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GEOTHERMAL INDUCED SEISMICITY - BANE OR BLESSING? 

Charles G. Bufe * 
Peter M. Shearer f' 

Abstract 

Production of steam or  hot  water from a geothermal reservoi r  and 
disposal  of geothermal f l u i d s  by in j ec t ion  can be expected to dis rupt  
hydrologic and tectonic  equ i l ib r i a  i n  and around the  reservoi r ,  poss- 
i b l y  producing i n s t a b i l i t i e s  leading t o  increased seismicity.  
well-documented cases of seismici ty  associated with reservoir  impound- 
ment (earthquakes as l a rge  as magnitude 6.5) or f l u i d  in j ec t ion  (events 
as l a rge  as magnitude 5 ) ,  the  mechanisms of earthquakes induced by geo- 
thermal production and in j ec t ion  seem t o  r e f l e c t  t he  regional tectonic  
stress orientat ion.  Most probably the  events are tr iggered by reduct- 
ion i n  e f f ec t ive  normal stress brought about by non-uniform pore press- 
ure  changes and thermal cooling. Although earthquakes induced by geo- 
thermal operations may very l i k e l y  r e su l t  i n  enhanced l o c a l  seismici ty  
and possibly damaging earthquakes,' concern over t h i s  possible  increase 
i n  seismici ty  has not been a b a r r i e r  t o  geothermal development. 
the world's l a rges t  geothermal development, The Geysers, thousands of 
earthquakes have been detected and located by the  U.S. Geological 
Survey/Department of Energy network. The l a rge r  (magnitude 2.0 t o  3.8) 
of these events are f e l t  on a weekly bas is ,  and some are d is rupt ive  i n  
t h a t  temporary p lan t  shutdowns r e s u l t  from the  response of machinery- 
pro tec t ive  devices the earthquake-induced vibrat ion.  
t o  da te  have occurred a t  in j ec t ion  w e l l s .  

A s  i n  

A t  

The l a r g e s t  events 

On the pos i t ive  s ide ,  earthquakes induced by cooling o r  f l u i d  
pressure changes provide unique information on the  loca t ion  of f r a c t u r e  
zones within the  reservoi r  by mapping the  paths of f l u i d s  being with- 
drawn o r  injected.  This information can be invaluable f o r  geothermal 
reservoi r  de f in i t i on  and operations management. 

Induced seismici ty  may a l s o  generate new f r ac tu res  i n  the  rock 
and serve t o  maintain ex is t ing  f r ac tu re  permeability i n  the  presence 
of cementation and compaction processes which decrease permeability i n  
the reservoi r .  

* 
L* U.S. Geological Survey, Reston, VA 

U.S. Geological Survey, Menlo Park, CA 
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To da te  earthquakes t r iggered by geothermal production 

activit ies have been too small t o  r e s u l t  i n  property damage o r  loss 

of l i f e ,  and thus have not posed a b a r r i e r  t o  geothermal 

development. Geothermal induced se i c i t y  has not been considered a 

S ta t e s  is a t  The Geysers steam f i e l d  i n  northern Cal i fornia .  

production a t  The Geysers reached 900 megawatts with t h e  addi t ion  of 

Power 

14 t h i s  year. When t h e  p l an t s  are operat ing a t  f u l l  

capacity,  over 6 mil l ion  kilograms of steam are removed and near ly  2 

mil l ion  kilograms of condensate in j ec t ed  each hour. 

mass of water in jec ted  is less than t h a t  withdrawn, the  rate of f l u i d  

i n j e c t i o n  is nevertheless  g r e a t  and is, we bel ieve,  responsible  f o r  

t r i gge r ing  the l a r g e r  earthquakes a t  The Geysers. 

@though t h e  

The rate of f l u i d  i n j e c t i o n  a t  The Geysers complements the rate 

of evaporation, which is higher (80% of produced steam) during the  

dry, sunny months than during the  rainy,  overcast  winter  period 

(60%). 

Geysers occur during the  ra iny  season when i n j e c t i o n  rates are 

h ighes t  . 

