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MODELING SUBSIDENCE DUE TO GEOTHERMAL FLUID PRODUCTION 

bY 

M. 3 .  Lippmann, T. N.  Narasimhan and P. A. Witherspoon 

ABSTRACT 

Currently , 1 i q u i  d domi nated geothermal systems hold the maximum promise 

for exploiting geothermal energy i n  the United States. The principal charac- 

t e r i s t i c  of such systems is t h a t  most of the heat is transferred by flowing 

water, which also controls subsurface fluid pressures and stress changes. 

reduction i n  pore pressures brought about by geothermal f l u i d  extraction is  

potentially capable of causing appreciable deformation of the reservoir rocks 

leading t o  displacements a t  the land surface. In order t o  foresee the pattern 

and  magnitude o f  potential ground displacements i n  and around producing l i q u i d  

dominated geothermal fields,  a numerical model has been developed. Conceptually, 

the simulator combines conductive and convective heat transfer i n  a general three 

dimensional heterogeneous porous medium w i t h  a one-dimensional deformation of 

The 

the reservoir rocks. 

b i l i ty  t o  f ie ld  cases are i l lustrated w i t h  examples considering the effects 

o f  temperature and pressure dependent properties, material heterogeneities and  

previous stress history. 

The capabilities o f  the model and i ts  potential applica- 

Key words: Aquifers, compaction, computers, geothermal energy, pore-water 
pressures , subsidence. 
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MODELING SUBSIDENCE DUE TO GEOTHERMAL FLUID PRODUCTION 
Marcel0 J. Lippmannl, T. N. Narasimhanl, Paul A. Witherspoon* 

In t roduct ion 

The increasing dependence o f  the United States on imported foss i l  fue ls  

and the  uncer ta in ty  created by fu tu re  r i ses  i n  f u e l  pr ices has necessitated 

the search for new, less t r a d i t i o n a l  domestic energy sources, such as geother- 

mal energy. A t  the present time, geothermal steam i s  being used i n  the U. S. 

for  e l e c t r i c i t y  generation (The Geysers, Cal i forn ia ,  502 M e )  wh i le  geothermal 

water i s  used mainly f o r  space heating (e.g., Boise, Idaho; Klamath Fa l l s ,  

Oregon). The exp lo i t a t i on  o f  geothermal energy i s  expected t o  increase rapid- 

ly. For instance i n  1979 the  t o t a l  i n s t a l l e d  capacity a t  The Geysers w i l l  

r i s e  t o  about 900 MWe (1). Also, new but  smaller power p lan ts  are planned 

f o r  other par ts  o f  the country. 

t o  occur i n  nonelect r ica l  appl icat ions (i.e. , space heating and cooling, agr i -  

c u l t u r a l  and i n d u s t r i a l  uses) (2.3). 

Nevertheless, the major increase i s  an t ic ipa ted  

There e x i s t  d i f f e r e n t  types of geothermal systems but  cu r ren t l y  on ly  

hydrothermal convection systems are being tapped f o r  energy. These systems 

occur where circulating water and/or steam transfer heat from depth to  the 

near-surface. A few o f  them may be vapor-dominated and produce saturated, 

o r  even supersaturated steam ce,g., The Geysers, Cal i fornia). '  But most hydro- 

thermal systems de l i ve r  a mixture o f  hot  water and steam a t  the  surface. 

These are  the so-called liquid-dominated systems (e.9. , East Mesa, Ca l i fo rn ia ;  

Raf t  River, Idaho) which are characterized at "depth by the occurrence of 

saturated, porous o r  f ractured rocks containing hot water which contro ls  

'Res. Eng. , Lawrence Berkeley Laboratory, Univ. o f  Ca l i fo rn ia ,  Berkeley, 
Ca. 94720 

2 A ~ ~ ~ ~ .  D i rector ,  Lawrence Berkeley Laboratory, and Prof. Mat. Sci. and Min. 
Eng., Univ. o f  Cal i fornia,  Berkeley, Ca. 94720 



subsurface f l u i d  pressures and stress changes (4). The resu l ts  o f  resource 

assessment studies ind ica te  t h a t  hot-water systems hold the maximum promise 

f o r  developing geothermal energy i n  the United States (5). 

A feature of these hot  water systems i s  t h a t  they may experience s i g n i f i -  

cant reductions of pore f l u i d  pressures as a consequence o f  large scale produc- 

t i o n  of geothermal f lu ids.  The decrease i n  pressures i n  the reservo i r  and 

surrounding water-saturated formations may cause appreciable rock deformations 

leading t o  displacements a t  the land surface. 

deformations have already been observed over the Wairakei and Broadlands geo- 

thermal f i e l d s  o f  New Zealand (6, 7) and are suspected t o  occur i n  Cerro 

Pr ieto,  Mexico. 

For example, s i g n i f i c a n t  surface 

Because ground displacements may a f f e c t  engineering s t ructures re la ted  

o r  unrelated t o  the operation o f  the geothermal f i e l d ,  i t  i s  important t o  be 

able t o  f o r e t e l l  the pa t te rn  and magnitude of the deformations t h a t  may r e s u l t  

from f l u i d  production so as t o  enable appropriate preventive o r  remedial 

actions. A number of mathematical models have been developed i n  the l i t e r a -  

t u r e  t o  p red ic t  ground deformations caused by reduction o f  pore pressures (8). 

