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COMPARISON OF MECHANISMS PROPOSED FOR INDUCED SEISMICITY AT THE GEYSERS GEOTHERMAL FIELD

R.G. A l l i s

Geothermal Research Centre , D.S.I.R.,
Wairakei, N.Z.

Three mechanisms are capable of exp la in ing

t h e induced s e i s m i c i t y a t The Geysers f i e l d .
Cooling and c o n t r a c t i o n may weaken t h e r e s e r v o i r

rock making it more s u s c e p t i b l e t o rup tu re .

Conversely, t h e  r e s e r v o i r ' s  l o c a t i o n i n a 100-km-
wide reg ion undergoing predominantly aseismic
creep , s u g g e s t s t h a t s t r eng then ing  o f  t h e r e s e r v o i r
rock may cause  an  i n c r e a s e i n t h e component of

seismic sl ip . T h i s phenomena could b e a r e s u l t
of a l a r g e pore p r e s s u r e  d e c l i n e ,  o r an i n c r e a s e
i n t h e  c o e f f i c i e n t  of f r i c t i o n on t h e s l i d i n g
f r a c t u r e s u r f a c e s .

INTRODUCTION

The Geysers geothermal f i e l d i n Northern

C a l i f o r n i a (Fig . is p r e s e n t l y genera t ing close
t o 1000 of e l e c t r i c i t y .
geothermal energy has caused measurable changes i n
t h e p h y s i c a l s tate of t h e r e s e r v o i r . Withdrawal
of steam has c r e a t e d a n en la rg ing p r e s s u r e  s i n k  
around t h e produc t ion b o r e f i e l d (Lipman e t a l . ,

i n d i c a t e s t h a t t h e steam is beinq der ived from
water a t product ion dep ths , and t h a t

t h e r e is n e g l i g i b l e recharge t o t h e r e s e r v o i r
(Isherwood, Both subsidence and h o r i z o n t a l
shor t en ing a t r a t e s of s e v e r a l have occurred
dur ing t h e mid 1970 ' s (Lofgren, Marks e t
a l . concluded from t h e  l i m i t e d  a v a i l a b l e  
d a t a t h a t t h e p r e s e n t l e v e l of s e i s m i c i t y a t

The Geysers is higher than preproduct ion l e v e l s .
Both t h e s p a t i a l coincidence of ear thquake

a c t i v i t y wi th t h e product ion b o r e f i e l d , and t h e
unusual ly con t inuous n a t u r e of t h e a c t i v i t y , s t r o n g l y
sugges t t h a t t h e s e i s m i c i t y is induced (Bufe e t a l . ,

is approximately 35 times higher than t h a t i n t h e
surrounding reg ion .

E x p l o i t a t i o n of t h e

A corresponding d e c l i n e i n

The p r e s e n t rate of ear thquake a c t i v i t y

While m o s t of t h e changes t h a t have
occurred w i t h i n The Geysers r e s e r v o i r a r e r e a d i l y

explained by t h e mass withdrawal, t h e induced
s e i s m i c i t y appear s to b e unique, and a mechanism

f o r  t h e  ea r thquakes i s no t obvious.
A c a u s a l l i n k between induced s e i s m i c i t y and
inc reased p o r e  p r e s s u r e  from i n j e c t i o n of water 

down deep from t h e f i l l i n g of l a r g e dams,
is w e l l documented.
phenomenon can  be  expressed a s a wellknown
f r i c t i o n a l l a w of t h e form:

The phys ica l b a s i s f o r t h i s

= -

where = f r i c t i o n a l r e s i s t a n c e

= normal stress
P = pore pressu re

= c o e f f i c i e n t of dynamic f r i c t i o n
-

= compress ibi l i ty , of rock g r a i n s
B r = compress ib i l i ty of rock matrix

For m o s t rocks Bg B r , so c = 1; and f o r
a wide range of cond i t ions is i n the range 0.6 t o

0.9.

Geysers r e s e r v o i r is being depleted 

of f l u i d , pore pressu re i s d e c l i n i n g and t h e r e f o r e
t h e f r i c t i o n a l r e s i s t a n c e , or e f f e c t i v e s t r e n g t h ,

of t h e r e s e r v o i r should b e inc reas ing with t i m e .
Normally, t h i s would be expected to cause a d e c l i n e

i n s e i s m i c i t y . A s explained above, t h e steam

withdrawal has had t h e oppos i t e e f f e c t , and.

t h e r e f o r e some o t h e r must be causing t h e

s e i s m i c i t y .

