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ABSTRACT 

Single-phase and two-phase geothermal reservoirs are cur ren t ly  being 

explo i ted f o r  power production i n  I t a l y ,  Mexico, New Zealand, the U.S. and 

elsewhere. Ver t ica l  ground displacements of upto 4.5 m and hor izonta l  ground 

displacements of up t o  0.5 m have been observed a t  Wairakei, New Zealand tha t  

are c l e a r l y  a t t r i bu tab le  t o  the resource exploi tat ion.  S imi lar ly ,  v e r t i c a l  

displacements o f  about 0.13 m have been recorded a t  The Geysers, Cal i forn ia .  

No s i g n i f i c a n t  ground displacements t h a t  are a t t r i bu tab le  t o  large-scale f l u i d  

production have been observed a t  Larderello, I t a l y  and Cerro Prieto, Mexico. 

Observations show t h a t  subsidence due t o  geothermal f l u i d  production i s  

characterized by such features as an o f f s e t  of the subsidence bowl from the 

main area o f  production, t ime-lag between production and subsidence and non- 

l i nea r  s t ress-s t ra in  relat ionships.  Several p laus ib le  conceptual models, o f  

varying degrees o f  sophist icat ion, have been proposed t o  explain the observed 

features. A t  present, r e l a t i v e l y  more i s  known about the physical mechanisms 

t h a t  govern subsidence than the relevant therma mechanisms. Although attempts 

have been made t o  simulate observed geothermal subsidence, the modeling e f fo r ts  

f have been ser ious ly  l i m i t e d  by a lack o f  re levant f i e l d  data needed t o  

s u f f i c i e n t l y  characterize the complex f i e l d  system. - . 

* Present address: P h i l l i p s  Petroleum Company, 655 East 4500 South, 
Sal t  Lake City, Utah 



iii 

SUBSIDENCE DUE TO GEOTHERMAL. FLUID WITHDRAWAL 

CONTENTS 

f 

INTRODUCTION . . . . . . . . . . . . . . .  . . . . . .  1 

FIELD OBSERVATIONS * . -o . . . . . .  3 

Wairakei. New Zealand .................... 5 

c 

Broadlands Geothermal Field. New Zealand . . . . . . . . . . . .  8 

Cerro Prieto. Mexico ..................... 13 

The Geysers. California. U.S.A. . . . . . . . . . . . . . . .  16 

Lardere l lo  Geothermal Field. I t a l y  . . . . . . . . . . . . . .  20 

Geopressured Systems . . . . . . . . . . . . . . . . . . . . .  24 

Chocolate Bayou. Texas . . . . . . . . . . . . . . . . .  24 

Summary o f  F i e l d  Observations . . . . . . . . . . . . . . . .  27 

PHYSICALBASIS .......................... 30 

Deformation o f  the Reservoir . . . . . . . . . . . . . . . . .  32 

Mechanical DeformatSon . . . . . . . . . . . . . . . . .  32 

The Single-Equation Approach . . . . . . . . . . . . . .  38 

The Coupled-Equation Approach . . . . . . . . . . . . . .  40 

Thermal Deformation . . . . . . . .  . . . . . . . . . .  41 

Overburden Deformation .................... 42 

* Role o f  Fractures ...................... 44 

Range o f  Values o f  Parameters . . . . . . . . . . . . . . . .  44 
4 

w Zealand . . . . . . . . . . . . . . . . . .  45 

East Mesa. Cal i forn ia  and Cerro Prieto. Mexico . . . . 46 

Pleasant Bayou. Texas . . . . . . . . . . . . . . . . . .  48 



iv 

DATA SYNTHESIS AND PREDICTION 50 

Reservoir Deformation Models . . . . . . . . . . . . . . . . .  50 
Overburden Deformation Models . . . . . . . . . . . . . . . .  53 
Coupled Reservoir-Overburden Models . . . . . . . . . . . . .  54 
Comparison of Geothermal Subsidence Models . . . . . . . . . .  54 
Some Simulation Results . . . . . . . . . . . . . . . . . . .  55 

CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . .  57 

ACKNOWLEDGEMENTS ......................... 58 

REFERENCES ............................ 58 

TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72 

FIGURECAPTIONS . 74 

FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 



1 

INTRODUCTION 

In many parts of the world geothermal energy i s  being actively exploited 

- fo r  power generat io  Compared t o  o i l  and coa the energy content of a u n i t  

mass of geothermal water is  relatively 

geothermal reservoirs, especially those dominated by 1 i q u i d  water, entails the 

extraction of large volumes of the fluids, leading ar iably t o  the min ing  of 

these fluids. T h i s  depletion of stored f l u i d  volume is compensated largely by 

all.  Hence, power production from 
c 

i t h  associated reservoir 

deformation. Abundant f ie ld  evidence the effects of 

re ser vo i r beformat i 

vertical and horizontal ground displa 

nd surface t o  be manifested as 

surface, we shall, 

horizontal  and vert 

seismic even 

ntal  consequences i n  some 

areas. For example, vertical movements of on1 feet  i n  some 

areas such as 

agricultural lands. Abrupt spa t ia l  changes i n  the magnitude of subsidence, on 

the other hand, can lead t o  the ruptur ing  of i r r iga t ion  canals or  pipelines. 

Texas can lead t o  f lood ing  and loss of valuable urban or  

* 
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There exists,  therefore, a pract  i r e  t o  e x p l o i t  the geothermal resource 

ashion tha t  the de us e f fec ts  o f  land subsiden 

and acceptable. To achieve t , a proper understanding o 

nism i s  essent ia l  so tha t  the consequences o f  spec i f i c  ex 

strategies can be foreseen and appropriate ameliorat ive measures taken. 

The purpose o f  t h i s  pape . t o  assess our current  status o f  knowledge 

re la ted  t o  subsidence caused by the r e  a1 o f  geothermal f l  

r, we sha l l  address the fo l lowing questions: 

tudes o f  subsidence t h a t  have been observed i n  d i f f e r e n t  

What 

a t  are the physical bases tha t  r e l a t e  f l u i d  wi thd 

displacements? What i s  our current a b i l i t y  t o  p red ic t  land 

the help o f  mathematical models? A f i n a l l y ,  what are the key questions tha t  

need t o  be answered i n  order t o  increase our a b i l i t y  t o  p red ic t  subsidence? 

We sha l l  begin the paper with a descr ipt ion o f  case h i s to r i es  r e l a t i n g  t o  

geothermal systems from around the world. Following th is ,  we sha l l  describe 

the physical mechanisms tha t  govern subsidence and examine how these physical 

mechanisms may be quan t i t a t i ve l y  analyzed using mathematical models. We sha l l  

c lose the paper w i th  a discussion o f  the current status o f  knowledge and the 

i d e n t i f i c a t i o n  o f  key issues requ i r ing  resolut ion.  
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FIELD OBSERVATIONS 

In general, geothermal systems can be classified in to  f ive categories: 

normal gradient-, radiogenic-, gh heat flow-, geopressured-and hydrothermal 

i systems (DiPipp 1980). Normal gradi systems are systems i n  which the 

temperature gradient i n  the earth's crust averages about  30'C/km. Exploitation 

of such a system would require one t o  d r i l l  deep i n  the earth's crust, 

rendering this resource t o  be uneconomical a t  present. 

c 
.I 

produced by the radioactive decay of uranium, thorium, 

rust forms a radiogenic system. Radioactive 

ase about one-billionth of a watt of heat. Thus, 

a f a i r ly  large am t of heat energy can 

f the earth's crust as a whole. 

btained by t app ing  radiogenic 

ver, this energy is quite 

diffused and a suitable medium may not be readily available t o  permit i t s  

large scale extract5 
J 

Subsurface tmpe led by conductive flow of 

t i n g  flow i n  culating f l u i d s ,  or by mass 

t i o n  dominated, h igh  heat flow areas may be 

t h i n ,  t h u s  allowing 

or. i n  which a large, 

crust. Such areas 

mes as large as 2 to  4 ave 1 arge thermal gradients, 

1 times the normal gra n t  as found i n  the Hungarian Basin (Boldizsar, 1970) 

ese regions are 
I 
CI 

wever, such areas 

power production because of the diffused nature of 

energy contained i n  them. 

The fourth type of geothermal system, the geopressured system, is found i n  

regions where f l u i d  pressures exist i n  excess of hydrostatic pressure gradient . 
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o f  9.8 KPa/m (0.433 p s i / f t ) .  It i s  b ed t h a t  any o r  a l l  o f  the  fo l lowing 

r e  responsible f o r  the  existence o f  a geopressured s 

aturated sediments, wi th  ra tes o f  loading exceeding 

development o f  osmotic essure across c lay  beds; and v 

gh diagenetic a l t e ra t i on  o f  -montmori l lonite t o  i l l it 

temperatures of 80'C t o  12O'C (Jones, 1969, 1975). Such f i e lds  a 

along the  northern coast o f  Gul f  o f  Mexico, and i n  many other pa r t  

world. These f i e l d s  do not have high temperature gradients but  

temperatures are encountered due t o  great depths (=6 km) invo lv  

systems are of economic importance as they are capable o f  d e l i  

energy, thermal energy and large supplies o f  methane gas. The Gulf  coast o f  

mechanical 

Texas and Louisiana i s  cu r ren t l y  being explored w i th  deep wel ls t o  harness 

t h i s  resource. 

The l a s t  geothermal resource, t he  hydrothermal type, has been extensively 

exploi ted and used f o r  power production, space heating and other appl icat ions 

throughout the  world because o f  i t s  prox imi ty  t o  the  earth 's surface and i t s  

amenabil ity t o  energy extraction. The d r i v ing  heat energy f o r  such systems i s  

supplied a t  the  base o f  the  convection loop. 

subclassi f ied i n t o  two types: vapor dominated and l i q u i d  domina 

which d i f f e r  i n  the physical s ta te  o f  t he  dominant pressure cont 

I n  vapor dominated systems, pressure i s  cont ro l led by the steam 

Hydrothermal systems may be 

the  l i q u i d  dominated systems, i t  i s  contro l led by l i q u i d  water. 
2 

4 geothermal systems discovered t o  date, hot water systems are perha 

common as vapor dominated systems (Muf f ler  and Whit 

d dominated systems, Wairakei i n  New Zealand and Ce 

Mexico are cu r ren t l y  producing 140 MW and 180 MW o f  e l e c t r i c  
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I respectively. 

systems such as The Geysers i n  California U.S.A. (900 MW) and Larderello i n  

I ta ly  (380 Mi). 

Electric power is  also being produced from the vapor dominated 

Of the five categories of geothermal systems, only the geopressured and s 

c .. the hydrothermal systems are presently viable for economic power production. 

Therefore, we shall l i m i t  our discussion of subsidence t o  hydrothermal and 

geopressured systems 

In the following section f ie ld  observations are  presented from several 

geothermal sites. Attempt is made to  emphasize the important features 

relevant t o  subsidence. A total  of six case histories are  discussed. These 

include: 

Zealand and a t  Cerro Prieto i n  Mexico; the vapor-dominated systems a t  The 

Geysers i n  California and a t  Larderello i n  Italy; and the Geopressured system 

a t  Chocolate Bayou i n  Texas. 

the liquid-dominated systems a t  Wairakei and Broadlands i n  New 

. I  

Wairakei, New Zealand 

Wairakei is located on the North Island o f  New Lealand. I t  i s  situated on 
" _  the west bank of the Waikato River and l ies  8 km north o f  Lake Taupo 

(Figure 1). This  liquiddominated field occupies an area of 15 km 

(Grindley, 1965), and extends about 5 km westward rom the river over a 

relatively f l a t  valle 

bordered by hi l ls  of 

and serve as a groundwater recharge area. No boundaries have been indicated 

2 

nderlain by Taupo pumice alluvium. On the west, i t  i s  

rakei Breccia that r i s e  90-150 meters above the valleys 
i 

- - towards north nd south as evidenced by the behavior of the wells. The 
I 

structure of this fie1 s controlled by numer fractures associated w i t h  the ~ 

Wairakei, Kaiapo, and Upper Waiora faults {Grimsrud et a l . ,  1978). The 

geology of the Wairakei f ie ld  i s  described i n  Grindley (1965), Healy (1965), 

. .  
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and Grange (1937). The reservo i r  engineering data have been compiled by 

P r i t c h e t t  e t  al. (1978) and subsidence re la ted  studies are reported in Grimsrud 

e t  al. (1978), Viets e t  ai.  (1979) and M i l l e r  e t  al.  (1980a, 1980b). A mixture 

o f  steam and water, i n  a r a t i o  of about 1 t o  4 by weight, i s  y ie lded by the 

Waiora Formation which i s  considered t o  be the main geothermal 

Above the Waiora l i e s  a r e l a t i v e l y  l'mpermeable Huka mudstone.  the Wairakei 

ignimbrites, considered t o  be p r a c t i c a l l y  impermeable, under l ie  the 

* 

R 

The thickness o f  the Waiora Formation var ies from about 366 m (1200 f ee t )  i n  

the west t o  more than 793 m (2600 ft. ) i n  the east. The Huka F a l l s  Formation, 

a r e l a t i v e l y  f i n e  grained lacus t r ine  rock, i s  less  than 100 m (300 f t )  towards 

southwest o f  the main production area and thickens t o  about 310 m (1000 ft) 

towards northwest and southeast. 

Geothermal f l u i d  production a t  Wairakei s ta r ted  i n  ea r l y  1950. The 

production increased s ign i f i can t l y  i n  1958 wi th  the commencement o f  power 

generation. A t o t a l  o f  141 wel ls  were d r i l l e d  i n  the f i e l d  up t o  1968 when 

d r i l l i n g  a c t i v i t y  completely ceased, O f  these, 65 bores account for about 

95 percent o f  the t o t a l  f l u i d  produced from the e n t i r e  f i e l d .  

t ha t  the reservo i r  was o r i g i n a l l y  f i l l e d  w i th  hot water t o  the base o f  the 

Huka F a l l s  formation before production started. 