Signi f icant ly ,  most of the  l a r g e r  (M>2.5)  - earthquakes a t  The 

In j ec t ion  wells a r e . i n  severa l  instances d i s t a n t  enough from 

producing wells t o  permit i s o l a t i o n  of the  e f f e c t s  of f l u i d  i n j e c t i o n  

on earthquake a c t i v i t y .  The two l a r g e s t  earthquakes t p  occur a t  The 
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w 
Geysers (December 22, 1976, magnitude 3.5; September 22,-1977, 

magnitude 3.8) were l o c  within a few hun meters of i so l a t ed  

1s (DX-7 and LF-3, r e spec t ive ly ) ,ou t s ide  the  regions of 

steam ext rac t ion .  

aximum i n j e c t i o n  ra i n  s ing le  wells a t  The Geysers are on 

the  o rde r  of 300,000 kg/hr. The I t a b l e  -below > \  co res t h i s  ga te  with 
, *  

i n j e c t i o n  rates _at o ther  sites of geothermal i n t e r e s t  . -  or &ere 

induced se'ismici t y  has occurred . 
Table 1 

Maximum Sustained 

- S i t e  , In j ec t ion  Rate (kg/hr) 

The Geysers ( f i e l d )  

The Geysers ( s ing le  w e l l )  

Larderel lo ,  I t a  

Lardere l lo  (Sas 

during d r i  a t  depth of 4 km) 

Fenton' H i l l  (LASL) 

( s ing le  w e l l )  

Rangeley O i l  Fie 

the  i n j e c t i o n  pressures  are 

subhydrostat ic ,  the pressure grad ien t  

production wells are l a rge ,  

underpressured. "The temperature con t r a s t  be t  

the  r e se rvo i r  is sevgrc . .  

tisp 
\ 
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condensate and the  rese 

must be high i n  the  v i c i n i t y  of t he  i n j e c t i o n  w e l l s .  

o i r  rock is  also l a rge  and thermal stresses 

Because The Geysers is steam f i e l d ,  one might expect t h a t  

such as subside normally assoc ia ted  with withdrawal of 

o i l  o r  water would not o r here. However, Lofgre 

ind ica ted  a subsidence rate- 3 cm/year over the  p 

The combined e f f e c t s  of steam withdrawal and condensate i n j e c t i o n  

have r e su l t ed  i n  a cons i s t en t ly  high l e v e l  of shallow (0 t o  4 km) 

earthquake a c t i v i t y  a t  The Geysers, and perhaps the  g r e a t e s t  

frequency of f e l t  events  i n  t h e  United S ta tes .  The P a c i f i c  G a s  and 

Electric Company, opera tor  of the  power p l an t s  a t  The Geysers, 

r epor t s  t h a t  earthquakes are f e l t  weekly and some are in tense  enough 

t o  temporarily shut  down power p lan ts .  

Charac te r iza t ion  of induced se i smic i ty  a t  The Geysers 

Since 1975 the  U.S. Geological Survey has operated a network of 

seismographs i n  The Geysers-Clear Lake region. 

configurat ion of the  network is shown i n  Figure 1. Marks and o the r s  

(1978) have documented the  ex is tence  of two c l u s t e r s  of earthquake 

a c t i v i t y  a t  The Geysers. 

with two separate zones of decreased f l u i d  pressure r e s u l t i n g  from 

steam production described by Lipman and o the r s  (1977). Marks and 

o the r s  (1978) a l s o  examined pre-1975 earthquake da ta  and conclude 

t h a t  t he  se i smic i ty  l e v e l  a t  The Geysers has increased s ince  

production began. 

The present  

These c l u s t e r s  are s p a t i a l l y  co r re l a t ed  

The earthquakes a t  The Geysers r.esemble those I n  

the surrouading region with regard t o  f o c a l  mechanism (Bufe and F 

I L 
I 
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o thers ,  1980), source radius  and stress drop (Peppin and Bufe, 1980), 

and d i s t r i b u t i o n  of magnitudes (Marks and o thers ,  1978). 