Three mechanisms a r e reviewed below. The
first, proposed by Denlinger and Bufe (1980, 1981,

i n prep.) invo lves temperature changes i n t h e

r e s e r v o i r by b o i l i n g pore water ;
second and t h i r d mechanisms involve t h e conversion
of aseismic creep t o seismic s l i p a s a r e s u l t of
product ion, and t h e s e a r e d i scussed i n d e t a i l by
Allis (1981, i n p r e p . ) .

t h e

THERMAL MECHANISM

Although steam is t h e mobile f l u i d phase a t

The Geysers, cons ide ra t ion of bo th t h e g r a v i t y
t h e volume of steam produced, s t rong ly

suggest t h a t b o i l i n g pore water a t product ion
dep ths i s t h e source of t h e steam (Isherwood, 1977;

Denlinger e t , 1981) . T h i s b o i l i n g is
accompanied by a temperature d e c l i n e of t h e  r e s e r v o i r  
rock. I f 1%of t h e rock volume underqoes a
conversion of l i q u i d water t o steam, t h e assoc ia t ed
temperature d e c l i n e would be
and Bufe (1980, 1981 i n prep.) sugges t cool ing of

t h e r e s e r v o i r rock may t r i g g e r seismic rup tu re .
They consider t h e most l i k e l y mechanism to b e
c o n t r a c t i o n of f r a c t u r e s u r f a c e s reducing t h e
s u r f a c e , f r i c t i o n a l a r e a c o n t a c t . An approxi-
mate ba lance between t h e volume i n c r e a s e assoc ia ted
w i t h a pressu re d e c l i n e AP, and t h e volume decrease
a s s o c i a t e d  w i t h  a temperature d e c l i n e AT is given

Denlinger
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F i g . -1 . Location of The Geysers geothermal f i e l d i n the Andreas Faul t system of northern Cal i fo rn ia
( a f t e r 1981). Fau l t t r a c e s are dashed where approximate.

=

where-): = volume c o e f f i c i e n t of expansion
(5x10

I n s e r t i n g the values, a temperature dec l ine of 1
is equiva ien t t o a pore pressure  dec l ine  of 5 bars
(Denlinger and Bufe, 1981). The a c t u a l temperature
dec l ine t h a t has occurred a t The Geysers i s n o t
known. However, comparison of the  grav i ty  changes
t h a t occurred between 1974 and 1977, the volume of
the r e s e r v o i r , and the known mass of f l u i d

produced during t h a t t i m e , suggests t h a t volume
of water which has flashed to steam is less than
about 1%of rock volume (Denlinger e t a l .
Although t h i s is very small, t h e thermal cont rac t ion
e f f e c t s may still be dominant.
n o t been observed or tes ted i n the laboratory.

and K = bulk modulus b a r s ) .

This mechanism has

PORE MECHANISM

across the f a u l t
estimated be 55

some of the s t r a i n i n t h e

is c l e a r l y loca l ized as
pervasive aseismic

fau l t s and

f r a c t u r e s is also s, 1981
i n prep.) .
bodies, which are associate

iteBoth the of

t h e

f a c i l i t a t e creep. Berry suggests
and high pare
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Fig. 2 1, L i t h o s t a t i c  g r a d i e n t  
(assumed d e n s i t y of 2.7
2 , c h a r a c t e r i s t i c pore pressu re
curve f o r Franciscan t e r r a n e
( a f t e r B e r r y , 3,

c h a r a c t e r i s t i c pore p r e s s u r e
curve f o r Gulf o f Mexico

sediments; 4 , h y d r o s t a t i c
g r a d i e n t (cold water);
h y d r o s t a t i c  g r a d i e n t  (250

6, s a t u r a t e d steam curve
measured i n 'wells a t The Geysers.

t h a t m o s t of t h e Franciscan t e r r a n e of nor the rn

C a l i f o r n i a may b e charac te r i zed by overp ressu r ing ,
wi th pore p r e s s u r e approaching l i t h o s t a t i c a t
very shal low dep th (curve 2, Fig . Wherever
t h i s is t h e case , t h e rocks w i l l have very low
s t r e n g t h , and permanent aseismic creep probably
dominates seismic s l ip . Overpressur ing i n The
Geysers prior to e x p l o i t a t i o n is u n l i k e l y ,
because t h e s u r f a c e thermal mani fes t a t ions imply
h y d r a u l i c c o n t i n u i t y between t h e deep r e s e r v o i r

and t h e s u r f a c e . Never theless , t h e l o c a t i o n of
t h e r e s e r v o i r i n region undergoing both
aseismic creep and seismic s l i p may b e c r u c i a l
t o unders tanding t h e changes i n s e i s m i c i t y that
have occur red w i t h e x p l o i t a t i o n .

Laboratory s t u d i e s o f t h e mode of deformation

of core samples sugges t s a s i g n i f i c a n t change
occurs w i t h  i n c r e a s i n g  e f f e c t i v e pressu re . Byer lee
and Brace found t h a t f o r a v a r i e t y of rock
types and l imestone were no tab le
excep t ions )  s t eady  s l i d i n g on f a u l t s u r f a c e s was
stable a t l o w conf in ing p r e s s u r e . ' A t conf ining
p r e s s u r e s above about 1 kbar , t h e f a u l t motion
changed t o s t i c k- s l i p , and t h e magnitude of t h e
stress drop  dur ing  r u p t u r e inc reased w i t h
i n c r e a s i n g  p r e s s u r e .  