It i s  bel ieved 

Based on the ea r l y  explorat ion 

measurements, i n i t i a l  temperatures and pressures a t  the sea leve l  were about 

250'C and 3965 kPag (575 psig). Data presented by P r i t c h e t t  e t  at. (1978) 

i nd ica te  t h a t  i n i t i a l  temperatures i n  the upper p a r t  o f  the reservo i r  may have 2 

been 10'-40'C lower than i n  the deeper parts. Presumably, the ho t tes t  f l u i d s  * 

were found i n  areas close t o  fau l ts  and fissures. I n  the e a r l y  years o f  

i on  (1958-1962), recharge t o  the reservo i r  was about 10 perc 

roduced. This inadequate recharge led  t o  large pressure drops i n  the 

reservoir .  For example, pressure drops o f  the order o f  1725 kPag (250 psig) 
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were observed i n  the  western production area and over 2070 kPag (300 ps ig)  i n  

s tern production area. However, recharge rose t o  about 90 percent o f  

u i d  produced i n  ve l ing o f f  a t  a pressure drop 

* f less than 69 o t a l  o f  about 1.05 t r i l l i o n  

- 3 tri 11 ion  pounds) o f  f l u i d  had been produced from the  Wairakei-Tauhara 

region as o f  December 31, 1976. This large scale ext ract ion o f  f l u i d s  has l ed  

t o  s ign i f i can t  ground de 

I n i t i a l  surface subs 

.I 

at ions i n  and around the  Wairakei f i e l d .  

ce measurements were made i n  1956 on the  basis o f  

bench marks est  1950. Periodic measurements since then have shown 

t h a t  the area a ubsidence exceeds 3 . Subsidence a t  Wairakei , 

has been repor t  S t i  l w e l l  e t  al. (1975), and subsequently, 

thoroughly rev1 ve r t  i ca 1 subs 5 denc e 

and hor izonta l  ground movem d 3. ,As seen i n  

r e  2, t he  area o f  maxim he main production 

zone and the  maximu .5 meters between 1964 

and 1975. The hor izonta l  movements, accompanying v e r t i c a l  subsidence, are 

represented by vectors i n  F ig  ward the area of 

ons increase w i th  

bout 0.5 meters can 

gure 3. A p l o t  of 

7 i s  shown i n  

.c Figure 4. Th t h a t  subsi characterized by 

w l ,  b) a l i n e a r  o i  r pressure - 
c )  a non-linear r e l a t i o n  a f t e r  1963. 

bsurface deformations 

se ismic i ty  o f  the area. may be expected t o  enhance the f a u l t  a c t i v i t y  and 

I n  a recent study Evison e t  al. (1976) found tha t  both micro earthquakes as 



a 

w e l l  as macro earthquakes were many times more frequent i n  the faupo f a u l t  

b e l t  than e i ther  i n  the ad jo in in  

east. Nevertheless, t o  our know no such study ex i s t s  whi 

re la tes  subsidence w i th  se ismic i ty  i n  the Wairakei area. 

ns o r  i n  the Kaingaroa Plateau t o  the 

It i s  d i f f i c u l t  t o  

assert a t  t h i s  time tha t  increased smic i ty  i n  the Waira i e l d  i s  due t o  I 

increased subsidence. 

A t  Wairakei spent geothermal f l u ids  w i th  approximate 

so l ids  are discharged d i r e c t l y  i n t o  the Waikat 

Since 1968, no new wel ls  have been d and Walter, 1978). 

and about 140 MW o f  power i s  being s tead i l y  produced since then. 

i n  the f i e l d  

The surface deformations i n  the f i e l d  have disrupted p ipe l ines carry ing 

steam, cracked drainage canals and caused the main road t o  sink by Z-meters 

(V iets  e t  al., 1979). The recurr ing cost  o f  repa i r  o f  steam l i n e s  might range 

from $2000 t o  $10,000 per year. F ix ing  o f  drainage canal cost  about $250,000. 

Broadlands Geothermal Field, New Zealand 

The Broadlands geothermal f i e l d ,  located about 28 km northeast o f  Wairakei 

i s  another liquid-dominated geothermal system i n  New Zealand (Figure 1). 

behaviour, however, appears t o  be considerably d i f f e r e n t  f r o m  tha t  a t  Wairakei, 

l a rge l y  due t o  the presence o f  s ign i f i can t  amounts o f  carbon dioxide gas. 

New Zealand E l e c t r i c i t y  Department i s  expecting t o  produce 150 M 

e l e c t r i c i t y  from t h i s  f i e l d  by mid 1980's. 

I t s  

The 

The f i r s t  5044 u n i t  may be i n  
'c, 

operation by l a t e  1983. The explorat ion i n  t h i s  area began i n  ea r l y  1960's 

i l l i n g  a c t i v i t y  s ta r ted  i n  1965. As o f  1977, a t o t a l  o f  32 

been d r i l l ed ,  o f  which only  16 are considered t o  be good producer 

1980). These are wel ls  8R2, 3, 8, 9, 11, 13, 17 t o  23, 25, 27 an 

5). The depth o f  the wel ls  i n  t h i s  f i e l d  vary between 760 a 

T 
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1400 meters w i t h  one well (BR15) reaching down t o  2418 meters. 

three thermal anomalies have been recognized (DiPippo, 1980). First is the 

Broadlands thermal anomaly covering an area of roughly 365 m radius centered 

Over the field 

around well BR7; second is the Ohaki thermal anomaly w i t h  an area of about 

550-m radius is  centered on well BR9 and t h i r d  is an elongated area between 

wells BR6 and BR13 which extends about 1220 meters i n  north south direction, 

O f  these, the Ohaki anomaly is associated with best production. 

The geology of the Broadland’s area has been extensively s t u d i e d  and 

reported i n  Grindley (1970), Browne (1970), Hochstein and H u n t  (1970), and 

Grindley and Browne (1975). The subsurface formations i n  the descending order 

include: Recent Pumice alluvium, Huka Falls formation, Ohaki Rhyolite, the 

Waiora Formation, Broadlands Rhyolite, Rantawiri Breccia, Rangitaiki 

Ignimbrites, Waikora Formation, the Ohakuri group, and the Graywacke basement. 

The thickness of these formations is spatially variable. The Waiora Formation 

and Rantawiri Breccia are the t w o  main aquifers which provide most of the f l u i d  

produced. The formations below the lower aquifer are quite dense and almost 

impermeable. 

ment to  t h e  Waiora aquSfer,white the Broadlands Rhyolite apparently acts as a 

boundary separating the two aquifers. The 1ocal.disruption of alternating 

permeable and impermeable formations by faul ts  and dikes provides steep 

channels, for  f l u i d  flow (Browne 

l ie  i n  the respective thermal areas, The lateral extent of t h e  field, as . 

determined from the resis t ivi ty  surveys (Risk, 1975) is also shown i n  

he Huka Falls Formation and he Ohaki Rhyolite provide confine- 

The Ohaki and the Broadlands faul ts  
d 

6 

Figure 5. The resis 

5 ohm-m and the resis t ivi ty  anomaly encloses an area of about 10 square 

kilometers, The boundary between hot -and cold ground is  essentially vertical 

down t o  a depth of a t ”  least 3 km, 

of the region, enclosed by’bars, i s  less than 
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During a per iod o f  f i v e  years between 1966 and 1971, a t o t a l  discharge o f  

about 34 b i l l i o n  kg (74 b i l l i o n  pounds) o f  f l u i d  and 4.4 x 10l6 jou les (42 

t r i l l i o n  BTU) o f  heat had been extracted from the Broadlands f i e l d .  The 

e n t i r e  f i e l d  was almost shut down f o r  over 3 years between August 1971 and 

December 1974. 

upper and the lower reservoirs before exploi tat ion.  

t 

I n i t i a l  temperatures of about 260°C and 300'C existed i n  the ff 

The response o f  the Broadlands geothermal f i e l d  i s  not iceably d i f f e r e n t  

from tha t  o f  a conventional l i q u i d  dominated system due t o  the presence o f  non 

condensible gases, mainly C O P .  

b o i l i n g  po in t  o f  water by 3'C a t  300'C and by about 1'C a t  a temperature o f  

260'C (Macdonald, 1975). Thus, a two-phase region i s  expected t o  e x i s t  i n  the 

The p a r t i a l  pressure o f  gases reduces the 

reservo i r  w i th in  a depth o f  about 2 km during the preproduction state. 

Standard hydrostat ic pressures, as defined by Hitchcock and Bix ley (1975), 

exis ted i n  the aqui fers o f  the Broadlands system p r i o r  t o  production. 

the commencement o f  production i n  ea r l y  1966, the reservo i r  pressures have 

Since 

continued t o  decl ine u n t i l  1971 when the production ceased almost completely. 

During exp lo i t a t i on  i t  was found tha t  i n  the Ohaki area t o  the nor th  the 

reservo i r  behaves as a single, interconnected uni t ,  whereas Broadland area t o  

the south i s  characterized by considerably lower permeabi l i ty  and contains 

several iso la ted pockets tapped by ind iv idual  wells. 

(19771, the communication between the Ohaki bores i s  also not  perfect, as i t  

According t o  Grant 

t 
takes about a year f o r  pressure t ransients t o  propagate across the Ohaki 

region. This behaviour i s  qu i te  d i f f e r e n t  from tha t  observed i n  the Wairakei i 

f i e l d  where the communication between wel ls  i s  very good ( P r i t c h e t t  e t  al., 

1978). Another remarkable d i f ference observed between these two f i e l d s  i s  i n  

the s ize  o f  the pressure drop. A pressure drop o f  as much as 1400 kPa 

(14 bars) was observed i n  some wel ls  when exp lo i ta t ion  ceased i n  1971 i n  the 
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Broadlands f ield (Hitchcock and Bixley, 1975). For a comparable amount of 

f l u i d  withdrawn, the pressure drop observed i n  the Wairakei f i e l d  was quite 

small. Apparently, the presence of small quantities of carbon dioxide has' 
5 played a major role i n  determining'the response of the Broadlands field. The 

-. lower. effective permeabi 1 i t y  as evidenced a t  Broad1 ands can be attributed t o  

the presence of the two f. luid phases, each of which impedes the flow of the 

other (Grant, 1977). According t o  this same author the pressure drop i n  the 

reservoir is  mainly the d r o p - i n  the par t ia l  pressure o f  the gas, w i t h  

drop i n  the steam phase pressure. After the 1971 shut i n ,  pressures i n  the 

f ie ld  started to  b u i l d  up w i t h  a recovery rate of 'about 173 kPa/year (25 psi/ 

year) over a three-year period (Hitchcock and Bixley, 1975). Grant (1977) 

believes t h a t  t h f s  pressure recovery i s  primarily the recovery of gas pressure 

and the amount of'pressure increase is  the measure of the t o t a l  amount of 

C02 recharge t o  the system. 

l i t t l e  

Under these conditions i t  i s  reasonable t o  infer t h a t  i n  the absence of 

'C02, the pressure behavior should have been similar t o  t h a t  of Wairakei. 

Following the pattern of drawdown and recovery, ground subsidence and rebound 

are also observed a t  the Broadlands f ie ld  as described below. 

An extensive precise level -network was established i n  the Broadlands area 

dur ing  196769 period. Approximately 500 bench marks were in s t a l  led over an 

area of 65 square kilometers, covering a route distance of about 78 km. 
* 

I n i t i a l l y  a precise level survey was carried out i n  May 1968 which was then 

resurveyed i n  September 1969 and i n  March 1974. Local subsidence surveys were 

conducted i n  September 1969, December 1969, June 1970," January 1971, January 

1972, February 1975, and February 1976. Total vertical subsidence observed 

between May 1968 and March 1974 is shown in Figure 6 which also includes the 

recovery i n  the ground levels during the s h u t d o w n  period between 1971 and 

5 
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1974. 

maximum magnitudes observed up t o  August 1971. 

Thus, the subsidence shown i n  Figure 6 i s  i n  f a c t  smaller than 

For example, a maximum v e r t i c a l  

n t  o f  220 mm was observed over the period February 1969 t o  January 

1972 compared t o  190 mm shown i n  Figure 6, ind ica t ing  c l e a r l y  t h a t  a rebound 

has occurred. It may also be noted by comparing Figures 2 and 6 t h a t  un l i ke  

a t  Wairakei, the  subsidence bowl in the Broadlands occurs d i r e c t l y  over the 

reg ion-o f  maximum discharge. By using the pressure data from Hitchcock and 

Bix ley (1975) and subsidence data from the M in i s t r y  o f  Works and Development 

(1977), a p l o t  o f  reservo i r  press drop versus subsidence has been prepared 

f o r  bench mark H468A i n  the v i c i n i t y  o f  wel l  BR9 and i s  shown i n  Figure 7 f o r  

the period September 1969 t o  October 1973. For t h i s  f igure  September 1969 i s  

taken as the datum, a t  which t ime a cer ta in  amount of subsidence and a pressure 

drop o f  about 600 kpa ( 6  bars) was already ex i s t i ng  a t  we l l  BR9 (Hitchcock and 

Bixley, 1975). A t o t a l  subsidence o f  6 mm took place a t  H468A between January 

1972 and February 1975 (Min is t ry  o f  Works and Development, 1977). Assuming a 

l i nea r  re la t ion,  we have calculated the subsidence f o r  October 1973. 

Figure 7 tha t  the slope o f  the curve tends t o  change between January 1971 and 

January 1972 and d r a s t i c a l l y  changes beyond January 1972. This i s  due t o  the 

rebound o f  the ground surface associated w i th  r i s i n g  reservo i r  pressures caused 

Note from 

by the shut i n  o f  the f i e l d  i n  August 1971. Horizontal displacements 

associated with subsidence have also been observed i n  the Broadlands f i e l d  and 

are shown i n  Figure 8. As seen i n  t h i s  f igure, the maximum movement over a 

s i x  year period (1968-1974) i s  about 120 mm. A r e i n j e c t i o n  p.lan i s  underway 

i n  the Broadlands area t o  minimize subsidence ef fects.  

conducted on wel ls  BR7, BR13, BR23, BR33 and BR34 f o r  periods varying from a 

f e w  weeks t o  3 years (B ix ley and Grant, 1979) . 
saturated with s i l i c a ,  was in jec tedand i t  was found t h a t  the permeabil i ty o f  

Reinject ion tes ts  were 

I n  a1 1 cases, water 
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the injected formation either increased or remained the same. Thus, 

reinjection tes t s  are quite encouraging a t  the Broadlands f ield and a f u l l  

scale reinjection scheme m i g h t  be coming for th  i n  the future. The potential 

problems related t o  subsidence a t  this s i t e  include f looding  by Wairakei rivers 

and the role of ground deformation i n  s i t i n g  power houses and steam lines. 

8 

- 
Broadlands geothermal f ie ld ,  which l ies  i n  the Taupo-Reparoa basin, has 

very l i t t l e  micro earthquake activity as compared w i t h  t ha t  i n  the Taupo f a u l t  

belt where the activity is  about two orders of magnitude higher (Evison e t  al., 

1976) . 
any effect on the nticrosei smici t y  of the Broad1 ands area. 

