2 ~ 1 0 - ~  66 

b) P-Wave S p e c t r a l  Parameters  (Dig i t a l sys t em)  - 
R = 4.0 km STATION = 7 

MO f 0 Aa U 

(dyne-cm) (Hz) (bar) (cm) 
17 1 . 6 ~ 1 0  
16  3 . 7 ~ 1 0  
17 2.lxlO 
17 2.lxlO 
17  I. 6x10 

2 .  6x1Ol6 
16 8 . 5 ~ 1 0  
16 6 . 3 ~ 1 0  
16 8.5~10 

2 . 4 ~ 1 0 ' ~  
16 5 . 3 ~ 1 0  

40 

40 

20 

20 
25 

35 

40 

40 

35 
40 

40 

1.02 

0.23 

0.17 

0.17 

0.24 

0.19 

0.54 

0.40 
0.36 
0.15 

0.33 

r 
- (d 

41 

41 

82 
82 

66 

47 

41 

4 1  

4 7  

41 

41 



ML 
0.6 

0.3 

0 .9  

0.5 
0.4 

1 . 6  

1 . 6  

0 . 9  

0.4 

0.5 

1.4 

0.8 

1.1 

0.4 

0.3 

0.2 

0.6 

1.1 

0.3 

0 . 0  

0.3 

78 .  

Table 3-6 (continued) 

c )  S-Wave s p e c t r a l  Parameters ( D i g i t a l  System) 
- 
R = 4.0 km STATION = 7 

M 
(dyn8-cm) 

4 .  1x10l6 
16  1.2xlO 
16 7.1~10 
16 2.0xlO 
1 6  1 . 6 ~ 1 0  

1. 2x1Ol8 

4, 1 x d 7  
16 6 . 1 ~ 1 0  
1 6  2.0xlO 

2.0xlO 1 6  

17 

17 
3.0~10 

1. ~ ~ 1 0 ~ 7  
16 3 . 0 ~ 1 0  

1.2xlO 

16 1 . 4 ~ 1 0  

1 . 8 ~ 1 0 ~ ~  
1 6  6 . 1 ~ 1 0  

1. 2x1~17 
16 

15 

16 

2.0xlO 

2.4~10 

1.8~10 

f 
(Hi? 1 

25 

25 

25 

25 

25 

35 
20 

25 

25 

30 

25 

15 

25 

25 

20 

25 

20 

25 

25 

15 

20 

A e  
(bar 1 

3 .  0x10-1 

9.2~10-~ 

5.4~10-1 

1 . 5 ~ 1 0 ~ ~  

1 .2xlO 

2. 5x101 

1 . 5 ~ 1 0 ~  

4 . 6 ~ 1 0 ~ ~  

1 . 5 ~ 1 0 ~ ~  

2. 6x10-1 
0 2.3~10 

2.0xlO 

1 . 3 ~ 1 0 '  

2 . 3 ~ 1 0 ~ ~  

5 . 5 ~ 1 0 ~ ~  

1.3~10-~ 

2.3~10-1 

9 .  2x10-1 

1.5~10-1 

4. o x d  
7.1~10-~ 

r 
( m )  

38 

38 

38 

38 

38 
27 

48 

38 

38 

32 

38 

64 

38 

38 

48 

38 
48 

38 

38 

64 

48 
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Table  3-6 ( con t inued)  

- ML 
1.4 

0 . 5  

0.6 

0.4 

0.6 

0 -4 

1.1 

0.4 

1.3 

1.2 

0.2 

0.1 

1.7 

0.4 

0.6 

1.4 

0 . 5  

0.6 

0 . 2  

0.3 

0 .5  

0 . 5  

0.4 

0.1 

- 
17 

16 

16 

16 

16 

3.0~10 

3.2~10 

4.lxlO 

2.0xlO 

6.1~10 

4.lxlO 

4. 1 x d 7  
16 3,OxlO 
17 3 0x10 

17 1.8~10 
16 1.2xlO 

9.2~10 15 

18 1.2xlO 
16 

16 

3.0~10 
16 4.1~10 

2 . 4 ~ 1 0 ~ ~  
16 b. 1x10 

4.1~10 

1.6~10 

16 

16 

16 1;8~10 
16 3.0~10 

1.6~10 17 

16 

16 
1.8~10 

1.4~10 

- f0 

20 

25 

2 5  

20 

15 

20 

15 

25 

15 

20 

20 

20 

15 

25 

30 

20 

2 5  

20 

30 

25 

25 

20 

25 

25 

r - 
48 

38 

38 

48 

64 

48 

64 

38 

64 

48 

48 

48 

64 

38 

32 

48 

38 

48 

32 

38 

38 

48 

38 

38 



- ML 
0 - 5  

0.6 

1 .0  

0.2 

0 -  7 

0-3 

1 .2  

0.4 

0.4 

1 . 8  

0.3 

0.3 

0.7 

0.7 

0.3 

0.7 

0.5 

0.2 

0.5 

a6 

0 5  

0.4 

0 . 9  

1 . 8  

1.1 

- MO 

16 

16 
5.1~10 

1.aX1o17 

7.1~10 

5 .  1x10l5 
1 6  8 . 1 ~ 1 0  

16 1.5x10 

2,oX1o17 

1 . 6 ~ 1 0 ~ ~  

1. 4x1Ol6 

1 . 6 ~ 1 0 ~ ~  
16  1 . 4 ~ 1 0  

1. 4x1Ol6 

1 6  7.1~10 

1 . 0 ~ 1 0 ~ 7  

1 .8x10I6 
1 6  

1 6  
5.1~10 

3 . 0 ~ 1 0  

1. Ox1Ol6 
1 6  

1 6  

16  

1 6  

3 . 0 ~ 1 0  

3 . 0 ~ 1 0  

5.1~10 

3.2xlO 

1 .8x1018 
18 1.2xlO 

1, 6 x d 7  

8 0 .  

Table 3-6  ( con t inued)  

4U 

3 .8~10-1  

5 . 4 ~ 1 0 - ~  

7. 1x10-1 

- 

1.OxlO -1 

2.ox10-1 

1.2x10-1 

6 .  1x10-1 

3 . 3 ~ 1 0 - ~  

1. 8x10-1 

7 .  9x10-1 

1.ox10-1 

1.OxlO -1 

5 .4~10-1  

1. 6x10-1 

1.3~10-l 

3.  8x10-1 

4. 0x10-1 

7.7x10-' 

5. O X I O - ~  

2 . 3 ~ 1 0 ~ ~  

8.3~10-~ 

4.2~10-~ 

3.ox10-1 

9 .  2x10° 
0 1 * 2x10 

r 

38 

38 

48 

27 

38 

32 

64 

38 

32 

96 

38 

38 

38 

64 

38 

38 

32 

38 

64 

38 

64 

32 

64 

38 

38 

- 

e 
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Table 3-6 ( c o n t i n u e d )  

- ML 
.8 

1.0 

0.8 

0.1 

0.8 

1.3 

1.5 

0.9 

1 - 3  

0.7 

1.2 

1.0 

1.2 

0.4 

0 * 9  

0 - 0  

1.7 
o .8 

0 a 7  

o .6 
0.2 

0.1 

0.5 

0.4 

0.2 

- MO 

16 

17 
6.1~10 

1.4~10 

1. zX10l7 
15 

17 

17 

5 .  1xLO17 
17 1.2x10 
17 2.0xlO 

8.1~10 

1.2xlO 

3. OXLO 

1.0~10~7 

3. oX10l7 

1. 4 x d 7  
17 2.0xl.o 
16 1.6~10 
17 1,OxlO 
15 4,lxlO 
18 1.OxlO 
16 8.1~10 
16 8.1~10 

5.lxlO 

7. 1 x d 5  

5. 1 x d 5  

4.1~10 

16 

16 
16 3.0~10 
16 1 e 2x10 

- fo 

25 

20 

15 

30 

20 

25 

20 

20 

15 

20 

20 

20 

20 

25 
20 

3 5  

15 

25 

26 

15 

20 

25  

10 

1 5  

25 

A U  
c 

4.6~10~~ 

5.5~10-1 
2,OxlO 

01 1 * Ox10 

3 .  9x10-1 
0 2.3~10 

1.9~10~ 

4 . 7 ~ 1 0 ~ ~  

3.3~10-1 

3.9~10-1 

1,lxlO 

5 . 5 ~ 1 0 ~ ~  

7 . 9 ~ 1 0 ~ ~  

0 

1 a 2x10-1 

a .  4 .x10-~  

3 9xlO-I 

1.6~10~ 
6. 1x10-1 

6.1~10-~ 

a. 3x10~' 
2 . 7 ~ 1 0 ~ ~  

3 , 8 ~ 1 0 - ~  

1 . 9 ~ 1 0 ~ ~  

5 ,  oX10-~ 

9 , 2 ~ 1 0 - ~  

r 

38 

- 

48 

64 

32 

48 

38 

48 

48 

64 

48 

48 

48 

48 

38 

48 

27 
64 

38 

38 

64 

48 

38 

96 
64 

38 

c 
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Table 3-6 ( c o n t i n u e d )  
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t h e  events  recorded on t h e  d i g i t a l  r eco rde r  t h a n  on t h e  

FM analog t a p e  system. 

F igure  3-15 is a p l o t  o f  moment ve r sus  magnitude 

f o r  MCL,  MCB and ML. 

magnitude a l t e r s  t h e  r e s u l t s  s i g n i f i c a n t l y .  

A s  f o r  b-values ,  t h e  choice o f  

The r e s u l t s  

obtained f o r  t h i s  s tudy  a r e :  

Resu l t s  f r o m  o the r  c e n t r a l  C a l i f o r n i a  s t u d i e s  o f  Mo ver sus  

% a r e :  

Bakun and Bufe (1975),  San Andreas 

3.5 L ML 5 

1 4 MCLL.3.5 

Loglo (Mol = (16 .2  k 0.1) + (1.52 f 0.05) M 

Bakun and Lindh (1977), O r o v i l l e ,  California 

Johnson and McEvilly (1974),  San Andreas 

9 J p 2  
Loglo ( M o l  = (17.60 t 0.28) + (1.16 2 0.06) ML 
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19 

18 

r" 
Y 

0 
0 
-I 

17 

16 

Figure 3-15 

/ L O G  (Me) 16.2 + 1.9 YcI 

I I ,/' , I I 1 

0 0.5 1.0 1.5 2.0 - 1.0 - 0.5 

MAGN I T U DE 
XBL 7712-11137 

Moment - magnitude r e l a t i o n s  f o r  Geysers 
microearthquakes,  u s ing  t h e  t h r e e  d i f f e r -  
en t  magnitudes. 
Tables  4 and 6a, ML d a t a  f r o m  Table 6 c .  

MCL and MCB data f r o m  
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Thatcher and Hanks (1972) ,  Southern C a l i f o r n i a  

Loglo (Mol = 1 6 . 0  + 1.5 ML 

Wyss and Brune (1968) ,  P a r k f i e l d ,  C a l i f o r n i a  

Log  ( M o l  = 17.0  + 1.4 ML 

From t h e s e  r e s u l t s  it appears  t h a t  The Geysers events  

a r e  only s l i g h t l y  unusual i f  t h e  ML magnitude i s  used,  

i . e . ,  f o r  a given ML, Mo is  sma l l e r  than  f o r  o t h e r  

r e l a t i o n s .  However, i f  MCB o r  MCL is  used, anomalous 

s i t u a t i o n s  e x i s t  due t o  t h e  sma l l e r  and l a r g e r ,  r e spec t ive -  

l y ,  ranges o f  magnitudes represented  by t h e  earthquake 

s e t ,  r e l a t i v e  t o  t h e  range on ML. 

MCL r e l a t i o n  f o r  The Geysers with t h a t  o f  Bakun and 

Bufe (1975) above, based p r imar i ly  on MCL for c e n t r a l  

Cal i fornia  earthquakes on t h e  San Andreas f a u l t  zone, 

Comparing t h e  Mo = 

i l l u s t r a t e s  t h e  anomaly. I n  view of  t h e  f a c t  t h a t  l a r g e r  

events  (>2.5) have occurred i n  t h e  f i e l d  reg ion  and t h a t  

t he  M magnitudes from t h e  equivalent  Wood-Anderson 

seismograms produce r e l a t i v e l y  normal b-values and Mo 

r e l a t i o n s ,  it seems t h a t  t h e s e  earthquakes a r e  no t  very  

unusual compared t o  o t h e r  c e n t r a l  C a l i f o r n i a  events  

L 

i n  r e l a t i o n  t o  moment and magnitude. Rather ,  t h e  s t r ange  

coda magnitude r e s u l t s  may r e f l e c t  l o c a l l y  anomalous 

propagation c h a r a c t e r i s t i c s .  

Corner f requencies  a r e  roughly independent o f  

magnitude and moment, implying i n c r e a s i n g  s t r e s s  drop 
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w i t h  event s i z e  if corner  frequency i s  no t  c o n t r o l l e d  by 

Q .  However, when a p a r t i c u l a r  event is  examined a t  s e v e r a l  

d i f f e r e n t  s t a t i o n s ,  t o  maintain t h e  same corner  frequency 

r e q u i r e s  vary ing  Q .  Implied Q v a l u e s ,  r e l a t i v e  t o  s t a t i o n  

7 ,  a r e  given i n  Table 3-6a. I n  gene ra l ,  Q 'decreases f o r  

s t a t i o n s  on t h e  edge o r  ou t s ide  o f  t h e  f i e l d ,  c o n s i s t e n t  

w i t h  Q e s t ima tes  f r o m  explosion ampli tudes.  Table 3-6a 

a l s o  l i s ts  t h e  depths  o f  t h e  even t s .  It w a s  t h o u g h t  t h a t  

earthquakes beneath t h e  product ion zone (h > 3  km) might 

e x h i b i t  lower corner  f r equenc ie s  (lower Q )  than s h a l l o w  

even t s .  Although t h e  h ighes t  corner  frequency obtained 

was f o r  a s h a l l o w  event (h  = 1 . 7  k m ,  f o  = 50 Hz), t h e r e  

seems t o  be l i t t l e  c o r r e l a t i o n  between source depth and 

corner  f requency.  The Q d i s t r i b u t i o n  implied by con- 

s t r a i n i n g  f o  t o  be cons t an t  a t  a l l  s t a t i o n s  f o r  an event  

i s  g e n e r a l l y  t h e  same as t h a t  i n d i c a t e d  by t h e  explosion 

data;  i . e . ,  h igh  i n  t h e  c e n t e r  o f  t h e  f i e l d ,  decreas ing  

t o w a r d s  t h e  edges and lowest  ou t s ide  t h e  major pro- 

duc t ion  zone. No v a r i a t i o n  w i t h  depth can be e s t a b l i s h e d .  

A s  can be seen f r o m  Table 3-6 t h e  moments a r e  similar 

for t h e  P-wave and S-wave s p e c t r a .  However, as is  norm- 

a l l y  observed, t h e  h igh  frequency conten t  is  l e s s  i n  

t h e  S-wave s p e c t r a  than  f o r  P-waves. Because o f  t h e  

l i m i t e d  in s t rumen ta t ion ,  no events  were recorded w i t h  

bo th  v e r t i c a l  and h o r i z o n t a l  components s o  t h a t  a 

comparison o f  Q and Qs could n o t  be made. The S-wave 
P 
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data recorded on t h e  h o r i z o n t a l  geophones were thus  used 

only f o r  moment and magnitude de te rmina t ions  and n o t  f o r  

a r e g i o n a l  Qs a n a l y s i s  as w a s  done f o r  P-waves. 

The ma jo r i ty  of  events  had high frequency s p e c t r a l  

s l o p e s , & ,  o f  3 t o  5 and sometimes 7 .  The co rne r  f r e -  

quency and high frequency s lope  depend on t h e  source time 

f u n c t i o n  as w e l l  as t h e  source dimensions. The smoother 

t h e  source f u n c t i o n  t h e  g r e a t e r  t h e  h igh  frequency 

r o l l - o f f .  A source time f u n c t i o n  t h a t  is  r e l a t i v e l y  

smooth i n  beginning (many continuous time d e r i v a t i v e s )  

and ending would produce a much more r a p i d  r o l l - o f f  than 

e i t h e r  a s h a r p  explosion o r  a " c h a t t e r i n g "  o r  s t e p - l i k e  

r u p t u r e .  

Source f u n c t i o n  r i s e - t i m e  informat ion ,  i f  a v a i l a b l e  

i n  t h e  spectrum, may be u s e f u l  i n  determining t h e  m a t e r i a l s  

t h a t  a r e  r u p t u r i n g ,  t h e  n a t u r e  o f  rup tu re  and t h e  s t a t e  

o f  s t r e s s ,  as w e l l  as t h e  source dimensions. Unfortu- 

n a t e l y ,  t h e  e f f e c t s  o f  a t t e n u a t i o n  a r e  extremely severe  

a t  t h e  h igher  f r equenc ie s  and they  a r e  a l m o s t  impossible 

t o  remove a c c u r a t e l y .  

3 . 6  I n t e r p r e t a t i o n  

3 . 6 . 1  Summary o f  Observations 

The s i g n i f i c a n t  p o i n t s  observed a r e :  



I .  Microearthquakes 

(1) 

( 2 )  

High l e v e l  of a c t i v i t y  WML42 a t  25-30 
events/day 

D i s t r i b u t i o n  i n  space and t ime: 

(a)  

( b )  

( c )  

( d )  

l a c k  o f  events  i n  known steam zones 

l a c k  o f  events  i n  o r i g i n a l  production 
a r e a s  around gene ra t ing  u n i t s  1 and 2 

shal low even t s ,  L 5 km 

no dominant throughgoing f a u l t s  def ined 

( e )  no sys temat ic  p a t t e r n s  t o  occurrence 
i n  space a t ime 

( f )  s l i g h t l y  h ighe r  than  normal b-value,  
u s i n g  ML 

( 3 )  S p e c t r a l  c h a r a c t e r i s t i c s  

( a )  

( b )  

s l i g h t l y  anomalous Mo ver sus  ML r e l a t i o n  

h igh  co rne r  f r equenc ie s ,  no r e l a t i o n  
t o  Mo 

f o  f o r  P-waves g r e a t e r  t han  f o r  S-waves 

no r e l a t i o n  between f 0 and depth 

( c )  

( d )  

F a u l t  plane s o l u t i o n s  c o n s i s t e n t  w i t h  r e g i o n a l  
s t r e s s  

(4) 

11. Veloc i ty  Data 

(1) Sha l low h igh  v e l o c i t y  zone i n  product ion 
reg ion  only 

Deeper broad lower v e l o c i t y  zone extending 
out o f  product ion zone 

Low Po i s son ' s  R a t i o  i n  product ion zone 

( 2 )  

( 3 )  

111, Attenuat ion  Data 

(1) Shallow high Q zone i n  product ion zone f r o m  
explosions and microearthquakes 

Deeper lower Q zone f r o m  explosions ( 2 )  



drs 
t 

8 9 .  

3.6.2 Microearthquakes 

Seismologically, the significant aspects of the 

reservoir model are: (1) it is a maximum enthalpy system 

which implies limited permeability, and it is probably 

extensively fractured with interconnected parts: (2) 

it is low pressure and relatively constant temperature: 

(3) the recharge is limited; and, (4) it may be expanding 

at a rate which is controlled by porosity, permeability 

and net discharge. 

From the concept of differential pressure, one 

would expect microearthquakes to occur where high pore 

pressures reduce the strength of the materials. 

observed locations of microearthquakes are on the margins 

of the production zone (above and below), where the model 

would predict the highest pore pressures. 

very low, however, above and below the older production 

zones. This would seem to imply that the steam source 

recharge for the older production zone is mainly flow 

from the surrounding reservoir, rather from ground water 

recharge above and below. The temporal occurrence of 

microearthquakes suggests also an interconnected geo- 

thermal system. The events are random in time as well 

as space, and occur without regard to one another, i.e., 

they do not seem to migrate from one end of the field 

to the other. The spatial occurrence suggests no dom- 

inant throughgoing faults. On the other hand, the 

The 

Activity is 
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primary cause o f  t h e  microearthquakes may simply be due 

t o  t h e  i n t e n s e  f r a c t u r i n g  o f  t h e  reg ion  w i t h  t h e  p re s su re  

d i f f e r e n t i a l  a c t i n g  as a c a t a l y s t  a long a s e r i e s  o f  small 

f a u l t s  . 
The h i s t o r i c a l  d a t a  a r e  n o t  s u f f i c i e n t  t o  show t h a t  

t h e  microearthquakes a r e  migrating w i t h  an expanding 

r e s e r v o i r .  However, t h e  l i m i t e d  data a v a i l a b l e  suggest  

t h e  r a t e  o f  s e i s m i c i t y  is  inc reas ing .  Lange and Westphal 

(1969) de t ec t ed  a r a t e  o f  4 events/day i n  t h e  f a l l  o f  

1968. Hamilton and Muffler (1972)  recorded a r a t e  o f  

2-3 events/day i n  t h e  s p r i n g  o f  1971.  

r a t e  i n  t h e  f a l l  o f  1968 is  no t  a v a i l a b l e ,  but it w a s  

8 2  Mw when Hamilton and Muffler c a r r i e d  out  t h e i r  s tudy .  

The power genera t ion  r a t e  a t  t h e  time o f  t h i s  s tudy  w a s  

550 Mw o r  about 7 t imes t h e  1971 r a t e .  The microear th-  

quake a c t i v i t y  dur ing  t h i s  s tudy  w a s  25-30 events/day 

o r  about t e n  t imes  t h e  r a t e s  observed i n  previous s t u d i e s .  

Power genera t ion  

A s  t h i s  s tudy  w a s  conducted i n  a d i f f e r e n t  manner f r o m  

previous s t u d i e s ,  and because o f  t h e  s h o r t  sampling 

t imes ,  it would be d i f f i c u l t  t o  conclude f i r m l y ,  s o l e l y  

on t h e  b a s i s  o f  occurrence d a t a ,  t h a t  t h e  microear th-  

quake a c t i v i t y  is  r e l a t e d  t o  steam withdrawal.  

The h ighe r  t han  r e g i o n a l  b-value may i n d i c a t e  

anomalous s t r e s s  w i t h i n  t h e  microearthquake r eg ion .  

S tud ie s  on mic ro f rac tu r ing  o f  rock (Scholz , 1968, 

Wyss, 1973) have found t h a t  b-values depend p r imar i ly  

6 
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on t h e  s t a t e  o f  s t r e s s  and t o  a l e s s e r  ex ten t  on t h e  

phys ica l  p r o p e r t i e s  o f  t h e  rock.  Scholz found t h a t  

i n  a l o w  s t r e s s  s t a t e  energy w a s  r e l e a s e d  i n  small even t s ,  

r e s u l t i n g  i n  h i g h  b-values.  This was p a r t i c u l a r l y  t r u e  

o f  d u c t i l e  and high p o r o s i t y  rocks .  H e  a l s o  no ted  t h a t  

small magnitude events  occur i n  m a t e r i a l  where crack 

c l o s i n g  and s l i d i n g  a r e  important ,  w i t h  t h e  l a r g e r  events  

occur r ing  i n  s i t u a t i o n s  where new f r a c t u r e s  a r e  prop- 

aga t  i ng  . 
With r e s p e c t  t o  p r i n c i p a l  s t r e s s  d i r e c t i o n s ,  The 

Geysers events  a r e  no t  anomalous compared t o  r e g i o n a l  

s t r e s s e s .  A l m o s t  a l l  events  exh ib i t ed  s t r i k e - s l i p  o r  

d i p - s l i p  f a u l t i n g  w i t h  t h e  p r i n c i p a l  compressive s t r e s s e s  

i n  t h e  northeast-southwest  d i r e c t i o n ,  It seems p l a u s i b l e  

t h a t  t h e  d i r e c t i o n  o f  f a i l u r e  i s  c o n t r o l l e d  by r e g i o n a l  

s t r e s s  while t h e  r a t e  o f  f a i l u r e  is  c o n t r o l l e d  by l o c a l  

s t r e s s  l e v e l s .  