Ludwin and Bufe (1980) have found a s i g n i f i c a n t  d i f fe rence  between 

the c lus t e r ing  c h a r a c t e r i s t i c s  of t he  induced earthquakes i n  The 

Geysers f i e l d  and the  na tu ra l ly  occurring events  i n  the  surrounding 

However 

region. The Geysers events are s p a t i a l l y  c lus te red  but are r a t h e r  

uniformly d i s t r i b u t e d  i n  t i m e ,  whereas seismic a c t i v i t y  i n  the  

surrounding region is  c lus te red  i n  both time and space. 

infrequent  occurrence of temporal c lus t e r ing  a t  The Geysers appears 

The 

t o  c o r r e l a t e  with swarm a c t i v i t y  near Clear Lake (Ludwin and Bufe, 

1980). Cavit and Hadley (1980) have found geothermal areas i n  

Cal i forn ia  t o  be charac te r ized  by temporal c l u s t e r i n g ,  with The 1 

Geysers anomalous i n  t h i s  regard. 

Induced se i smic i ty  and r e se rvo i r  d e f i n i t i o n  

If earthquakes are t r iggered  by f l u i d  pressure changes and 

cooling along f r ac tu res ,  it should be possible  t o  map the  paths of 

f l u i d s  being withdrawn o r  i n j ec t ed  by accura te ly  loca t ing  the  

earthquakes. 

The d i s t r i b u t i o n  of the  l a r g e r  ( M >  - 1) earthquakes a t  The 

Geysers from June 1975 t o  June 1980 is shown i n  Figure 2. 

shows the  shallow a c t i v i t y  i n  the f i e l d ,  while Figure 2B shows events  

below a depth of 2 km. 

t he  zones of maximum pressure dec l ine  (Lipman and o thers ,  1977) i n  

the  shallow reservoi r .  

d i f f e r e n t  pa t te rn ,  possibly def ining the  r e se rvo i r  a t  depth. 

Figure 2A 

The shallow earthquakes are concentrated i n  

The deeper events  of Figure 2B follow q u i t e  a 
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Fig. 2A. D i s t  f l a r g e r  (M > 1 )  shallow (depth less than 2 km) 
earthquakes a t  The Geysers. 
i n j e c t o r s - a r e  a l s o  shown. 
with  s t e a m  production are out l ined  by the 500 p s i  i sobar  of Lipman and 
o t h e r s  (1977). 

Wells-presently and previously used as 
The zones of f l u i d  pressure  decrease assoc ia ted  

38 52.5 

Fig. 2B. Dis t r ibu t ion  of l a r g e r  (M > l ) ,  deeper (depth range 2 t o  5 km) 
earthquakes a t  The Geysers. 
of f l u i d  pressure  decrease assoc ia ted  with steam production are out l ined  by 
t h e  500 p s i  i soba r  of Lipman and o the r s  (1977). 

InjecFion w e l l s  are a l s o  shown. The zones 

, * , ,-A 
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b 
P a r t i c u l a r l y  i n t e r e s t i n g  is  the  north-south trending crescent-shaped 

zone of hypocenters which extends southward beyond the  region of 

known pressure decline.  

Early i n  1980 loca t ion  of smaller earthquakes became f e a s i b l e  

using a r r i v a l  times from the  USGS a u t  

Menlo Park. 

(M10.5) a t  The Geysers during-April-June 1980. 

In  Figure 3 we show the  d i s t r i b u t i o n  of earthquakes 

Also shown are the  

zones of decreased f l u i d  pressure and loca t ions  of i n j e c t i o n  w e l l s .  

I n  severa l  ins tances  earthquakes c l u s t e r  near the  w e l l s  which most 

r ecen t ly  began in jec t ing .  

i n j ec t ion  w e l l  is new and lies outs ide  the  zone of previous 

seismici ty ,  although wi th in  the  boundaries of the  pressure sink. 

This new c l u s t e r  is believed to  be the  r e s u l t  of production and 

The c l u s t e r  near the  southwesternmost 

i n j e c t i o n  operat ions a t  Unit 15. 

Denlinger and o thers  (1980) have applied geodet ic  and g rav i ty  

da ta  t o  the  ana lys i s  of r e se rvo i r  deple t ion  a t  The Geysers. 

Earthquake da ta ,  combined with de t a i l ed  information on production and 

i n j e c t i o n  operat ions not  present ly  access ib le ,  should be extremely 

use fu l  i n  de l inea t ing  paths of f l u i d  flow within the  r e s e A o i r .  

Induced se i smic i ty ,  while providing a means t o  remotely sense 

physical changes i n  t h e  reservoi r ,  may a l s o  serve t o  maintain 

permeabili ty i n  the  presence of cementation and compaction processes 

which tend t o  reduce f l u i d  flow. 
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