I t  appears t h a t  neither geothermal f l u i d  production nor subsidence has 

Cerro Prieto, Mexico 

Cerro Prieto g&othermal field i s  the i r s t  l i q u i d  dominated system i n  North 
. America to  be expldited for  electric power generation. I t  i s  located i n  the 

Mexicali valley i n  the Colorado River delta and is  located about 30 km south 

of the border of Mexico and the United States (Figure 9). 

relatively f l a t  area o f  about 30 square kilometers and exhibits some surface 

geothermal manifestations such as mud volcanoes ( 5  cm t o  2 m h i g h ) ,  steam and 

gas vents, h o t  springs,  b o i l i n g  mud ponds and a 200-m h i g h  black volcanic cone 

known as Cerro Prieto, after which the geothermal f ie ld  is  named. 

I t  occupies a 

Geologically the Cerro Prieto f iel is underlain by deltaic sediments which 

are classified i n t o  t 

600 t o  2500 meters an 

units, U n i t  A and U n i t  6. U n i t  A has a thickness of 

ontains nonconsolidated and semi-consolidated sediments c 

r of clay silts, sands, and gravels. U n i t  B consists o f  layered consolidated 

sediment shales a 

producing layers vary over the field between 600 t o  900 meters and 1300 t o  

sandstone and is more t h a n  2 km thick. The depths t o  the 

1600 meters t o  the west of the railroad track and between 1800 t o  2000 meters 

and 2200 meters t o  2500 meters t o  the east. 
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The s t ructure o f  the Cerro Pr ie to  f i e l d  i s  con t ro l led  by numero 

re la ted  t o  the San Andreas f a u l t  system. 

fau r e  shown i n  Figure 10. Hydrological ly, these f a u l t s  m 

The locat ions o f  some important 

act  as conduits f o r  the i n f l u x  o f  f l u i d s  from the basement. For example, the 

Cerro P r ie to  f a u l t  i s  bel ieved t o  act  as a western hydrologic boundary t o  the 

f i e l d  whi le  the Morel ia f a u l t  acts as a leaky boundary t o  the north. The 

Delta-, the Pattcuaro- and the Hidalgo f a u l t s  appear t o  ac t  as conduits t o  

The eastern boundary o f  the f i e l d  i s  not y e t  wel l  established. 

Based on geophysical data and interference tes ts  i t  has been in fe r red  tha t  

both Cerro P r ie to  I and Cerro P r ie to  I 1  areas, l y i n g  on the west and east o f  

the r a i l r o a d  track, respectively, are hydro log ica l ly  interconnected. According 

t o  Mercado (1975), hot water i n  the eastern par t  o f  the f i e l d  r i s e s  up and 

flows towards west. 

E l e c t r i c  power generation i n  the Cerro Pr ie to  f i e l d  began i n  1973. I n  

A p r i l  1979 the capacity o f  the p lan t  was doubled t o  150 MW, as two new u n i t s  

came i n t o  operation (Lippmann and Goyal, 1980). 

r a t e  has increased f r o m  about 2.8~10~ t o  4.2~10~ kg (2800 t o  4200 tonnes 

per hour. Total heat and mass produced as o f  November, 1980 has been estimated 

t o  be 6x1Ol3 kcal  (2.4~10~~ BTU) and 1 . 9 ~ 1 0 ~ ~  kg (1.9~10 8 tonnes), 

respect ively (Goyal e t  ai., 1981). Figure 10 shows the loca t ion  o f  over 

60 deep wel ls  t h a t  have been completed i n  the f ie ld .  

water-steam mixture, the weight r a t i o  o f  which var ies from we l l  to  wel l  f r o m  

0.5:l t o  4:l. Under natura l  conditions, the waters i n  the produ 

bel ieved t o  have existed a t  o r  below the b o i l i n g  po in t  (Truesdel 

personal communication). This view i s  supported by temperature 

show tha t  the highest temperature o f  the water has been equal t o  t 

Consequently, f l u i d  production 

These wel ls  produce a 
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saturat ion temperature corresponding t o  the  hydrostat ic pressure o f  t he  hot 

sa l ine  water. 

t o  wel l  from about 200 kcal /kg t o  450 kcal/kg. Temperatures o f  about 

300'-31O'C and pressure about 10,000 kPa (100 bars) are believed t o  e x i s t  i n  

the  f i e l d  a t  a depth o f  about 1300 meters (Lippmann and Mafibn,* 1980). Some 

Enthalpies o f  the  produced f l u i d  were-found t o  vary f r o m  wel l  

5 

- 
rn 

approximate locat ions o f  isotherms, expected t o  e x i s t  a t  d i f fe ren t  depths, are 

also shown i n  Figure 10 

f l u i d  production has been i n  progress since 1973. Pressure drops and 

temperature drops o f  about 500 t o  2000 kPa (5  t o  20 bars) and 10-15'C have 

These p r o f i l e s  are l i k e l y  t o  have changed because 

been observed i n  some wells. 

Subsidence associated w i th  t h i s  large scale f l u i d  ext ract ion was 

ant ic ipated t o  occur i n  the  Cerro Pr ie to  f i e ld .  Therefore, the Direccion 

General de Estudios del  T e r r i t o r i o  Nacionat (DETENAL) nd the  U.S. Geological 

Survey, j o i n t l y  l a i d  out the  f i r s t  network t o  measure hor izonta l  and v e r t i c a l  

' deformations i n  the  Mexical i  Val ley i n  1977. The second ~ survey conducted i n  

1978 and reported by Garcia (1980) show'both u p l i f  (max. 33 mm) and subsi- 

dence (max 28 mm) aver an area extending from t h e  U.S.A-Mexico border t o  the  

south o f - t h e  f te ld .  According,to these resul ts,  subsidence i n  the  producing 

area was very small 

o f  these resu l t s  wi.11 .depend upon the loca t ion  o the chosen datum of zero 

subsidence. s t r a i  n/year i n NW-SE, 

Nevertheless, i t  must be noted t h a t  t he  in te rpre ta t ion  

r i r o n t a l  contract ion .of about 31 

c 

r 

d i rec t i on  and extension o f  0.7 p st ra in /year  i n  NE-SW was also observed i n  the 

f i e l d  during the  second survey o f  1978 (Massey, 1980) It i s  l i k e l y  t h a t  the  

Cerro P r ie to  area might also be undergoing some tectonic  deformations s imi la r  

t o  those observed In t he  Imperial Valley. Zelwer and Grannell (1982) provide 

gravimetric evidence t o  the  e f fec t  khat between 1977 and. 1981 approximately 
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45 cm of v e r t i c a l  subsidence has occurred east o f  t he  power p lan t  

the  6.1 magnitude earthquake o f  June 8, 1980. Their evidence also suggests 

tha t  almost a l l  the f l u i d  withdrawn i s  replenished by recharge. 

ncreased f l u i d  withdrawal a t  Cerro Pr ie to  may cause changes i n  pore 

e, temperature gradients, volume and stress patterns which i n  t u r n  may it 

inf luence the se ismic i ty  of the area (Majer e t  al., 1980). Seismic studies 

been conducted a t  the Cerro Pr ie to  f i e l d  since 1971 and have been reported 

by Albores (1980) and Majer e t  al .  (1980). It was found t h a t  microearthquake 

y i n  the  production area was lower compared t o  t h a t  i n  €he 

region. One explanation f o r  t h i s  may be tha t  the  e f f e c t i v e  stress i n  the  

production zone i s  increased due t o  f l u i d  exploi tat ion.  This leads t o  an 

increase i n  the  e f fec t i ve  strength o f  the  rock against slippage, which i n  tu rn  

reduces the  seismic a c t i v i t y  i n  the  production tone. The regional  se ismic i ty  

may be due t o  tecton ic  stresses rather  than the geothermal a c t i v i t y .  

As o f  August 8, 1979 re in jec t i on  was underway i n t o  we l l  M9 with untreated 

water separated from wel l  M29. Response o f  wel l  M9 and tha t  of per ipheral  

wel ls i s  being monitored over a period o f  time. About 40,000 kg/hr 

(40 tonnes/hr) o f  approximately 165'C f l u i d  i s  in jected i n t o  an aqui fer  located 

between 721 and 864 m depth. The i n j e c t i o n  r a t e  had decreased t o  about 25,000 

kg/hr (25 tonnes/hr) by December 1979 (Alonso, e t  ai., 1979). No 

subsidence-re1 ated damages have been reported f r o m  the  Cerro P r ie to  geothermal 

f i e l d  so far .  7 

The Geysers, California, U.S.A. 

The Geysers i s  a vapor dominated geothermal system and i s  the la rges t  

producer o f  geothermal e l e c t r i c  power i n  the world. As of ea r l y  1982, Pac i f i c  

Gas and Electr ic Company i s  generating approximately 960 MW o f  e l e c t r i c i t y  from 

steam supplied by Union O i l  of Cal i fornia,  Magma Power Company, Aminoil U.S.A. 
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nics, Inc. The Geysers field is located about 120 km north of San 

Francisco in the northern coast ranges of California (Fig. 11). Electric power 

production at The Geysers began in 1960 when a 12.5 MW generating plant went 
5. 

t 114,000 kg (250,000 pounds) per hour of steam supplied by 
- - then power production at The Geysers has been steadily 

increasing through the addition of more wells to the production line. The 

field is being expjoited by private companies and much of the reservoir 

ata is not in the public domain. Good reviews o f  subsidence 

related literature of the Geysers are contained in Grimsrud et a l .  (1978) and 

The Geysers field, a tectonically active area, can be characterized by a 

thrust plates. It is 

ssemblage, the 

volcanics. The 

ate metamorphism, 

constitutes the res es are very dense and have low 

e steam is thus 

s, the presence o f  

Two reservoi 

reservoir and a deep 

roduced about 

s about 640 m 

0 m (2500 

some locations while at others they are not. The vertical extent of the 

reservoir is estimated to be greater than 3050 m (10,040 feet), (Lipman et al, 
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1977) and the  l a t e r a l  extent i s  b t o  be 4580 m by 4580 

The top o f  the reservo i r  i s  estimated t o  be 000 feet).  

* o 1968 t he  shallow rese as the  source o f  

o f  the f l u i d  wa But by the e a r l y  197 . 
t i s  believed t o  have an i n i t i a l  temp 

5 kPa (514 p espectively. It 

ater  t a b l e  may e x i s t  depth o f  about 45 

t o  20,000 f e e t )  which supplies the  steam t o  the  producing wells. Noncondens- 

able gases up t o  2 percent by weight are also produced a t  The Geysers along 

w i th  the  steam. By 1975 there were 110 wel ls i n  the f i e l d ,  providing about 

3.65 m i l l i o n  kg (8 m i l l i o n  pounds) o f  steam per hour t o  generate about 500 MW 

o f  e l e c t r i c i t y .  

Future plans t o  increase the  capaci ty are underway. 

production has reduced reservo i r  pressures considerably and has caused land 

deformations. A pressure drop o f  1240 kPa (180 p s i )  was observed i n  the  

reservo i r  between 1969 and 1977. 

A t  present, about 900 MW o f  e l e c t r i c i t y  i s  being generated. 

This commercial steam 

The r e l a t i v e  changes i n  the elevations o f  

t he  ground surface i n  The Geysers area are shown i n  Figure 12. 

subsidence t o  about 13 cm has occurred i n  the area o f  maximum f l u i d  withdrawal. 

It i s  i n te res t i ng  t o  note t h a t  t h e  v e r t i c a l  changes i n  the  

The maximum 

power plants 9-10 are minimal, even though large-scale steam productions from 

f these u n i t s  since 1972. 

drops and the rates o f  subsidence were largest soon a f t e r  t he  ne 

It was also observed t h a t  t he  reservo i r  pressure 

steam were put on l i n e  and they gradual ly diminished as recharge gradients 

reached steady s t a t e  condit ions (Grimsrud e t  a1 . , 1978) . The v e r t i c a l  

displacements observed during 197 5 and 1975-77 along sec (Figure 12) 

are shown i n  Figure 13. Two types of ground movements may be observed here. 
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a downward local t i l t  about-3.5 cm WNW and second, a 

t i a l  subsidence i n  the areas of steam production overlapped by circles  

i n  Figure 12. A maximum subsidence rate of about 4 cm per year dur ing  1973-75 

decreased t o  about 2 cm per year dur ing  1975-77 

nearly uniform u p l i f t  from 1935-77 i n  t h  

can either be due t o  

ar power plant 5-6. A 

SE area of the main production zone 

e thermal expansions of t h e  overburden i n  the newly 

r‘may be attributable t o  the assumption of zero subsidence a t ’  

op and subside along section AA’ 

(Figure 12) are sh from this figure, the 

areas of maximum subsidence ar ssure drop. Horizontal 

d i  spl acement rates were found 

heaviest f l u i d  withdrawal t o  0 

er year i n  the areas of 

eripheral areas (Lofgren, 

1978) . 
In an effort  t o  reduce subsi 

reinjection of the steam condens 

The Geysers. By 1975, six wells were 

formation began i n  1969 a t  

crease i n  the 5 smicity o f  the 

dition, microe t iv i ty  

by volume changes due t o  fluid-withdrawal an 

1979). A compar 0 ng pre-production (1962-63) 

and peak production (1975-77) 

ajer and McEvi 1 ly, 

hat the regional seismicity 

n the areahcreased t o  47 events per year i n  the l a t t e r  
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period as opposed t o  25 even 

Also the microearthquakes a t  

ear i n  the  former (Marks e t  al., 1979). 

sers are s t rong ly  c lustered around the 

s t e v  production * ject ion.  It appears l i k e l y  t h a t  much 
e 

o f  the present se ismic i ty  a t  The Geysers i s  induced by one o r  

fo l lowing phenomena: steam withdrawal, i n j e c t i o n  o f  condensat - 

t ionship between these phenomena i s  not  firmly 

hat  t he  sl ippage f a u l t  blocks past one an 

bute t o  the  microea 

rmation and propagation o f  micro- 

subsidence movements may i n  p 

t h a t  subsidence may g ive  r i s e  

ch may enhance micro-seismic ac t i v i t y .  I n i t i a t i o n  and propagation 

o f  microcracks i s  also a t t r i b  

c i r c u l a t i n g  geothermal f l u i d s  and t h i s  phenomenon i s  termed Vhermal stress 

cracking" (Nelson and Hunsbedt, 1979). The mechanisms, by which t h i s  increase 

i n  se ismic i ty  has occurred warrants fu r the r  study. No environmental hazards 

are reported i n  the  Geysers area due t o  land subsidence. 