Another p o s s i b l e  f a c t o r  c o n t r o l l i n g  microearthquakes 

may be thermal ly  induced d i f f e r e n t i a l  expansion between 

water  i n  i s o l a t e d  vo ids  and t h e  rock mat r ix  (Knapp and 

Knight,  1977). T h i s  i s  a t t r a c t i v e  f r o m  s e v e r a l  p o i n t s  

o f  view, t h e  f i r s t  being t h a t  earthquakes would be 

expected t o  occur where t h e  permeabi l i ty  is  l o w  and t h e  

temperature g r a d i e n t  is  h igh ,  a t  t h e  edges o f  t h e  

r e s e r v o i r .  F o r  t h i s  mechanism t o  apply ,  t h e  f r a c t u r e  must 

coa lesce  s imultaneously over an a r e a  o f  s e v e r a l  m , i n  2 



orde r  t o  produce an event  o f  d e t e c t a b l e  s i z e .  Knapp 

and Knight c a l c u l a t e  t h a t ,  i f  a l l  t h e  pores  f r a c t u r e  

92 

a t  

once i n  a cubic  meter of rock wi th  p o r o s i t y  I%, a zero 

magnitude event  would r e s u l t .  This  i s  i d e a l ,  while  i n  

r e a l i t y  only s e l e c t e d  pores  f r a c t u r e ,  t hose  wi th  p r e f e r -  

e n t i a l  o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  maximum p r i n c i p a l  

s t r e s s .  The d i f f e r e n t i a l  expansion may only a c t  as a 

t r i g g e r i n g  mechanism f o r  formation o f  a small f a u l t  su r -  

f a c e .  

t h e  s c a l e  o f  v a r i a t i o n s  i n  rock permeabi l i ty ,  p o r o s i t y  

and a v a i l a b l e  h e a t .  Such a f a i l u r e  model would exp la in  

an apparent  upper magnitude t h r e s h o l d  and t h e  h ighe r  than 

r eg iona l  b-value.  D i f f e r e n t i a l  expansion i s  a l s o  con- 

s i s t e n t  wi th  t h e  observed f a u l t  plane s o l u t i o n s .  The 

model p r e d i c t s  t h a t ,  wi th  a s u f f i c i e n t  i nc rease  i n  

temperature ,  t h e  e f f e c t i v e  p re s su re  becomes equal  t o  t h e  

s t r e n g t h  o f  t h e  rock ,  r e s u l t i n g  i n  f r a c t u r e  i n  t h e  

d i r e c t i o n  o f  maximum p r i n c i p a l  s t r e s s ,  which i n  t h i s  case 

would cause s t r i k e - s l i p  f a u l t i n g ,  as observed. It thus  

seems t h e  d i f f e r e n t  p e r m e a b i l i t i e s  and p o r o s i t i e s  as w e l l  

as h e a t  conten t  a t  The Geysers may be r e f l e c t e d  i n  t h e  

occurrence o f  microearthquakes i n  space and t ime.  

The maximum s i z e  o f  an event would be l i m i t e d  by 

To a s s o c i a t e  volume changes due t o  f l u i d  withdrawal 

wi th  t h e  occurrence of microearthquakes,  McGarr's (1976) 

hypothesis  between volume change and seismic moment can 

be app l i ed ,  i M o  = hbIAVI, McGarr t heo r i zed  t h a t  t h e  

volumetr ic  moment, approximately,  hk/AV/ , is  a measure 

c 
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o f  t h e  amount of seismic f a i l u r e  i n  response t o  s h e a r  

. 

s t r e s s e s  induced by volume change (where /A = s h e a r  

modulus, b V 1  = volume change) .  

h i s  theory:  volume changes i n  mining ope ra t ions ,  volume 

changes due t o  f l u i d  i n j e c t i o n  (Denver ear thquakes) ,  

and volume changes a s s o c i a t e d  wi th  u p l i f t ,  (Matsushiro,  

J a p a n ) ,  An independent e s t ima t ion  o f b v  a t  The Geysers 

Severa l  examples support  

involves  t h e  amount o f  f l u i d  withdrawn,  l e s s  groundwater 

recharge and f l u i d  r e i n j e c t i o n .  T h i s  can be compared 

t o  t h e  ca1culatedA.V f r o m  t h e  summed moments of  t h e  ob- 

served s e i s m i c i t y ,  1 .5  x loz1 t o  dyne-cm/year, 

depending on t h e  occurrence of  magnitude 3 even t s .  

Solving f o r d V  , t h e  l a r g e r  va lue  , impl ies  A V  of 

0 . 5  x 10l1 cm3/year, t h e  t o t a l  volume change necessary 

t o  accomplish t h e  observed s e i s m i c i t y ,  assuming McGarr's 

model of earthquake genes i s .  

The volume o f  f l u i d  withdrawn can be c a l c u l a t e d  f r o m  

t h e  power gene ra t ion .  

u s i n g  a steam r a t e  o f  1 0  kg/kwhr and a s p e c i f i c  volume 

o f  water  o f  1 . 2  cm3/g, theAV f o r  1 year  i s  5 x 1 0  

cm , some l o 3  t imes g r e a t e r  than  t h e d V  c a l c u l a t e d  from 

t h e  s e i s m i c i t y  r a t e .  In o t h e r  words, McGarr's hypothesis  

would p r e d i c t  a much h ighe r  l e v e l  of  s e i s m i c i t y  i f  t h e  

t o t a l d v  w a s  consumed by seismic f a i l u r e .  However, t h e  

ac tua lAV a v a i l a b l e  f o r  earthquake genera t ion  is  much 

sma l l e r  due t o  ground water recharge and  r e i n j e c t i o n .  

A recharge r a t e  equal  t o  d i scharge  would imply no volume 

A t  a capac i ty  o f  550,000 kw, 

13 

3 



94 0 

change o r  microearthquakes.  

m i c i t y  does n o t  change wi th  withdrawal  r a t e  i n  a hot  

water  dominated r e s e r v o i r  t h a t  is  i n  h y d r o s t a t i c  e q u i l -  

ibrium (Helgeson 1968, Combs 1976) .  ) Recharge, however, 

is n o t  ins tan taneous ,  no r  would one expect t h e  volume 

change f r o m  se ismic  f a i l u r e  t o  equal  t h e  n e t  volume o f  

water  withdrawn. The s e i s m i c i t y  may r e f l e c t  volumetr ic  

change i n  t h e  r e s e r v o i r  and, i f  s o ,  t h e  microearthquakes 

would i n d i c a t e  t h e  r eg ions  o f  expansion o f  t h e  vapor 

dominated zone. Temporal change i n  t h e  s p a t i a l  p a t t e r n  

o f  s e i s m i c i t y  may occur t o o  s lowly t o  be of  p r a c t i c a l  

u s e .  Cessa t ion  o f  events  on t h e  edge o f  t h e  r e s e r v o i r  

may i n d i c a t e  an equ i l ib r ium s i t u a t i o n  where t h e  recharge 

r a t e  is  equal  t o  t h e  d ischarge  o r  t h a t  t h e  r e s e r v o i r  has 

expanded t o  t h e  po in t  where it has been extended beyond 

a h e a t  source t h a t  i s  s u f f i c i e n t  t o  produce vapor i za t ion  

o f  a v a i l a b l e  water .  

(This  may exp la in  why s e i s -  

Whether t h e  wi thd rawa l  o f  steam and a s s o c i a t e d  

volumetr ic  change is t h e  primary cause o f  microear th-  

quakes i n  The Geysers i s  n o t  c e r t a i n .  I n  an environ- 

ment t h a t  is  as hydro log ica l ly  a c t i v e  as The Geysers, 

and because o f  t h e  in t ima te  r e l a t i o n  between f l u i d s  and 

f a u l t i n g  (Hubbert and Ruby 1959, Nur 1973) ,  it is 

d i f f i c u l t  t o  b e l i e v e  t h a t  f l u i d  withdrawal would no t  be 

a c o n t r i c u t i n g  f a c t o r .  However, only as product ion 

i n c r e a s e s  and expands t o  a r e a s  t h a t  a r e  now s e i s m i c a l l y  

c 
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i n a c t i v e  w i l l  d e f i n i t e  evidence e x i s t ,  one way o r  an- 

o t h e r ,  t h a t  t h e  f l u i d  withdrawal is  inducing t h e  micro- 

ear thquakes.  P o s i t i v e  c o r r e l a t i o n  opens a new method- 

o l o g y  f o r  r e s e r v o i r  modeling. 

Another f a i l u r e  mechanism which may in f luence  micro- 

earthquake a c t i v i t y  i s  " s t i c k - s l i p "  (Brace and Byerlee 

1966)  i n  which t h e  motion occurs i n  a s e r i e s  o f  d i s c r e t e  

r a p i d  s l i p s .  I n  gene ra l ,  s t i c k - s l i p  is  enhanced by high 

p res su re  o r  normal s t r e s s e s ,  l ow temperature ,  t h e  presence 

o f  s t r o n g  b r i t t l e  m a t e r i a l s  such as f e l d s p a r s  and q u a r t z ,  

t h e  absence o f  gouge and lower s u r f a c e  roughness.  A t  

h ighe r  conf in ing  p res su res  t h e  dominant f a c t o r y  con- 

t r o l l i n g  f r i c t i o n  s t r e n g t h  is e f f e c t i v e  p re s su re  (S tesky ,  

1977)  ' 
I n  The Geysers r e s e r v o i r  where t h e  temperature  is  

h igh ,  p re s su re  is  l o w  and b r i t t l e  m a t e r i a l  i s  p o s s i b l y  

absen t ,  s t i c k - s l i p  would n o t  be expected t o  occur .  

A t  t h e  r e s e r v o i r  edges where p re s su res  a r e  h i g h e r ,  

temperatures  are lower,  wi th  p o s s i b l e  embrit t lement due 

t o  dehydration (Heard and Ruby, 1965; Raleigh and 

Pa terson ,  1965) ,  one would expect  s t i c k - s l i p  behavior  

more r e a d i l y .  The l a c k  o f  deep events  would, i n  t h e  

contex t  o f  s t i c k - s l i p  ear thquakes,  imply e l eva ted  

temperatures  beneath t h e  r e s e r v o i r ,  (4-5 km). 

The moment ve r sus  magnitude r e l a t i o n  f o r  The Geysers 

may be anomalous with r e s p e c t  t o  o t h e r  c e n t r a l  C a l i f o r n i a  
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r eg ions .  Using Loglo Mo = (15.9 0.03) -+ (1.3 2 0.04) 

M as t h e  most  reasonable  r e l a t i o n ,  t h e  zero-magnitude 

moment i s  l o w  compared t o  o t h e r  c e n t r a l  C a l i f o r n i a  
L 

ear thquakes.  I n  terms o f  t h e  se i smic  waves, f o r  a given 

moment ( l o w  frequency r e l a t i o n ) ,  t h e  amplitude used t o  

determine t h e  magnitude (h igher  frequency r a d i a t i o n )  is 

l a r g e r  than  for o t h e r  r eg ions .  This  is  c o n s i s t e n t  with 

t h e  high Q observa t ion ,  but  it may i n d i c a t e  d i f f e r e n t  

source e f f e c t s ,  It i s  d i f f i c u l t  t o  s e p a r a t e  source and 

pa th  e f f e c t s  without  dense s t a t i o n  coverage. 

An i n d i c a t i o n  t h a t  source information may be masked 

by p a t h  effects is found in the differences between P-wave 

and S-wave corner  f r equenc ie s .  On t h e  average,  t h e  P-wave 

co rne r  f r equenc ie s ,  f were around 30 H z ,  and t h e  S-wave 

co rne r  f r e q u e n c i e s ,  fs, about 20 H z .  

propagat ion a t  a f i n i t e  rup tu re  v e l o c i t y  c o n t r o l s  t h e  

observed co rne r  f r equenc ie s  and t h a t  t h e  r u p t u r e  

v e l o c i t y  is  l e s s  t han  t h e  S-wave v e l o c i t y ,  then  con- 

P’ 
Assuming f a u l t  

s i s t e n t  observa t ion  o f  f > f s  , a r e  incompatible wi th  t h e  
P 

f a u l t  model. I n  f a c t ,  i f  t h e  f a u l t  can be modeled as 

a long ,  narrow crack propagat ing  u n i l a t e r a l l y ,  we should 

observe f s  > f  over h a l f  t h e  r a d i a t i o n  p a t t e r n .  A 

p l a u s i b l e  explana t ion  o f  observa t ion  t o  t h e  c o n t r a r y ,  

is  t h e  e f f e c t  o f  a t t e n u a t i o n  a long  t h e  propagat ion pa th .  

A va lue  o f  Qs 1/3 t o  1/2 t h a t  of Q would be adequate t o  

produce t h e  observed co rne r  f r equenc ie s .  If we assume 

P 

P 

e 
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t h e  a c t u a l  va lue  o f  f s  a t  40 H z ,  and t h a t  it has been 

reduced by a t t e n u a t i o n  t o  20 Hz f o r  a t r a v e l  t ime,  t ,  

o f  1.5 seconds f o r  t h e  S-wave, t h e  Q r equ i r ed  f o r  t h e  

r educ t ion  i n  f s  can be computed f r o m  Q = t/t*. 

0.5 i s  approximately c o r r e c t  f o r  a f a c t o r  o f  t w o  r e -  

duc t ion  i n  apparent  corner  frequency (Johnson and 

McEvilly, 1974, Figure 5 ) .  

fst* o f  

P 
The r e s u l t i n g  Qs o f  1 2 0  i s  c o n s i s t e n t  wi th  t h e  Q 

e s t ima t ion  wi th in  t h e  f i e l d .  This  i l l u s t r a t e s  t h e  extreme 

d i f f i c u l t y  t h a t  e x i s t s  i n  recover ing  source parameters 

such as s t r e s s  drop o r  dimensions f r o m  microearthquake 

s p e c t r a ,  even a t  a d i s t a n c e  o f  5 km o r  l e s s .  

From t h e  S-wave corner  f r equenc ie s ,  c a l c u l a t e d  s t r e s s  

drops were between 0 . 1  and 3.0 bar. 

number o f  events  a t  va ry ing  azimuths were analyzed,  t h e  

s p e c t r a l  c h a r a c t e r i s t i c s  a r e  probably r e p r e s e n t a t i v e  

e s t ima tes  f o r  t h e  f i e l d .  The r e l a t i v e l y  cons t an t  va lues  

o f  corner  frequency may be i n d i c a t i v e  o f  pa th  e f f e c t  

( Q  c o n t r o l l e d ) ,  r a t h e r  t han  source e f f e c t s  ( t ime func t ion  

o r  dimensions) .  The l a r g e r  moment events  g e n e r a l l y  

occurred deeper i n  t h e  f i e l d  than  d i d  sma l l e r  even t s .  

Assuming uniform d e t e c t i o n  c a p a b i l i t y  w i t h  depth,  t h e  

l a r g e r  events  would be occur r ing  a t  depths where t h e  

l a r g e s t  p ressure  d i f f e r e n c e s  e x i s t  between h y d r o s t a t i c  

and t h e  r e s e r v o i r .  The cons t an t  co rne r  f r equenc ie s  can 

be i n t e r p r e t e d  as a uniform source dimension o f  about 

Because a l a r g e  
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permeabi l i ty  and p o r o s i t y ,  one would expect uniform 

source dimensions. Elsewhere i n  c e n t r a l  C a l i f o r n i a ,  

I n  a l o w  p res su re  r e s e r v o i r  wi th  cons t an t  

f o c i  a r e  d i s t r i b u t e d  evenly without  much c o r r e l a t i o n  

between depth and magnitude t o  depths o f  1 0  t o  1 2  

k i lometers  (McNally, 1 9 7 6 ) .  The f a c t  t h a t  earthquakes 

i n  The Geysers d o n o t  occur deeper than  4 o r  5 k i l o -  

meters i s  s t r o n g  evidence f o r  c l o s e  a s s o c i a t i o n  with 

t h e  geothermal system. 

3 .6 .3  V e l o c i t i e s  

Lower  t han  normal Po i s son ' s  R a t i o s  w i t h i n  t h e  

product ion zone, shown by t h e  microearthquake data,  may 

i n d i c a t e  p a r t i a l  s a t u r a t i o n  of  r e s e r v o i r  rocks .  

Cheng and T imur  (1976) found t h a t  t h e  amount o f  gas 

p re sen t  a f f e c t e d  P- and S-wave v e l o c i t i e s .  

amount o f  gas as an immiscible mixture i n  a b r i n e  was 

found t o  reduce t h e  compressional wave v e l o c i t y ,  

t h e  n e t  e f f e c t  being a reduced Po i s son ' s  R a t i o .  Nur 

and Simmons (1969) observed t h a t  V decreased wi th  

decreas ing  water  s a t u r a t i o n  i n  l o w  p o r o s i t y  rocks .  

Both  s t u d i e s  would p r e d i c t  t h e  observed l o w  Po i s son ' s  

Toksoz, 

Even a small 

vP , 

P 

Ra t io  f o r  a vapor d-ominated r e s e r v o i r .  

A s .  can be seen i n  F igure  3-4, t h e r e  i s  a P-wave 

advance (h ighe r  v e l o c i t y )  throughout t h e  product ion zone 

f o r  s h a l l o w .  propagat ing waves f r o m  t h e  nea r  explos ion .  

F o r  deeper waves f r o m  t h e  f a r  explos ion ,  t h e  P-wave I 
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v e l o c i t y  is lower,  as would be expected w i t h i n  a vapor 

zone, However, t h e  reduced P-wave v e l o c i t y  is observed 

over a broad a r e a ,  much broader than  t h e  p r e s e n t  pro- 

duc t ion  zone. If t h e  presence of s t e m  is c o n t r o l l i n g  

t h e  v e l o c i t y ,  it would seem t h a t  t h e  r e s e r v o i r  is more 

ex tens ive  than  g e n e r a l l y  thought .  The t r u e  cause o f  t h e  

P-wave v e l o c i t y  v a r i a t i o n  i s  probably s t r u c t u r a l ,  

0.3 second P-wave advance, observed i n  a Nevada h o t  

s p r i n g s  environment, w a s  c l e a r l y  due t o  s i l i c a  depos i t i on  

i n  v a l l e y  sediments around t h e  hot  s p r i n g  (Beyer,  e t  a l . ,  

1976) .  

d i f f e r e n c e s  may apply i n  The Geysers a r e a .  

Hitchcock (1975) observed P-wave de lays  throughout much 

o f  t h e  C lea r  Lake/Geysers reg ion  and a t t r i b u t e d  it t o  

a h e a t  source beneath t h e  a r e a .  The P-waves f rom t h e  

d i s t a n t  explosion may have been a f f e c t e d  by t h i s  deeper 

lower v e l o c i t y  m a t e r i a l .  Because o f  t h e  low p r e s s u r e s  

involved,  it i s  d i f f i c u l t  t o  es t imate  t h e  tempera tures  

necessary  t o  account f o r  a 10% t o  20% v e l o c i t y  decrease .  

Birch (1975) g ives  v e l o c i t y  changes o f  - 4 ~ 1 O - ~  and 

- 6 ~ 1 0 - ~  per  degree C i n  g r a n i t e s  and gabbros,  r e s p e c t i v e l y .  

Lin (1977) found -6x10-’ p e r  degree C f o r  graywacke a t  

p re s su res  g r e a t e r  than  4 k i l o b a r s .  

t h e  e f f e c t  would be g r e a t e r ,  but  it is d i f f i c u l t  t o  

e x t r a p o l a t e  t o  p re s su res  a t  The Geysers. Lin a l s o  found 

graywacke v e l o c i t i e s  a t  room temperature and p res su re  

A 

-- 
A similar explana t ion  i n  terms o f  composi t ional  

I y e r  and 

F o r  lower p re s su res  
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t o  va ry  f r o m  4.8 t o  5.7 km/sec wi th  i n c r e a s i n g  

metamorphism. Murase and McBirney (1973) found t h a t  

f o r  common igneous rocks a t  1 bar  t h e r e  w a s  no change 

i n  seismic v e l o c i t i e s  below 60O0c. 

o f  t h e  temperature e f f e c t  adds  f u r t h e r  unce r t a in ty .  

Assuming t h e  dominant m a t e r i a l  underlying The Geysers 

t o  be Franciscan Graywacke wi th  a temperature c o e f f i c i e n t  

f o r  P-wave v e l o c i t y  of -lX10-3 / O C ,  then  a 15% decrease i n  

v e l o c i t y  a t  3 km depth would imply a temperature inc rease  

f r o m  100°C t o  8 j O O C .  

The non l inea r  n a t u r e  

A similar l a r g e  temperature inc rease  

would be r equ i r ed  f o r  igneous rocks .  It  i s  t h u s  d i f f i c u l t  

t o  expla in  a b road  low v e l o c i t y  zone beneath T h e  Geysers 

by a temperature inc rease  a lone .  

It appears  e f f e c t s  of high temperature ,  degree of 

water  s a t u r a t i o n  and t h e  compositional change w i t h i n  t h e  

hydrothermal reg ion  a r e  combined i n  producing t h e  observed 

v e l o c i t y  v a r i a t i o n s .  Deta i led  s t u d i e s  u t i l i z i n g  d i s t a n t  

sources  and n e a r  v e r t i c a l  propagat ion through s e c t i o n s  

w i l l  shed l i g h t  on t h e  r e g i o n a l  v e l o c i t y  s t r u c t u r e .  

Resu l t s  o f  t h i s  s tudy  a r e  c l e a r ,  however, i n  t h e  f a c t  

t h a t  t h e  p r o d w i n g  r e s e r v o i r  is  cha rac t e r i zed  by de tec t ab ly  

anomalous seismic wave v e l o c i t i e s .  

3.6.4 Attenuat ion 

The observed a t t e n u a t i o n  d i f f e rences  may r e f l e c t  

v a r i a t i o n s  i n  s h a l l o w  s t r u c t u r e  and topography throughout 

t h e  geothermal f i e l d  and a t  r e fe rence  s ta t ions .  In a 
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f i n i t e  element s imula t ion  o f  a 20' s l o p e ,  Smith (1975) 

found t h a t  t h e  maximum s p e c t r a l  r a t i o  enhancement w a s  

a f a c t o r  o f  t w o  a t  t h e  peak. Data f o r  The Geysers show 

a f a c t o r  o f  10-20 d i f f e r e n c e ,  w i t h  l i t t l e  c o r r e l a t i o n  

t o  topography. It  is  a l s o  we l l  known t h a t  near -sur face  

e f f e c t s  such as t h i c k  l o w  v e l o c i t y  alluvium can cause 

ampl i f i ca t ion .  The degree o f  enhancement i s  p ropor t iona l  

t o  t h e  c o n t r a s t  i n  a c o u s t i c  impedance, and f r equenc ie s  

o f  t h e  s p e c t r a l  peaks a r e  roughly mul t ip l e s  o f  t h e  t r a v e l  

time through t h e  s u r f i c i a l  l a y e r .  There is no evidence 

for anomalously l o w  v e l o c i t y  shallow m a t e r i a l s .  For  

2 km/sec, t h e  th i ckness  r equ i r ed  f o r  enhancement i n  t h e  

5-10 Hz range would be 100-200 meters .  More r e s t r i c t i v e ,  

t h e  under ly ing  m a t e r i a l  would have t o  be unreasonably 

high v e l o c i t y  f o r  s i g n i f i c a n t  enhancement. F u r t h e r ,  

t h e  instrument  l o c a t i o n s  were s e l e c t e d  t o  avoid obvious 

alluvium o r  l a n d s l i d e  s u r f a c e s .  It  i s  conceivable  t h a t  

bizarre geometrical effects in propagation paths could 

produce t h e  observed ampli tudes.  If t h e  a c t u a l  s t r u c t u r e  

d e v i a t e s  g r e a t l y  f r o m  t h e  model assumed f o r  reducing t h e  

data ,  t h e  observed amplitudes could r e f l e c t  focus ing .  

However, t h e  uni formi ty  and s p a t i a l  e x t e n t  o f  t h e  high-Q 

reg ion  argues a g a i n s t  such mechanisms. I n  t h e  formula 

used f o r  Q e s t ima t ion ,  e r r o r s  i n  t h e  d i s t ance  o r  v e l o c i t y  

would need t o  be an order  o f  magnitude, which i s  u n l i k e l y ,  

t o  expla in  t h e  v a r i a t i o n s ,  Therefore ,  t h e  m o s t  p l a u s i b l e  
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explana t ion  f o r  t h e  observed amplitude v a r i a t i o n s  i s  

r e a l  d i f f e r e n c e s  i n  Q throughout t h e  f i e l d .  

Johnson -- e t  al. (1977) have shown t h a t  Q i s  a f u n c t i o n  

o f  con f in ing  p res su re  and s a t u r a t i o n .  They found t h a t  

Q (bo th  P and S )  f o r  d ry  rocks is  i n i t i a l l y  h ighe r  and 

inc reases  much more r a p i d l y  wi th  conf in ing  p res su re  than  

f o r  rocks con ta in ing  pore water .  The e f f e c t  w a s  a t -  

t r i b u t e d  t o  f r i c t i o n  and crack c l o s u r e  i n  t h e  m a t e r i a l .  

Gardner (1964) a l s o  showed t h a t  Q ,  as a f u n c t i o n  of  water  

conten t  a lone ,  i nc reased  as t h e  water  conten t  decreased.  

I n  a t h e o r e t i c a l  s tudy ,  White (1975) computed compressional 

and s h e a r  wave v e l o c i t y  and a t t e n u a t i o n  f o r  p a r t i a l l y  

gas s a t u r a t e d  porous rocks .  He concluded t h a t  f o r  com- 

p r e s s i o n a l  waves t h e  p re s su re  g r a d i e n t s  c r e a t e d  by a wave 

t r a v e l i n g  through a rock w i l l  cause f l o w  o f  t h e  f l u i d  

r e l a t i v e  t o  t h e  rock s k e l e t o n  and  r e s u l t  i n  a t t e n u a t i o n .  

If t h e  pore-rock mat r ix  i s  homogenous t h e  p re s su re  g r a d i e n t s  

w i l l  be s m a l l  and t h e  a t t e n u a t i o n  due t o  f l u i d  f l o w  w i l l  

a l s o  be small. However, i f  t h e  rock has mixed s a t u r -  

a t i o n  such as pockets o f  gas o r  p a r t i a l  gas s a t u r a t i o n ,  

t hen  t h e  p re s su re  g r a d i e n t s  a r e  h ighe r  nea r  t h e  inhomo- 

g e n e i t i e s  and t h e  loss o f  energy due t o  f l u i d  f l o w  w i l l  

be s i g n i f i c a n t .  These e f f e c t s  could expla in  t h e  shallow 

high Q zone and t h e  deeper l o w  Q zone a t  The Geysers. 