T h i s same mechanism could be causing t h e
s e i s m i c i t y a t The Geysers i f l a r g e changes i n

pore p r e s s u r e have occurred w i t h  e x p l o i t a t i o n .  
i n i t i a l p r e s s u r e d i s t r i b u t i o n a t The Geysers i s
poor ly known, and is c o n t r o v e r s i a l . The most
widely accep ted model is t h a t t h e f i e l d w a s vapour
dominated from 300 m to over 3 km depth b e f o r e
e x p l o i t a t i o n . Temperature and p r e s s u r e throughout

The

t h e r e s e r v o i r were close t o 35 bars and and
t h e r e s e r v o i r w a s g r o s s l y underpressured wi th
respect t o h y d r o s t a t i c pressure (F ig .

E x p l o i t a t i o n has caused p r e s s u r e to d e c l i n e f u r t h e r ,
and t h e m o s t heav i ly produced areas of t h e b o r e f i e l d
now have pressu res below 20 bars (Lipman e t a l .

I f t h i s i s t h e case, then conf in ing
p r e s s u r e l i t h o s t a t i c - pore pressu re ) has
undergone an i n c r e a s e of only a few percen t wi th
e x p l o i t a t i o n and it is u n l i k e l y t o be an important
factor inducing t h e se i smic i ty .

However, bo th Weres e t a l . and Mahon
e t have proposed, f o r d i f f e r e n t reasons ,
t h a t The Geysers r e s e r v o i r may have been predominantly
l i q u i d dominated befo re e x p l o i t a t i o n . I f so, t h e
drop i n f l u i d pressu re , or rise i n conf in ing
p r e s s u r e , wi th e x p l o i t a t i o n has ranged from around

50 bars a t 1 t o over 200 bars below 3 km depth
( A l l i s , 1981, i n p r e p . ) .  T h i s  rise i n confining
p r e s s u r e  w i t h i n  t h e r e s e r v o i r could be ample to
change t h e mode of deformation from stable,
aseismic creep t o u n s t a b l e seismic s l i p p i n g .

COEFFICIENT OF FRICTION MECHANISM

Although inc reas ing confining pressu re i s an

obvious mechanism f o r changing stable s l i d i n g t o
s t i c k s l i p behaviour, it i s conceivable t h a t some
o t h e r  f a c t o r  could cause  t h e same e f f e c t . S te t sky

(1978) p o i n t s  o u t  t h a t s t i c k s l i p motion is also
enhanced by t h e presence of s t rong , b r i t t l e

minera l s such as q u a r t z and f e l d s p a r , by l o w
temperatures , by an absence of gouge c lays ) and
by lower s u r f a c e roughness.
steam from t h e r e s e r v o i r has caused a change i n

I f product ion of
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t h e physical state of t h e rock, or i ts f r a c t u r e

sur faces , with a r e s u l t a n t increase i n t h e
c o e f f i c i e n t of f r i c t i o n then a t r a n s i t i o n from
stable, s l i d i n g t o s t i c k- s l i p motion could be 
induced. For m o s t rocks under a wide range of
condit ions, l i es i n t h e range (Byerlee,
1978). However, gouge mater ia l such a s
montmorillonite o r vermicul i te can have a very l o w
c o e f f i c i e n t of f r i c t i o n . Although unproven i n
t h e laboratory, a s i g n i f i c a n t increase i n could
have been produced by drying out of t h e r e s e r v o i r
rock, and/or by deposi t ion of s i l ica from t h e
b o i l i n g of pore water ( A l l i s , 1981, i n prep.).
The lat ter f a c t o r could be dominant i f some pore
w a t e r , as w e l l as steam, moves from t h e rock
matrix towards the major f i s s u r e s during
production. Because of thermal buf fe r r ing by t h e
reservoir rock, the thermodynamic path of t h e
mobile f l u i d tends towards isothermal expansion
r a t h e r than isoenthalpic expansion, and drying
and superheating of t h e steam occurs. Deposition 
of si l ica i n the f r a c t u r e s and f a u l t zones would
accompany t h i s expansion process, and a s i g n i f i c a n t
i n c r e a s e i n the o v e r a l l  c o e f f i c i e n t  of f r i c t i o n
f o r t h e reservo i r could r e s u l t .

DISCUSSION

Three mechanisms f o r t h e induced se i smic i ty
i n The Geysers reservo i r have been out l ined above.
The f i r s t implies t h a t thermal cont rac t ion has

t h e rock.
t h e apparent cons t ra in t s from both reservo i r pressure
and se i smic i ty c h a r a c t e r i s t i c s is an increase i n the
c o e f f i c i e n t of f r i c t i o n .

Thus t h e only mechanism which s a t i s f i e s

I t is also poss ib le t h a t more than one
mechanism is important. A t production depths, s i l i c a
deposi t ion and drying of t h e reservo i r rock could 
be dominant. During production, t h e
dominated zone has probably expanded downwards and 
l a t e r a l l y . Therefore pore pressure decl ine may
a l s o be important i n the deeper port ions of t h e
reservoir. The absence of below about
5 depth probably r e f l e c t s ongoing aseismic
creep due to high temperature.
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