Larderel lo Geothermal Field, I t a l y  

t o  the  thermal stresses produced by 

E l e c t r i c  power generation a t  t he  Larderel lo f i e l d  began as ea r l y  as 1913, 

making i t  the f i r s t  geothermal f i e l d  i n  the world producing e l e c t r i c  power 

from geothermal steam (DiPippo, 1980). This f i e l d  i s  p a r t  o f  a 

high heat f low extending along the east coast o f  the I t a l i a n  penin 

Tuscany t o  S i c i l y  (Mongell i and Laddo, 1975). The Larderel lo system contains 

many geothermal anomalies. As o f  Ma 

San Ippo l i to ,  Gabbro, Larderello, S 

Lagoni Rossi, Lago, Monterotondo and Mol i n e t t o  anomalies. Figure 15 shows the 

loca t ion  o f  t he  f i e l d  and i t s  various anomalies. The Lardere l lo  f i e l d  extends 

over a distance o f  about 20 km from Monterotondo i n  the  south t o  the  Gabbro i n  

the  north. The area covered by t h i s  f i e l d  i s  about 170 km (Ceron e t  al., 

1975, the producing anomalies included 
. 

azzano, Castelnuovo V.C., Sasso Pisano, 

2 
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1975). As of March 1975, a total of 511 wells were drilled in the region with 

an average depth of about 650 meters. Of these, 194 were connected to the 

production llne and 9 wells were used as observation wells for reservoir 

engineering studies. 

average fluid production of about 15,000 kg/hr (15 tonneslhr) per productive 

Installed capacity at this time was about 380 MW with an 

well at an operating well-head pressure o f  100 to 800 kPa abs (Ceron et al., 

1975) . 
The geologic map of the Larderello field along with a cross section view 

is shown in ,Figure 16.- From a hydrogeological point of view, the lithology 

here can be grouped-into three main complexes: The first is an impermeable 

cap rock complex made of outcrops of "Argille Scagliose" comprising shales, 

1 imestones, etc., and;"Macigno" and "Polychrome Shales" overlain in places by 

clay, sand and conglomeratic sediments. The second is the Tuscan formation, 

which constitutes the principal -reservoir and .forms' the circulation region for 

the endogenous fluid. It comprises radiolarites to evaporite deposits. The 

third is the basement complex, consisting of phyllitic-quartzitic formations, 

which is highly impervious where phyllites predominate but may be locally 

permeable where intercalations o f  quartzites and crystal line 1 imestones are 

Because the cap rock is not continuous the Tuscan Formation is 

at some places and allows the geothermal aquifer to be recharged by 

rainfall. The steam produced at the Larderello field originates from the 

meteoric water th 

local shallow 

may have undergone either -a deep regional circulation or a 

etracco and Squarci, 1975). 

Geophys i cal studies ndicate that the reservoir is characterized by a 

distinct resistivity high of  greater than 100 ohm-meters and is located at 

depths of less than I000 m. Thermal gradients of the order of 300'C/km to a 

maximum of 1000'C/km at some places are found in the area. The accepted normal 
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gradient for  the area i s  about  30'Cfkm w i t h  a heat flow of greater t h a n  3 HFU 

(heat flow units). A t  some places heat flows of 5 t o  10 HFU's exist. The 

highest reservoir temperature and pressures encountered i n  the field are 300'C 

and 3000 k P a  (440 psi) ,  respectively. The geothermal f l u i d  produced consists 

o f  dry saturated or  s l i g h t l y  superheated steam and some noncondensible gases. 

The amount of noncondensible gases varies over the f ie ld  from 1 percent t o  

20 percent by weight w i t h  an average of about  5 percent of which C02 is the 

dominant one. Tempefatures, pressures and flow rates vary f r o m  well t o  well 

and from area t o  area. 

rates and reservoir pressures over the decades of production. 

There has been a significant decrease i n  the mass flow 

For example, 

wells 85 and Fabiani of the Larderello anomaly show a significant decrease i n  

the mass flow rate over a 20 t o  30 year period (Figure 17). T h i s  figure 

indicates t h a t  flow rates are apparently tending t o  a steady state. The 

productive wells i n  the Larderello field were f i r s t  s h u t - i n  i n  1942 bu t  

systematic measurements of relative pressures began only i n  1955 (Celati 

e t  al . ,  1977). The water table data  was used by Celati e t  a l .  (1975) t o  

determine formation pressures dur ing  this period. I t  was found t h a t  the 

i n i t i a l  pressures i n  the Larderello region varied from 1960 t o  3920 kPa (284 

t o  568 p s i )  and t ha t  these values were affected by nearby producing zones as  a 

result of the expansion of the explored area. Pressure depth plots indicated 

tha t  i n  different parts of the field both water dominated and vapor dominated 

systems had existed pr ior  t o  intensive exploitation began. 

distributions i n  the Serrazzano area for  1970 are shown i n  Figure 18. The 

Reservoir pressure 

highest pressure downhole pressure formed boserved among a1 1 Italian steam 

fields was measured i n  the Travale field where a pressure of about 4000 kPa 

(about 870 psi) existed i n  new wells drilled from 1972 onwards. Such high  

pressures indicate t h a t  the wells i n  th is  f ie ld  have reached a water dominated 
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reservoir. Considering that iarderel lo 4s in much the same hydrogeological 

and thermal situation as the Travale field, it can be deduced that Larderello, 

in undisturbed conditions, might also have had similar pressures (Celati 

et al., 1975). Continued production from the field has led to a considerable 
5 

- - drop in the reservoir pressures and water levels. Since 196344, water levels 

i 

r 
9 

in the western part of the field have dropped by about 100 meters-compared to 

the other parts where ttie drop is less than 50 meters (Celati et al., 1977). 

In a related-study, Atkinson et al. (1978) calculated an initial pressure of 

3920 kPa (570 psi) at the Serrattano field and steam reserves of about 

1 . 7 ~ 1 0 ~ ~  kg (170 million tonnes). 

To monitor the effects of the injection o f  liquid wastes on surface and 

ground waters, a reinjection program was started in the Larderello region 

during the early 1970's. About one fifth of the waste liquid is returned to 

the reservoir- by reinjection through the wells at the periphery of-the field 

and the remaining 80 percent is discharged directly-into the local streams 

(Defferding and Walter, 1978) 'in spite of high concentrations of boron. 

Generally reinjection was successful. However, in one case cold reinjected 

liquids reached a production well. 2 -  

No 'subsfdence as been reported at the Larderello fjeld, although 

production has been in progress for 60 years a d on a relatively large scale 

for 30 years (Kruger and Otte, 1976). Mfcroea thquake studies in the . E  

Larderello area do not seem to have bee repeated, However, a few earthquakes 

of magnitude 4 in the Larderello area a 

east of Larderello have been reported. 

recorded at the Larderello field if sensitive instruments are used. 

one earthquake centered about 15 km 

It seems that microseismicity could be 
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Geopressured Systems 

Several reservo i rs  o f  b r ine  a t  high pressures and moderate temperatures 

are known along the Gulf Coast o f  Louisiana and Texas. Wallace (1979) 
0 

estimates 17.1 x loz1 Joules o f  thermal and methane energy i n  place i n  the 
2 reservo i r  f l u i d s  underlying a 310,000 km area o f  the northern Gulf  o f  

Mexico basin. Temperatures and pressures o f  most waters i n  these areas vary 

between 163-204'C .and 69 t o  103 MPa (10,000 t o  15,000 ps i ) ,  respectively, i n  

the depth in te rva ls  o f  above 3.5 t o  5 km (Wi l ion e t  al., 1974). Temperature 

gradients o f  about 2O0-40'C/km e x i s t  i n  the Gulf Coast region i n  the upper 

2 km. Geothermal gradients exceeding 100'C/km are found within and 

immediately below the depth i n te rva l  where maximum pressure gradient change 

occurred (Jones, 1970). 

conforms i n  a general way w i th  a 120'C isotherm which occurs i n  the depth 

range of a 2.5 t o  5 km below sea leve l  (Jones, 1970). 

bearing strength due t o  thermal diagenesis which takes place between 80'C t o  

120'C i s  considered most responsible f o r  creat ing the top o f  the geopressured 

The depth t o  the top o f  the geopressured zone 

The loss o f  load 

zone. The loca t ion  and depth o f  occurrence o f  the geopressured zones i n  the 

Gulf Coast region are shown i n  Figure 19. 

I n  t h i s  paper we sha l l  confine our a t ten t ion  t o  one geopressure f i e l d  

which i s  under exploi tat ion.  

which o i l  and gas have been produced since the ea r l y  1940's. 

It i s  the Chocolate Bayou F i e l d  i n  Texas from 

Chocolate Bayou, ,Texas 

Chocolate Bayou i s  an o i l  and gas f i e l d  i n  Brazor ia County, Texas, and i s  

5 

a 

located about 30 miles south o f  Houston (Figure 20). O i l  and gas production 

from both normally and geopressured zones have been responsible f o r  a land 

subsidence o f  about 0.6 m (2 ft) i n  t h i s  area. The Austin Bayou Prospect, a 

proposed geothermal explorat ion s i te ,  i s  located 8 km (5 miles) southwest o f  
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Chocolate Bayou and has e s s e n t i a l l y  t he  same geohyd log ica l  conditions. One 

t h a t  the subsidence a t  the Aust Bayou prospect w i l l  not be 

much d i f f e r e n t  from t h a t  a t  Chocolate Bayou under geothermal f l u i d  - 
production. The Chocolate Bayou f i e l d  occupies an area o f  about 69 km' 

- (25 mi') and has 

l e v e l  w i th  a gent 

face elevat ion o f  3 t o  12 

utheast dip. The formations from surface downwards 

( l o  t o  40 feet)  above sea 
L 

inc lude Pliocene t o  Holocene sand and c l a y  beds i n  the upper 760 m 
~ _ ,  

(2500 feet) ,  Miocene and Pliocene sands i n  the next 1200 m (4000 fee t ) ;  and 

Oligocene and Miocene shales i n  the  remaining 610 m (2000 feet)  down,to a 

depth o f  about 2650 m (8700 feet). Underlying these formations are the 

productive geop sured sediments, whi i g h t  occur down t o  depths o f  about 

4900 m (16,000 feet) .  The producing zone de r la in  and over la in  by th i ck  

shales and vary i n  thickness from less than 3 t o  more than 60 m (10 t o  more 

ressured zone var ies from 

erous f a u l t s  w i th  no surface 

bel ieved t o  be 
. I  

ure zones by br ing ing shales 

i n t o  contact w i th  sands and there unicat ion between upper 

,also bel ieved t o  act  as 

complete o r  p a r t i a l  b a r r i e r s  t o  the f l u i d  f l ow  s tavson and Krei  t 1 er, 

roduced more than 

& 

y. Gas wel ls  have 
6 

n Figure 21. The 

shown i n  t h i s  f igure, because 

these data are n 
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of b r ine  since 1965, fo r  the P h i l l i p s  Petroleum Company's wells, i s  also shown 

i n  t h i s  f igure. This re in jec t i on  i s  believed t o  be about 10 percent o f  the 

br ine  produced. As may be noted from t h i s  f igure,  b r ine  i s  the predominant 

l i q u i d  produced a t  the f i e l d  since 1965. Current t o t a l  production o f  
4 3  i s  less than 8x10 m 

ore than 4.8~10 m (3 m i l l i o n  bar re ls )  per year 

(0.5 m i l l i o n  bar re ls )  per year and t h a t  . 
5 3  

e t  al., 1980b; Grimsrud e t  al., 1978). I n i t i a l  condi t ions o f  the reservo i r  

vary w i th in  the f i e l d  from one loca t ion  t o  another. The producing zones i n  

west Chocolate Bayou area are a l l  normally pressured; i n  East 

both normally pressured and abnormally pressured zones are present; and i n  

South Chocolate Bayou a l l  zones are abnormally pressured. Pressure versus 

depth re la t ionships i n  wel ls  located west o f  the Chocolate Bayou area i s  shown 

i n  Figure 22. Based on we l l  logs, a temperature gradient o f  about 3'C/100 m 

seems q u i t e  reasonable down t o  about 5000 m. Data presented by Bebout e t  at. 

(1978) f o r  a we l l  from the South Chocolate Bayou f i e l d  indicates tha t  bottom 

hole pressures had decl ined by 55 t o  62 MPa (8000 t o  9000 p s i )  during a 

ten-year per iod 1964 t o  1974, a1 though bottomhole temperatures remained f a i r l y  

s tab le a t  about 162°C (323'F). 

expected t o  cause some land subsidence. 

the Chocolate Bayou area has subsided .55 m (1.8 fee t )  since 1 

(Figure 23). Besides o i l  and gas production, ground water w i t  

tec ton ic  movements are also considered as po ten t ia l  causes o f  t h i s  subsi 

(Grimsrud e t  al., 1978). Groundwater withdrawals between 1943 and 1974 have 

The reduction i n  the formation pressures i s  

I n  fact ,  bench mark K691 located i n  

1, 

caused a subsidence o f  more than 2.13 m (7 fee t )  i n  the Houston-Galveston area 

and are bel ieved t o  be responsible f o r  some subsidence i n  the Chocolate Bayou 

area ( M i l l e r  e t  al., 1980). Some estimates have been made on the  

Chocolate Bayou subsidence a t t r i bu tab le  t o  groundwater pumpage. It has been 
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suggested tha t  the'subsidence o f  about 0.3 m (1 f o o t )  out  o f  a t o t a l  o f  -55 m 

(1.8 feet)  can be a t t r i bu ted  t o  the groundwater' M i  thdrawal (Sandeen and 

Wesselman, 1973; Grimsrud e t  al., 1978). It may be noted from Figure 23 t ha t  

the bench marks P53 and M691 located i n - t h e  Chocolate Bayou f i e l d  show a 

change o f  slope i n ' l a t e  40's and ea r l y  60's. This increased subsidence can be 

re la ted  t o  increasekl production o f  hydrocarbons as shown i n  Figure 21. 

Another i n te res t i ng  po in t  may also be noted i n  Figures 21 and 23 t ha t  although 

the hydrocarbon production a t  the Chocolate Bayou f i e l d  has been decreasing 

since 1964, the average r a t e  o f  subsidence from 1964 t o  1973 was greater than 

t h a t  from 1959 t o  1964.- This suggests e i t he r  a lag-time of a t  leas t  several 

years between ex t rac t ion  o f  deep f l u i d s  and the appearance o f  subsidence 

e f fec ts  a t  the surface o r  a t r a n s i t i o n  o f  the sediments from a s ta te  o f  over 

consol idat ion t o  tha t  o f  'normal consol idat ion (Holzer, 1980). No surface 

effects, such as fau l t ing ,  ground cracking, d isrupt ion o f  we l l  casings, 

damages t o  structures, etc., are reported i n  the Chocolate Bayou area due t o  

ground subsidence. 