A s  pos tu l a t ed  e a r l i e r  (Weres e t  a., 1977), t h e  r e s e r v o i r  

may be c h a r a c t e r i z e d  by a r e l a t i v e l y  shallow reg ion  

6 
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r, 
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where t h e  pores  a r e  vap r - d  minated. I n  t h i s  r eg ion  t h e  

behavior descr ibed  by Johnson et e., (1977) and Gardner 

(1964) may p r e v a i l  t o  produce h ighe r  Q. Deeper wi th in  

t h e  r e s e r v o i r  t h e r e  may.be s u f f i c i e n t  water  f o r  a t t e n -  

u a t i o n  due t o  t h e  f lu id - f low mechanism o f  White (1975) ,  

t hus  r e s u l t i n g  i n  t h e  lower Q va lues .  

On t h e  o t h e r  hand, t h e  degree o f  pore water  

s a t u r a t i o n  has  opposi te  e f f e c t s  on P-wave v e l o c i t y  and 

a t t e n u a t i o n .  Our data i n d i c a t e  decreases  wi th  depth f o r  

b o t h  parameters w i t h i n  t h e  r e s e r v o i r ,  sugges t ing  t h a t  

water  conten t  cannot be t h e  c o n t r o l l i n g  f a c t o r  f o r  both 

v e l o c i t y  and a t t e n u a t i o n .  A s  f o r  v e l o c i t y ,  it would 

appear t h a t  l o w  p re s su re ,  temperature and compositional 

he t e rogene i ty  may c o n t r i b u t e ,  a long  wi th  water  con ten t ,  

t o  t h e  anomalous a t t e n u a t i o n .  Temperature e f f e c t s  on 

a t t e n u a t i o n  a t  l o w  p res su res ,  however, can be non l inea r  

and unpred ic t ab le .  

3 . 7  Conclusions 

In terms of  r e g i o n a l  c e n t r a l  C a l i f o r n i a  p r o p e r t i e s ,  

The Geysers a r e a  i s  anomalous t o  some degree i n  terms 

of  earthquake occurrence,  source parameters se i smic  wave 

v e l o c i t i e s ,  and a t t e n u a t i o n  p r o p e r t i e s  of  t h e  r e s e r v o i r  

rocks.  Microearthquakes, while d i s t r i b u t e d  d i f f u s e l y ,  

seem t o  o u t l i n e  t h e  edge o f  t h e  product ion zone. Depths 

a r e  l e s s  than  5 km. Mechanisms a r e  c o n s i s t e n t  w i t h  



104 

NE-SW compressive s t r e s s ,  but no throughgoing f a u l t s  

a r e  i n d i c a t e d .  Earthquake occurrence r a t e  sugges ts  a 

s l i g h t l y  h ighe r  t h a n  normal b-value,  o r  a s e i s m i c i t y  

r i c h  i n  lower magnitude shocks r e l a t i v e  t o  l a r g e r  even t s .  

Both P- and S-wave v e l o c i t i e s  a r e  h ighe r  t han  r e g i o n a l  

va lues  i n  t h e  s h a l l o w  r e s e r v o i r ,  t h e  S-wave v e l o c i t y ,  f r o m  

t h e  l o w  Po i s son ' s  R a t i o  , more anomalous than  P .  

At tenuat ion  is  l o w  where v e l o c i t i e s  a r e  h i g h .  There is  

i n d i c a t i o n  t h a t  v e l o c i t y  and a t t e n u a t i o n  become l e s s  

anomalous deeper i n  t h e  f i e l d .  The anomalous source 

parameters ,  l o w  se i smic  moment f o r  a given magnitude, 

may be merely a reflection of l o w  attenuation. 

It i s  u n f o r t u n a t e l y  t h e  case t h a t  it cannot be said 

whether t h e s e  anomalies were p re sen t  previous t o  pro- 

duc t ion .  The l i m i t e d  obse rva t ions ,  a long  w i t h  proposed 

r e s e r v o i r  models, a r e  c o n s i s t e n t  wi th  a hypothes is  i n  

which t h e  anomalous c h a r a c t e r i s t i c s  a r e  c l o s e l y  r e l a t e d  

t o  r e s e r v o i r  d e p l e t i o n .  It would be o f  g r e a t  va lue  t o  

have such data f o r  a p o t e n t i a l  geothermal f i e l d  p r i o r  

t o  e x p l o i t a t i o n .  

The microearthquakes may r e l a t e  t o  l a r g e  p re s su re  

o r  temperature g r a d i e n t s ,  o r  t o  volume changes a s s o c i a t e d  

w i t h  f l u i d  removal. If s o ,  t h e  d i s t r i b u t i o n  may de- 

l i n e a t e  t h e  boundary o f  t h e  steam zone. I n  s e v e r a l  

r e s e r v o i r  models, t h i s  boundary i s  dynamic, d r iven  by 

e x p l o i t a t i o n  o f  t h e  f i e l d ,  and t h e  r e s u l t i n g  s e i s m i c i t y  

o f f e r s  promise f o r  monitor ing t h e  steam zone config-  
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u r a t i o n .  

Source parameters based on high frequency r a d i a t i o n  

of  P- and S-waves, such as f a u l t  propagation and 

dimensions, source r i s e  t ime and s t r e s s  drop, s u f f e r  i n  

e s t ima t ion  f r o m  t h e  high corner  f requencies  a s s o c i a t e d  

w i t h  t h e s e  small even t s .  Even a t  observa t ion  d i s t a n c e s  

o f  only 5 $m o r  l e s s  and w i t h  t h e  high Q va lues  seen  

i n  t h e  f i e l d ,  a t t e n u a t i o n  may mask earthquake s p e c t r a l  

d e t a i l s  a t  f r equenc ie s  above 20-30 Hz.  F a u l t  plane 

s o l u t i o n s ,  based on f i r s t  motions, gene ra l ly  r e f l e c t  

response t o  NE-SW compression. More d e t a i l e d  s t u d i e s  may 

provide information on t h e  f r a c t u r e  mechanisms involved 

a t  t h e  f i e l d  margins. 

Anomalously high P- and S-wave v e l o c i t i e s  and 

a t t e n u a t i o n  c h a r a c t e r i z e  t h e  product ion zone. Extra-  

p o l a t i o n  t o  i n - s i t u  r e s e r v o i r  p r o p e r t i e s  f r o m  l a b o r a t o r y  

and t h e o r e t i c a l  s t u d i e s  on s imilar  rock types  i s  

d i f f i c u l t ,  t h u s  t h e  mechanisms for t h e  a n o m a l i e s  are no t  

c l e a r .  Pressure ,  temperature ,  vapor-domination and 

chemical a l t e r a t i o n  must be involved t o  va r ious  degrees I 

Clea r ly  t h e  experiment shows t h a t  se i smologica l  

data taken today a r e  u s e f u l  i n  d e l i n e a t i n g  t h e  p re sen t  

product ion zone o f  The Geysers. Fu r the r ,  t h e  data may 

o f f e r  a means o f  monitoring t h e  r e s e r v o i r  conf igu ra t ion  

and p r o p e r t i e s  as it changes through e x p l o i t a t i o n .  It 

i s  n o t  c l e a r ,  however, t h a t  t h e  same s i t u a t i o n  would 
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have p reva i l ed  p r i o r  t o  major product ion o f  t h e  f i e l d ,  

i . e . ,  t h a t  t h e  same se ismologica l  measurements would 

have been s u c c e s s f u l  a t  The Geysers i n  am exp lo ra t ion  

con tex t .  



Gs CHAPTER 4 

SEISMOLOGICAL INVESTIGATIONS I N  A 

H I G H  HEAT FLOW R E G I O N  - NORTHERN NEVADA 

4 .1  In t roduc t ion  

Although it is doubt fu l  t h a t  a resource  t h e  q u a l i t y  

o f  The Geysers e x i s t s  i n  Northern Nevada, t h e r e  i s  a 

s t rong p o s s i b i l i t y  of  a lower grade ( 1 5 O 0 - 2 O O 0 C )  ho t  

water  resource .  Because o f  t h e  l a r g e  a r e a  over which 

such hot  water resources  may occur ,  t h e i r  c o n t r i b u t i o n  

as an a l t e r n a t i v e  energy source may p o t e n t i a l l y  be as 

g r e a t  as The Geysers. 

North c e n t r a l  Nevada is  cha rac t e r i zed  by h igh  

average hea t  f l o w  of  3.0 hfu  

(Lachenbruch and Sass ,  1977)  and ex tens iona l  Basin and 

Range t e c t o n i c s  (Thompson and Burke, 1974) .  Except f o r  

numerous small ho t  s p r i n g s ,  t h e r e  a r e  no o t h e r  i n d i c a t i o n s  

as t o  where one would expect a usable  geothermal resource  

t o  occur ,  There i s  a l m o s t  no  c o r r e l a t i o n  between h o t  

cal/cm2 s e c )  

s p r i n g s ,  r eg iona l  hea t  f l o w  and r e c e n t  volcanism (Wilson 

and Paul ,  1965) .  F o r  t h e s e  reasons ,  an e f f i c i e n t  method 

is  needed t o  d e l i n e a t e  and eva lua te  t h e  geothermal 

p o t e n t i a l  o f  Basin and Range s t r u c t u r e .  

4 .2  Geological S e t t i n g  . 

The t h r e e  v a l l e y s  o f  i n t e r e s t  i n  t h i s  s tudy ,  Buffalo,  

Grass, and Buena Vista, a r e  graben-l ike s t r u c t u r e s  wi th  
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t h e  major bounding f a u l t s  s t r i k i n g  no r th -nor theas t .  The 

basement complex is  composed of  Paleozoic  s i l i c e o u s  

c l a s t i c  rocks and greenstones (Beyer __ e t  ,” a1 1 9 7 6 ) .  

In t ruded  i n t o  t h e  bedrock a r e  T r i a s s i c  and Cretaceous 

g r a n i t e s .  Evidence of e a r l y  o v e r t h r u s t i n g  i s  found i n  

t h e  Sonoma and Tobin Ranges where Paloezoic rocks a r e  

i n  t h r u s t  f a u l t  c o n t a c t  w i t h  T r i a s s i c  s i l i c e o u s  c l a s t i c  

and carbonate  rocks .  An i d e a l i z e d  c r o s s  s e c t i o n  o f  

Grass Val ley is shown i n  Figure 4-2. 

The youngest vo lcan ic s  i n  t h i s  reg ion  a r e  b a s a l t i c  

rocks whose ages vary  f r o m  14.5 t o  11.5 m i l l i o n  yea r s .  

These rocks cap t h e  T e r t i a r y  sedimentary sequence. The 

conglomeratic sediments o v e r l i e  a sequence o f  i n t e r -  

bedded sandstone,  f r e s h  water  l imestone and a l t e r e d  

t u f f s .  Oligocene-Miocene r h y o l i t i c  t u f f aceous  rocks 

a r e  thought t o  be p re sen t  a t  depth,  a l though t h e r e  a r e  

no s u r f a c e  exposures i n  t h e  t h r e e  reg ions  o f  i n t e r e s t  

(Beyer et &. 1976) .  

I n  gene ra l ,  ho t  s p r i n g s  l i e  a long t h e  major f a u l t s  

bounding t h e  v a l l e y s ,  The v e r t i c a l  displacement 

c h a r a c t e r i s t i c s  of  t h e s e  f a u l t s  i s  i n d i c a t e d  by r e c e n t  

f a u l t  s c a r p s  1 0  t o  15 meters  h igh .  Thompson and Burke 

(1974) have c a l c u l a t e d  Basin and Range h o r i z o n t a l  

ex tens ion  of  100  k m ,  implying ubiqui tous  f a u l t i n g .  

The depth t o  which t h e s e  f a u l t s  extend is n o t  known. 

However, i f  t h e  f a u l t s  a r e  a c t i n g  as condui t s  f o r  t h e  

c 



hot  water ,  t h e y  must extend a t  l e a s t  s e v e r a l  k i lome te r s .  

Water temperatures  o f  t h e  sp r ings  a r e  as high as 9boC 

a t  t h e  s u r f a c e .  

by geochemical methods f o r  water  temperatures  a t  depth , 

(Beyer -- e t  a l . ,  1 9 7 6 ) .  Assuming an average temperature 

g rad ien t  o f  30°C/km, t h e  water  could be c i r c u l a t i n g  t o  

depths o f  6 km. 

Est imates  as high as 200°C a r e  obtained 

4.3 Microearthquake Data 

The f irst  s t e p  i n  t h e  seismic exp lo ra t ion  program 

w a s  microearthquake monitor ing i n  t h r e e  s e p a r a t e  a r e a s :  

Buffalo Val ley,  Grass Val ley (Leach H o t  Spr ings)  and 

Buena V i s t a  Val ley (Kyle H o t  Spr ings)  (Figures  4-1 and 

4-31, Each v a l l e y  w a s  sub jec t ed  t o  a 10-14 day recon- 

na issance  s tudy .  If s u f f i c i e n t  a c t i v i t y  w a s  recorded a 

more d e t a i l e d  s tudy  o f  6-8 weeks w a s  undertaken. The 

reconnaissance s t u d i e s  i n d i c a t e d  a c t i v i t y  w a s  very  l o w  

around Kyle H o t  Springs (Buena V i s t a  Val ley ,  1 event/ 

1 0  days ) ,  but moderate i n  Grass and Buffalo Valleys 

(1 -2  events/day).  

o f  events  (shaded r eg ions )  and t h e  r eco rd ing  s i t e s  

occupied. 

an a r r a y  (Figure 4-3) w a s  deployed i n  North P leasant  

Valley t o  c o n f i r m  t h a t  t h e  events  de t ec t ed  i n  Grass 

and Buffalo Val ley were n o t  t h e  same events  o r i g i n a t i n g  

f r o m  t h e  s i t e  o f  t h e  1915 Pleasant  Val ley earthquake 

Figure  4-3 shows t h e  genera l  l o c a t i o n  

A f t e r  each  v a i l e y  w a s  s t u d i e d  i n d i v i d u a l l y ,  
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t h r e e  s tudy  a r e a s  i n  Figure 4-1. Cross-hatched 
.ons a r e  l o c a t i o n s  o f  microearthquakes.  Symbols 
l o c a t i o n s  of  smoked-paper r e c o r d e r s .  Note t h e  
t t r a c e  o f  t h e  1915 earthquake (Mag. 7 .5)  and 
Ithesized ex tens ion ,  dashed l i n e .  
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(magnitude 7 .5 ) .  The r e s u l t  o f  t h i s  one week s tudy  w a s  

t h a t  5 events  were l o c a t e d  a t  t h e  southern  end o f  Grass 

Val ley ,  no t  on t h e  f a u l t  t r a c e  o f  t h e  1915 even t .  

The q u a l i t y  o f  t h e  microearthquake d a t a  w a s  no t  

s u f f i c i e n t  t o  d e f i n e  accu ra t e  f a u l t  p lanes  o r  f a u l t  

plane s o l u t i o n s .  However, t h e  d a t a  were c o n s i s t e n t  wi th  

normal f a u l t i n g  a t  depths o f  1 t o  8 k i lometers  on f a u l t s  

bounding t h e  v a l l e y  wi th  s t r i k e s  and d ips  t y p i c a l  o f  

Basin and Range ex tens iona l  t e c t o n i c s .  

An 8-element analog,  FM-telemetered a r r a y ,  l a t e r  

expanded t o  1 2  e lements ,  w a s  s e t  o u t  i n  Grass Val ley 

w i t h  hopes o f  r eco rd ing  s e i s m i c i t y  a s s o c i a t e d  w i t h  t h e  

h o t  s p r i n g s  a c t i v i t y .  Because o f  t h e  low power (100 

m i l l i w a t t s )  and high frequency(l63-173 MHz) o f  t h e  r a d i o s ,  

a l l  t r a n s m i t t e r s  were r equ i r ed  t o  be i n  l i n e  o f  s i g h t  

wi th  t h e  r e c e i v e r s .  Although t h i s  d id  n o t  s e r i o u s l y  . 

l i m i t  s t a t i o n  l o c a t i o n s  i n  t h i s  s tudy ,  it p r e s e n t s  

l i m i t a t i o n s  i n  rough t e r r a i n .  A t  each s t a t i o n  a 4.5 

Hz v e r t i c a l  geophone w a s  used. Except f o r  b a t t e r i e s  and 

antennas,  a l l  components were bur ied  t o  minimize 

temperature f l u c t u a t i o n s  and a s s o c i a t e d  component d r i f t s .  

When f irst  deployed, r a r e l y  more than  f i f t y  percent  o f  

t h e  r a d i o s  func t ioned  s a t i s f a c t o r i l y .  Af t e r  s e v e r a l  

months o f  debugging, it w a s  concluded t h a t  t h e  major 

problem w a s  n o t  i n  t h e  bas i c  design o f  t h e  r a d i o  but i n  

t h e  q u a l i t y  o f  c o n s t r u c t i o n  and components. Even a t  t h e  



114. 

end of  t h e  s tudy  a l l  1 2  r a d i o s  never  worked s imultan-  

eously f o r  more than  1 week. However, t h e  microear th-  

quake a c t i v i t y  w a s  t r a c e d  t o  t h e  southern  end o f  Grass 

Val ley .  Events occurred a t  a r a t e  o f  one t o  t w o  per  

day wi th  occas iona l  s w a r m  a c t i v i t y  o f  5-10 even t s .  The 

events  shown i n  F igure  4-4 occurred dur ing  t w o  s e p a r a t e  

6-week pe r iods ,  January-February,  March-April 1976. 

The s e i s m i c i t y  seemed t o  be an on-going phenomenon and 

except f o r  t h e  occas iona l  s w a r m  a c t i v i t y ,  w a s  f a i r l y  

cons t an t .  During t h e  t w o  s i x  week pe r iods ,  approximately 

1 0 0  events  were recorded.  The events  t h a t  l o c a t e d  wi th  

a s t anda rd  e r r o r  i n  e p i c e n t e r  o f  l e s s  than  0 .10  k i l o -  

meters a r e  p l o t t e d  i n  F igure  4-4. The model s e l e c t e d  

f o r  l o c a t i n g  t h e  even t s  was a h a l f  space wi th  P-wave 

v e l o c i t y  o f  5 . 5  km/sec and S-wave v e l o c i t y  o f  3 .2  km/sec, 

(Po i s son ' s  R a t i o  = 0 . 2 5 ) .  The model w a s  chosen by 

l o c a t i n g  s e v e r a l  of t h e  l a r g e r  events  i n  t h e  c e n t e r  o f  

t h e  a r r a y  and va ry ing  t h e  v e l o c i t y  u n t i l  t h e  s tandard  

e r r o r  o f  t h e  depth w a s  a minimum. S t a t i o n  c o r r e c t i o n s  

were a l s o  app l i ed  us ing  P-wave r e s i d u a l  information f r o m  

nearby mine explos ions .  Although s e v e r a l  l a y e r e d  models 

were used,  t h e  b e s t  model appears  t o  be a h a l f  space.  

The depth o f  t h e  events  va r i ed  between two  and e i g h t  

k i lometers  wi th  t h e  ma jo r i ty  o f  deeper events  occur r ing  

a t  t h e  southern  end o f  t h e  microearthquake c l u s t e r .  

F a u l t  plane s o l u t i o n s  (Figure 4-5) i n d i c a t e  normal 
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Figure 4-4 
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Locations of events  w i t h  s tandard  e r r o r  i n  e p i c e n t e r  
of 0 .10  km o r  l e s s < f o r  t h e  per iods  January 1 - February 
15, March 15 - Apr i l  30 ,  1976. 
order  of  occurrence.  Shaded reg ion  i n d i c a t e s  events  
w i t h  s tandard  e r r o r  g r e a t e r  t han  0 .10  km. 

Events a r e  numbered i n  
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Figure 4-5 
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F a u l t  plane s o l u t i o n s  p ro jec t ed  onto t h e  upper 
hemisphere, f o r  s e l e c t e d  even t s ,  i n d i c a t i n g  
normal f a u l t i n g ,  w i t h  s t r i k e s  i n  t h e  NE-SW 
d i r e c t i o n ,  c o n s i s t e n t  wi th  r eg iona l  t e c t o n i c s .  
Dark a r e a  i s  compression. 
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f a u l t i n g  s t r i k i n g  northeast-southwest  on planes d ipping  

between 45’ and 70° ,  c o n s i s t e n t  wi th  r e g i o n a l  t e c t o n i c s .  

An at tempt  was made t o  determine coda magnitudes 

f r o m  MCL = -0.87 + 2 log ( T ) ,  where T i s  t h e  du ra t ion  

of t h e  event .  Although t h i s  formula w a s  developed by 

L e e s  al, c (1972)  for c e n t r a l  C a l i f o r n i a  events  it i s  

being used by t h e  Un ive r s i ty  o f  Nevada a t  Reno i n  

magnitude determinat ion f o r  events  i n  c e n t r a l  Nevada 

(W. Peppin, personal  communication, 1 9 7 7 ) .  A coda 

th re sho ld  w a s  obtained by comparing events  common t o  

s t a t i o n s  i n  t h i s  s tudy  and t h e  Univers i ty  o f  Nevada 

s t a t i o n  BMN, 45 km t o  t h e  e a s t .  Because o f  s i t e  geology 

and ins t rumenta t ion  d i f f e r e n c e s ,  t h e  coda magnitudes f r o m  

BMN and t h e  microearthquake a r r a y  were i n c o n s i s t e n t .  

Ca lcu la t ing  a b-value f r o m  t h e s e  approximately 1 0 0  

even t s ,  u s i n g  t h e  McL f o r m u l a ,  y i e l d s  b = 0.57 f 0 . 0 3 .  

Using a f o r m u l a  developed by Bakun and Lindh (1977)  f o r  

n o r m a l  f a u l t i n g  and coda l e n g t h s  l e s s  than  30 seconds 

i n  t h e  O r o v i l l e ,  California r eg ion ,  MCB = 0 . 2 8  -t 0 . 7 1  

log (T), r e s u l t s  i n  a b-value o f  1 . 9  t 0.14, 

a l .  (a966), us ing  t r a c e  amplitude r a t h e r  t han  magnitude, 

c a l c u l a t e d  a b-value o f  1 f o r  microearthquakes occurr ing  

i n  t h e  Fairview Peak, Nevada r eg ion ,  125 km south-south- 

west o f  Grass Val ley.  Using t r a c e  amplitude f o r  t h e  

Grass Valley events  y i e l d s  a b-value o f  1.1 2 0.15. 

Rya l l  a. (1966) determined average b-values o f  0 .79 

Ol iver  e t  
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t o  0.84 f o r  Nevada reg ion  earthquakes between 1932 and 

1961. I n  another  microearthquake s tudy  i n  t h e  Exce l s io r  

Mountains (southwest Nevada) Ryal l  and P r i e s t l y  (1975) 

c a l c u l a t e d  a b-value o f  1 .03 .  

The widely va ry ing  Grass Val ley b-values obtained 

by d i f f e r i n g  techniques may be due t o  s i t e  geology, o r  

more l i k e l y  t o  t h e  inadequacy of  t h e  coda l e n g t h  

technique a t  very  c l o s e  range.  

could be obtained by r eco rd ing  a l a r g e  number o f  events  

on h o r i z o n t a l  geophones and conver t ing  t h e  records  t o  

Wood-Anderson equ iva len t s  and us ing  ML, as w a s  done i n  

The Geysers s e c t i o n  o f  t h i s  s tudy .  Although h o r i z o n t a l  

instruments  were used i n  t h i s  s tudy ,  they  were connected 

i n  s e r i e s  wi th  t h e  v e r t i c a l  geophones t o  provide P- and 

S - a r r i v a l s  on a s i n g l e  data channel .  Because o f  t h e  

r e s u l t i n g  uncor rec t ab le  i n t e r f e r e n c e  e f f e c t s ,  Wood- 

Anderson seismograms could no t  be c a l c u l a t e d .  

A more u s e f u l  b-value 

The number o f  s t u d i e s  d e a l i n g  wi th  s p e c t r a l  

c h a r a c t e r i s t i c s  o f  microearthquakes i s  l i m i t e d  f o r  Nevada. 

Table 4-1 g ives  r e s u l t s  o f  P-wave s p e c t r a l  ana lyses  f o r  

some r e p r e s e n t a t i v e  events  i n  Grass Valley.  The events  

were s e l e c t e d  on t h e  basis o f  magnitude and azimuth. 