,Summary o f  F i e l d  Observations 

There i s  c lea r  f i e l d  evidence from d i f f e r e n t  par ts  o f  the world t o  conf i rm 

t h a t  geothermal f l u i d  ex t rac t ion  can cause t o - v e r t i c a l  as wel l  as hor izonta l  

displacements a t  the land surface. These deformations, which can cause 

s ign i f i can t  damage t o  property, o f  n show spec i f i c  patterns o f  v a r i a t i o n s  i n  

space and i n  time ind i ca t i ve  o f  c plex i n te rac t i on  o f  physical phenomena. 
1 

* A t  Wairakei i n  New Zealand a well-defined subsidence bowl, w i th 'an  area of 
2 about 1.5 km , has developed d 

v e r t i c a l  displacement i n  excess o f  4.5 m. Within t h i s  bowl, pronounced 

t o  f l u i d  production, with a maximum 

hor izonta l  displacements -directed towards the center have also been observed 

with a maximum magnitude o f  about 0.5 m. Spat ia l ly ,  the subsidence bowl i s  
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centered about 1.5 km €NE o f  the  center o f  the main production area 

(Figure Z ) ,  presumably cont ro l led  by p e c u l i a r i t i e s  o f  loca l  geology. The 

annual r a t e  o f  v e r t i c a l  displacement also shows a s i g n i f i c a n t  r e l a t i o n  t o  

time. An analysis o f  the subsidence a t  bench mark A97 i n  the SSW p a r t  o f  the 

bowl suggests tha t  the r a t e  was about 4 cmlyear between 1953 and 1962. Around 

1963 t h i s  r a t e  underwent a marked increase and, between 1971 and 1974 had 

at ta ined a magnitude o f  about 15 cmlyear. An examination o f  the pressure drop 

a t  the same bench mark suggests t h a t  the marked change i n  the r a t e  

subsidence i s  i nd i ca t i ve  o f  a marked increase i n  the compress ib i l i ty  o f  the 

mater ia l  undergoing subsidence. 

i n  the micro- and macroseismic a c t i v i t y  i n  the Taupo f a u l t  b e l t  area (which 

passes t o  the West o f  the f i e l d  i n  a nor ther ly  d i rect ion) ,  i t  i s  d i f f i c u l t  t o  

decide a t  present whether t h i s  increase i s  t o  be a t t r i bu ted  t o  the 

exp lo i ta t ion  a c t i v i t y  o r  t o  natural  tectonism. 

Although recent studies i nd i ca t  

The Broadlands f i e l d ,  New Zealand, also exh ib i t s  conclusive evidence o f  

Unl ike a t  Wairakei, subsidence associated w i th  geothermal f l u i d  production. 

the subsidence bowl a t  Broadlands i s  centered almost d i r e c t l y  over the 

production area, w i th  a maximum displacement o f  the order o f  0.2 m since the 

mid 1960's. 

again during September 1974. 

decrease o r  even a reversal i n  the d i rec t i on  o f  ground displacement. 

1969 and 1972 the average r a t e  of subsidence was of the  order o f  5 cm/year. 

The f i e l d  was almost completely shut down dur ing August 1971 and 

Both these events were fol lowed by a marked 

Between 

As a t  Wairakei, the hor izonta l  movements a t  Broadlands are also d i rected 

towards the center o f  the bowl, w i th  maximum displacements of the order o f  

10 cm. Recent inves t iga t ion  ind icate no noticeable seismic a c t i v i t i e s  

a t t r ibu tab le  t o  geoth6rmal explo i ta t ions a t  Broadlands. 
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The 1 iquid-dominated geothermal field a t  Cerro Prieto, Mexico, has been 

ducing since 1973. Observations t o  date indicate that small vertical 

displacements, of the order of a few centimeters, have occurred over the field 

hese displacements cannot be conclusively attributed to  

s probable that the ground deformations and seismicity 

recently i n  Cerro Prieto could be attributed by 

tectonic activity i n  this structurally active part of the earth's crust. 

The Geysers field i n  Lake County, California constitutes an excellent 

example of a vapor-dominated system. Relative t o  a 1973 datum, vertical 

movements of as much as 13 been observed i n  The,Geysers up u n t i l  

he maximum subsidenc ra te  was about 4 cm/year between 1973-75 and 

declined t o  about 2 cmlyear near Power Plant 5-6. A t  the same time, a nearly 

uniform u p l i f t  of about 2 cm occurred dur ing  1975-77 was also observed i n  the 

ea. There is  evidence that the areas of maximum 

w i t h  areas of maximum pressure drop. 

he production 

subsidence over the field are correla 

Since 1969, spent condensate f l u i d s  have been reinjected in to  the formation 

and provide pressu support  t o  the reservoir. A comparison o f  the 

preproduction seismic 

that region 

events/year. In addition, micro-earthquake activity is strongly clustered i n  

regions of production and injection. 

k production period, 1975-77, shows 

y (magnitude - >2) had inc 

Another well known vapor dominated system is the one i n  and around 

Larderello i n  Italy. Although this field has been under production since 

early 1940%, iceable subsiden has apparent 1 occurred. A few 

uakes of approximate magnitude 4 have been reported. No data are 

micro-earthquake activity i n  this region. available on t 
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The geopressured geothermal systems o f  the Gulf Coast i n  Texas and 

Louisiana are cur ren t ly  under exploration. As such, no case h i  i es  are now 

avai lable t o  evaluate t h e i r  deformation behavior i n  response t o  f l u i d  

withdrawal. Some clues t o  t h e i r  possible behavior, however, can be obtained 
r. 

tudying the deep o i l  and gas ' f ie lds  tha t  have been explo i ted the - 
explorat ion s i tes.  

and gas horizons are known between depths o f  2650 and 4900 m (8700 t o  

16,000 feet ) .  These zones may be e i the r  normally pressured o r  may be 

geopressured. Within the Chocolate Bayou area maximum subsidence o f  up t o  

0.55 m subsidence a t t r i bu tab le  t o  o i l  and gas production between 1944 and 1972 

has been measured. 

t o  shallow groundwater development. 

I n  the Chocolate Bayou o i l  f i e l d s  o f  Texas producing o i l  

It i s  bel ieved tha t  pa r t  o f  t h i s  subsidence could be due 

PHYSICAL BASIS 

As evidenced by f i e l d  observations the important questions requ i r ing  

consideration i n  analyzing subsidence due t o  geothermal f l u i d  withdrawal are 

as fol lows: 

1. The nature o f  the s ize and the shape o f  the subsidence bowl. 

D is t r ibu t ions  o f  hor izonta l  and v e r t i c a l  displacements. 

2. The loca t ion  o f  the subsidence bowl i n  r e l a t i o n  t o  the loca t ion  o f  the 

area o f  f l u i d  production. 

3. The var ia t ions i n  the time-rate o f  subsidence as a funct ion o f  time. 

4. D i  ff eren t i  a1 subsidence . 
5. Fau l t  movement and induced seismicity, i f  any. 9 

The fundamental sequence o f  events leading t o  land subside 

8 

fol lows: (1) f l u i d  withdrawal causes reduction i n  f l u i d  pressure; (2) f l u i d  

pressure reduction causes an increase i n  stresses on the rock matrix, 

accompanied by a reduct ion i n  the reservo i r  bulk volume; (3)  the reduction o f  
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reservoir volume leads to the generation of a three dimensional displacement 

field within th 

contractions associate 

displacements propagate to the land surface to cause horizontal and vertical 

and some deformation may also be induced by 

th temperature declines; and (4) the reservoir 
0 

a 

nalysis, it is convenient to distinguish between the 

reservoir proper where the di splacements originate, and the overburden through 

ir displacements are mere1 transmitted. We shall define the 

s of the syste rom which geothermal , 

d (released from storage) to compensate for the fluids 

ical ly, the reservoir include 

ers) as well as the slowly draining formations 

removed at the w 

permeable horizons 

(aquitards or ca overburden, hand, has little , 

hydraulic continuity with the reservoir. Thus, the 

from the overbu 

s no drainage of fluid 

for the geothermal fluids exploited. 

burden basically -differ in the manner in which 

d deformation. The reservoir is subjected to 
the pores (endogeneous 1 oadi ng ) whereas the 

overburden is subjec nts .imposed on its boundary 

(exogeneous loading). Stated differently, the reservoir is subject to drained 

loading while the overburden is subjected to undrained loading. 

In practice, it may be hard to define the exact location of the L 

- n interface. This boundary will obvi ly change its 

harp I ,  impermeable contact between 

the two. Nevertheless, the pect that results of overall 

analysis may not b 

this contact. 

o the uncert s inherent in locating 
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Deformation of the Reservoir 

In a geothermal reservoir deform on may occur due to mechanical as well 

as thermal causes. A1 though a reasonable theoretical basis is currently 

available to discuss mechanically induced deformations, much remains to be 

done to properly explain the complex interactions existing b 

mechanical deformations that occur 

c 

. 
thin a geothermal reservoir under 

In the following discussions on reservoir deformation, we shall restrict 

ourselves to subsidence caused by fluid withdrawal (that is, endogeneous 

loading). The duration of reservoir exploitation is considered to be much 

smaller than that over which tectonic stresses’change and hence, we will treat 

the total stresses on the system to remain unchanged in time. 

Mechanical Deformation: This phenomenon can perhaps be best explained by 

considering an elemental volume of the reservoir and its response to an 

imposed change of fluid mass at constant temperature. 

mass is indeed induced when geothermal fluid is mined from the reservoir. 

Such a change in fluid 

The 

mass of fluid contained in an arbitrary volume element is given by 

Mf = VvpfSf, where Mf is mass of fluid, Vv is volume of voids, 

Consequently, is fluid density and Sf is fluid saturation. Pf 

Of the three quantities on the right hand side of (1) the first, 

the component of AMf arising due to pore volume change, is t 

which i s  directly determines the magnitude of subsidence. T 

terms, which govern the dynamics of pore-fluid pressure chan 

contribute to subsidence. 

5 

Therefore, in so far as the mechanism of pore 
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volume change is concerned, we may focus attention on the f i r s t  term on the 

r i g h t  hand side of (1). Thus, only tha t  term needs further consideration. 

As already stated, A V ~  is caused by a reduction i n  the pore f l u i d  pressure 

g of f l u i d  mass. n a d d i t i o n  t o  the change in void volume one 

has also t o  c ge i n  the volume of t h  l i d  grains i n  order t o  
i 

I 

evaluate the change i n  the b u l k  volume of the element. Note tha t  i t  i s  the 
_ a  

change i n  the bulk volume tha t  controls subsidence. Th,e basic ideas o f  

and A V ~  (where V, is volume of solids) t o  compute A V  has 

been discussed i n  detail by Skmpton (1961) ce w i t h  Skempton's 

development, we can show t h a t  when the to ta l  stress is constant, t ha t  is, 

Aa = 0 ,  

AVV 
0 - CAP 

where c i s  the compressibility under drained flow conditions i n  which external 

stress i s  increased w i t h  no change i n  pore pressure 

where cs i s  f the solids. As justified 

experimentally (Skmpton, l ) ,  the assu n t  i n  (3) i s  

1 s u r e  and external 

lids. Based 

justification for this. In (2) and (3) a reduction i n  volume is associated 

w i t h  a positive sign. Combining (2) and (3): 
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A V  - = - CaAp V 

where a = (1-cs/c). 

grain-grain slippage and (3) re la tes  t o  volume change due t o  

compression o f  the  grains. Physically, (4)  imp1 ies  tha t  fa1  1 ing  pore pressure 

Equation (2) per ta ins t o  volume change so le l y  due t o  

w i l l  be accompanied by compaction due t o  grain-grain sl ippage and a d i l a t i o n  

due t o  the expansion of t h  Usually c > c, and hen 
a 

slippage w i l l  dominate the 

Furthermore (2) impl ies t h a t  f o r  void volume chang 

spectively, the fo l lowing t i t u t i v e  re la t i ons  between e f f e c t i v e  

stress, u ' ,  and p are val id:  

For void volume change: 

For bulk volume change: 

When 

cS A u '  = - (1 - 7) Ap = - aAp 

more than one f l u i d  phase i s  present i n  a geothermal system (e.g., 

steam and water), the r e l a t i o n  bet 

ske leta l  stresses becomes more com than (6). No published work, t o  our 

knowledge, addresses t h i s  re la t ionship f o r  a two-phase, stream-water system. 

The somewhat analogous problem o f  deformation of s o i l s  p a r t i a l l y  saturated by 

n change i s  f l u i d  pressure an 

water and p a r t i a l l y  by a i r  has been addressed experimentally by s o i l  

mechanicians. The discussions immediately below o u t l i n e  t h e i r  f indings. 
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ested tha t  (2 )  would need t o  be modified. Skempton 

a porous medium w i th  a 

water phase and an a i r  phase, 

where 

Pa-Pw s = l + ( l - x ) -  
X P W  

i n  which pw i s  the pressure i n  the wa phase, pa i s  the pressure i n  the 

a i r  phase and x i s  a parameter dependent on the c a p i l l a r y  pressure 
1 

(pa-pw). If ssumes u t o  be constant, (4  

modif ied to: 

be modif ied t o  

L 

gests t h a t  x may be 

o take note o f  the 

u i d  drained w i l l  be 

vern-the s o l i d  volume 

1 

change as i n  (3) o r  the bulk  volume change as i n  (4). 
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In view of 

with reference 

the foregoing, we may express the rate of change of void volume 

to fluid pressure by the relation, 

"V "V Au' I A V v  

APW APw x A= - =  - = - s  

+ 'W 51 Apw . Noting that c = -(AVv/V)(1/isu8), we may 

replace (11) by 

A vV I - = SXCV 
APW 

Skempton (1961) presented data indicating that cs/c is very nearly zero in 

almost all unconsolidated sediments. 

quartzite it may attain values of 0.7 or more. 

But in rocks such as granite and 

Also, for fully saturated 
I 

mat eri a1 s , 3 = s = 1.0. 
X 

Very little is known about the nature of the x and S functions for steam 
X 

water systems at elevated temperatures, although one would suspect that a 

steam-water system would obey an expression similar to (12). 

Insofar as the phenomenon of fluid flow is concerned, it is the void 

volume-change, a scalar quantity, that is of critical importance. However, 

for purposes of subsidence analysis it is necessary to be able to evaluate the 

vertical and lateral displacements that accompany bulk volume change. How 

much of the horizontal displacement seen at the land surface I s  directly 

related to horizontal displacements in the reservoir is one of the important 

questions that needs resolution at the present time. 

One of the simplest methods o f  converting volume change to displacement is 

to assume that due to the large lateral dimensions of geologic systems, 

horizontal strains are essentially negligible and that all volume change is 
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i 

caused by vertical displacements. 

of a regular prism of, 

Where h is the height of the prism. This is the assumption of one-dimensional 

If so, the change in the vertical dimension 

ssectional area A will be given by,, Ah = - (CaAp)h. 

theory, which has proven engineering validity in many field 

In this case, c is usually obtained by testing samples in an situations. 

oedometer or a device in which lateral strains are prevented. 

for those field situations in which lateral strains may not be neglected, 

the general three dimensional deformation field accompanying volume change has 

to be considered. The boundary conditions obtaining in such systems cannot 

generally be duplicated in the laboratory and hence it is not possible to know 

c a priori lume is a function of linear 

displacements in different directions. For simplicity, if we consider a 

system with elastic, 

in bulk volume may be related to directioqal displacements by the relation, 

his case, chang 

aterials undergoing small strains, the change 

c = e  + V x cy + cz 

umetric strain A V / V  and cX, e and ez are linear 
Y 

ction of the coo .The task here is to evaluate 

I 

1 
and cL based on rial and the 'x' 

itions. In -addition there also e distortions ,of the 
me in addition to dis e distortions, caused by 

L shear forces, do not contribute to volume change. If we assume the porous 

beyi ng Hooke s 

s tr a i n components , 
I 

components u through three materi a1 properties, Youngls modulus, 

E, shear modulus G and Poissonls ratio, w (see for example, Popov, 1968). 
i J  

For 
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purposes of analyzing three dimensional deformation, the effective stress 

relations (5) and (6) may be gen lized to (Garg and Nur, 1973): 

% 

I 

‘ij = ‘ij - s x 6. i j  .p w (14)  
- 

for void volume change and 

I - as 6. .p (15) ‘ij = ‘43 X 1.I W 

for bulk volume change. 

It i s  widely known from experience that the parameters governing volume 

change, c and E, are often strong functions of effective stress, in addition 

to being dependent on the direction of the loading path and having a memory of 

past maximum loads. 

complexities of behavior by imposing the elasticity assumption over small 

ranges of stress increment. 

assumption of linear elasticity. 

It is practically most expedient to treat these 

Accordingly we will restrict ourselves to the 

Having considered the phenomenon of deformation of our elemental volume, 

we now proceed to consider the forcing function that causes volume change. 

the present case, the forcing function is the withdrawal of fluid from a 

In 

geothermal field and the consequent reduction in fluid storage. 

is to relate (12) to the dynamics of transient fluid flow in a de 

porous medium. 

The task then - 
e 

The single-equation approach: The simplest way to couple fluid flow and 

deformation is to assume that the boundary condition controllin 

in the field can be reproduced in the laboratory (e.g., oedomet 



that the compressibility of the porous medium is known. 

entire problem may be represented by a single' governing equation, 

In this case, the 

present, an equation similar to (16) has to be set up for the second phase. 

where G is the source/sink term, k is absolute permeability, p is viscosity, 

is fluid density, z is elevation above datum, g is acceleration due to *W 
gravity, pw is fluid pressure, and mc is a generalized storage * 

i 

coefficient, . 

* I 

mc = *w [nSwcw + SwSxc + n dS;'/dpw] 

perfunctory manner; that is, only the change in mean principal stress or the 

vertical stress is accounted for. 
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The Coupled-Equation Approach. A more comprehensive so lu t i on  o f  the 

reservo i r  deformation problem requi res t h a t  the physics o f  the problem be 

described i n  terms o f  two coupled equations: one f o r  f l u i d  f l ow  and the  other 

f o r  porous medium deformation. These equations w i l l  have t o  be re in forced by * 

an energy t ranspor t  equation i n  geothermal systems, as we s h a l l  see la te r .  

The coupled approach was o r i g i n a l l y  propounded by  B i o t  (1941) and l a t e r  

revised by him i n  1955. B io t ' s  approach has since been appl ied extens ive ly  i n  

t h e  f i e l d s  o f  s o i l  mechanics and rock mechanics (e.g., Sandhu and Wilson 

(1969), 

t h e  change i n  vo id volume and t h e  expansion of water i n  (16) and then r e w r i t e  

equation as, 

I n  the  general three dimensional s i t u a t i o n  we need t o  separate out  

where cij are the  elements o f  t h e  s t r a i n  tensor and bij i s  Kronecker 

Delta. Also, 6ijtij = c t h e  volumetric s t ra in .  Because the  cij's 

are unknown i n  (18), we need t o  so lve a second equ i l ib r ium equation which 

balances t o t a l  loads. That is, 

V' 

tr 

% + F i  - 0  (19) 
3 

where u denotes the t o t a l  stress tensor and Fi denotes body forces. I n  

order t o  couple (18) and (19), we may express uij i n  (19) i n  terms o f  cij 

and p, using appropriate consi tut ive,  s t ress-s t ra in  laws. For an e l a s t i c  

ax 
c 

i j  

iso t rop i c  material,  ai may be expressed as (Biot, 1941): 
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_ I  

where E i s  Youngs modulus and v Poisson's ra t io .  

w i n  a deformable porous medium i s  provided by (18) and (19) modified 

The physical basis f o r  

e 

by (20). These equations are subject t o  appropriate i n i t i a l  conditions, 

boundary condition 
1 

Thermal Deformation: A 1  though the phenomenon of thermal expansion of 

l e  of thermal expansion i n  so l id  materials is  extr 

been treated only i n  a 

1980). In this 

s explicitly added t o  

n particular, an increase i n  

Intuitively one 

would expect tha t  pa r t  of the sol id  volume expansion.wil1 tend t o  decrease the 

pore volume whtle p a r t  of i t  w i  ntri b u t  n increase i n  the b u l k  

volume. Whether the ensuing 11 generate a PO 

pressure component or not  w i  1 lative thermal 

expansivit nd water. I neglect these ques 

ion of the so l ids  due t o  an increase i n  temperature will affect b u l k  

volume change i n  the same sense as h i d  pressure. Thus, 

if  B~ i s  the coefficient of thermal expansion of the solids defined as 
t .  

a simu us 
8 * S  

d AT i s  (under conditions of constant 
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I t i s  obvious tha t  AT has t o  be obtained by solv ing a separate energy balance 

equation i n  addi t ion t o  the f l u i d  flow equation (19) and the fo rce  balance 

equation (20). I n  recent years many ers have appeared i n  t 1 i tera ture  on 

the formulation o f  the  energy balance equation i n  s ing le  phase and two-phase 

system. Notable among these are: Coats (1977), Garg e t  al, (1975), Mercer 

and Faust (1979), Pinder (1979), and Witherspoon e t  al. (1977). 

I n  summary then, a physical descr ipt ion o f  t he  subsidence phenomenon 

accompanying geothermal f l u i d  exp lo i ta t ion  involves the simultaneous 

consideration o f  three coupled equations: one f o r  t he  conservation o f  f l u i d  

mass; one f o r  the  maintenance o f  fo rce  balance and o 

lance. These equations need t o  be suppl 

re la t ions  between pore pressure 

other as wel l  as information on the  compress ib i l i t ies  o f  t h e  bulk medium and 

the  so l ids  and the thermal expansiv i ty o f  the sol ids. 

one hand and sk 

OVERBURDEN DEFORhlATI ON 

The overa l l  e f fec t  o f  the  reservo i r  deformation i s  t ha t  i t s  in te r face  with 

t h e  overburden i s  def lected downward, 

may also be subjected t o  some hor izontal  displacements. 

displacements on i t s  bottom boundary, t he  overburden i t s e l f  deforms, leading 

I n  addition, po ints  on t h i s  in te r face  

I n  response t o  these 

t o  v e r t i c a l  as wel l  as hor izonta l  displacements a t  the  land surface. 

It i s  c lear  a t  t he  outset t h a t  overburden deforms e e n t i a l l y  i n  an 

undrained fashion. The deformation o f  the overburden i s  therefore governed 

a force balance equation such as (19), subject t o  a prescribed displacement 

boundary condi t ion a t  the  bottom and a zero stress, f r e e  surface boundary 

condi t ion a t  the  top. Addi t ional ly,  t he  overburden may be constrained by 

. 
P 

other l a t e r a l  boundaries such as f a u l t s  and basin margins. The response o f  
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the overburden is  largely governed by the ratio of ' i t s  thickness t o  the radius 

of the deformed region as well as the properties of the materials constituting 

it.  Where the thickness of the overburden i s  relatively small compared to  the 

areal extent of deformation, the land subsidence observed will almost be a 

replica of the deformation pattern a t  the reservoir overburden interface. 

However, .as the thickness increases, the displacements a t  the 

reservoir-overburden 'interface may be  modified and attenuated before reaching 

the land surface. 

c 

- 

One of the i n t r i g u i n g  questions s t i l l  unanswered concerns the nature of 

the mechanisms that cause horizontal displacements * a t  the land surface; does 

the horizontal displacement a t  the surface definitely imply significant 

horizontal displacement i n  the reservoir? In principle i t  is conceivable that 

horizontal displacementsarnay bexaused a t  the.land surface simply because of 

the elastic overburden system responds t o  the curvature of the underlying 

subsidence bowl. Such horizontal displacements'could be-accounted for  by 

means of t h e  force balance equation (19) already mentioned. However, Helm 

(1982) has been investigating the possible importance o f  horizontal 

deformations originating w i t h i n  the reservoir by treating the solid grains as 

constituting a viscous f l u i d .  The chief diff icul ty4n answering this question 

is  that no f ie ld  data are presently available on the variation of horizontal 

displacements wi th  depth w i t h i n  the overburden. Indeed, a recent report 'by 

O'Rourke and Ranson (1979) indicates that  not only are instruments 

non-existent a t  present t o  measure horizontal displacements along a vertical 

profile bu t  t ha t  such instruments may not be available i n  the foreseeable 

future. U n t i l  sufficient f ie ld  data is forthcoming, a l l  the hypotheses t h a t  

I 

r' 

* 

attempt t o  explain horizontal displacements will remain largely untested. 
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ROLE OF FRACTURES 

Our discussion o f  physical bases has so fa r  centered exc lus ive ly  on porous 

materials. Yet there i s  reason t o  bel ieve t h a t  many geothermal reservoirs 

(e.g., Wairakei , New Zealand, The Geysers, U.S.) are dominated by fractures. 

Addi t ional ly,  the overburden may also be traversed by i n d i v i d u a l  f a u l t s  o r  a 

system o f  fau l ts .  Despite these physical r e a l i t i e s ,  incorporat ing f ractures 

i n t o  the physical basis i s  not  easy. Fractures may con t ro l  subsidence both a t  

microscopic level ,  i n  terms o f  microf ractur ing and development o f  secondary 

poros i ty  (Noble and Vonder Haar, 1980) o r  on a macroscopic scale i n  terms o f  

d i f f e r e n t i a l  subsidence across major f a u l t s  as has been noted a t  Long Beach, 

Cal i fornia.  I n  f ractured reservoirs, f ractures appear more t o  cons t i t u te  

h igh l y  permeable channels o f  f l u i d  f l ow  ra the r  than c o n s t i t u t i n g  storage. 

Fractures may i n d i r e c t l y  govern deformation by in f luenc ing the r a t e  o f  f l u i d  

transmission and d i sc re te  d i scon t inu i t i es  may contr ibute t o  deformation by 

act ing as f a i l u r e  planes. 

fractures themselves w i l l  cont r ibute great ly  t o  bulk volume changes i n  the 

reservoir.  

information i s  cu r ren t l y  avai lab le i n  the l i t e r a t u r e  t o  evaluate the r o l e  o f  

f ractures i n  the subsidence process. 

However, i t  i s  doubtful whether the deformation o f  

Apart from t h i s  q u a l i t a t i v e  reasoning, very l i t t l e  quan t i t a t i ve  

RANGE OF VALUES OF PARAMETERS 

Because o f  the d i f f i c u l t i e s  associated with the c o l l e c t i o n  o f  undisturbed 

samples from geothermal reservoirs and the d i f f i c u l t i e s  associated with 

measuring physical propert ies o f  rocks under simulated i n  s i t u  conditions, 

re1 i a b l e  data on physical propert ies relevant t o  geothermal subsidence are 

very l i m i t e d  i n  extent. Within the l a s t  decade, the U.S. Department o f  Energy 

has funded a few projects aimed a t  understanding the mechanism o f  subsidence 

i n  hydrothermal systems as wel l  as geopressureed geothermal systems. As p a r t  
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o f  t h i s  e f f o r t  physical propert ies of core samples from the  Wairakei reservo i r  

i n  New Zealand, e rvo i r  of the Imperial Val ley i n  Cali fornia; t he  

Cerro P r ie to  ge m a l  system i n  Mexico and t easant Bayou exploratory 

geopressured wel l  i n  Texas have b ong these, on l y  the  

East 

temperatures and pressures. The ranges of values, as evidenced by.these 

studies, are as follows. 

samples and the  Cerro P r ie to  samples were subjected t o  elevated . 

Wairakei, New Zealand: The producing formation a t  Wairakei i s  t he  Waiora 
- 

ch i s  a volcanic t u f f .  h i s  i s  over la in  by t h e  Huka F a l l s  

Formation, a mudstone o f  , lacust r ine o r i g i n  which i n  t u r n  i s  over la in  by t h e  

Both permeab i t y  and mechanical propert ies o f  cores ,from these 

were measured a t  room temperature by Hendrickson (1976) . The 

ere as follows: Waiora, 

a Fal ls,  39 t o  41 percent and Pumice, 48.8 percent. 

ound t o  be i n  the  

ens i t i ve  t o  e f f e c t i v e  

Pa, absolute ,permeabi 1 i t y  

r c i e s  ( 4 . 9 3 ~ 1 0 - ~ ~ m ~ )  t o  

, t h e  permeabil i ty was 

p l e  o f  t he  Huka F a l l s  

es (6.22~10"~m~). 

i s found t o  vary from 

pressi  b l  i ty -decreasing w i th  -9 -1 3 . 5 ~ 1 0 - ~ ~  t o  2.44~10 Pa , 
increasing conf in ing pressu 

varied from 4 . 5 ~ 1 0 - ~ ~  t o  1 . 2 ~ 1 O - ~ P a ~ ~ .  

more compressible 

The compressi b i  1 i t y  o f  Huka Fa1 1 s mudstone 

The Pumice was found t o  be f a r  

mpressi b i  1 i t y  varying two rock typ  
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from 3.45x10-' t o  3.13~10-~Pa-~. The Waiora rock indicated a l i n e a r  

thermal expansion o f  8.2~1O-~m/m'K and sp i c  heat o f  about 0.18 cal/g'C. 

s t  Mesa, Ca l i f o rn ia  and Cerro P r i e t  exico: Recently , 
studied the physical propert ies o f  cores from East Mesa and fr 

under elevated condi t ions o f  temperature and pressure and i n  t 

* 

I 

f l u i d s  s im i la r  i n  chemical composition t 

permeabil i ty and compressibi l i ty, Schatt a lso studied the creep behavior o f  

he reservo i r  f lu ids .  I n  addit ion, 

p les under elevated and pressures . 
The observations, i n  regard t o  mechanical propert ies, are summarized i n  

Tables 1 and 2. I n  a l l  the tests, the samples were f i r s t  care l y  subjected 

t o  conf in ing pressures and pore f l u i d  pressures expe 

depth i n  the reservoir.  

constant and the pore pressure was dropped by 6.9MPa (1000 p s i )  t o  simulated 

d a t  the appropria 

Following th is ,  the conf in ing pressure was maintained 

pressure drop due t o  f l u i d  production. The accompanying instantaneous s t ra ins  

were then measured. The compress ib i l i t ies  given i n  Tables 1 and 2 are the 

r a t i o s  o f  observed s t ra ins  t o  the change i n  pore pressure. 

samples and the Cerro P r ie to  samples c l e a r l y  exhib i ted increased deformation, 

when loaded beyond the preconsolidation stress level .  

compressibi l i ty  var ied between 50 t o  75 percent o f  the v i r g i n  

compressibi l i ty. Poros i t ies o f  the rocks var ied between 15 and 20 percent, 

these being funct ions o f  l i t h o l o g y  as wel l  as depth. The ranges i n  the 

compress ib i l i t ies  o f  rocks from both reservoirs are remarkably s imi lar ,  

varying between 6x10-l1 t o  3xlO-l' Pa-', depending on l i t h o l o g y  and 

condi t ions o f  test ing.  

the corresponding i so t rop i c  case. 