Douglqs and Rya l l  (1972) suggested t h a t  f o r  microear th-  

quakes, 1L%42 n e a r  Fairview Peak, Nevada, magnitude 

versus  moment s c a l i n g  l a w s  seemed t o  apply.  Although 

they  d i d  n o t  c a l c u l a t e  a moment ve r sus  magnitude r e l a t i o n ,  

6 
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Table  4-1 

P-Wave S p e c t r a l  P r o p e r t i e s  

20 0.7 1 . 2 ~ 1 0 ~ ~  6.8 35 2.50 28 ,030 4.0 

,030 4.0 22 0.8 ~ 2 ~ 1 0 ~ 7  7.0 35 2.50 28 

.004 4.0 27 0.3 2.4~10 l6 8.0 30 0.30 32 

58 -0.3 4 . 8 ~ 1 0 ~ ~  9.6 40 1.50 24 ,010 6.0 

1 . 8 ~ 1 0 ~ ~  6.8 30 1.90 32 

1 . 9 ~ 1 0 ~ ~  8.8 30 1.90 32 

1.9~10 l6 7.0 75 32 

1.3~10 l6 3.0 ' 75 24 .010 

9 . 6 ~ 1 0 ~ ~  10.8 40 * 70 32 ::q 2.0 
4 . 2 ~ 1 0 ~ ~  7.1 * 30 40 

50 ( - 0 . 3  1 9. 7 ~ 1 0 ~ ~  6.5  35 * 29  28 :::j 6.0 
60 [ 0.3 (6.0~10.' 8.7 bo - 8 8  40 ::tj 4.0 

3.4~10 I.' 5.6 9.50 24 ,009 

9 . 0 ~ 1 0 ~ ~  8.4 * 30 28 

65 [-O.j [l.l~lO'~ 8.0 35 .30 32 

1.7~10 l6 7.3 * 35 28 

1.lxlO l7 7.5 .46 52 .009 

26 10.6 [b.5x101' 7.6 20 .50 48 . O O j  6.0 

2.0xlO l5 8.3 .30 40 ,009 

7 . 8 ~ 1 0 ~ ~  4.4 90 40 

9.0~10 l6 7.6 9 55 48 ,009 

30 32 ,005  6.0 27 4. 5x1Ol6 7.6 

b = 0.57 t . 0 3  Loglo Mo = (16.15 +- .05)" + (1.09 z .08 )  MCL 
b = 1.9 2.14 Loglo Mo = (14.78 ,151 + (2.6 t.2) MCB 
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t h e i r  d a t a  i n d i c a t e  a zero  magnitude event would cor res -  

pond t o  a LoglO(Mo) o f  about 16 .4 ,  with a s lope  o f  about 

0 . 7 .  Depending upon which magnitude formula is  used, 

t h e  r e s u l t s  from t h i s  s tudy  a r e ,  LoglO(Mo) = (16.15 

0 .05)  + (1.09 + - 0.08)  MCL and LoglO(Mo) = (14.78 2 0.05) 

+ ( 2 . 6  2 0 .2)  MCB.  

formula ad jus t ed  t o  t h e  Wood-Anderson magnitude of  t h e i r  

l a r g e s t  recorded event (ML = 2 . 0 ) .  

r a t h e r  than  P-wave s p e c t r a .  

formula t h e  Grass Val ley events  compare t o  t h e  Fairview 

Peak events .  

events  a r e  q u i t e  anomalous. 

Douglas and Ryal l  used a magnitude 

They a l s o  used S-waves 

If one adopts t h e  McL 

Using t h e  MCB formula,  t h e  Grass Val ley 

A s  suggested i n  The Geysers s tudy ,  a low moment 

i 

f o r  a given magnitude may be an i n d i c a t i o n  o f  a t t e n u a t i o n  

e f f e c t s .  The co rne r  f r equenc ie s  f o r  t h e  Grass Valley 

events  were gene ra l ly  i n  t h e  30-35 Hz range.  Douglas 

and Ryal l  observed co rne r  f requencies  f r o m  5 t o  1 0  H z .  

Di f fe rences  a r e  probably due t o  t h e  observa t ion  d i s t a n c e s .  

I n  Grass Val ley t h e  sou rce - rece ive r  d i s t a n c e s  were 

5-10 km, compared t o  t h e  13-40 km range of  t h e  Fairview 

Peak events .  Although Douglas and Rya l l  c o r r e c t e d  f o r  

a Q o f  250 and 400, t h e s e  va lues  may have been t o o  h igh .  

For mul t ip ly  recorded even t s ,  t h e  corner  frequency ( f o )  

f o r  t h e  Grass Val ley  events  depended on azimuth and s i t e  

geology. I n  gene ra l  f o  w a s  lower f o r  t h e  v a l l e y  s t a t i o n s ,  

which a r e  unde r l a in  by l o w 4  a l luv ium,  as compared t o  
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bedrock s t a t i o n s .  Therefore ,  t h e  d i f f e r e n c e  i n  t h e  

moment ve r sus  magnitude r e l a t i o n  f r o m  one a r e a  t o  another  

might be accounted f o r  by propagat ion path e f f e c t s .  

Because t h e  commonly es t imated  s t r e s s  drop,  A a ,  

is  a func t ion  o f  fo’, t h e  c a l c u l a t e d  s t r e s s  drops o f  

Grass Val ley microearthquakes a l s o  d i f f e r e d  f r o m  t h e  

s t r e s s  drops o f  t h e  Fairview Peak even t s .  However, t h e  

lower moments tend  t o  o f f s e t  t h e  h ighe r  corner  frequency 

e f f e c t ,  i . e . ,  A b  = 8.47 Mo fO3/A3, whered  is t h e  P-wave 

v e l o c i t y ,  I n  g e n e r a l ,  t h e  Grass Val ley events  have 

s t r e s s  drop e s t ima tes  an order  o f  magnitude g r e a t e r  than  

t h e  Fairview Peak even t s .  Assuming t h e  d i f f e r e n c e s  a r e  

r e a l  would imply t h a t  t h e  t w o  a r e a s  may be under t h e  

in f luence  of  d i f f e r e n t  s t r e s s  mechanisms. It may a l s o  

be an i n d i c a t i o n  t h a t  t h e  Grass Valley events  a r e  t h e  

r e s u l t  o f  f a i l u r e  i n  unf rac tured  m a t e r i a l ,  whereas t h e  

Fairview Peak events  a r e  occurr ing  on e x i s t i n g  f r a c t u r e s .  

Douglas and Rya l l  (1972) a l s o  suggested t h a t  f o r  d i f -  

f e r e n t  a r e a s  o f  occurrence nea r  Fairview Peak, t h e  

d i f f e r e n c e  i n  s t r e s s  drop may be due t o  d i f f e r e n t  source 

mechanisms. Although t h e  Grass Val ley events  occurred 

over a much sma l l e r  r eg ion ,  t h e r e  does not  seem t o  be 

any c o r r e l a t i o n  between s t r e s s  drop and a r e a  of occur- 

rence .  This  would suggest  t h a t  a l l  t h e  events  i n  Grass 

Val ley a r e  similar i n  r e l a t i o n  t o  source mechanisms, as 

i n d i c a t e d  by t h e  f a u l t  p lane s o l u t i o n s .  
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4.4 Explosion Data 

4 .4 .1  P-Wave V e l o c i t i e s  

I n  a s tudy  t o  determine i f  t h e  presence o f  geo- 

thermal a c t i v i t y  (hot  s p r i n g s )  could be de t ec t ed  i n  t h e  

propagation c h a r a c t e r i s t i c s  o f  P-waves, a g r i d  of  s t a t i o n s  

w a s  s e t  out i n  Grass Val ley.  S tudies  by I y e r  and Hitchcock 

(1975) have de tec t ed  P-wave t r ave l - t ime  de lays  a s soc ia t ed  

wi th  a r e a s  of  r e c e n t  vo lcanic  a c t i v i t y  n e a r  Clear  Lake, 

C a l i f o r n i a .  It i s  des i r ed  t o  know i f  shallow near -  

su r f ace  f e a t u r e s  could be de t ec t ed  by t h e  use  o f  such 

P-wave v e l o c i t y  s t u d i e s .  

Approximately 60 d a t a  p o i n t s  were taken  a t  500 

meter i n t e r v a l s  on l i n e s  E ,  D,  H and a t  s e l e c t e d  p o i n t s  

between, (Figure 4-6). The d a t a  were reduced by assuming 

a zero  de lay  time on bedrock a t  k i lometer  0 . 0  on l i n e  D. 

T o  i n su re  sha rp  a r r iva ls  and n e a r l y  v e r t i c a l  wave prop- 

aga t ion ,  only l a r g e  Nevada Tes t  S i t e  (NTS) n u c l e a r  

explosions were used as sources  f o r  t h e  P-waves i n  t h i s  

i n i t i a l  s tudy .  The procedure w a s  t o  use  t w o  bedrock 

re ference  s t a t i o n s  on e i t h e r  s i d e  o f  t h e  v a l l e y  t o  ob ta in  

an apparent  v e l o c i t y  end t o  end a long  t h e  l i n e .  A f t e r  

t h e  apparent  v e l o c i t y  w a s  determined t h e  data were 

co r rec t ed ,  y i e l d i n g  r e l a t i v e  de lays  f o r  in te rmedia te  

s t a t i o n s .  This  assumes t h a t  t h e  bedrock on both s i d e s  

o f  t h e  v a l l e y  i s  similar and r e p r e s e n t s  a r e g i o n a l  
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Figure 4,-6 
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Primary a r e a  of s tudy  wi th  d a t a  l i n e  l o c a t i o n s ,  ' For 
comparison t o  o t h e r  f i g u r e s  no te  t h e  r e l a t i v e  p o s i t i o n s  
of  Panther Canyon and Leach H o t  Springs.  
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phenomenon. 

i n f r e q u e n t ,  a comparison with de lays  f rom d a i l y  mine 

explosions 40 k i lometers  t o  t h e  e a s t  w a s  made. The 

r e s u l t s  were a l m o s t  i d e n t i c a l .  Therefore ,  t h e  major i ty  

of P-wave d a t a  p o i n t s  were f r o m  t h e  nearby mine explos ions .  

The contoured d a t a  a r e  shown i n  Figure 4-7. A nega t ive  

de lay  implies  a f a s t e r  v e l o c i t y  wi th  r e s p e c t  t o  bedrock 

and a p o s i t i v e  de lay  sugges ts  a slower v e l o c i t y  compared 

t o  bedrock. 

Because t h e  NTS explosions were r e l a t i v e l y  

A s  expected, t h e  slower P-wave v e l o c i t y  o f  t h e  

sediments produces de l ays ,  w i t h  t h e  l a r g e r  va lues  occur r ing  

towards the center of valley where the sediments are thick- 

e s t .  Two s i g n i f i c a n t  anomalies were revea led .  The m o s t  

obvious is t h e  nega t ive  P-wave de lay ,  o r  advance, i n  

t h e  ho t  s p r i n g s  a r e a .  This  advance is  thought t o  be 

due t o  d e n s i f i c a t i o n  o f  sediments f r o m  t h e  con t inua l  

depos i t i on  of  s i l i c a  f r o m  ho t  s p r i n g s  a c t i v i t y .  

i o n a l  evidence f o r  d e n s i f i c a t i o n  is  seen i n  t h e  high 

g r a v i t y  g r a d i e n t s  surrounding t h e  ho t  s p r i n g s  (F igure  

4-8) .  L a t e r  g r a v i t y  r educ t ion  (Golds te in  and Paulsson,  

1977) sugges ts  an excess  mass of 2.5 x lo8 metr ic  t o n s  

around t h e  h o t  s p r i n g s .  If a d e n s i t y  c o n t r a s t  o f  0 . 5  

gm/cc is  taken between t h e  normal sediments and the  

d e n s i f i e d  sediments ,  and a shape o f  6 o f  a r i g h t  c i r c u l a r  

cone f o r  t h e  p lug  o f  s i l i c a ,  then  t h e  p lug  would extend 

t o  a depth of  1 km wi th  a width a t  its base o f  0 .8  km. 

Addit- 
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Figure 4-8 
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Bouguer gravity map with terrain corrections. 
Contours are i n  m i l l i g a l s  (Beyer 
Note t h e  c o r r e l a t i o n  wi th  P-delay. 

a,, 1976). 
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Assuming t h a t  t h i s  is t h e  e x t e n t  of t h e  s i l i c a  depos i t i on ,  

a v e l o c i t y  c o n t r a s t  of  1.5 km/sec (3 .5  km/sec v s .  5 .0  

km/sec) would account for t h e  0.85, second average advance 

observed. 

To confirm t h e  presence o f  high v e l o c i t y  m a t e r i a l  

i n  t h e  h o t  s p r i n g s  a r e a ,  a 1 2  element 550 meter N - S  

r e f r a c t i o n  l i n e  w a s  s e t  out ac ross  t h e  hot  s p r i n g s .  A 

t o t a l  o f  f o u r  explosions were used,  one a t  each end o f  

t h e  l i n e  and t w o  o f f s e t  500 meters f r o m  t h e  ends.  The 

r e s u l t i n g  d a t a  a r e  shown i n  Figure 4-9. It is  apparent  

f r o m  t h e  shape o f  t h e  t r a v e l - t i m e  curves t h a t  t h e  s t r u c t u r e  

a s s o c i a t e d  wi th  t h e  ho t  sp r ings  i s  r a t h e r  complex. How- 

e v e r ,  it seems a s  i f  t h e  v e l o c i t y  i n  t h e  hot  s p r i n g s  

a r e a  i s  g r e a t e r  t han  t h e  2 . 0  km/sec found f o r  nea r -  

s u r f a c e  v a l l e y  f i l l .  

5.5 km/sec j u s t  n o r t h  of t h e  hot  s p r i n g s .  

noted t h a t  for a c c e s s a b i l i t y  reasons t h e  r e f r a c t i o n  l i n e  

w a s  placed approximately 30' t o  t h e  f a u l t  t h a t  i s  

thought t o  be c o n t r o l l i n g  t h e  f l o w  of t h e  ho t  s p r i n g s .  

The h ighes t  apparent  v e l o c i t y  i s  

It should be 

The no r the rn  end of t h e  l i n e  w a s  on t h e  downthrown s i d e  

o f  t h e  hot  s p r i n g s  f a u l t ,  where t h e  ma jo r i ty  o f  

sedimentat ion and d e n s i f i c a t i o n  would be expected t o  

occur.  T h i s  may exp la in  why t h e  v e l o c i t i e s  on t h e  

no r the rn  end o f  t h e  l i n e  a r e  h ighe r  t han  t h e  southern  

va lues .  It is a l s o  p o s s i b l e  t h a t  such e f f e c t s  as d i p  

and  h o r i z o n t a l  r e f r a c t i o n s  a r e  pl.aying an important r o l e  
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i n  determining t h e  apparent  v e l o c i t y  s t r u c t u r e .  The 

complexity o f  t h e  s t r u c t u r e  around t h e  ho t  sp r ings  w i l l  

become obvious when t h e  r e f l e c t i o n  p r o f i l e  d a t a  a r e  

presented i n  a l a t e r  s e c t i o n .  

A second P-wave v e l o c i t y  anomaly w a s  found a long  

l i n e  D ,  around k i lometer  6 ,  (Figure 4 -6 ) .  It  appears  

as a "nose" t o  t h e  west i n  t h e  100 mi l l i second contour  

o f  t h e  P-wave de lay  d a t a  (Figure 4-7) .  This  "nose" i s  

a l s o  apparent  i n  t h e  g r a v i t y  d a t a  (Figure 4-8) .  If t h e  

P-wave v e l o c i t y  is  c o n t r o l l e d  mainly by depth t o  bedrock 

t h i s  anomaly may be an upwarp i n  t h e  basement s t r u c t u r e .  

However, f r o m  t h e  topographic map it i s  no t  apparent  

t h a t  t h i s  is  t h e  case .  This  P-wave anomaly a l s o  co r re s -  

ponds t o  a h e a t  f l o w  h igh ,  Figure 4-36. Fu r the r  evidence 

r e l a t i n g  t h i s  P-wave anomaly t o  t h e  basement s t r u c t u r e  

w i l l  be presented i n  t h e  s e c t i o n  on h e a t  f l o w  modeling. 

4 .4 .2  Attenuat ion Data 

During t h e  P-wave v e l o c i t y  s t u d i e s  it w a s  no t i ced  

t h a t  t h e  frequency conten t  o f  t h e  waves t r a v e l i n g  through 

t h e  hot  sp r ings  a r e a  d i f f e r e d  s i g n i f i c a n t l y  f r o m  o the r  

t r a v e l  pa ths  i n  t h e  v a l l e y .  F o r  pa ths  through t h e  ho t  

sp r ings  a r e a ,  t h e  high frequency conten t  w a s  preserved.  

This  w a s  e s p e c i a l l y  obvious f o r  high frequency sources  

such as l o c a l  microearthquakes.  F igures  4-10 and 4-11 

a r e  an explosion and a microearthquake, r e s p e c t i v e l y ,  

recorded a t  3 d i f f e r e n t  s i t e s  and d isp layed  f o r  
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comparison. I n  both c a s e s ,  it is  q u i t e  obvious t h a t  t h e  

s t r u c t u r e  i s  a f f e c t i n g  t h e  frequency conten t  of t h e  waves. 

A l l  ins t ruments  were i d e n t i c a l  and t h e  seismograms were 

co r rec t ed  f o r  d i f f e r e n t  ga ins .  

I n  an at tempt  t o  q u a n t i f y  t h i s  e f f e c t  a l i n e  o f  

s t a t i o n s  w a s  s e t  out ac ross  t h e  ho t  s p r i n g s  t o  record  

s e v e r a l  mine explosions (Line S Figure 4 -6 ) .  A l i n e  o f  

n ine  s t a t i o n s  wi th  500 meter spac ing  centered  a t  t h e  hot  

s p r i n g s  w a s  used.  Two a d d i t i o n a l  s t a t i o n s ,  1 and 11, 

were used as r e fe rence  p o i n t s  on bedrock and alluvium 

r e s p e c t i v e l y ,  i . e . ,  s t a t i o n s  3.0 E and 3.5 W ,  Figure 

4-6. A l l  geophones and inst ruments  were i d e n t i c a l .  The 

records  f r o m  each s i t e  were d i g i t i z e d  a t  200 samples/sec, 

a n t i a l i a s  f i l t e r e d ,  and d isp layed  t o  s e l e c t  t h e  approp- 

r i a t e  P-wave window. Af t e r  t h e  window l e n g t h  w a s  

s e l e c t e d  ( 0 . 5  t o  1 second) t h e  s i g n a l s  were tapered  wi th  

a 10% cos ine  t a p e r ,  t h e  mean removed and zeros  added 

t o  t o t a l  256 p o i n t s .  The s i g n a l s  were transformed t o  

t h e  frequency domain by a f a s t  Four i e r  t r a n s f o r m  and t h e  

instrument  response w a s  removed. 

P-waves taken f o r  a n a l y s e s ,  t h e  r e s u l t i n g  displacement 

s p e c t r a ,  and t h e  reduced s p e c t r a l  r a t i o s .  The reduced 

s p e c t r a l  r a t i o s  were obtained by us ing  a r e fe rence  

spectrum t h a t  w a s  t h e  average o f  a l l  e leven s t a t i o n s  

and then smoothed wi th  a 1 0  po in t  moving average.  Each 

i n d i v i d u a l  spectrum w a s  t hen  smoothed wi th  a 1 0  po in t  

moving average and r a t i o e d  t o  t h e  r e fe rence  spectrum. 

Figure 4-12 shows t h e  
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P-wave signals, s p e c t r a  and reduced s p e c t r a l  r a t i o s  w i t h  
r e s p e c t  t o  smoothed r e fe rence  spectrum ( s e e  t e x t ) .  Note 
anomalous behavior a t  t h e  hot  s p r i n g s ,  STA 6 .  



The r e s u l t i n g  reduced s p e c t r a l  r a t i o s  a r e  shown i n  t h e  

t h i r d  column o f  F igure  4-12. Because ex tens ive  smoothing 

w a s  performed t o  emphasize only s i g n i f i c a n t  e f f e c t s ,  only 

a q u a l i t a t i v e  a n a l y s i s  o f  Q v a r i a t i o n s  is  w i t h i n  t h e  

q u a l i t y  o f  t h e  d a t a .  A s  can be seen i n  Figure 4-12, t h e  

P-wave displacement spectrum and t h e  reduced r a t i o  f o r  

t h e  hot  sp r ings  s t a t i o n ,  s t a t i o n  6 ,  a r e  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  t h e  o t h e r s .  The p o s i t i v e  s lope  o f  t h e  

reduced r a t i o  sugges ts  a h ighe r  Q through t h e  h o t  s p r i n g s  

a r e a .  A s  w a s  concluded f r o m  t h e  v e l o c i t y  data, t h e  ho t  

sp r ings  a r e a  is  dominated by m a t e r i a l s  t h a t  a r e  probably 

much denser  t han  t h e  surrounding rocks .  However, t h e  

Q anomaly sugges t s  t h a t  d e n s i f i c a t i o n  is  confined t o  t h e  

immediate a r e a  o f  t h e  ho t  s p r i n g s .  Because o f  t h e  

r e l a t i v e l y  l a r g e  amount o f  work r equ i r ed  f o r  Q a n a l y s i s ,  

and c l o s e  c o n t r o l  on ins t rumenta t ion ,  only one l i n e  o f  

d a t a  w a s  reduced t o  ob ta in  Q s t r u c t u r e .  Therefore ,  it 

is d i f f i c u l t  t o  compare P-wave v e l o c i t y  wi th  P-wave Q 

d a t a  i n  d e t a i l .  Both anomalies however, a r e  q u i t e  l o c a l -  

i z e d ,  t h e  a t t e n u a t i o n  more s o  t h a n  t h e  v e l o c i t y .  It is  

o f  perhaps g r e a t  i n t e r e s t  t h a t  t h e  severe  s i g n a l  

a t t e n u a t i o n  o f f  t h e  ho t  s p r i n g s  a r e a ,  both a t  bedrock 

and a l l u v i a l  s i t e s ,  i n d i c a t e  t h a t  t h e  loss is accomp- 

l i s h e d  i n  t h e  sha l lowes t  k i lometer  o r  s o  o f  t h e  c r u s t .  

Impl ica t ions  a r e  t h a t  g r e a t l y  improved s i g n a l  bandwidth 

may be obtained a t  moderate depth o f  source b u r i a l  i n  

t e c t o n i c a l l y  a c t i v e  a r e a s .  



4.5 Ref rac t ion  and R e f l e c t i o n  D a t a  

T o  ga in  a d d i t i o n a l  information on f i n e  s t r u c t u r e  

o f  t h e  v a l l e y  and hot  s p r i n g s ,  t w o  Vibrose is  ( r e g i s t e r e d  

t r a d e  name, Cont inenta l  O i l  C o . )  r e f l e c t i o n  p r o f i l e s  

and one r e f r a c t i o n  l i n e  were run .  It was d e s i r e d  t o  

know not  only t h e  s t r u c t u r e  of  t h e s e  a r e a s  but  t h e  

a p p l i c a b i l i t y  o f  t h i s  type o f  s tudy  i n  exp lo r ing  f o r  

geothermal resources  i n  a Basin and Range environment. 

I f  d e t a i l e d  surveys can provide s t r u c t u r a l  evidence 

f o r  t h e  source o f  t h e  ho t  s p r i n g s ,  it may be poss ib l e  

t o  e x t r a p o l a t e  t h i s  information t o  o t h e r  Basin and Range 

s t r u c t u r e s  where t h e  su r face  man i fe s t a t ion  o f  ho t  water  

i s  no t  observed. However, t o  c a r r y  t h i s  experiment t o  

i t s  l o g i c a l  conclusion would r e q u i r e  confirmatory d r i l l i n g  

based on t h e  d a t a ,  which has no t  y e t  been done. 

Because o f  t h e  high c o s t  o f  commercial r e f l e c t i o n  

p r o f i l i n g ,  t h e  coverage o f  t h e  v a l l e y  could not  be as 

ex tens ive  as f o r  t h e  o the r  geophysical methods. Two 

l i n e s  were s e l e c t e d  i n  a r e a s  o f  h igh p o t e n t i a l  and 

o t h e r  geophysical data: l i n e  E and a c r o s s  l i n e  through 

t h e  h o t  s p r i n g s ,  l i n e  EX (Figure 4-6). (See F igure  

4-13 f o r  o the r  d a t a  on l i n e  E . )  

extended f r o m  approximately km 2 .5  e a s t  t o  km 4.5 west 

on l i n e  E and a long  l i n e  EX through Leach H o t  Spr ings .  

The r e f r a c t i o n  l i n e  extended f r o m  km 2 .75  west t o  km 2.0 

e a s t  on l i n e  E.  The source p o i n t s  f o r  t h e  r e f r a c t i o n  

l i n e  were a t  kms 7.5 wes t ,  5 .0  west,  2.75 west ,  0.35 west ,  

The r e f l e c t i o n  p r o f i l e s  
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Composite o f  geophysical  data a long  l i n e  E. 
(Beyer & a,, 1976)  



2.0  e a s t ,  3.65 e a s t  and one poin t  7 . 1  km o f f  t h e  e a s t  

end of l i n e  E .  F igures  4-14 through 4-19 a r e  t h e  r e -  

f l e c t i o n  p r o f i l e s  d i sp layed  i n  migrated f o r m  ( f i n i t e  

d i f f e r e n c e ) ,  convent ional  ( p o l a r i t y  normal) and r e l a t i v e  

amplitude ( p o l a r i t y  normal) f o r  l i n e  E and l i n e  EX, 

r e s p e c t i v e l y .  The r e f r a c t i o n  d a t a  a r e  d isp layed  i n  

F igures  4-20 through 4-25. The f i e l d  w o r k ,  May 23-26, 

,1976, and data r educ t ion  w a s  done by Western Geophysical 

Company o f  Houston, Texas a t  a c o s t  of  $26,000. 

parameters used i n  t h e  s tudy  a r e  l i s t e d  i n  Table 4-2. 