Both the East Mesa 

The rebound 

* 

0 

The un iax ia l  compress ib i l i ty  i s  gen 

In order t o  v e r i f y  the assumption o f  the Terzaghi e f f e c t i v e  stress 

concept, Schatz also conducted tes ts  in which the conf in ing pressure was 
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increased by 6.9 MPa (1000 psi) rather than dropping the pore pressure by that 

amount, after attaining simulated reservoir conditions. He found that within 

a1 limits the strains observed in eith case were approximately 

equal, suggesting that the concept of effectiv stress is indeed useful for 

a1 systems are very active physically 

d expect that the deformation of the system to any 

ion due to creep 

ant loads could 

ental ly as we1 1 

Cerro Prieto. He also 

tion of the waters expelled 

tests to dec chemical mecha 

The duration of the creep experiments varied from about a day to a maximum 

of about 9 days. rm creep rate ( 0  days or more) was 

of the order of I~lO-~sec'~ for East 

term creep te 

tended to decrease 
I 

increasing grain size and decrease with decreasing porosity. Under elevated 

temper rt significant 

influence in creep. As a result, less altered materials which are not yet 

ns are likely 

creep more than already hydrothermally altered materials. For the 6.9 MPa 
* - 

(1;OOO psi) pore pressure reduction imposed in the experiments the observed 

instantaneous compr 

for the East Mesa a (1982) estimates th 

assuming a long-term creep rate o f  l ~ l O ~ ~ s e c ~ ~ ,  the bulk strain could 

was about 1.5~10 ''Pa-' ( Ixl0-6ps i 0' 
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increase by a f a c t o r  o f  two i n  a day and by a f a c t o r  o f  ten  i n  about three 

months over t h a t  suggested by the i n  antaneous value. 

the creep tests,  permeabi t y  measurements were a lso  made on the 

o cores. The permeabil i ty a t  r temperature varied f 

14.5 m i l l i d a r c i e s  ( 4 . 9 ~ 1 0 - l ~  t o  1 . 4 ~ 1 0 - ~ ~ m ~ )  w i th  an average o f  ab 

m i  11 idarc ies ( 4x10d5m2) . Measured da ndicate t h a t  temperature 

increase from room temperature t o  150' 

change by a s t a t i s t i c a l l y  s i g n i f i c a n t  40 percent. 

reduction merely due t o  pore pressure reduction was no t  s ign i f i can t .  There i s  

a p o s s i b i l i t y  t h a t  pressure so l  

close throats  connecting ind iv idua l  pores, thereby leading t o  permeabil i ty 

reduction. 

we l l  as creep cause permeabil i ty t o  

However, permeabil i ty 

anying creep could se lec t i ve l y  

I n  regard t o  permeabil i ty values i t  must be emphasized t h a t  e f f e c t i v e  

f i e l d  permeabi l i t ies  i n  the f i e l d  are l i k e l y  t o  be la rger  due t o  the presence 

of interconnected macroscopic f rac tu res  and l i t h o l o g y  changes, too large t o  be 

manifest i n  the small cores tested i n  the laboratory. 

Pleasant Bayou, Texas: The U.S. Department o f  Energy has d r i l l e d  two 

exploratory wel ls  a t  Pleasant Bayou, Bra tor ia  County, Texas. 

reached down t o  a depth o f  4775 meters. 

been studied by Gray e t  al. (1979) i n  respect o f  instantaneous compr 

and permeabil i ty and by Thomson e t  a l .  (1979) f o r  creep behavior. A 

studies have been ca r r i ed  ou t  under room temperatures. 

the possible mechanical behavior o f  these mater ia ls  under the observed 

reservo i r  temperatures o f  about 160'C (320'F) . 

These wel ls  

Core samples from these wel ls  have 

L i t t  i s  known about 

Oata from 25 d i f f e r e n t  depth i n te rva l s  between 4478 and 4775 m ind ica te  

c 

bu lk 'compress ib i l i t i es  with pore pressure set  up t o  atmosphereic varied from 

4 . 4 ~ 1 0 - l ~  t o  5.1~10 -loPa'l ( 0 . 3 ~ 1 0 - ~  t o  3 . 5 ~ 1 0 - ~ p s i - ~ )  . Under 
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condit ions o f  elevated pore pressures, however, bulk compressibi 1 i t i e s  were 

somewhat lower, varying from 2 .9~10-~ ’  t o  3 .6~10-~~Pa”  ( 0 . 2 ~ 1 0 ~ ~  t o  

2.5~1O-~psi”), Gray e t  a i .  (1979) take t h i s  t o  be d e f i n i t e l y  i nd i ca t i ve  t h a t  

.i the compress ib i l i ty  o f  grains cannot be ignored. The un iax ia l  compressibi l i ty  

f o r  these samples varied f r o m  5.1~10 

1 . 5 ~ 1 0 - ~ p s i ’ ~ ) -  and the poros i t ies var ied f rom 2 t o  20  percent. Gray e t  

al. (1979) ~ r epor t  t h a t  a1 1 samples showed tha t  deformation was stress-path 

t o  2 .2~10-~~Pa”  ( 0 . 3 5 ~ 1 0 ~ ~  t o  
* 

dependent and tha t  the mater ia ls s t i f f ened  noticeably w i th  increased e f f e c t i v e  

stress. 

Pleasant Bayou core samples by holding the stresses constant f o r  up t o  a t h i r d  

o f  a day and observing the  dependence o f  volumetric and d i s to r t i ona l  s t ra ins  

Thompson e t ’ a l ,  (1979) studied the creep behavior o f  some o f  the 

as a func t ion  o f  t ime.  

t reated as t h a t  o f  a modified Kelv in  body and tha t  d i s to r t i ona l  behavior could 

They found t h a t  the volumetric behavior could be 

be t reated as t h a t  o f  a Maxwell mater ia l .  The impl icat ion i n  r e l a t i o n  t o  

subsidence i s  t h a t  the ef fect ive long-term compress ib i l i t ies  w i l l  be much 

larger  than the instantaneous, e l a s t i c  values; leading t o  slower pressure 

decl ines and la rger  subsidence potent ia l .  The permeabi l i t ies o f  the . . 

sandstones from the geopressured horizons var ied. f rom 2 t o  100 rn i l l i darc ies  

I n  summary, the  compress ib i l i t ies  o f  geothermal rocks are of. the order o f  

1 .5~lO-~psi ” ,  which i s  about one-third the compressibi l i ty  o f  ‘water, 
~ 

6 None las t i c  an ime-dependent deformation (creep) i s  a r u l e  than the ’ 

n t o  be l ieve tha t  pressure so lu t ion  and ‘ - 
reprec ip i ta t ion  e f fec ts  may be s ign i f i can t  i n  con t ro l l i ng  creep behavior o f  

geothermal rocks. The in tergranular  permeabi l i t ies o f  these rocks are i n  1 t o  

100 m i l l i d a r c y  range and are s i g n i f i c a n t l y  modified by temperature changes and 

poros i ty  changes. The e f f e c t  o f  temperature on absolute permeabi 1 i ty  o f  
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unconsolidated Ottawa s i l i c a  sand was invest igated by  Sageev e t  a l .  (1980). 

They found tha t  up t o  300"F, absolute permeabi l i ty  d i d  not  depend on 

temper a t  ure . 
DATA SYNTHESIS AND PREDICTION 

.. 
The u l t imate  ob jec t ive  of geothermal subsidence analysis i s  t o  forsee the  * 

pa t te rn  and magnitude o f  subsidence f o r  a given production s t ra tegy and then 

t o  modify production s t ra teg ies su i tab l y  o r  prepare f o r  a l te rna te  amel iorat ive 

measures t o  minimize adverse consequencies o f  subsidence. Pred ic t i ve  models 

used f o r  t h i s  purpose vary widely i n  sophist icat ion, Most o f  these models 

have been developed i n  t h e  f i e l d s  o f  petroleum reservo i r  engineering and 

hydrogeology, The simplest o f  these models i s  motivated by a need f o r  

engineering so lut ions i n  the  absence o f  even a minimum amount of required 

f i e l d  data. A t  the  other extreme, h igh l y  sophist icated models have been 

developed w i t h i n  the  past decade based on de ta i led  theore t ica l  

considerations. 

t h e i r  important data requirements f a r  exceed our abi 1 i t y  t o  co l1  ect  

appropriate f i e l d  data, 

Presumably, these models can make de ta i led  predict ions; bu t  

As already discussed under Physical Basis, t he  task o f  p red ic t ion  en ta i l s  

two aspects: the  deformation of the  reservo i r  and the  deformation o f  the  

overburden. Pred ic t i ve  algori thms could therefore be developed e i the r  

separately f o r  each aspect o r  a s ing le  generalized algori thm could be 

developed t o  handle both i n  a s ing le  frame work. Some o f  t he  algorithms t h a t  
IC 

have appeared i n  the  l i t e r a t u r e  under each o f  these categories are b r i e f l y  

discussed below. 

Reservoir Deformation Models 

The simplest reservo i r  deformation models involves the  d i r e c t  appl icat ion 

o f  Terzaghi's one dimensional considerat ion theory, neglect ing the  e f fec ts  o f  
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thermal contraction. The key assumption here is that the reservoir is 

compressed vertically over a wide area so that lateral strains are 

neglfgible. Such an assumption is likely to be realistic in those situations 

where a) pore pressures decline over a large area in a well-field involving 

several production wells or b) when water drains vertically from a low 

permeabf lfty high storage aquitard to the aquifer characterized by high 

permeability and low storage over a large area. The assumption i s  likely to 

be unrealistic where pressure drawdowns are highly 'localized and strong 

spatial gradients in pressure drawdown exist. For .the one-dimensfonal 

approximation, the vertical deformation of a prism -of the reservoir materi a1 

can be computed by 

where aH is the change in the'prism height, cm is the uniaxial 

compressibility, H is the prism height and ap is the-change in pore-fluid 

pressure. The simplicityhof the expression enables it to be used either for 
computing the ultimate deformation where ap is the ultimate pressure change or 

for computing in a more general fashion, the time-dependent variation of 6H in 

a transient system. In situations where pore pressures may rise and fall, one 

could account .for non-recoverable or non-el asti compaction by using either 

the normal consolidation value or the rebound value for c,. Helm (1975) 

used this model with success to simulate the observed subsidence history near 

Pixley in the central valley of California over a ll-year period. His model 

has subsequently been used by the U.S. Geological Survey to analyze land 

subsidence due to groundwater withdrawal in other parts of the United States. 

Helm's approach consisted in modeling only the aquitard material as a 
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one-dimensional, doubly-draining column, subject to prescribed time-dependent 

variations of fluid potentials at the boundaries. 

The one-dimensional approximation of deformation has been used in a more 

general context by other workers. 

et a1 . (1977) developed an algorithm in which the one-dimensional deformation 
approximation is used in conjunction with a general three-dimensional field of 

non-isothermal fluid flow. For computing fluid pressure changes, this 

Following Narasimhan (1975), Lippmann 

algorithm accounts for the temperature dependencies of fluid density and 

viscosity and allows for variations of permeability in space or due to stress 

changes. To the extent that the assumptions are appropriate, this algorithm 

has the advantage of avoiding the need to solve the force balance equation. 

Many numerical models have been proposed in the literature to simulate 

geothermal reservoirs, neglecting a detailed consideration of pore volume 

change in response to fluid withdrawal. The primary goal of these models is 

to follow the evolution in time of the fluid pressure and temperature fields 

(or equivalently, fluid density and internal energy fields) over the 

reservoir. Among these simulators one should include the following: the 

two-dimensional, areal, finite element model of Mercer et al. (1975); the 

three-dimensional finite difference model of Pritchett et al. (1975); the 

vertically integrated, two dimensional, finite difference model of Faust and 

Mercer (1979); and the three-dimensional, integrated finite difference model 

of Coats (1977) and Pruess and Schroeder (1977) . 
Although these models do not in themselves handle matrix deformation, they 

could be readily coupled with an algorithm designed to solve the 

stress-strains equation. A good example of such a coupling is the work of 

Garg et al. (1976) in which they coupled their finite difference heatMass 
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transfer model w i t h  a two-dimensional f i n i t e  element model for s ta t ic  

s t r es s-s t rai n anal ys i 

O f  the algorithms mentioned above, those of Mercer e t  al. (1975 

Lippmann et a1.(1977) are for single-phase l i q  -dominated systems and the 

rest  are for two phase, water-steam systems. 