The 

4 .6  Reqional Re f rac t ion  Data 

Although nor th  c e n t r a l  Nevada is known t o  be an 

a r e a  wi th  high h e a t  f l o w ,  t h e r e  i s  no u n i v e r s a l l y  accepted 

model t o  exp la in  i t .  Previous s t8udies  (Eaton 1963,  

Stewart  e t  a l ,  , 1964 H i l l  and Pak:iser 1966,  Prodehl 

1970) involv ing  c r u s t a l  r e f r a c t i o n  work i n  e a s t e r n  and 

c e n t r a l  Nevada have suggested c r u s t a l  t h i n n i n g  may be 

r e spons ib l e  f o r  t h e  above average h e a t  f l o w .  However, 

n o r t h  c e n t r a l  Nevada had no t  been t r a v e r s e d  previous ly  

by any such s t u d i e s  a t  t h e  o u t s e t  of  t h i s  i n v e s t i g a t i o n .  

I n  an e f f o r t  t o  improve t h e  understanding o f  t h e  r eg iona l  

c r u s t a l  s t r u c t u r e  and upper mantle v e l o c i t y ,  t h r e e  (NTS) 

nuc lea r  explosions were used as sources  i n  a s p e c i a l  

s tudy  dur ing  1976. The ma jo r i ty  o f  t h e  measurements 

were made wi th  t h e  explosions Foritina and Chesire  
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Instruments:  

Format: 

P i l o t :  

Length: 

Sweeps : 

V i b r a t o r s :  

Coverage: 

V . P.  I n t e r v a l  : 

Group I n t e r v a l  : 

Traces :  

Spread : 

Table 4-2 

V i b r o s e i s  Parameters 

1 

J 

DDS-888 I 
SEG-C (32 B I T ,  F l o a t i n g  Poi&) 

58 - 12 
1 6  Seconds 

16/V.P., r e f l e c t i o n  p r o f i l i n g ,  
more f o r  r e f r a c t i o n  

4 

1200% 

330 ' 

1 6 5 '  

48 

4455' - 660' - 660'  - 4455' 

I 
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Convent iona l  r e f l e c t i o n  p r o f i l e  a long  l i n e  E ,  
between p o i n t s  4.75 west an6 2*75 eas t .  
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F i g u r e  4-20 
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R e f r a c t i o n  data between 2 .0  e a s t  and 2 .60  
w e s t ,  l i n e  E. 
305 or 7.5 w e s t ,  l i n e  E ,  Note advance i n  
data around km 0,O. 

V i b r a t o r  sou rce  is a t  p o i n t  
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Figure  4-22  
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. 2.4 K M  
210 0.0 K M  

XBL 767 8856 

Refrac t ion  data a long  l i n e  E ,  v i b r a t o r  
source a t  2 .75  west ,  l i n e  E .  Note t h e  
decrease i n  advance as source approaches 
0 . 0  l i n e  E .  
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Figure 4-25 

12.9 K M  

XBL 767 8851 

Ref rac t ion  data a long  l i n e  E ,  v i b r a t o r  
source 7 . 1  km of f  e a s t  end o f  l i n e  E .  
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Irs 

(February 1 9 7 6 ) .  

angles  i n  Figure 4-26. 

recorded a sma l l e r  explosion (Banon) dur ing  August o f  

These s t a t i o n s  a r e  ind ica t ed  by t r i -  

The s t a t i o n s  ind ica t ed  by c i r c l e s  

1976 

A wide east-west  p r o f i l e  w a s  s e l e c t e d ,  t r a v e r s i n g  

t h e  B a t t l e  Mountain hea t  f l o w  high f r o m  e a s t  o f  Wells,  

Nevada t o  west o f  Lovelock, Nevada. Seismographs placed 

i n  p a i r s  s epa ra t ed  50 t o  70 km on r a d i a l  l i n e s  f r o m  

NTS included 14  temporary MEQ-800 smoked-paper i n s t r u -  

ments, one permanent s t a t i o n ,  BMN and t h e  temporary a r r a y  

o f  rad io- l inked  s t a t i o n s  i n  Grass Valley.  The s t a t i o n s  

were placed t o  determine l o c a l  va lues  o f  apparent  Pn 

v e l o c i t i e s  and abso lu te  t r a v e l  t imes i n  a sea rch  f o r  

r eg iona l  v a r i a t i o n s .  

Because s t u d i e s  i n  Grass Valley revea led  t h a t  P-wave 

de lays  o f  0 . 2  t o  0 .4  seconds a r e  common i n  sediment- 

f i l l e d  v a l l e y s ,  ca re  was taken t o  l o c a t e  a l l  s t a t i o n s  

on bedrock. Times on t h e  MEQ-800 records  could be read 

t o  i 0.05 seconds or b e t t e r .  The t imes on t h e  t ape  

recorded s t a t i o n s  i n  Grass Val ley could be read  t o  $0.005 

seconds. Because t h e  l a r g e  sources  and t h e  high ga ins  

used,  t h e r e  w a s  l i t t l e  ambiguity i n  f i r s t  a r r i v a l  t imes .  

A l l  s t a t i o n s  were l o c a t e d  by use o f  an a l t i m e t e r  and 

U S G S  topographic maps (15' and 7 . 5 ' ) .  

P e r t i n e n t  s t a t i o n  l o c a t i o n  information and t r a v e l  

t imes a r e  given i n  Table 4-3. The raw t imes were co r rec t ed  

f o r  clock d r i f t  and e l e v a t i o n  d i f f e r e n c e s  us ing  4.0 km/sec. 
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Table  4-3 

STAT I O N  

VER 

I R  0 

UN I 

PA S 

GET 

BMN 

TU S 

BE0 

LEE 

n K  

3 N  0 

wn 
1 

2 

3 

1-12-76 

1-14-76 

8-26-76 

LOCATION 

40.415'N 

39.976 
40.549 

40.202 

41.137 

40.431 

41.320 

40.640 

40.616 

40.963 

40.691 

41.155 

40.043 

40.589 

41.189 

S t a t i o n  L o c a t i o n s  & A r r i v a l  Times 
F o r  Regional R e f r a c t i o n  Study 

118.799OW 

118.170 

118.120 

117 777 

117 275 

117.222 

116.233 

116.442 

115.601 

115.660 

115 * 059 

114.726 

117.291 
117.603 

117.928 

SOURCE INFORMATION 

'Fontina' 1445 

'Chesire' 1130 

'Banon '  1430 

ELE (m) 

1140 

1288 

1758 

1525 

1667 

1515 

1909 

1454 

1798 

1606 

1918 

1818 

1503 

1505 

1424 

(UTC) 

D (km) 

408.29 

339.56 

395.58 

349.08 

438.65 

360.75 
450.15 

374.10 

379.28 

416.16 

399.41 

457.33 
340.66 

407.58 

476.62 

LOCATION 

C ORRECT ED 
TIME ( s e c )  

58.29 

49 55 
56.44 

50.69 
61-68 

52 *19 

63 -47 

53 988 

54 76 

59 16 
56.88 

63.97 
49.88 

58.01 

67.16 

ML 

00.160 37.242' 116.420° 5.9 

00.160 37.271' 116.488' 6.3 

00 168 37.125' 116,082' 5.1 

b 
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A l e a s t  squares  f i t  t o  a l l  a r r i v a l  t imes a t  a l l  s t a t i o n s  

gave a Pn v e l o c i t y  o f  8.10 2 0 . 0 7  km/sec, with an i n t e r -  

cep t  o f  7 .69 ? 0.04 s e c .  

v e l o c i t y  w a s  obtained us ing  t h e  d i f f e r e n t i a l  t r a v e l  time 

and t h e  d i f f e r e n t i a l  radial  d i s t a n c e  f rom NTS between 

t h e  two  s t a t i o n s .  The r e s u l t i n g  data a r e  shown i n  

Table 4-4. 

F o r  each s t a t i o n  p a i r  a Pn 

Previous s t u d i e s  (Herr in  1972 Thompson and Burke 

1974) suggest  a r e g i o n a l  Pn v e l o c i t y  o f  7.8 km/sec i n  

t h i s  reg ion .  I n  t h i s  s tudy ,  except f o r  one s t a t i o n  

p a i r  ( Z - 3 ) ,  a l l  apparent  Pn v e l o c i t i e s  were h ighe r  than  

7 .8 ,  w i t h  t h e  average being 8 .10 .  Because t h e  l i n e s  w e r e  

no t  reversed  t h e  ambiguity between Pn v e l o c i t y  and d i p  

cannot be r e so lved ,  and a component o f  s o u t h  d i p  is  

p o s s i b l e  wi th  lower v e l o c i t y .  Fu r the r  d i scuss ion  and 

poss ib l e  models w i l l  be given i n  a fo l lowing  s e c t i o n  

on hea t  flow models. 

4 .7  I n t e r p r e t a t i o n  

4 . 7 . 1  Microearthquake Occurrence 

Compared t o  o t h e r  a r e a s  o f  microearthquakes i n  

Nevada, t h e  r a t e  a t  Grass Valley o f  1 - 2  events/day is  

no t  anomalous. Westphal and Lange (1967) and Stauder  

and Ryal l  (1967) r epor t ed  r a t e s  o f  up t o  31 events/day 

i n  t h e  Fairview Peak a r e a  o f  wes t - cen t r a l  Nevada. Ol iver  

e t  - -  a l .  (1966) observed up t o  208 events/day w i t h  S-P 

c 
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Table  4-4 

\Reduced Values  o f  Pn V e l o c i t y  f o r  S t a t i o n  

P a i r s  in Regional  R e f r a c t i o n  Study 

STA P a i r  

I R O - V E R  

PAS-UNI 

BMN -GET 

BEO-TUS 

LEE-ELK 

SNO-WEL 

1 - 2  

2 - 3  

dT ( s e e )  

8 . 7 4  

5 .74  

9 .49  

9 .59  

4.46 

7 - 0 9  

a .13 
9 .15  

dA(km) 

69.37  

46.72 

78.02 

76.31. 

37.06 

5 8 .  O i l  

66 .95  

69 .06  

Veloc it 
( km/s e c  7 

7.93  

8.14 

8.22  

7 - 9 6  

8 . 3 1  

8 .18  

8 - 2 3  

7 . 5 5  

V 
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t imes l e s s  than  5 seconds i n  t h e  same a r e a .  I n  a micro- 

earthquake s tudy  i n  t h e  Black Rock Desert  o f  northwestern 

Nevada ( B u t l e r ,  1974) over 400 events  were recorded i n  

30 days,  with 300 o f  t h e s e  events  occur r ing  i n  one s w a r m .  

These s t u d i e s  i n d i c a t e  s e i s m i c i t y  equal  o r  g r e a t e r  than  

t h a t  o f  Grass Val ley .  

I n  June,  1965 Ol iver  et g .  (1966) occupied a s i t e  

w i th in  a few k i lometers  of t h e  southernmost s t a t i o n  o f  

t h e  North P leasant  Val ley a r r a y  (Figure 4 -1 ) .  Although 

t h e  s i t e  w a s  occupied f o r  only 1 0  hours ,  a r a t e  o f  14  

events/day w a s  observed. (Ol iver  ,et a l .  (1966) concluded 

f r o m  t h e i r  s tudy  of  microearthquakes i n  Nevada t h a t  

high-gain shor t - te rm reco rd ing  can provide r e p r e s e n t a t i v e  

e s t ima tes  o f  s e i s m i c i t y  i n  a r e g i o n . )  Because t h e  s tudy 

used only one s t a t i o n  and included events  with S-P t imes 

o f  up t o  f i v e  seconds,  t h e  microearthquakes recorded 

could have been i n  t h e  southern  p a r t  o f  Grass Val ley .  

Due t o  t h e  s h o r t  r eco rd ing  t ime and u n c e r t a i n t y  i n  

microearthquake l o c a t i o n s ,  it i s  impossible t o  conclude 

t h a t  t h e  s e i s m i c i t y  i n  Grass Valley has  changed f r o m  1965 

t o  t h e  1976 l e v e l .  If t h e  s e i s m i c i t y  i n  Grass Val ley 

r e p r e s e n t s  a f t e r shocks  o f  t h e  1915 Pleasant  Val ley event 

(magnitude 7 .5 ) ,  one would expect  only a 5/6 r educ t ion  

i n  t h e  1965 r a t e  by 1976,  wi th  t y p i c a l  decay l a w s  (Utsu 

1969) .  The r educ t ion  f r o m  t h e  u n c e r t a i n  e s t ima te  o f  14  

events  per  day may w e l l  imply a f t e r shock  a c t i v i t y ,  

c 



. 

b 

though r e s o l u t i o n  o f  t h i s  ques t ion  would r e q u i r e  a 

5-10 year  sample. Ryal l  (1977)  concluded t h a t  a f t e r -  

shock a c t i v i t y  i n  t h e  rup tu re  zone o f  M 3 7  event  i n  

Nevada occurs f o r  about a century .  I n  a d d i t i o n ,  he a l s o  

concluded t h a t  for t h i s  r eg ion  t h e  recur rence  r a t e  o f  

M Z 7  events  is on t h e  order  o f  a t,housand y e a r s ,  implying 

t h a t  if t h e  a c t i v i t y  i n  Grass Val ley is r e l a t e d  t o  a 

major event it is  af te rshock  a c t i v i t y  f r o m  1915 r a t h e r  

t h a n  foreshock a c t i v i t y  t o  another  l a r g e  event .  

The Grass Valley events  are off t h e  no r the rn  end 

of  t h e  1915 event f a u l t  t r a c e .  I t  has long  been hypo- 

t h e s i z e d  t h a t  a f t e r shocks  a r e  no t  always a s s o c i a t e d  with 

t h e  focus  of t h e  main shock, (Utsu, 1 9 6 9 ) .  Stauder  and 

Ryal l  (1967)  observed t h a t  s e i s m i c i t y  i n  t h e  Fairview 

Peak a r e a ,  which they  a s s o c i a t e d  wi th  t h e  1954 magnitude 

7.1 even t ,  w a s  concent ra ted  towards t h e  ends of  t h e  

s u r f a c e  breakage. I n  a d e s c r i p t i o n  of t h e  1915 event 

and i t s  c h a r a c t e r i s t i c s ,  Jones ( 1 9 1 5 )  hypothesizes  that 

t h e  P leasant  Valley f a u l t  may extend f u r t h e r  n o r t h  o f  

t h e  observed su r face  breakage, up Panther  Canyon separ-  

a t i n g  t h e  Sonoma and Tobin Ranges (Dashed Line ,  Figure 

4-3), where much o f  t h e  microearthquake a c t i v i t y  is  l o -  

ca t ed .  

A r e l a t i o n  o f  t h e  observed microearthquake a c t i v i t y  

t o  t h e  ho t  sp r ings  is  ques t ionable .  Although Russe l l  

(1896) descr ibed t h e  f a u l t  a s s o c i a t e d  wi th  Leach H o t  



c Springs as post Quaternary, Jones (1915) found no evidence 

of movement during the 1915 event. 

The northeast-southwest trend in the microearth- 

quakes may be another indication that the activity is 

related to regional tectonic stresses rather than geo- 

thermal activity. Goldstein and Paulsson (1977), from a 

detailed interpretation of the gravity data in this area, 

hypothesized the existence of northeast-southwest trending 

normal faults extending between Panther Canyon and the 

Goldbanks Hills. Although it is not apparent in the 

topography, two northeast-southwest trending swells 

s e p a r a t e  t h e  -190 m i l l i g a l  contour ,  F igure  4-13, south  

o f  Leach Hot Springs and northeast of the Goldbanks H i l l s ,  

indicating basement highs beneath the valley sediments 

trending southwest-northeast. These basement structures 

may reflect a physical barrier between the locale of 

microearthquake activity and the heat source responsible 

for the hot springs activity. 

Figures 4-27 and 4-28 illustrate the seismicity 

of Nevada and recent fault breakage, respectively, from 

large events. It is apparent that Grass Valley is on 

the northern end of a seismically active zone. Suppe 

-- et al. (1975) hypothesized a rigid plate approximation 
to present day tectonics of the Western United States. 

In this model, Grass Valley lies in a zone of northwest- 

southeast extension (Figure 4-28b), consistent with the 
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Figure k.-28 c 

(a )  Recent f a u l t  breakage i n  Nevada- 
C a l i f o r n i a  r eg ions .  
1966) 1915 marks t h e  southern end 
o f  Grass Val ley.  

(Ryal l  et &. # 

( b )  Tectonic  model o f  Western U.S. 
(Suppe e t  a l e ,  1 9 7 5 )  
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.. 

f a u l t  plane s o l u t i o n s  observed and t h e  f a u l t i n g  mechanisms 

implied by t h e  g r a v i t y  i n t e r p r e t a t i o n  o f  Goldstein and 

Paulsson ( 1 9 7 7 ) .  

Considering r eg iona l  t e c t o n i c s  and s e i s m i c i t y  o f  

Nevada, t h e  observed microearthquakes thus  a r e  no t  

unusual .  The northeast-southwest  t r e n d  of  microear th-  

quakes i n  Grass Valley can be explained as a te rmina t ion  

f a u l t  t o  t h e  1915 Pleasant  Valley f a u l t .  Stauder  and 

Ryal l  (1967) suggest  t h a t  microearthquakes a t  t h e  southern  

end o f  t h e  1954 Fairview Peak f a u l t  breakage i n d i c a t e  

a te rmina t ion  f a u l t  c r o s s  c u t t i n g  t h e  main f a u l t .  The 

presence o f  t h e  microearthquakes a t  end o f  a major f a u l t  

zone is f u r t h e r  evidence t h a t  t h e i r  o r i g i n  is t e c t o n i c  

r a t h e r  t h a n  geothermal.  There i s  some evidence,  however, 

t h a t  t h e  microearthquakes may be an  i n d i c a t i o n  o f  h igher  

t han  normal temperature g r a d i e n t s ,  A l l  events  l o c a t e d  

were a t  depths  l e s s  t han  8 k i lome te r s .  Although t h e r e  

a r e  few o t h e r  s t u d i e s  o f  microearthquakes i n  Nevada, 

m o s t  events  are l o c a t e d  a t  depths  o f  1 0  t o  15 ki lometers  

wi th  very  few events  above 5 k i lometers  (Stauder  and 

Ryal l  1967,  Westphal and Lange 1967, and Ryal l  and 

P r i e s t l y  1975) .  The shal low events  i n  Grass Valley may 

i n d i c a t e  h igher  temperatures  i n  t h i s  p a r t  o f  Nevada 

compared t o  a r e a s  where microearthquakes a r e  occurr ing  

deeper.  Although t h e  d a t a  a r e  not  a v a i l a b l e  a t  t h e  

present  t ime,  it would be i n t e r e s t i n g  t o  compare t h e  

depth o f  microearthquakes ac ross  t h e  B a t t l e  Mountain 
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hea t  f l o w  high.  D ie t r i ck  (1974) concluded t h a t  t h e  

process  of s t i c k - s l i p  is  an important mechanism for 

earthquakes on s h a l l o w  f a u l t s .  Because inc reas ing  

temperatures i n h i b i t  s t i c k - s l i p  and promote s t a b l e  

g l i d i n g ,  t h e  maximum depth o f  microearthquakes i n  a reg ion  

may def ine  a th re sho ld  temperature .  

o the r  mechanisms which in f luence  s t i c k - s l i p  ( s t r e s s ,  

embrit t lement o f  m a t e r i a l  and s l i p  s u r f a c e  roughness 

(Stesky,  1977)) a r e  cons t an t  f r o m  one reg ion  t o  another ,  

which may not  be t h e  case .  

T h i s  assumes t h a t  

I n  gene ra l ,  h igh b-values have been a s s o c i a t e d  w i t h  

a f t e r s h o c k  sequences (Mogi, 1966), low stress (Scholz, 

1968) and s h a l l o w  earthquakes (Wyss, 1973). The b-values 

obtained us ing  t h e  t w o  d i f f e r e n t  coda formulae a r e  0.57 

and 1.90. The b-value obtained us ing  maximum amplitudes 

i s  1.1. The c o r r e c t  va lue  f o r  comparative a n a l y s i s  is 

n o t  known. The va lue  of  1.1 is c o n s i s t e n t  w i t h  o t h e r  

Nevada s t u d i e s .  Given t h e  d i f f i c u l t y  i n  e s t i m a t i n g  t h e  

b-value it is impossible t o  make a d e f i n i t i v e  s ta tement  

on i ts  normalcy. A more q u a n t i t a t i v e  measure o f  ea r th -  

quake occurrence i s  r equ i r ed  before  any such eva lua t ion  

can be made. The same problems w i t h  coda l e n g t h  

magnitudes encountered a t  The Geysers occur i n  t h i s  

s tudy ,  Because o f  p o t e n t i a l  a t t e n u a t i o n  e f f e c t s  and 

var ia t ions o f  s i t e  geology, none o f  t h e  b-values 

determined a r e  r e l i a b l e  enough t o  support  t h e  conclusion 

t h a t  t h e  Grass Val ley  microearthquakes i n d i c a t e  an 
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anomalous s i t u a t i o n  with r e s p e c t  t o  o t h e r  Nevada micro- 

ear thquakes.  This  s i t u a t i o n  may we l l  p e r t a i n  t o  a l l  

such a t tempts  documented i n  t h e  l i t e r a t u r e .  

4.7.2 Microearthquake Source Parameters 

The d i f f i c u l t y  i n  ob ta in ing  magnitudes of  t h e  Grass 

Valley events  a l s o  renders  t h e  moment versus  magnitude 

r e l a t i o n s  a poor data s e t  on which t o  base conclusions.  

A s  observed i n  The Geysers s tudy ,  propagation pa th  e f f e c t s  

could no t  be sepa ra t ed  f r o m  source e f f e c t s ,  even a t  

d i s t a n c e s  o f  5 km o r  l e s s .  O f  t h e  source parameters 

determined, none showed a sys temat ic  v a r i a t i o n  with 

azimuth o r  depth except f o r  corner  frequency, which may 

be due t o  a combination o f  r a d i a t i o n  p a t t e r n  and Q e f f e c t s .  

Add i t iona l ly ,  i n  l o c a t i n g  t h e  events ,  t h e  depths  o f  m o s t  

events  were cons t ra ined  a t  2 ,  4, 6 ,  8 or 1 0  km. Con- 

- 

c lus ions  about t h e  v a r i a t i o n  o f  source parameters wi th  

depth o r  azimuth a r e  thus  tenuous a t  b e s t .  

The Q's necessary t o  r a i s e  t h e  lower corner  f r e -  

quencies observed,when a s i n g l e  event w a s  observed a t  

d i f f e r e n t  s t a t ions ,  t o  t h e  h ighes t  observed value,were 

c o n s i s t e n t l y  c l o s e  t o  100. Previous microearthquake 

s t u d i e s  i n  Nevada used va lues  between 250 and 400 t o  

c o r r e c t  f o r  Q .  If t h e  va lue  o f  100 had been used i n  

t h e  o t h e r  s t u d i e s ,  corner  f r equenc ie s  f o r  t h e  c o r r e c t e d  

s p e c t r a  would be h ighe r ,  poss ib ly  as high as t h e  20-40 Hz 
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range observed f o r  mos t  events  i n  t h i s  s tudy .  

Whether any o f  t h e  source c h a r a c t e r i s t i c s  a r e  due 

t o  an anomalous s i t u a t i o n  r e l a t e d  t o  geothermal a c t i v i t y  

cannot be determined f r o m  data. These events  d o  no t  

e x h i b i t  any s i g n i f i c a n t  p r o p e r t i e s  t h a t  would suggest  

such a r e l a t i o n .  Only when t h i s  a r e a ,  o r  another  a r e a  

i n  Nevada, is  shown t o  be a reg ion  o f  geothermal a c t i v i t y  

co inc id ing  w i t h  microearthquake a c t i v i t y  o f  obvious 

d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s ,  w i l l  s t u d i e s  o f  micro- 

earthquakes be s i g n i f i c a n t  i n  explor ing  for geothermal 

a c t i v i t y  i n  Basin and Range environments. 

4 . 7 . 3  Veloc i ty  and At tenuat ion  

It is  impossible  t o  conclude f r o m  t h e  v e l o c i t y  data 

a lone  t h a t  steam is  p resen t  a t  depth beneath t h e  h o t  

s p r i n g s  a r e a ,  The P-wave advance sugges ts  t h a t  no steam 

i s  p r e s e n t ,  I n  a steam dominated environment, t h e  l a c k  

o f  pore f l u i d s  a lone  would produce reduced P-wave 

v e l o c i t i e s .  That  t h i s  e f f e c t  may no t  dominate is  ev ident  

i n  The Geysers data.  The p o s s i b i l i t y  cannot be r u l e d  

out t h a t  t h e  s t r u c t u r e  o r  d e n s i f i c a t i o n  o f  m a t e r i a l  i n  

t h e  hot  s p r i n g s  a r e a ,  compensates f o r  a v e l o c i t y  decrease 

f r o m  t h e  presence o f  any steam. The nea r  s u r f a c e  r e f r a c -  

t i o n  s t u d i e s  i n d i c a t e  a maximum v e l o c i t y  between 5 . 0 - 5 . 5  

km/sec. The magnitude o f  t h e  P-wave advance i n d i c a t e s  

t h a t  a nea r - su r face  v e l o c i t y  inc rease  a lone  cannot be 

r e spons ib l e .  The r e l a t i v e l y  broad g r a v i t y  high suppor ts  
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t h e  no t ion  o f  d e n s i f i c a t i o n  and a s soc ia t ed  high v e l o c i t y  

d i s t r i b u t e d  over a s i g n i f i c a n t  depth.  

P-wave v e l o c i t y  d a t a  may be use fu l  i n  determining 

broad s t r u c t u r a l  c o n t r a s t s .  Assuming an average v e l o c i t y  

o f  3 .0  km/sec f o r  t h e  sediments and  4.5 km/sec f o r  bedrock, 

t h e  maximum delay  o f  0 . 3  seconds would p r e d i c t  an  a l l u -  

v i a l  t h i ckness  o f  0 . 9  km a t  mid-valley.  Thompson (1959) 

c a l c u l a t e d  t h a t  t h e  v a l l e y  f i l l  i n  a Basin and Range 

v a l l e y  (nea r  Aust in ,  Nevada) t o  be 1 .65  km t h i c k .  He 

assumed a d e n s i t y  c o n t r a s t  o f  0 .5  g/cc wi th  a g r a v i t y  

anomaly o f  about 28 mi l l i ga l s .  Assuming t h e  same d e n s i t y  

c o n t r a s t ,  t h e  g r a v i t y  anomaly o f  :15 milligals f o r  Grass 

Valley y i e l d s  a depth t o  basement o f  0.88 km, which 

agrees  we l l  w i th  t h e  P-wave r e s u l t .  

P-wave de lay  s t u d i e s  can thus  be u s e f u l  i n  d e t e r -  

mining genera l  s t r u c t u r e  o f  an  a r e a ,  e s p e c i a l l y  i f  

a d d i t i o n a l  v e l o c i t y  d a t a  a r e  a v a i l a b l e  f r o m  r e f r a c t i o n  

s t u d i e s .  The method is  r e l a t i v e l y  e f f i c i e n t .  I n  t h i s  

s tudy  wi th  t w o  people ,  one source pe r  day f r o m  t h e  

nearby mine, 6 mobile s t a t i o n s ,  and t w o  r e fe rence  sta- 

t i o n s ,  approximately 2 weeks were r equ i r ed  t o  ga the r  

t h e  d a t a .  Compared t o  o t h e r  s t u d i e s  such as g r a v i t y  

o r  e l e c t r i c a l  methods t h i s  is q u i t e  f a s t .  A l s o ,  t h e  

data reduct ion  is not  as involved compared t o  o t h e r  

methods. Depending upon background no i se  and s i z e  o f  

source ,  t h e  maximum d i s t ance  f r o m  source t o  r e c e i v e r  



could be 100 km. If announced nuc lea r  explosions were 

a v a i l a b l e  as i n  t h i s  s tudy ,  t h e  major prospects  i n  t h e  

Western United S t a t e s  could be covered. Because 4 .5  Hz 

geophones were used,  t e l e s e i s m i c  data were not  a v a i l -  

a b l e .  If longe r  per iod  geophones had been used,  t h e  

source o f  t h e  P-wave would no t  be t h e  l i m i t i n g  f a c t o r ,  

but  r a t h e r  t h e  s i z e  o f  t h e  t a r g e t  s t r u c t u r e .  That i s ,  

a t  longer  wavelengths it is  d i f f i c u l t  t o  d e l i n e a t e  f i n e  

s t r u c t u r e .  

A s  s t a t e d  previous ly ,  t h e  d e t a i l  i n  t h e  a t t e n u a t i o n  

measurements d i d  not  approach t h a t  o f  t h e  P-wave de lay  

s t u d i e s .  However, t h e  e f f e c t s  s e e n  i n  t h e  vicinity of  

t h e  h o t  s p r i n g s ,  appear s o  anomalous t h a t  few i f  any 

o t h e r  a r e a s  i n  Grass Val ley a r e  l i k e l y  t o  e x h i b i t  such 

behavior.  The a t t e n u a t i o n  a n a l y s i s  w a s  prompted by t h e  

p e c u l i a r  v i s u a l  records  a t  s t a t i o n s  very n e a r  t o  t h e  h o t  

s p r i n g s .  A s  seen  i n  F igure  4-12, t h e  e f f e c t  is  l i m i t e d  

t o  a very  small r eg ion  around t h e  h o t  s p r i n g s  ( b l k m )  . 
On t h e  o t h e r  hand, i n  The Geysers reg ion  t h e  p re se r -  

v a t i o n  o f  high frequency waves w a s  demonstrated over a 

reg ion  s e v e r a l  k i lome te r s  wide. It  is no t  known i f  high 

Q is a s s o c i a t e d  g e n e r a l l y  w i t h  geothermal a c t i v i t y .  

The anomalous s t r u c t u r e  i n  Grass Val ley is  o f  l i m i t e d  

s i z e .  A t  o t h e r  measurement s i t e s  i n  Grass Val ley no 

unusual a t t e n u a t i o n  e f f e c t s  were noted .  We conclude 

t h e r e f o r e ,  t h a t  P-wave v e l o c i t y  and a t t e n u a t i o n  ana lyses  

if  u s e f u l  i n  d e l i n e a t i n g  t h e  geothermal r e s e r v o i r  i n  
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Basin and Range s t r u c t u r e s ,  i n d i c a t e  an anomalous zone i n  

Grass Val ley o f  very small s i z e  f o r  commercial p rospec t s .  

Rather ,  it may be t h a t  such e f f e c t s  i n d i c a t e  only shallow 

condui t s  i n  t h e  hydrothermal system, 

4 .7 .4  R e f l e c t i o n  P r o f i l e s  

Figure 4-29 p r e s e n t s  an i n t e r p r e t a t i o n  o f  v a l l e y  

s t r u c t u r e  f rom t h e  r e f l e c t i o n  da ta  a long  l i n e  E .  As 

expected, a s e r i e s  o f  normal f a u l t s  i s  i n d i c a t e d ,  down- 

thrown toward t h e  v a l l e y ,  The genera l  s t r u c t u r e  ag rees  

very  we l l  w i t h  t h e  s t r u c t u r e  implied by t h e  P-wave delay 

and g r a v i t y  data. 

s t r u c t u r e  t h a t  is averaged out i n  t h e  g r a v i t y  and P-wave 

d a t a .  The a r e a s  o f  i n t e r e s t  i n  r e l a t i o n  t o  geothermal 

a c t i v i t y  a r e  probably t h e  major f a u l t s  which may extend 

s u f f i c i e n t l y  deep t o  permit c i r c u l a t i n g  water  t o  reach  

t h e  h e a t  source .  From t h e s e  d a t a  it seems t h e  m o s t  

l i k e l y  l o c a t i o n  f o r  a geothermal r e s e r v o i r  would be nea r  

t h e  edges o f  a v a l l e y ,  In t h i s  c a s e ,  it would be nea r  

0 . 0  on l i n e  E i n  Figure 4-29, where t h e  major boundary 

f a u l t  could be i n t e r s e c t e d  a t  5000 t o  7000 f o o t  depth.  

There is  an i n t e r e s t i n g  zone o f  r e f l e c t i v i t y  a t  1 . 7 - 2 . 0  

sec  i n  t h e  0 .0 -1 .0  E r eg ion ,  poss ib ly  mul t ip l e  energy, 

b u t  an a t t r a c t i v e  a l t e r n a t i v e  is deep s t r u c t u r e  a s s o c i -  

The r e f l e c t i o n  d a t a  d e l i n e a t e  f i n e  

a t e d  wi th  a p o s s i b l e  r e s e r v o i r .  

A l s o  ev ident  i n  Figure 4-29 a r e  t h e  d i f f e r e n t  l a y e r s  

i n  t h e  v a l l e y  sediments ,  T o  determine th i ckness  and 
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v e l o c i t y  f o r  t h e s e  beds, d a t a  f r o m  t h e  r e f r a c t i o n  l i n e  

w a s  complemented by v e l o c i t y  ana lyses  f r o m  t h e  r e f l e c t i o n  

data ( t h e  p o i n t s  o f  v e l o c i t y  a n a l y s i s  a r e  marked by 

a t  t h e  t o p  o f  t h e  r e f l e c t i o n  p r o f i l e ) .  Several  examples 

o f  t he  r e f l e c t i o n  v e l o c i t y  ana lyses  a long l i n e  E a r e  

shown i n  F igures  4-30, 4-31 and 4-32. The r i g h t  h a l f  

o f  Figure 4-31 i s  an example o f  a v e l o c i t y  a n a l y s i s  i n  

an  a r e a  o f  complex s t r u c t u r e  such as poin t  157 on l i n e  

E (Figure 4-29) ,  where l a c k  of coherent r e f l e c t e d  energy 

precludes d e f i n i t i o n  o f  c l e a r  rms v e l o c i t y  peaks (b lack  

d o t s  on p l o t s ) .  This  i s  p a r t i c u l a r l y  t r u e  i n  t h e  ho t  

s p r i n g s  a r e a  (Figure 4-33). 

From t h e  r e f r a c t i o n  data and v e l o c i t y  a n a l y s i s  o f  

r e f l e c t i o n  d a t a  and v e l o c i t y  a n a l y s i s  of  r e f l e c t i o n  d a t a ,  

a f i n i t e  element model o f  l i n e  E w a s  cons t ruc ted  (Figure 

4-34,). The computer program used f o r  c a l c u l a t i n g  

s y n t h e t i c  seismograms was developed by Smith (1975). 

The r e s u l t i n g  s y n t h e t i c  seismograin s e c t i o n  (Figure 4-35] 

should be compared t o  F igure  4-21. The s i g n i f i c a n t  

f e a t u r e s  of F igure  4-21 a r e  t h e  nega t ive  apparent  v e l -  

o c i t y  between 5 . 0 -  6 . 0  km and t h e  l a r g e  amplitude inc rease  

around 4.5 km. These f e a t u r e s  a r e  apparent ly  due t o  t he  

h igh-ve loc i ty  pa th  up t h e  f a u l t  zone providing f irst  

a r r i v a l s  propagat ing i n  t h e  r eve r se  d i r e c t i o n  f o r  about 

1 kilometer  back f r o m  t h e  f a u l t  t r a c e .  Amplif icat ion 

r e s u l t s  from t h e  c o n s t r u c t i v e  i n t e r f e r e n c e  o f  t h i s  
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Figure  4-30 

Veloc i ty  a n a l y s i s  a t  4.25 west and 3.75 west 
l i n e  E. Black d o t s  a r e  p o i n t s  o f  maximum 
r e f l e c t  i on ,  i n d i c a t i n g  v e l o c i t y  t r a n s i s t  i ons  
o r  l a y e r i n g  w i t h i n  t h e  s e c t i o n .  
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Figure 4-31 

Veloc i ty  a n a l y s i s  a t  O,75 west and 0 . 2 5  west 
l i n e  E .  Note t h e  lack o f  r e f l e c t i o n s  over t h e  
f a u l t  zone a t  0 . 2 5  west .  



Figure 4-32 

Veloc i ty  a n a l y s i s  a t  1.75 e a s t  and 2,25 e a s t ,  l i n e  
E ,  Note t h a t  t h e  r e f l e c t i o n s  a r e  c l o s e r  t o  t h e  
s u r f a c e ,  i n d i c a t i n g  t h i n n i n g  sediments.  

172 a 
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Figure 4-33 

Veloc i ty  a n a l y s i s  a t  p o i n t s  over t h e  hot  s p r i n g s .  
Note t h e  l a c k  of  good r e f l e c t i o n s .  
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F i g u r e  4-35 

1 

S y n t h e t i c  seismograms from f i n i t e  element 
model. Compare t h i s  f i gu re  t o  F i g u r e  4-21. 

t 

3 
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a r r i v a l  with t h e  "normal" f irst  a r r i v a l s .  A s  can be 

seen i n  Figure 4-35, t h e  c a l c u l a t e d  r e s u l t  is  i n  f a i r  

agreement wi th  t h e  observed, i l l u s t r a t i n g  t h e  v a l i d i t y  

of t h e  model i n  exp la in ing  t h e  observa t ion .  The negat ive  

apparent  v e l o c i t y  is n o t  as pronounced as t h e  observed. 

The a m p l i f i c a t i o n  e f f e c t  is i l l u s t r a t e d  although it is  

a t  5 . 0  km r a t h e r  t han  4 .5 ,  The discrepancy between 

t h e  c a l c u l a t e d  and t h e  observed could be reduced by 

refinement o f  t h e  model. The i n d i c a t e d  adjustment would 

be a combination o f  h ighe r  v e l o c i t y  on t h e  upthrown 

f a u l t  block and a s h i f t  of  t h e  high v e l o c i t y  t o  t h e  

w e s t ,  perhaps r e p r e s e n t i n g  s i l i c i f i c a t i o n  i n  t h e  down- 

thrown block.  

Closer  comparison o f  F igures  4-35 and 4-21  show 

t h a t  t h e  observed f r equenc ie s  a r e  much h ighe r  than  t h e  

c a l c u l a t e d .  This  is  due t o  t h e  minimum element s i z e  

allowed i n  modeling t h e  d e s i r e d  r e g i o n ,  The maximum 

al lowable number of  nodes i n  t h e  program w a s  5 0 0 0 .  

The a r e a  2 km by 6.25 km modeled g ives  a minimum element 

s i z e  of  50 meters .  To reduce r i n g i n g ,  a t t e n u a t i o n  and 

d i s p e r s i o n ,  it is recommended by Smith t h a t  e i g h t  

elements pe r  wavelength be used.  Fewer elements pe r  

wa.velength reduces t h e  ampli tudes.  

apprec iab le  a t t e n u a t i o n  begins a t  1 2  H z ,  From t h e  

observed d a t a  i n  F igure  4-21, t h e  frequency of t h e  waves 

a r e  20-30 H z ,  t h e  source being a Vibrose is  with a 12-60 

Hz sweep. The s imples t  model source is a s t e p  f u n c t i o n  

Even f o r  5.0 km/sec, 
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o r  boxcar of  a r b i t r a r y  l e n g t h .  However, t o  reduce 

r i n g i n g  it is recommended t h a t  a pulse  l e n g t h  o f  3 . 7  

t imes t h e  propagat ion t ime ac ross  one element be used ,  

aga in  l i m i t i n g  t h e  choice o f  parameters .  

because o f  t h e  t ime (computer as w e l l  as human) involved 

i n  f i n e - t u n i n g  t h e  model f u r t h e r  computation is  no t  

warranted a t  t h i s  s t a g e  o f  t h e  exp lo ra t ion .  A s i n g l e  

run t o  ob ta in  t h e  information t o  p l o t  Figure 4-35 c o s t  

$175.00.  

o f  r e f r a c t i o n  data,  i f  computat ional ly  economical, may 

provide c o n s t r a i n t s  on r e s e r v o i r  s t r u c t u r e  i n  a r e a s  o f  

moderately complex geology. 

F i n a l l y ,  

It i s  p o s s i b l e  t h a t  f i n i t e  element modeling 

4.7.5 Regional Re f rac t ion  Study 

A s  noted e a r l i e r ,  t h e  apparent  r e g i o n a l  Pn 

v e l o c i t i e s  f r o m  t h i s  s tudy  a r e  h igher  t han  gene ra l ly  

thought t r u e  f o r  t h e  upper mantle i n  t h i s  r eg ion .  

Because a l l  t h e  data a r e  f r o m  unreversed l i n e s ,  and 

because t h e  i n t e r v a l  over which data were obtained is  

only 135 km, t h e r e  a r e  s e v e r a l  p o s s i b l e  explana t ions  

f o r  t h e  discrepancy.  

The f irst  and m o s t  probable cause would be a s l o p i n g  

crust-mantle  i n t e r f a c e .  If one assumes a t r u e  v e l o c i t y  

f o r  t h e  mantle m a t e r i a l  o f  7.8 km/sec, an average 

c r u s t a l  v e l o c i t y  o f  6 .25  km/sec, and an apparent  

v e l o c i t y  o f  8 . 1  km/sec, t h e  r e s u l t i n g  d i p  would be 2.75'. 
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A va lue  of 2.75' is n o t  unreasonable .  This would imply 

a c r u s t a l  t h i n n i n g  t o  t h e  n o r t h  o f  approximately 6 .5  km 

over 135 k i lome te r s .  

an argument a g a i n s t  such an explana t ion  is  t h a t  t h e  high 

apparent  Pn v e l o c i t i e s  a r e  observed over a very wide 

r eg ion ,  much wider t han  t h e  high h e a t  f l o w  reg ion  which a l s o  

may be due t o .  c r u s t a l  t h i n n i n g ,  

has  occurred long  enough ago t o  a l l o w  h e a t  t r a n s f e r  

through some 3 0  km of  c r u s t ,  i . e . ,  t b L 2 / h  where t = t ime,  

L = l i n e a r  dimension, h = d i f f u s i v i t y ,  and w i t h  L = 

30 x 10 

or 28 million years. T h i s  a l s o  assumes that the additional 

h e a t  f l o w  is due t o  an increased  g rad ien t  below t h e  

c r u s t ,  r a t h e r  f rom sources  w i t h i n  t h e  c r u s t .  If t h e  

t h i n n i n g  is  a r e l a t i v e l y  r e c e n t  phenomenon (10-15 m i l l i o n  

y e a r s )  then  only t h e  se i smic  man i fe s t a t ion  would e x i s t ,  

w i t h  t h e  e l eva ted  h e a t  f l o w  occur r ing  l a t e r .  

Although t h e s e  va lues  a r e  p l a u s i b l e ,  

Assuming t h e  t h i n n i n g  

5 2 cm, h = 0 . 0 1  cm /sec ,  t hen  t = 9 x lo1' sec  

A second explana t ion  f o r  t h e  high Pn v e l o c i t y  would 

be a sys temat ic  v e l o c i t y  inc rease  i n  t h e  c r u s t  as one 

proceeds northward. 

which t h e  change would have t o  occur ,  a 30 km c r u s t ,  and 

an average v e l o c i t y  a t  t h e  southern  s t a t i o n  o f  6 .25 

km/sec, t h e  average c r u s t a l  v e l o c i t y  inc rease  necessary  

t o  account f o r  an apparent  v e l o c i t y  inc rease  t o  8.10 

km/sec ( f r o m  t h e  t r u e  va lue  o f  7 .8)  would be t o  6 .5  

km/sec over t h e  60 km d i s t a n c e .  

Assuming a 60 k m  d i s t a n c e  over 

Although t h i s  4% 
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c r u s t a l  v e l o c i t y  inc rease  is n o t  d r a s t i c ,  a sys temat ic  

v e l o c i t y  inc rease  over t h e  e n t i r e  sampled a r e a  does seem 

u n l i k e l y .  It should be noted t h a t  H i l l  and Pak i se r  

(1966) observed a n o r t h e r l y  inc rease  i n  c r u s t a l  v e l o c i t y  

a long  a l i n e  f r o m  Eureka, Nevada t o  Boise,  Idaho, although 

t h e  inc rease  d i d  n o t - o c c u r  u n t i l  a reg ion  50 km n o r t h  o f  

t h e  a r e a  s t u d i e d  i n  t h i s  experiment. On t h e  o t h e r  hand, 

H i l l  and Pakiser  d i d  n o t e  a near -sur face ,  n o r t h e r l y  

v e l o c i t y  inc rease  ( 2 . 0  km/sec t o  4 .5  km/sec) i n  an a r e a  

common t o  t h i s  s tudy .  

by t h e  H i l l  and Pak i se r  model could account q u i t e  e a s i l y  

f o r  t h e  apparent  v e l o c i t y  inc rease .  

A t h i n  4-5 km t h i c k  l a y e r  suggested 

A f i na l  explana t ion  for t h e  high Pn v e l o c i t y  i s  t h a t  

it is  r e a l .  Because t h e  l i n e s  were n o t  reversed  t h i s  

p o s s i b i l i t y  cannot be t o t a l l y  discounted.  However, 

g r a v i t y  data (Woollard and J o e s t i n g  1964) i n d i c a t e  

c r u s t a l  t h i n n i n g  may be occurr ing  over p a r t  o f  t h e  reg ion .  

Again, though, t h e  Bouguer gravity high observed (approx- 

imately 20-30 m/gal) does n o t  correspond t o  t h e  t o t a l  

a r e a  over which t h e  high Pn v e l o c i t y  is  observed. 

c r u s t a l  v e l o c i t y  inc rease  would probably imply an 

a s soc ia t ed  d e n s i t y  inc rease .  

A l s o ,  

It seems, t h e r e f o r e ,  as i f  a combination o f  f a c t o r s  

may be involved i n  an explana t ion  o f  t h e  observed Pn 

v e l o c i t y  o f  8 . 1  km/sec. Addit ional  r e f r a c t i o n  work 

wi th  reversed  l i n e s ,  and poss ib ly  deep r e f l e c t i o n  work 

through t h e  high h e a t  f l o w  a r e a  can provide data 
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necessary t o  r e so lve  t h e  p re sen t  ambigui t ies .  

a d d i t i o n a l  explana t ion  c o n s i s t e n t  with normal Pn 

v e l o c i t i e s  w i l l  be presented  i n  t h e  next  s e c t i o n  on hea t  

f l o w  modeling. 

An 

4 . 7 . 6  Heat F l o w  Modeling 

To ga in  a d d i t i o n a l  i n s i g h t  on t h e  s i g n i f i c a n c e  o f  

se i smologica l  data i n  geothermal resource  exp lo ra t ion ,  

t h e  data were considered combined wi th  r eg iona l  and 

l o c a l  hea t  f l o w  s t u d i e s .  The r e s u l t i n g  a n a l y s i s  is no t  

intended t o  be an exhaust ive o r  comprehensive s tudy  o f  

all probable models f o r  the heat flow anomalies observed 

i n  a Basin and Range environment. Other s t u d i e s ,  such 

as those  of Sorey (1975),  Cath les  (1977) and Lachenbruch 

and Sass (1978) ,  a r e  b e t t e r  d i r e c t e d  toward  such purpose. 

T h i s  s tudy  is  intended t o  explore  t h e  compatabi l i ty  o f  

conclusions f r o m  se ismologica l  and hea t  f l o w  data. 

Figure 4-36 shows t h e  a v a i l a b l e  hea t  f l o w  data i n  

Grass Valley .contoured i n  hea t  f l o w  u n i t s  ( h f u ) ,  
2 cal/cm s e c ,  The data a r e  f r o m  h e a t  f l o w  s t u d i e s  

i n  82 s h a l l o w  t o  in te rmedia te  depth h o l e s ,  (18 t o  400 

meters ,  Sass Lt a., 1 9 7 7 ) .  The depths o f  t h e  ho le s  

were s e l e c t e d  on t h e  b a s i s  o f  a c a r e f u l  s tudy  t o  d e t e r -  

mine a t  which depths  r e l i a b l e  data could be obtained 

i n  Basin and Range v a l l e y s .  A f irst  s e t  o f  deep w e l l s  

(200 meters )  w a s  d r i l l e d  t o  determine a t  which depth 

s u r f a c e  e f f e c t s  and water  f l o w  would no longe r  in f luence  
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t h e  data. On t h e  basis o f  t h e s e  h o l e s ,  in te rmedia te  

depth w e l l s  were d r i l l e d  (50-150 mete r s ) .  Both  t h e  

deep and in te rmedia te  ho le s  were c a r e f u l l y  b a c k f i l l e d  

and sampled every 5 meters f o r  thermal conduct iv i ty .  

Based on t h e s e  ho le s  and t h e  observat ions o f  s h a l l o w  

temperature ve r sus  temperature g r a d i e n t s  and hea t  f l o w  

a t  depth,  a s e r i e s  o f  shallow ho le s  (15-18 meters)  were 

d r i l l e d  t o  ob ta in  d e t a i l  around known anomalies o r  

i s o l a t e d  deeper h o l e s .  A s i n g l e  sample o f  c u t t i n g s  f r o m  

t h e  lowermost 5 meters o f  t h e  shallow ho le s  was r e t a i n e d  

f o r  conduc t iv i ty  measurements. 

Two d i f f e r e n t  methods were used t o  determine thermal  

conduc t iv i ty .  A f t e r  ob ta in ing  co res  (deep and i n t e r -  

mediate ho le s  only)  a needle  probe w a s  used a t  spacings 

between 5 and 15 cent imeters  a long t h e  core .  Sass  e t  a l .  

(1977) s ta te  a r e p r o d u c i b i l i t y  o f  23% f o r  t h e s e  measure- 

ments. When co res  were n o t  a v a i l a b l e ,  t h e  thermal 

conduc t iv i ty  of  t h e  s o l i d  component o f  porous sedimentary 

rock w a s  determined f r o m  measurements on c u t t i n g s .  These 

measurements were made every 5 t o  1 0  meters f o r  a l l  ho le s .  

The r e p r o d u c i b i l i t y  is  es t imated  t o  be 210% f o r  t h i s  

method. 

Temperature logs were run  i n  a l l  ho le s  w i t h i n  a 

few days o f  completion and a t  l e a s t  once a month a f t e r  

completion. It w a s  found t h a t  t h e  temperature g rad ien t s  

i n  t h e  upper 10-20  meters a r e  sys t ema t i ca l ly  h ighe r  than  
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a t  g r e a t e r  depths ,  m o s t  l i k e l y  due t o  t h e  l a c k  o f  water 

above 20 meters ,  caus ing  lower conduc t iv i ty .  