Overburden Deformation Models 

The goal of overburden deformation models is t o  ignore the presence of 

f l u i d  i n  the system and t 

system, The solution i tself  may be carried out w i t h  analytical techniques or  

through the use of more general numerical models. 

olve'the stress' equilibrium equation over the 

Among the analytical techniques, two deserve special mention. One of 

these is the nucleus of strains method, variants o f  which have been developed 

by Gambol a t i  (l972), Geertsma (1973) and others. Essenti a1 ly  these models 

involve the superposition of the fundamental exact solution of a uniform 

pressure drop w i t h i n  a spherical region i n  an isotropic, homogeneous, elastic 

half  space, -The superposition enables the handl ing  of i r  gularly shaped 

regions. The second analytical approach involves the use of the more recent 

Boundary Integral Equation Method approach, 

solution for the steady s ta te  problem i 

the boundary values a 

function over the surface bounding the domain of i n  

techniques 

In this-approach, the required 

ntegrating the product of 

Since,the 1nid-1960~~ 

of s ta t ic  equilibrium i n  a 

loaded linear elastic continuum (Desaf and Abel, 1972). Non-linear material 

properties can be included i n  such models by an i terative process using 

effective elastic modules.- Pritchett e t  al. (1975) adapted such a model t o  
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simulate reservoir deformation and overburden response i n  a geothermal 

reservoir. Although not developed specifically for geothermal reservoirs, 

several two- and three-dimensional f i n i t e  element deformations models are 

known from the soil mechanics and the rock mechanics l i teratures (e.g., 

1979). These could be easily applied to  simulate overburden deformation i n  

geothermal systems, provided that sufficient data is available to  characterize 

. 
I 

the subsidence. 

Coup1 ed Resewoir-Overburden Models 

sophisticated of a l l  the approaches to  modeling is, undoubtedly, 

the fu l ly  coupled approach i n  which the f l u i d  flow equation, the energy 

transport equation and the force-balance equation are a l l  simultaneously 

solved over the entire region extending from the land surface down t o  the base 

of the reservoir. Although no such model is available for  geothermal systems 

(nor is one apparently warranted due t o  lack of data), algorithms do exist for  

isothermal systems i n  which the f l u i d  flow equation and the force balance 

equation are simultaneously solved. Perhaps the ear l ies t  such model i s  that  

of Sandhu and Wilson (1969), which considers an elastic, fluid-saturated 

medium i n  the l i g h t  of Biot's (1941, 1955) theory. A more recent example of a 

fu l ly  coupled model is that of Lewis and Schrefler (1978). 

Comparison of Geothermal Subsidence Models 

Recently, Miller e t  al. (1980b) carried out  an in-depth comparison of a 

s e t  o f  typical models available f o r  simulating geothermal subsidence. Their * 

study included reservoir models, deformation models as well as coupled 

models. 
I 

In addition, t o  comparing the conceptual contents of the models, they 

also solved typical problems w i t h  different model s. 

One of their major conclusions is  that  the lack of suitable data precludes 

the need for highly sophisticated, ful ly  coupled models. Indeed, i 
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cases fu l l  coupling may increase cost more t h a n  i t  does accuracy. 

on the stage of activity, exploratlon, d r i l l i n g ,  testing and development, 

model sophistication should be commensurate w i t h  qual i ty  o f  field data. 

Currently available reservoir and deformation models are conceptually adequate 

t o  handle f le ld  problems i n  relation t o  the inaccuracfes introduced by lack o f  

data. Miller e t  al. (1980) found tha t  there is a greater need t o  have the 

algorithms i n  readily usable forms than  t o  develop newer and more 

Depending 

r 

5 

sophisticated models. 

Some Simulation Results 

, In their model calculation studies Miller e t  a l l  (1980b) applied models of 

varying sophistication t o  sfmulate the observed subsidence a t  The Geysers i n  

California and -at Wairakei i n  New Zealand. 

For The Geyser simulation,- they assumed the following parameters: a, 

coefficient. of linear thermal expansion = 10dft/'C; K, b u l k  modulus o f  the 

reservofr rock 1,44x10 psf and a temperature versus pressure relation, 

AT = 9.31 x 10 ~p where T is in degrees C and p is i n  sf. A t  the outset, 

they found t h a t  the thermal contraction a t  the Geysers may be over four times 

as large as contraction due t o  decreasi pore pressure. A comparative study 

of the Boundary Integral Element Method, the Nucleus of Strains Method, and 

simple, back-of-the envelope type of calcul 

w i t h  f ield observation could be obtained w i t h  any of the methods using 

appropriate assumption. owever, if one wanted t o  rease model certainty, a 

-8 

-4 

indicated that a good match 

2 

I'r major program of f ie ld  investigations would be essential. 

e t  al. simulation of Wairakei subsidence was restricted purely 

t o  deformation modeling; f l u i d  flow was not considered. The required 

pressure-change profiles were obtained from Pri tchett e t  a1 . (1978). The 

methods used for simulation included one-dimensional hand calculations, 
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s t r a i n  calculat ions. Although the  simulations y ie lded overa l l  s i m i l a r i t i e s  

wi th  several simulations, they could not match the  pronounced loca l i za t i on  o f  

the  subsidence bowl a t  Wairakei. M i l l e r  e t  al. concluded tha t  Wairakei 

subsidence was dominated by inhomogeneity o f  pressure drops, strong 

v a r i a b i l i t i e s  i n  the thickness o f  beds o r  pronounced var ia t ions i n  mater ia l  

compress ib i l i ty  and t h a t  data was gross ly  inadequate t o  model these phenomena 

accur a t  e l  y . 
It i s  per t inent  here t o  c i t e  two recent attempts a t  s imulat ing Wairakei 

subsidence. P r i t c h e t t  e t  al.  (1980) have recent ly  car r ied  out  deta i led one 

and two-dimensional simulations o f  the  Wairakei geothermal f i e l d ,  using a 

two-phase non-isothermal numerical model. I n  t h e i r  approach, the authors 

s t a r t  w i th  the  premise t h a t  90 percent of t he  t o t a l  reservo i r  compaction 

occurs w i th in  the permeable Waiora formation. 

t ha t  a) t he  Waiora formation thickens towards the  region o f  maximum subsidence 

and b) the late-time subsidence o f  the  Waiora's i s  about 15 times la rger  than 

t h a t  a t  ea r l y  times, apparently due t o  preconsolidation ef fects.  Based on 

t h e i r  simulations they conclude tha t  the subsidence bowl l i e s  c lose t o  the 

margin o f  t h e  geothermal f i e l d  and t h a t  l oca l  phenomena such as a seismic 

slippage along preex is t ing f a u l t s  cont ro l  the  offset loca t ion  o f  the  

subsidence bowl from the  main production area. Based on avai lab le data and 

parametric studies, P r i t c h e t t  e t  al. (1980) f ee l  t h a t  pore col lapse cannot 

adequately explain the  pecu l i a r i t i es  o f  Wairakei subsidence. 

I n  addition, they also assumed 

Narasimhan and Goyal (1979) car r ied  out a pre l iminary three dimensional 

analysis o f  a Wairakei-type ideal ized system t o  invest igate whether the  o f f s e t  

o f  the  subsidence bowl and the p l a s t i c  deformation not iced i n  Wairakei could 

be explained i n  terms o f  a leaky-aquifer-type s i t ua t i on  with t h e  Huka F a l l s  
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mudstone acting as an aquitard. By assuming variable aquitard thickness and 

suitable preconsolidation stresses, they were able to show that the observed 

patterns could indeed be simulated in spa 

Pri tchett et al., the compressi bi 1 ity values used by Narasimhan and Goyal were 

effectively 6 to 12 times higher than what had been measured on a few core 

samples from Wairakei. Although Narasimhan and Goyal did not carry out a 

detailed analysis of the field data, their results did indicate that pore 

collapse, in the context of heterogeneities and variation of material 

and time. As pointed out by - 

0 

compressibility does have a reasonable chance of explaining a major portion of 

Wairakei subsidence. As pointed out by Pritchett et al. (1980), very little 

subsurface data is available from the area of ihe subsidence bowl to resolve 

this question satisfactorily. 

C~NCLUDING REMARKS 

That deformations of the land  surface (vertical displacements, horizontal 

displacements, differential subsidence) may accompany geothermal fluid 

production under fa able hychoge ploitation conditions is very 

we1 1 documented. Such deformation 

geothermal reservoir caused by depletion of fluid storage as well as thermal 

contraction. Conceptual models do present time to explain the 

phenomena that 'are -involved in the's echanisms. Compared to our 

ability to collec 

as the geologic system itself with adequate &solution, our conceptual models - 

d by volume changes in the 

ield data to characterize the subsidence history as well 
I 

% are exceedingly sophlsticated. Even with the present technological 

revol uti on, the 

o f  sophisticated mathemati'cal models appears to be excessive. It i s  also 

doubtful whether certain kinds of data such as the depth-wise change of 

st of collecting imput data to do j ice to the resolution 
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stresses and horizontal displacements w i t h i n  the geologic system will ever 

become available i n  sufficient detail i n  the near future. 

Under the circumstances, the best course of action appears t o  be t o  

establish an adequate surface and subsurface, deformation monitoring system, 

urements are made continuously as the system evolves i n  time from . 
the exploration through the exploitation phase. There is  a need t o  develop 

improved, economic measuring devices t o  measure deformations, especially as a 

function o f  depth. Without this valuable data, most of our sophisticated 

mathematical models w i l l  be practically useless, since they can never be 

validated i n  a credible fashion. 

Mathematical, predictive models have an important role t o  play, During 

the early stages o f  development, when data is scarce, simple models can b e  

used t o  predict a range of consequences and h e l p  decide whether a particular 

f ie ld  could be developed i n  environmentally and economically acceptable 

fashion. Models should grow w i t h  a f ield as the f ie ld  evolves i n  time and 

more and more data are accumulated. The status of modeling a t  present is such 

that even w i t h  adequate data-base, only short-term predictions (over a period 

o f  a few years) can be attempted. 
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Table 1 
Mchmlcal  Properties of Reservoir Rocks frm the East Mesa Geothermal Reservoir, Caltfornia (from Schatz, 1982). 

(We:  I n  a l l  the tests external stresses were maintained constant and pore pressure discussed by rp). 
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Figure 1. Location of the Wairakei geothermal field (from Mercer e t  al., 

1975). 

Figure 2. Vertical displacements due t o  geothermal f l u i d  withdrawal a t  

Wairakei, New Zeal and, 1964-1975 (from S t i  1 lwell e t  a1 . , 1975) . 
Figure 3. Horizontal displacements due t o  geothermal f l u i d  withdrawal a t  

Wairakei, New Zeal and, 1964-1975 (after S t i  1 lwell e t  a1 . , 1975) . 
Figure 4. Relation between reservoir pressure drop and subsidence a t  

Wairakei, New Zealand (from Pritchett e t  al., 1976). 

Figure 5. Locations of wells and resist ivity boundary a t  the geothermal field 

a t  Broadlands, New Zealand. 

Figure 6. Subsidence a t  the Broadlands geothermal field between May 1968 and 

March 1974. Contour values are i n  mn. (from Ministry of Works and 

Development, 1977) . 
Figure 7. Relation between reservoir pressure drop and subsidence a t  

Broad1 ands, New Zeal and, 1969-1973. 

Figure 8. Observed horizontal displacements a t  the Broadlands geothermal 

field, New Zealand, 1968-1974 (from Stilwell e t  al., 1975). 

Figure 9. Location of the Cerro Prieto geothermal field, Mexico. 

Figure 10. Location of major faults and wells, Cerro Prieto geothermal field, 

Mexico (from Lippmann and Manon, 1980). 

Figure 11. The Geysers geothermal field, Lake County, California. 

Figure 12. Vertical displacement field, 1973 t o  1977, The Geysers, 

California. Circles denote areas of steam production supporting 

the power plant a t  the center (from Grimsrud e t  al., 1978). 

Figure 13. Vertical displacements along section A-A', the Geyser area, 

California relative t o  1973 (from Lofgren, 1978). 

Figure 14. Profiles of reservoir pressure drop and subsidence along section 

AA" of Figure 12, The Geyser area, California (from Lofgren, 1978). 
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Figure 15. Location map o f  the Larderello geothermal field,  I ta ly  (from 

Atkinson  e t  al., 1977). 

Figure 16. Geologic map and cross section of the Larderello geothermal 

(from ENEL, 1976). 

t Figure 17. Production history of well 85 and the Fabiani well, Lardere 

Italy (from ENEL, 1976). 

f ie ld  

Figure 18. Spatial  pressure d is t r ibu t ion ,  Serratano area, Larderello, I taly 
2 dur ing  1970. Contour values are i n  kg/cm (from Celati e t  al., 

1976) . 
Figure 19. Location and depth 

northern G u l f  of M 

occurrence of the geopressured zone i n  the 

co basin (from Wallace, 1979). 

Figure 20. Chocolate Bayou location map (from Grimsrud e t  al., 1978). 

Figure 21. History of f l u i d  production and injection, Chocolate Bayou Area, 

Texas (from Grimsrud e t  al., 1978) 

Figure 22. subsurface f l u i d '  pressure gradients from wells i n  the A u s t i n  Bayou 

area, 8 km SW of Chocolate Bayou area (from Bebout et al., 1978). 

Figure 23. Vertical displacements indiv idua l  bench marks i n  the Chocolate 

Bayou area (from Grimsrud e t  al,,  1978). 
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Figure 1. Location o f  t h e  Wairakei geothermal f i e l d  (from Mercer e t  a l . ,  

1975). 
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Figure 3. Horizontal displacements due t o  geothermal f l u i d  withdrawal a t  
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Figure 9. Location o f  the  Cerro Pr ie to  geothermal f i e l d ,  Mexico. 
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Figure 10. Location of major faults and wells, Cerro Prieto geothermal field, 

Mexico (from Lippmann and Manon, 1980). 
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Figure 11. The Geysers geothermal field, Lake County, California. 
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Figure 12. Vertical displacement field, 1973 to 1977, The Geysers, 

California. Circles denote areas o f  steam production supporting 

the power plant a t  the center (from Grimsrud et a l . ,  1978). 
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Figure 15. Location map o f  the Larderello geothermal field, Italy (from 

Atkinson et at., 1977). 



t 

0 Cloys, sandstones, etc. 
Argille scogliose 
Mocigno ond polychrome sholes 
Tuscan formotion 

13 Bosement Complex 
XBL809-2799 

Ffgure 16. Geologic map and cross section of the Larderello geothermal field 

(from ENEL, 1976). 
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Figure 18. Spatial pressure distribution, Serratano area, Larderel lo, Italy 
2 during 1970. Contour values are in kglcm ( f rom Celati et al., 

1976) . 
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Figure 19. Location and depth of occurrence of the geopressured zone . in  the 

northern Gulf o f  Mexico basin (from Wallace, 1979). 
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Figure 20. Chocolate Bayou location map (from Grimsrud et a l . ,  1978). 
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Figure 21. History o f  fluid production and injection, Chocolate Bayou Area, 

Texas (from Grimsrud et a1 , 1978) 



* 
area, 8 km 

Q 

Figure 22. subsurface f l u i d  pressure gradients from wells i n  the Austin Bayou 

SW of Chocolate Bayou area (from Bebout et a i . ,  1978). 
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Figure 23. Vertical displacements individual bench marks i n  the Chocolate 

Bayou area (from Grimsrud et al., 1978). 
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