The measured c o n d u c t i v i t i e s  va r i ed  between 2 and 

Because o f  6 x l o m 3  cal/cm sec  deg f o r  t h e  sediments.  

poor s o r t i n g  t h e  c o n d u c t i v i t i e s  va r i ed  f r o m  hole  t o  ho le ,  

bu t  gene ra l ly  increased  with depth.  Although va lues  as 

high as 15 x l o m 3  cal/cm s e c  deg were found f o r  bedrock 

i n  an ad jacen t  v a l l e y ,  1 0  x 

as the  thermal conduc t iv i ty  o f  bedrock f o r  modeling 

purposes.  F o r  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  h e a t  f l o w  

s tudy  i n  Grass Val ley ,  t h e  r eade r  is  r e f e r r e d  t o  Sass 

e t  a l .  (1977). 

cal/cm sec  deg w a s  t aken  

A s  can be seen i n  Figure 4-36, t h e r e  a r e  t h r e e  

anomalies o f  i n t e r e s t .  The f irst  and m o s t  obvious is 

t h e  high h e a t  f l o w  a s s o c i a t e d  wi th  t h e  hot  s p r i n g s  a r e a .  

Two a d d i t i o n a l  anomalies a r e  a l s o  apparent ,  t h e  4 hfu near  

t h e  c e n t e r  o f  t he  v a l l e y  a long  l i n e  D ,  and t h e  6 hfu 

anomaly n e a r  t h e  e a s t  end of  l i n e  H .  It w a s  f o r t u n a t e  

l i n e s  D and H ,  a long which t h e  P-wave and g r a v i t y  d a t a  

were taken ,  t r a v e r s e d  t h e  4 and 6 hfu anomalies, 

r e s p e c t i v e l y .  

The high h e a t  f l o w  a t  t h e  hot  sp r ings  is probably 

due t o  t h e  f lowing water ;  however, t h e  o t h e r  t w o  anomalies 

have no su r face  express ion  o f  water  f l o w ,  such as s i n t e r  

depos i t s  o r  s p r i n g s .  F o r  t h i s  reason ,  pure ly  c onduc t i ve  

models were used t o  model t h e  observed hea t  f l o w  a t  t h e  
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4 and 6 hfu anomalies.  Severa l  conductive models were 

t e s t e d  f o r  f i t  t o  t h e  hot  s p r i n g s  h e a t  f l o w .  A l s o ,  

s e v e r a l  mass f l o w  models were used t o  expla in  t h e  hea t  

f l o w  i n  t h e  v i c i n i t y  o f  t h e  hot  s p r i n g s .  

These t h r e e  a r e a s  were modeled wi th  an i n t e g r a l  

f i n i t e  d i f f e r e n c e  program ( Lippmann e t  al., 1977 ) using 

t h e  seismic and g r a v i t y  data f o r  information on a l l u v i a l  

t h i ckness  over ly ing  bedrock i n  t h e  v a l l e y .  The conduc- 

t i v i t y  used i n  t h e  models a r e  n o t  t h e  exact  va lues  found 

a t  each s i t e ,  but a r e  meant t o  be average va lues  f o r  t h e  

d i f f e r e n t  sediment and bedrock m a t e r i a l s .  Except f o r  

s p e c i a l  c a s e s ,  t h e  c o n d u c t i v i t i e s  were w i t h i n  t h e  l i m i t s  

of measured v a l u e s .  I n  t h e  models r e q u i r i n g  mass f l o w ,  

t h e  d e n s i t y  o f  water  w a s  0 .9  g/cc, having a h e a t  capac i ty  

o f  ,878 cal/deg mole. No p o r o s i t y  o r  permeabi l i ty  is  

r equ i r ed  by t h e  program. 

t h e  mass f l o w  between nodes c o n s t a n t .  The u s e r  is 

requ i r ed  t o  pick t h e  element s i z e  and f l o w  r a t e s  such 

t h a t  t h e  v e l o c i t y  of f l o w  is phys ica l ly  reasonable .  I n  

t h i s  case  t h e  t o t a l  f l o w  was known and t h e  element s i z e  

w a s  a d j u s t e d  t o  g ive  reasonable  v e l o c i t i e s  o f  f l o w .  

The background h e a t  f l o w  f o r  m o s t  conduction models w a s  

3 . 5  hfu .  This  va lue  w a s  chosen because it w a s  t h e  aver-  

age va lue  of  hea t  f l o w  measured between t h e  v a l l e y s  i n  

t h e  mountains, presumably bedrock. Steady s t a t e  con- 

d i t i o n s  were considered t o  be p re sen t  when t h e  maximum 

The f l o w  is handled by keeping 

c 



0 temperature change was l e s s  than  0 . 0 0 5  C f o r  t w o  

success ive  time s t e p s  ( A t =  10 4 t o  1 0  5 y e a r s ) .  

F igure  4-37 compares t h e  P-wave de lay ,  g r a v i t y  and 

hea t  flow d a t a  f o r  l i n e  D.  A s  can be seen ,  t h e r e  a r e  

h ighs  i n  a l l  t h e  d a t a  s e t s  around k i lometer  6 on l i n e  D. 

The P-wave de lay  and g r a v i t y  highs can be explained by 

an upwarp i n  t h e  basement s t r u c t u r e  beneath t h e  s e d i -  

ments. But, could an  upwarp i n  a h ighe r  conduc t iv i ty  

m a t e r i a l  ( i . e . ,  basement) wi th  a cons tan t  hea t  f l o w  f r o m  

beneath,  a l s o  exp la in  t h e  high hea t  f l o w ?  

To answer t h i s  ques t ion ,  5 k i lometers  o f  t h e  western 

end o f  l i n e  D w a s  modeled by s e v e r a l  pure ly  conductive 

models shown i n  Figure 4-38. The th ickness  o f  t h e  

sediments w a s  determined by P-wave and g r a v i t y  d a t a .  

The thermal conduc t iv i ty  o f  t h e  sediments,  K ,  w a s  v a r i e d  

between 2 and 6 x lo-' cal/cm sec  deg. A l s o  shown i n  

Figure 4-38 a r e  t h e  r e s u l t s  o f  t h e  modeling, w i th  t h e  

observed and c a l c u l a t e d  hea t  f l o w s  and isotherms i n  O C .  

Figure 4-38 demonstrates t h a t  it is  q u i t e  easy t o  

account f o r  t h e  observed hea t  f l o w  without  t h e  presence 

o f  any convection e f f e c t s  beneath t h e  s u r f a c e .  The 

observed hea t  f l o w  matches t h e  c a l c u l a t e d  hea t  f l o w  very 

w e l l ,  except where t h e  bedrock (K=10) t h i n s  towards t h e  

v a l l e y  edge. These l o w  observed va lues  may be due t o  

water  descending a long  t h e  f a u l t s  bounding t h e  v a l l e y ,  

t hus  suppress ing  t h e  h e a t  f l o w ,  
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P-wave, g r a v i t y ,  and h e a t  f l o w  data a long  l i n e  r) i n  
Grass Val ley.  
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Subsequent t o  t h i s  modeling, a deeper hole  was 

d r i l l e d  (400 meters )  through t h e  c e n t e r  o f  t h e  4 hfu 

anomaly. Bedrock was encountered a t  350 meters ,  w i t h  

a normal conductive gradient t o  t h i s  p o i n t .  However, 

f u r t h e r  d r i l l i n g  encountered temperatures  no h ighe r  than 

5 6 O C .  Therefore ,  it seems t h a t  water  i s  descending 

a long  f a u l t s  bounding t h e  v a l l e y ,  i s  heated t o  5 6 O C ,  

then  c i r c u l a t e s  a long  basement f a u l t s  t o  t h e  sediment- 

basement i n t e r f a c e .  Small h e a t  f l o w  anomalies of  t h i s  

type  may be due t o  shallow hydrologic  e f f e c t s  coupled 

wi th  anomalous c o n d u c t i v i t i e s  f r o m  bedrock h ighs  no t  

ev ident  in  t h e  s u r f a c e  topography o r  geology. 

F igure  4-39 shows t h e  P-wave de lay ,  g r a v i t y  and 

h e a t  f l o w  d a t a  a long  l i n e  H .  

p o o r  c o r r e l a t i o n  between hea t  f l o w  and basement top-  

ography. A l s o ,  t h e  s i z e  o f  t h e  h e a t  f l o w  anomaly is  

much l a r g e r  than  t h e  anomaly observed on l i n e  D .  

I n  t h i s  ca se  t h e r e  i s  

Figure 4-40 shows s e v e r a l  models used t o  exp la in  

t h e  observed hea t  f l o w  by conduction. Assuming reason- 

a b l e  c o n d u c t i v i t i e s  t h e  c a l c u l a t e d  h e a t  f l o w  could n o t  be 

made t o  equal  t he  observed h e a t  f l o w  a long  line H. 

of no te  a r e  t h e  isotherms i n  t h e  models. If conduction 

is r e spons ib l e  f o r  t h e  hea t  f l o w  anomaly, t h e  temperature 

beneath t h e  l o w  conduc t iv i ty  l a y e r  i n  t h e  c e n t e r  of  t h e  

A l s o  

v a l l e y  a t  1 km depth would be over 100°C, These models 

r e f l e c t  one of t h e  l i m i t a t i o n s  o f  modeling a geo log ica l  
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phenomenon, t h e  s i z e  o f  t h e  model is l i m i t e d  by computer 

requirements .  That i s ,  given a c e r t a i n  f l o w  o f  hea t  

i n t o  t h e  bottom of  a model, s t eady  s t a t e  requirements 

d i c t a t e  t h e  temperature g r a d i e n t ;  i . e . ,  hea t  f l o w ,  

q = -K grad T ,  where K = thermal conduc t iv i ty  and T is  

t h e  temperature .  Therefore ,  t o  balance t h e  h e a t  budget 

f o r  a l i m i t e d  model a r e a  r e q u i r e s  a l a r g e r  temperature 

g rad ien t  where t h e  c o n d u c t i v i t y  is  l o w .  

It seems as i f  conduction alone cannot e a s i l y  account 

f o r  t h e  h e a t  f l o w  a long  l i n e  H .  The hydrologic  e f f e c t  

thought t o  be p a r t i a l l y  r e spons ib l e  f o r  t h e  h e a t  f l o w  

anomaly on l i n e  D may a l s o  be occurr ing  i n  t h i s  r eg ion .  

However, t h e  l o w  hea t  f l o w  which would be expected where 

t h e  water  is  on a downgoing pa th  is n o t  observed on t h e  

edges o f  t h e  v a l l e y  as i n  t h e  previous case  a long  l i n e  D .  

However, t h e  downgoing water  may be i n  a reg ion  t h a t  i s  

g r e a t l y  removed f r o m  t h e  high hea t  f l o w .  

imply t h a t  t h e  water  may be c i r c u l a t i n g  on a p a t h  t h a t  

This would 

is  much deeper than  t h e  r o u t e  appa ren t ly  taken a long  

l i n e  D. 

T o  explore  t h e  h e a t  f l o w  due t o  an in te rmedia te  

depth r e s e r v o i r  which is kept  a t  a cons tan t  temperature 

f r o m  h o t  water  f e d  t o  it by deeply c i r c u l a t i n g  wa te r ,  

t h e  model i n  Figure 4-41 w a s  used. This  model is  meant 

t o  s imula te  a v a l l e y  w i t h  sediments having conduc t iv i ty  

of 4 and 6 x cal/cm sec  deg, unde r l a in  by bedrock 
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Figure  4-41 

T - 1 0 .  C 

HE U.= 2.5 

r e  

25 

XBL 7710- 

KE u. 

,10249 

Model of  a 2 O O 0 C  r e s e r v o i r  a t  t h e  base of  t h e  
sediments for a Basin and Range v a l l e y ,  Heat 
flow is conduct ive.  
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with conduc t iv i ty  approximately twice t h a t  o f  sediments ,  

Again, t h e  only mode o f  hea t  t r a n s f e r  i s  conduction, 

wi th  similar boundary cond i t ions  as previous models. 

dark reg ion  i n  Figure 4-41 i s  he ld  a t  2OO0C ( t o  s imula te  

a cons tan t  temperature r e s e r v o i r )  u n t i l  s t eady  s t a t e  

condi t ions  were reached. 

t h e  hea t  f l o w  observed a t  t h e  su r face  is  no t  much g r e a t e r  

than  t h e  observed hea t  f l o w  va lue  i n  t h e  southern p a r t  

o f  Grass Valley.  Comparing Figures  4-40 and 4-41, it 

The 

A s  can be seen  i n  F igure  4-41 

can be seen t h a t  t h e  shape o f  t h e  anomalies a r e  a l s o  

s imi la r ,  implying similar depths  and temperatures  may 

be r e a l i s t i c .  However, t h e r e  is a d i sappo in t ing  a spec t  

t o  t h i s  explana t ion .  The deep water  f l o w  i s  probably 

c o n t r o l l e d  p r imar i ly  by t h e  f a u l t s ,  Because o f  t h e  t imes 

involved f o r  t h e  hea t  f r o m  a r e s e r v o i r  buried one t o  

t w o  k i lometers  t o  reach t h e  su r face  ('jO0,OOO t o  1 m i l l i o n  

y e a r s ) ,  t h e  condui t s  supplying t h e  r e s e r v o i r  may have 

been c u t  l ong  before  i n  a seismical-ly a c t i v e  r eg ion .  

On t h e  o t h e r  hand, t h e  f a u l t s  s e r v i n g  as condui t s  may 

be o f  such a s c a l e  t h a t  even major earthquakes would no t  

d i s t u r b  t h e  water  f l o w .  Therefore ,  although u n l i k e l y ,  

t h e  southern hea t  f l o w  high may be i n d i c a t i v e  o f  

e l eva ted  temperatures  w i t h i n  a few k i lometers  o f  t h e  

s u r f a c e .  

Turning t o  t h e  h o t  sp r ings  r eg ion ,  it w a s  apparent 

f r o m  t h e  d ischarge  o f  hot water ,  ( 9 S 0 C ) ,  t h e  h e a t  f l o w  

i s  no t  dominated by conduction. However, it is no t  
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known if t h e  shape o f  anomaly could be accounted f o r  

by a t h i n  condui t  o f  f lowing water without  t h e  presence 

of  a deeper r e s e r v o i r .  

Therefore ,  a model w a s  adopted t h a t  assumed e q u i l -  

brium had been reached between a s i l i c a  plug surrounding 

a hot  water  condui t  and i t s  surroundings,  such t h a t  a 

temperature g rad ien t  e x i s t e d  between t h e  bo t tom and t o p  

o f  t h e  condui t -plug system, w i t h  t h e  temperature a t  t h e  

t o p  being t h e  observed 95OC. 

s i l i c a  p lug  were adopted; T = 95' + 11 (Z)OC, and T = 

95' + 30 (Z)OC, where Z is t h e  depth i n  k i lometers .  

The first g r a d i e n t  s i m u l a t e s  water  t h a t  has  p e n e t r a t e d  

t o  a depth o f  some 4 km and t h e r e  heated t o  t h e  temperature  

of  i t s  surroundings.  Then e i t h e r  by a convect ive o r  

a r t e s i a n  process  t h e  water  r ises a long  a condu i t ,  a t  a 

r a t e  such t h a t  it cools  t o  95OC by t h e  time it reaches 

t h e  s u r f a c e .  The second g rad ien t  s imula tes  water  t h a t  

has  pene t ra ted  t o  g r e a t e r  depths  and has been heated t o  

a h ighe r  temperature .  These models assume t h a t  t h e  

coo l ing  experienced by t h e  water  on i t s  upward journey 

i s  done by conduction w i t h  i t s  surroundings.  The 

temperature o f  t h e  condui t -plug w a s  he ld  a t  i t s  o r i g i n a l  

temperature g r a d i e n t .  

coo le r  water  w i l l  be t r e a t e d  l a t e r .  The s i z e  o f  t h e  

plug w a s  determined by P-wave de lay  and g r a v i t y  data.  

Severa l  g rad ien t s  o f  t h e  

Such f a c t o r s  as mixing w i t h  

A s  can be seen  f r o m  Figure 4-42, t h e  d i f f e r e n c e  
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g rad ien t  f o r  t h e  s i l i c a  p lug ,  
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between t h e  t h r e e  models i s  s l i g h t .  However, t h e  model 

assuming t h e  h ighe r  g r a d i e n t  seems t o  g ive  too  high a 

va lue  f o r  t h e  h e a t  f l o w  a t  t h e  s u r f a c e .  These models 

a l s o  demonstrate t h a t  water  heated t o  va lues  no t  g r e a t l y  

exceeding temperatures  p red ic t ed  by n o r m a l  g rad ien t s  is  

s u f f i c i e n t  t o  account f o r  t h e  observed h e a t  f l o w .  

Do t h e  f l o w  r a t e s  which would h e a t  and cool  t h e  

water  t o  t h e  va lues  assumed i n  t h e  previous models 

correspond t o  t h e  observed f l o w  r a t e s ?  The models i n  

F igure  4-43 were designed t o  answer t h i s  ques t ion .  The 

observed flow f r o m  t h e  hot  sp r ings  i s  approximately 

6 g / s e c .  If t h e  condui t  i n  which t h i s  water  f l o w s  

is  500 meters wide and extends t o  a depth o f  1 0  km, 

how hot  would t h e  water  g e t ,  and t o  what temperature  

would it cool  i f  it took t h e  pa th  i n  Figure 4-43? The 

given r a t e  o f  f l o w  and dimensions o f  t h e  elements cor-  

respond t o  a v e l o c i t y  o f  42 cm/year. From Figure 4-43 

it is apparent  t h a t  t h e  water  would h e a t  t o  only a 

temperature of 5 5 O C  and would cool  t o  45' by t h e  time 

it reached t h e  su r face .  If t h e  a r e a  o f  con tac t  w a s  

g r e a t e r ,  such t h a t  t h e  v e l o c i t y  o f  f l o w  w a s  l e s s ,  i . e . ,  

0.42 cm/yr, t h e  water  would hea t  t o  n e a r l y  300°C, but 

because of t h e  s l o w  r a t e  o f  t r a v e l  it would a l s o  cool  

t o  20°C by t h e  t ime it discharged a t  t h e  s u r f a c e .  

Therefore ,  e i t h e r  t h e  s u r f a c e  water  observed a t  

9 5 O C  is coming i n  c o n t a c t  w i th  much h ighe r  temperatures  

t h a n  a n t i c i p a t e d ,  or t h e  water  spends more t ime a t  depth.  
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To model t he  h e a t  f l o w  f r o m  t h e  h o t  sp r ings  and the  

immediate v i c i n i t y ,  wi th  t h e  a d d i t i o n a l  c o n s t r a i n t s  o f  

t h e  observed temperature ,  f l o w  and poss ib l e  mixing, t he  

model i n  Figure 4-44 w a s  adopted. This model assumes 

t h a t  t h e  water  e x i s t s  l o n g  enough a t  depth o r  i n  c o n t a c t  

wi th  a h o t  p lu ton  t o  be hea ted .  Then by e i t h e r  con- 

vec t ion  o r  an a r t e s i a n  process  t h e  water  r i s e s  a long a 

condui t ,  such as a f a u l t  bounding t h e  v a l l e y .  However, 

before  t h e  water  reaches t h e  s u r f a c e  it is mixed wi th  

coo le r  water  f r o m  the  n e a r  s u r f a c e ,  10°C i n  t h i s  case .  

The magnitude and shape o f  t h e  c a l c u l a t e d  va lues  

are i n  good agreement with t h e  observed. Therefore, this 

may be a p l a u s i b l e  model f o r  Basin and Range h o t  s p r i n g  

a c t i v i t y .  This a l s o  impl ies  t h a t  a r e s e r v o i r  need n o t  

e x i s t  t o  exp la in  t h e  observed h e a t  f l o w .  I t  should also 

be noted t h a t  t h e  l o c a t i o n  o f  t h e  mixing p o i n t  could 

in f luence  t h e  shape o f  t h e  h e a t  f l o w  anomaly, t h e  more 

symmetrical t h e  shape,  t h e  deeper t h e  p o i n t  o f  mixing. 

However, nea r - su r face  thermal  c o n d u c t i v i t i e s  would a l s o  

i n f luence  t h e  shape o f  t h e  h e a t  f l o w  anomaly. 

Although Figure 4-44 is a simple model w i th  a simple 

pa th  f o r  t h e  wa te r ,  it demonstrates t h a t  t h e  s t r u c t u r e  

o f  t h e  v a l l e y s  i n  Northern Nevada may be c o n t r o l l i n g  h o t  

water  genera t ion  and f l o w .  Undoubtably, t h e  r e a l  s i t -  

u a t i o n  is  much more complicated,  wi th  many i n t e r s e c t i n g  

water  pa ths  and h e a t  sou rces .  To model a l l  t h e  cases  
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is  c l e a r l y  u n r e a l i s t i c .  However, by us ing  o t h e r  i n -  

formation such as P-wave v e l o c i t y ,  g r a v i t y ,  and poss ib ly  

se i smic  r e f l e c t i o n  data as a d d i t i o n a l  c o n s t r a i n t s ,  a 

more r e a l i s t i c  model may be obtained.  

F i n a l l y ,  f o r  completeness,  s e v e r a l  r e g i o n a l  models 

will be presented .  The o r i g i n  o f  t he  high r e g i o n a l  h e a t  

f l o w  i n  no r the rn  Nevada has  long  been a t o p i c  o f  debate .  

Presented i n  F igures  4-45 and 4-46 a r e  two models t h a t  

a r e  phys i ca l ly  r easonab le ,  

hypothes is  t h a t  t h e  above-normal h e a t  f l o w  is due t o  a 

c r u s t a l  i n t r u s i o n  . Severa l  r e s e a r c h e r s  (Landisman and 

Chaipayungpun, 1977, Stan ley  et &., 1977) have reported 
i n t e r c r u s t a l  l o w  r e s i s t i v i t y  zones on t h e  o rde r  o f  1 -10  

ohm-meters . Pre l iminary  magneotel lur ic  work i n  Grass 

Val ley (Mosley and Morrison, personal  communication) 

i n d i c a t e s  similar widespread phenomenon a t  depths o f  

10-15 km. S tan ley  et A. (1977) claim t h a t  t h e  l o w  

r e s i s t i v i t y  zone seen beneath t h e  Snake River P l a i n -  

Yellowstone a r e a  corresponds t o  t h e  700°C isotherm.  

However, m o s t  s t u d i e s  i n d i c a t e  h ighe r  temperatures  a r e  

r equ i r ed  t o  produce r e s i s t i v i t i e s  o f  1-10 ohm-meter 

i n  b a s a l t i c  and g r a n i t i c  rocks (Parkhomenko, 1964) 

If t h e  l o w  r e s i s t i v i t y  is  due t o  increased  water  conten t  

and only moderate (500-700°C) temperature ,  one would n o t  

expect  t o  s e e  a P-wave de lay .  However, Eaton et aJ. 
(1977) a l s o  r e p o r t e d  P-wave de lays  beneath t h e  Yellow- 

s tone  r eg ion .  Therefore ,  because such e f f e c t s  as crack 

Figure 4-45 p r e s e n t s  a 
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Figure  4-45 
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o r i e n t a t i o n ,  water  c o n t e n t ,  pe rmeab i l i t y ,  and p o r o s i t y  

make it d i f f i c u l t  t o  e s t ima te  t h e  t r u e  temperature ,  

8OO0C w a s  adopted as t h e  value t h a t  would produce a 

r e s i s t i v i t y  o f  1 -10  ohm-meter. I n  a d d i t i o n ,  t h e  model 

w a s  given a h e a t  genera t ion  o f  1 x ca l /g  sec  and 

a temperature g r a d i e n t  o f  26'C/km. Without any i n t r u -  

s i o n ,  t h i s  model would produce a h e a t  f l o w  a t  t h e  s u r f a c e  

o f  1 . 3  h fu .  I t  w a s  d e s i r e d  t o  know t h e  e f f e c t  o f  an 

i n t r u s i o n  2 km t h i c k ,  20 km long ,  and 1 2  km deep on t h e  

s u r f a c e  h e a t  f l o w .  There is a l m o s t  no e f f e c t  a t  a l l ,  

What l i t t l e  e f f e c t  is seen is  a f t e r  t h e  temperature o f  

t h e  i n t r u s i o n  has  dropped t o  n e a r l y  ambient cond i t ions .  

Therefore ,  t h e  simultaneous observa t ion  o f  high h e a t  

f l o w  and l o w  r e s i s t i v i t y  a t  depth would imply t h a t  t h e  

a r e a  o f  l o w  r e s i s t i v i t y  is s t i l l  hot due t o  p e r i o d i c  

r e h e a t i n g  f r o m  success ive  i n t r u s i o n s .  

Figure 4-46 is another  model t h a t  may exp la in  t h e  

high heat flow. The h e a t  flow observed a t  the  su r face  

is a combination o f  t h e  h e a t  f l o w  f r o m  t h e  c r u s t  ( f r o m  

such f a c t o r s  as i n t r u s i o n s ,  r a d i o a c t i v i t y  and convection 

o f  wa te r )  and the  h e a t  f l o w  i n t o  t h e  bottom o f  t h e  c r u s t .  

If f o r  some reason  t h e  l l O O ° C  isotherm is upwarped a t  

t h e  t o p  o f  t h e  mantle,  i . e . ,  a plume o r  h o t  s p o t  is  

beneath t h i s  r eg ion ,  then t h e  h e a t  f l o w  would double,  

as demonstrated i n  Figure 4-46. Therefore ,  t h e  a d d i t i o n a l  

h e a t  f l o w  would be 1 . 0  hfu f o r  a t o t a l  o f  1 . 8  hfu  i n t o  
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t h e  bottom of  t h e  c r u s t  and an o v e r a l l  t o t a l  a t  t h e  

s u r f a c e  of 3 .1  hfu  ( i . e . ,  1 . 8  + 1 . 3 ) .  

This model, bes ides  g i v i n g  nea r  c o r r e c t  r eg iona l  

s u r f a c e  hea t  f l o w ,  is  a t t r a c t i v e  f r o m  another  po in t  o f  

view. If t h e  hot  spo t  is no longer  beneath t h e  reg ion  

o f  high hea t  f low,  t h e  temperatures  a t  t h e  base of  t h e  

mantle may n o t  be as high as when t h e  hot  spo t  w a s  

p r e s e n t .  Even when t h e  ho t  spo t  w a s  p r e s e n t ,  t h e  

temperature a t  t h e  base o f  t h e  c r u s t  w a s  only 9 O O 0 C .  

Therefore ,  t h e  temperature  a t  t h e  base of  t h e  c r u s t  

would no t  have t o  i nc rease  g r e a t l y  t o  expla in  t h e  

observed high h e a t  f l o w .  

t h e  t r u e  Pn v e l o c i t y  beneath t h e  Basin and Range (as 

opposed t o  t h e  apparent  Pn v e l o c i t y  which is  measured) 

may no t  be as l o w  as previous ly  thought .  

w o r d s ,  because it t a k e s  s o  l ong  (20 -30  m i l l i o n  y e a r s )  

f o r  t h e  h e a t  t o  t r a v e l  through t h e  c r u s t ,  t h e  temper- 

a t u r e s  a t  t h e  base o f  t h e  c r u s t  may be normal now, 

exp la in ing  t h e  h ighe r  Pn v e l o c i t i e s  

s t u d y ,  y e t  it would s t i l l  be poss ib l e  t o  have h igh  h e a t  

f low a t  t h e  s u r f a c e .  This  would a l s o  expla in  why t h e  

g r a v i t y ,  Pn and h e a t  f l o w  anomalies do no t  e x a c t l y  

s p a t i a l y  co inc ide .  

T h i s  may a l s o  i n d i c a t e  t h a t  

I n  o t h e r  

observed i n  t h i s  

Fu r the r  hea t  f l o w  measurements and se i smologica l  

s t u d i e s  may make it p o s s i b l e  t o  r e so lve  t h e  d i f f i c u l t i e s  

wi th  t h e  p re sen t  models of  t h e  Basin and Range t e c t o n i c s .  
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Presen t ly  it seems as i f  t h e  combination o f  anomalous 

. 
ra 

c 

s u b c r u s t a l  hea t  sou rces ,  c r u s t a l  t h inn ing ,  and deeply 

c i r c u l a t i n g  water  a r e  combining t o  give t h e  observed 

Pn v e l o c i t y  and hea t  f l o w  anomaly. 

4.8 Conclusions 

I n  r e l a t i o n  t o  Basin and Range p r o p e r t i e s ,  Grass 

Valley does n o t  seem t o  be anomalous wi th  r e s p e c t  t o  

s t r u c t u r e  o r  microearthquake occurrence.  There is  no 

c o r r e l a t i o n  between hea t  f l o w  and t h e  microearthquakes.  

The d i s t r i b u t i o n  o f  se ismic a c t i v i t y  i n d i c a t e s  t e c t o n i c ,  

r a t h e r  t han  geothermal a c t i v i t y  as t h e  cause.  

a r e  c o n s i s t e n t  w i th  E-W t e n s i o n a l  s t r e s s .  Depths o f  

events  (1-8 km) suggest  t h e  p o s s i b i l i t y  o f  a broad, 

shallow high temperature ,  

a t t e n u a t i o n  p o r p e r t i e s  a r e  anomalous only i n  t h e  h o t  

sp r ings  a r e a ,  w i th  i n d i c a t i o n s  t h a t  sediment dens i f  i- 

c a t i o n  as t h e  cause.  Due t o  t h e  l a c k  o f  comparative 

data and r e l i a b l e  magnitude e s t i m a t e s ,  n o  conclusions 

r ega rd ing  p e c u l i a r i t i e s  of  source parameters can be 

made, 

o r  h igher  v e l o c i t y  c r u s t ;  however, t h e r e  is  l i t t l e  

s p a t i a l  c o r r e l a t i o n  between high h e a t  f l o w ,  high 

g r a v i t y  (Woollard and J o e s t i n g ,  1964) and t h e  high Pn 

va lues ,  which a r e  a l s o  thought t o  be a r e s u l t  o f  a 

Mechanisms 

Seismic wave v e l o c i t i e s  and 

Regional r e f r a c t i o n  s t u d i e s  i n d i c a t e  a t h i n n i n g  

rs t h i n n i n g  c r u s t .  
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Heat f l o w  modeling sugges ts  minor anomalies can 

be conductive r a t h e r  t han  convect ive i n  o r i g i n .  Ho t  

s p r i n g s  need n o t  be supp l i ed  by a l a r g e  volume r e s e r v o i r ,  

assuming t h e  pa th  o f  t h e  water  is  long  and deep enough 

t o  be hea ted .  On t h e  o t h e r  hand, r e l a t i v e l y  s h a l l o w  

(2-3 km) and h o t  (200°C) reg ions  do n o t  produce l a r g e  

hea t  f l o w  va lues  a t  t h e  s u r f a c e  (510 h f u ) .  Regional 

hea t  f l o w  models i n d i c a t e  c r u s t a l  i n t r u s i o n s  a r e  no t  

s u f f i c i e n t  t o  account f o r  t h e  hggh r eg iona l  hea t  f l o w  

va lues .  E i t h e r  an  anomalously t h i n  c r u s t  o r  h o t  mantle 

a r e  r equ i r ed  t o  account f o r  t h e  B a t t l e  Mountain h e a t  

flow high. 

It is  unfo r tuna te  t h a t  no confirmatory d r i l l i n g  

has  been done i n  Grass Valley.  Seismological  methods 

can r e l i a b l y  determine s t r u c t u r e ,  bedrock-alluvium 

c o n t a c t s  and f a u l t  l o c a t i o n s .  Because geothermal 

resources  i n  a Basin and Range s e t t i n g  a r e  probably hot  

wa te r ,  many o f  t h e  anomalies a s s o c i a t e d  w i t h  a steam 

resource  w i l l  n o t  be p r e s e n t .  Therefore ,  d i r e c t  de- 

t e c t i o n  by se i smologica l  techniques  is  d i f f i c u l t .  

Associated p r o p e r t i e s  such as high s e i s m i c i t y  due t o  

anomalous f l u i d  f l o w ,  v e l o c i t y  and a t t e n u a t i o n  d i f f e r e n c e s  

f r o m  s i l i c a  d e p o s i t i o n ,  unusual s t r e s s  r e l e a s e ,  s p a t i a l  

and temporal occurrence c h a r a c t e r i s t i c s ,  and source 

mechanisms of microearthquakes may be i n d i c a t i v e  of  

a geothermal r e source .  U n t i l  f u r t h e r  case  h i s t o r i e s  
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o f  Basin and Range s e t t i n g s  a r e  provided, complete w i t h  

confirmatory d r i l l i n g ,  t h e  u t i l i t y  of  se i smologica l  

methods, p a r t i c u l a r l y  microearthquake a n a l y s i s ,  f o r  

geothermal exp lo ra t ion  i n  t h e  Basin and Range w i l l  

remain i n  ques t ion .  



2 0 8 .  

CHAPTER 5 
1 

SUMMARY, CONCLUSIONS, 'AND R EC 0 MMENDAT IONS 

5.1 Summary of Ob,jectives and Methods 

To asses the value of seismological methods f o r  

exploring and/or delineating geothermal resources, 

a known geothermal area, The Geysers, California, and 

a potential geothermal region, northern Nevada, were 

subjected to detailed studies of microearthquakes, 

P- and S-wave velocities, and P-wave attenuation. 

- Additional studies to determine the relation between 

geothermal activity and structure in northern Nevada 

included commercial reflection and refraction, Pn 

refraction, and heat flow modeling. 

Experimental and theoretical studies indicate that 

porosity, permeability, and pore fluid state are evident 

in the velocity and attenuation of P- and S-waves. In 

a search for anomalous propagation characteristics 

related to geothermal environments,seismograms from 

explosions and microearthquakes were examined for 

changes in frequency content and relative arrival times 

of P- and S-waves across the two regions. To uniquely 

define a "geothermal earthquake" the microearthquakes 

were compared to regional seismicity for anomalous 

spatial and temporal occurrence characteristics as well 

as for variation in source parameters inferred from the 

spectral characteristics of P- and S-waves. It was hoped 
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dy-namical properties such as fluid movement, anomalous 

temperature and pressure gradients, and phase changes 

could be associated with the rate and manner of stress 

release of the microearthquakes in geothermal regions. 

5.2 Conclusions 

Seismological methods can produce data useful for 

both the exploration and the reservoir delineation phases 

of geothermal resource identification. Known geothermal 

areas seem unique, and any significance in anomalous 

characteristics in microearthquake occurrence o r  in 

wave propagation must be determined individually, or 

on a prospect-by-prospect basis. Anomalous character- 

istics that can be identified and related to geothermal 

activity provide potential for a methodology of estim- 

ating resource size and reservoir configuration. 

Microearthquakes reflect the dynamics of a local 

stress system within the crust. Characteristics of 

microearthquakes must be examined in relation to regional 

seismicity and tectonics. The mere occurrence of 

microearthquakes in a region of high heat 'flow is 

insufficient basis for inference on the presence 

of a geothermal resource. 

abundant in some known geothermal areas, no phenomenon 

identifiable as a "geothermal earthquake" has been 

Although earthquakes are 

found. Microearthquake occurrence anomalies noted in 
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The Geysers cannot be sepa ra t ed  f r o m  e x p l o i t a t i o n  e f f e c t s ,  

though many o f  t h e  microearthquake c h a r a c t e r i s t i c s  have 

l i t t l e  obvious r e l a t i o n  t o  product ion o f  t h e  f i e l d .  

P r o p e r t i e s  such as high corner  f r equenc ie s ,  very  s h a l l o w  

depths ,  anomalous occurrence r a t e s  and unusual moment - 

magnitude r e l a t i o n s h i p s  i n  high hea t  f l o w  regions o r  

a r e a s  o f  suspected geothermal a c t i v i t y  may we l l  be 

i n d i c a t o r s  of  a geothermal resource .  A s  i n  t h e  case  

o f  The Geysers, t h e  s p a t i a l  d i s t r i b u t i o n  o f  source 

parameters based on high frequency r a d i a t i o n  o f  P- and 

S-waves, such as f a u l t  dimensions and propagation 

c h a r a c t e r i s t i c s ,  source  r i s e  t i m e ,  and stress d r o p  m a y  

d e l i n e a t e  high temperature  and pressure  g r a d i e n t s  

a s s o c i a t e d  wi th  steam boundaries i n  known geothermal 

r eg ions .  However, as w a s  seen  i n  both t h e  Nevada and 

The Geysers s tudy ,  even a t  s e v e r a l  k i lometers  obser- 

v a t i o n  d i s t a n c e s ,  a t t e n u a t i o n  can mask important 

s p e c t r a l  d e t a i l s  a t  f r equenc ie s  above 20-30 Hz. The 

occurrence o f  events  on t h e  edges o f  t h e  steam zone i n  

The Geysers i n d i c a t e s  t h a t  microearthquakes could be 

u s e f u l  i n  monitor ing any r e s e r v o i r  expansion o r  con- 

t r a c t i o n  r e l a t e d  t o  f l u i d  withdrawal.  Var i a t ions  i n  

temporal occurrence o f  microearthquakes i n  zones of  

h igh  h e a t  f l o w  may i n d i c a t e  anomalous s t r e s s  o r  

m a t e r i a l s ,  poss ib ly  due t o  geothermal a c t i v i t y .  How- 

eve r ,  b-values must be obtained f r o m  r e l i a b l e  magnitude 
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es t ima tes .  Coda l eng ths  were found t o  be an inadequate 

measure o f  magnitude i n  The Geyser and no r the rn  Nevada. 

Anomalies a s s o c i a t e d  wi th  The Geysers microear th-  

quakes were not  ev ident  i n  t h e  Nevada events  s t u d i e d .  

Although t h i s  may be due t o  t h e  na tu re  o f  t h e  geothermal 

resource ,  i . e . ,  ho t  water  ve r sus  steam, it is  more 

l i k e l y  because t h e  Nevada midroearthquakes a r e  t e c t o n i c  

r a t h e r  t han  geothermal i n  o r i g i n .  Thus, wi th  v i r t u a l l y  

no case  h i s t o r i e s  o f  success fu l  d i s c o v e r i e s ,  microear th-  

quake a n a l y s i s  remains an unknown explora tory  t o o l ,  

p a r t i c u l a r l y  if  u t i l i z e d  without  o the r  complimentary 

geophysical methods. It seems as i f  microearthquakes 

may be more va luable  i n  monitor ing and d e l i n e a t i n g  known 

geothermal r e s e r v o i r s  as opposed t o  exp lo ra t ion  use only.  

A promising explora tory  method involves  mapping 

s p a t i a l  v a r i a t i o n s  i n  t h e  propagation p r o p e r t i e s  o f  

P- and S-waves. Anomalies i n  v e l o c i t y  and a t t e n u a t i o n  

o f  b o t h  types  o f  waves make poss ib l e  t h e  e s t ima t ion  

o f  pore f l u i d  conten t  and crack volume 'as we l l  as t h e  

p r o p e r t i e s  o f  t h e  rock.  Associated c h a r a c t e r i s t i c s  o f  

geothermal a c t i v i t y ,  such as hydrothermal a l t e r a t i o n  

and s i l i c i f i c a t i o n ,  were ev ident  i n  t h e  anomalously 

high P-wave v e l o c i t y  and Q s t r u c t u r e  surrounding Leach 

H o t  Springs i n  Grass Val ley ,  Nevada. S imi l a r  high 

v e l o c i t y  - high Q anomalies were a l s o  found i n  t h e  upper 

k i lometer  o f  The Geysers steam f i e l d .  Deeper p e n e t r a t i n g  



212. 

waves i n  The Geysers i n d i c a t e d  a l o w e r  veloci ty- lower Q 

reg ion  in  t h e  steam f i e l d  compared t o  r eg iona l  va lues .  

By u t i l i z i n g  S-waves f r o m  microearthquakes,  Poisson ' s  

R a t i o  w a s  found t o  be lower i n  t h e  steam zone compared 

t o  t h e  surrounding a r e a s .  Di rec t  temperature e f f e c t s  

a r e  small a t  va lues  c h a r a c t e r i s t i c  o f  geothermal r e s -  

e r v o i r s .  Only i n  t h e  presence o f  a magma chamber o r  

p a r t i a l  melt would t h e  a t t e n u a t i o n  o r  v e l o c i t y  o f  P- 

and S-waves be a f f e c t e d  d i r e c t l y .  Because wave prop- 

aga t ion  anomalies due t o  t h e  presence o f  steam a r e  n o t  

ev ident  in  a h o t  water  r e source ,  d i r e c t  d e t e c t i o n  of 

a geothermal  resource  i n  Basin and Range s t r u c t u r e  could 

prove d i f f i c u l t .  P-wave de lays  a r e  e f f e c t e d  by a l l u v i a l  

t h i ckness ,  but  a l l o w  f a i r l y  d e t a i l e d  mapping of  sug- 

s u r f a c e  zones o f  anomalous v e l o c i t y  and broad s t r u c t u r a l  

t r e n d s ,  

u s e f u l  f o r  determining deeper c r u s t a l  s t r u c t u r e  and 

poss ib ly  d e t e c t i n g  evidence f o r  a broad h e a t  source .  

Although expensive,  commercial r e f l e c t i o n  and r e f r a c -  

t i o n  work can provide d e t a i l e d  s t r u c t u r a l  information 

which may be r e l e v a n t  t o  f l u i d  f l o w .  I n  no r the rn  Nevada 

such surveys provided only confirmatory information t o  

t h e  knowledge gained f r o m  o the r  geophysical i n v e s t i g a t i o n s .  

If f a u l t  c o n t r o l  of t h e  r e s e r v o i r  is suspected,  r e -  

f l e c t i o n  s t u d i e s  can add va luable  data i n  s i t i n g  an 

explora tory  w e l l .  

Regional Pn s t u d i e s  i n  no r the rn  Nevada were 
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Simple h e a t  f l o w  models have demonstrated t h a t  

l o c a l i z e d  h e a t  f l o w  anomalies need no t  be t h e  r e s u l t  

o f  f l u i d  f l o w .  Coupled wi th  P-wave delay data t o  

determine a l l u v i a l  t h i ckness  and basement s t r u c t u r e ,  

h e a t  f l o w  modeling was u s e f u l  f o r  d i s c r i m i n a t i n g  between 

conductive and convect ive e f f e c t s  o f  t h e  h e a t  f l o w  

anomalies i n  Grass Val ley.  

5.3 Recommendations and Future  S tud ie s  

It has been concluded t h a t  t h e  se i smologica l  

methods can be u s e f u l  f o r  both t h e  exp lo ra t ion  and 

monitor ing o f  geothermal r e sources .  The approach taken  

w i l l  depend upon t h e  type  and s i z e  o f  t h e  r e sources  

(steam, steam-water, ho t  w a t e r ) , t h e  complexity o f  

geology, and t h e  r e g i o n a l  s e i s m i c i t y  and t e c t o n i c s .  

The fo l lowing  recommendations should no t  be a p p l i e d  i n  

a cookbook f a s h i o n ,  t hey  a r e  techniques t h a t  have proven 

u s e f u l  i n  t w o  p a r t i c u l a r  geothermal reg ions  and may be 

inadequate i n  o t h e r  environments. 

5 .3 .1  Explorat ion 

The d e s i r a b l e  data f o r  exp lo ra t ion  purposes a r e :  

microearthquake l o c a t i o n s ,  f a u l t  plane s o l u t i o n s ,  and 

magnitudes, t h e  moments, corner  f r equenc ie s ,  and high 

frequency r o l l - o f f  of  P- and S-wave s p e c t r a ,  and P- and 

S-wave v e l o c i t y  and amplitude information.  To ob ta in  

t h e  necessary  d e t a i l  s t a t i o n  placement f o r  microear th-  
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quake a n a l y s i s  should be dense enough t o  provide 360' 

azimuthal coverage w i t h  a t  l e a s t  s e v e r a l  s t a t i o n s  i n  

each quadrant .  

should be done a t  each s t a t i o n  wi th  s u f f i c i e n t  band- 

width (10' H z )  and dynamic range (10 ) .  

t imes w i l l  va ry ,  but  should be long  enough t o  provide 

meaningful s t a t i s t i c a l  ana lyses .  Array s i z e  and con- 

f i g u r a t i o n  w i l l  depend upon t h e  t a r g e t ,  background 

If p o s s i b l e ,  3-component record ing  

4 The record ing  

n o i s e ,  geology, and number o f  s t a t i o n s ;  however, 

f o r  microearthquake a n a l y s i s  maximum s t a t i o n  s e p a r a t i o n  

should be no morethan s e v e r a l  k i lome te r s .  T o  minimize 

h o r i z o n t a l  r e f r a c t i o n  e f f e c t s  i n  a t t e n u a t i o n  and v e l o c i t y  

a n a l y s i s ,  s t a t i o n s  should be placed perpendicular  t o  

t h e  major geologic  t r e n d s .  

a t  l e a s t  s e v e r a l  s t a t i o n s  should be placed on oppos i te  

s i d e s  and ou t s ide  of t h e  t a r g e t  r eg ion .  By " leap-  

froging';  s t a t i o n  

t o  a minimum. 

a r r a y  of h o r i z o n t a l  and v e r t i c a l  geophones placed 0 .25  

t o  1.0 km a p a r t  would provide s u f f i c i e n t  v e l o c i t y  and 

a t t e n u a t i o n  data. With t h e s e  data, meaningful com- 

par i sons  can t h e n  be made t o  normal s t r u c t u r e  and 

r eg iona l  s e i s m i c i t y  t o  i n f e r  on t h e  presence of  a 

geothermal r e source .  

of se i smologica l  anomalies f u r t h e r  d e t a i l i n g  work may 

be warranted;  however, t h e  dec i s ion  t o  d r i l l  an 

F o r  r e l i a b l e  r e f e r e n c e  data 

equipment expendi tures  can be kept  

F o r  m o s t  purposes a 1 0  t o  1 2  element 

Depending on t h e  number and s i z e  
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exp lo ra to ry  w e l l  should a l s o  be based on o t h e r  a v a i l a b l e  

geophysical ,  geo log ica l  and geochemical information.  

5 . 3 . 2  Reservoi r  Monitoring 

E s s e n t i a l l y  t h e  same data s e t  is r equ i r ed  f o r  

r e s e r v o i r  monitor ing as f o r  exp lo ra t ion .  However, 

w i t h  t h e  a d d i t i o n  o f  confirmatory w e l l  data, t h e  

i n t e r p r e t a t i o n  o f  anomalous se i smologica l  data and 

t h e i r  r e l a t i o n  t o  t h e  s i z e  and p o t e n t i a l  of  t h e  resource  

may be more meaningful. 

anomalies,  i f  p r e s e n t ,  may o u t l i n e  steam zones o r  

reg ions  of  metamorphism a s s o c i a t e d  w i t h  t h e  h e a t  source 

o r  hydrothermal a l t e r a t i o n  r e l a t e d  t o  h o t  water  o r  steam. 

The s p a t i a l  and temporal occurrence o f  microearthquakes 

may i n d i c a t e  volume changes a s s o c i a t e d  t o  f l u i d  withdrawal 

o r  adjustment w i t h i n  t h e  r e s e r v o i r .  Temporal v a r i a t i o n s  

of  t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  microearthquake source 

parameters m a y  be an i n d i c a t i o n  o f  r e s e r v o i r  conf ig-  

u r a t i o n .  T o  ob ta in  u s e f u l  microearthquake d a t a ,  a r r a y  

dimensions should be twice t h e  suspected r e s e r v o i r  

wid th ,  wi th  360' azimuthal coverage both  i n  and out o f  

t h e  product ion r eg ion .  Depending upon microearthquake 

a c t i v i t y ,  sample l e n g t h s  w i l l  vary ,  but  should be no 

l e s s  than s e v e r a l  weeks. Because of  slowly occur r ing  

processes ,  monitoring should no t  be necessary more than  

once a y e a r .  Other a r r a y  components and s p e c i f i c a t i o n s  

a r e  similar t o  exp lo ra t ion  parameters .  P- and S-wave 

Mapping v e l o c i t y  and a t t e n u a t i o n  
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sources  should be f r o m  l o c a l ,  r eg iona l  and t e l e se i smic  

d i s t ances  t o  d i sc r imina te  r e l i a b l y  between f i n e  and 

broad s t r u c t u r a l  e f f e c t s  as we l l  as deep and s h a l l o w  

e f f e c t s .  Used wi se ly ,  se i smologica l  techniques ,  

p a r t i c u l a r l y  microearthquake a n a l y s i s ,  may provide 

economical answers t o  t h e  ques t ion  o f  r e s e r v o i r  volume, 

boundaries,  and p o t e n t i a l .  

5.3.3 Future  S tudies  and Development 

Future  work should be d i r e c t e d  t o w a r d  t h e  compil- 

a t i o n  o f  d e t a i l e d  comprehensive case  h i s t o r i e s ,  as 

prospec ts  a r e  d r i l l e d .  Stronger  emphasis in  se i smic  

geothermal exp lo ra t ion  should be placed on s imultan-  

eously u t i l i z i n g  t h e  p r o p e r t i e s  o f  P- and S-waves. 

The r e c e n t  development o f  d i g i t a l  event  r eco rde r s  w i t h  

adequate dynamic range and sampling r a t e s  make it 

poss ib l e  t o  r eco rd  t h e  necessary  volume and q u a l i t y  o f  

data t o  r e s o l v e  ques t ions  a s s o c i a t e d  w i t h  microear th-  

quake p e c u l i a r i t i e s  i n  geothermal reg ions .  J o i n t  

i nve r s ion  o f  I?- and S-wave data, f r o m  l o c a l  ear thquakes 

as we l l  as r e g i o n a l  sou rces ,  f o r  v e l o c i t y  and Q s t r u c t u r e  

may provide a more r e l i a b l e  exp lo ra t ion  t o o l  t han  s p a t i a l  

s t u d i e s  o f  i n d i v i d u a l  parameters .  Source p r o p e r t i e s  o f  

microearthquakes i n  geothermal reg ions  may be d i f f e r -  

e n t i a t e d  f r o m  those  i n  o t h e r  a r e a s  by examining d e t a i l s  

o f  h ighe r  order  moments o f  t h e  source moment t e n s o r .  
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R e l a t i v e l y  elementary se i smologica l  techniques 

were used i n  t h i s  s tudy.  S t i l l ,  it has been demon- 

s t r a t e d  t h a t  t h e s e  methods a r e  u s e f u l  f o r  d e t e c t i n g  

anomalous subsur face  p r o p e r t i e s  presumably a s s o c i a t e d  

w i t h  p o t e n t i a l  geothermal resources .  With t h e  r e f i n e -  

ment of  t h e  f i e l d  procedure and t h e  development o f  

economical new techniques o f  i n - f i e l d  data a c q u i s i t i o n  

and processing, se i smologica l  methods promise t o  become 

a s i g n i f i c a n t  element i n  geothermal exp lo ra t ion .  
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