Only a few o f  these are capable o f  s imulat ing deformation o f  geothermal systems 

which, by t h e i r  nature, are nonisothermal. 

The resu l t s  presented i n  the fo l lowing pages i l l u s t r a t e  the capab i l i t i es  

o f  a computer program developed a t  the Lawrence Berkeley Laboratory f o r  so lv ing 

heat and mass transfer accompanied by one-dimensional ( v e r t i c a l  ) deformation i n  

saturated porous materials. The examples have been chosen t o  examine the 

signi f icance of ce r ta in  parameters on the defordation of geothermal systems. 

Theory 

The modeling o f  subsidence of a geothermal system due t o  f l u t d  wttfidrawal 

can be d iv ided i n t o  two parts:  

(2) s imulat ion o f  overburden deformation. The reservo l r  [defined as the regton 

(1) simulat ion o f  reservo i r  deformation, and 
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which re1 eases f 1 u i  d from storage t o  compensate for the f 1 u i  d bel ng w i  thdrawn ) 

deforms due t o  internally generated stresses resulting from changes i n  pore 

fluid pressures. The overburden (def’l’ned as the region which does n o t  d r a i n  f l u i d  

from storage t o  compensate for the fluid withdrawn) deforms primarily due t o  

the displacements induced a t  i t s  Interface w i t h  the deforming reservotr. The 

most general way of modeling the subsidence o f  such a system is t o  include the 

reservoir and the overburden w i t h i n  a single calculational model rand t o  solve 

simultaneously the coupled fluid flow, heat flow and force equilibrium equations. 

Because of the large number of degrees of freedom and number of mesh points  

t h a t  may be involved i n  such computations this approach may prove t o  be 

impractical especially for deep reservoirs. 

On the other hand, a satisfactory solution may be obtained by u s i n g  a 

dual reservoir-overburden model, i n  which the reservoir is assumed t o  deform 

according t o  Terzaghi’s one-dimensional consolidation theory, while the 

overburden deforms due t o  arbitrary boundary loading i n  the form of dis- 

placements imposed a t  i t s  interface w i t h  the reservoir. The assumption of 

one-dimensional (vertical)  consolidation occurring i n  the reservoir seems 

just i f ied for the following reason. Most liquid-dominated geothermal systems 

are comprised of a l te rna t ing  layers of  permeable and less permeable materials. 

The permeable rocks are relatively r i g i d  and tend to  conduct f l u i d  horizon- 

ta l ly  towards the producing wells, while the less permeable rocks are 

relatively more compressible and conduct f l u i d s  more or  less vertically 

towards the permeable 1 ayers . 

a 

T h i s  paper is concerned only w i t h  the reservoir part of the dual 

reservoi r-overburden model leading t o  the computation of the vertical 

displacements a t  the top  of the reservoir. I t  i s  recognized that  not 

a l l  of this computed compaction will reach the ground surface, especially 

i f  the reservoir l i e s  a t  a great depth. Some of the vertical deformation 

b 
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may be attenuated as i t  i s  t ransmit ted through the overburden and i n  addi t ion,  

some hor izontal  displacements may be generated. The propagation o f  deformations 

through the overburden i s  cur ren t ly  under study and w i l l  be presented elsewhere 

Governing Equations 

Based on the pr inc ip les  o f  conservation of mass, momentum and energy, 

several authors have developed the equations governing the heat and mass f low 

through porous media (10, 11, 12). 

system, the heat and mass f low equations can be expressed i n  an i n teg ra l  form 

For the case of a water-dominated geothermal 

i n  which t = t ime;  (cp), = heat capacity per u n i t  volume of the s o l i d - f l u i d  

mixture; T = temperature; V = volume; $ = thermal conduct iv i ty  o f  the so l id -  

f l u i d  mixture; 'I = outward u n i t  normal on surface s; p = f l u i d  density; cF = 

f l u i d  spec i f i c  heat capacity a t  constant volume; 6T = d i f ference between the 

mean temperature w i t h i n  volume element dV and t h a t  on the surface segment 

dS; i d  = Darcy f l u i d  ve loc i ty ;  q = heat i n j e c t i o n  r a t e  per u n i t  volume; e = 

vo id r a t i o ,  K = f l u i d  compressibi l i ty ;  a' = e f f e c t i v e  stress; P = pore 

pressure; k = i n t r i n s i c  permeabil i ty; p = v iscos i ty ;  5 = accelerat ion due t o  

grav i ty ;  Q = mass i n j e c t i o n  r a t e  per u n i t  volume. The energy and mass f low 

equations (Equations 1 and 2) are coupled through (a) the Darcy ve loc i t y  ( i d )  

used i n  the convection term o f  the energy equation and, (b) the temperature 

and/or pressure dependence o f  some parameters used i n  both equations. 

G 

From the po in t  o f  view o f  subsidence modeling the parameter de/da' 
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occurring f n  Equation 2 is  of great interest. In the present model, this 

parameter is directly evaluated from the known functional dependence of e 

on u'. The general , nonlinear, nonelastic deformation of the materials 

yielding water from storage as a result of pore pressure reduction may be 

conveniently described by "e-log u' curves (Figure 1) .  For each of these 

materials there is a v i r g i n  curve and, ( i f  hysteresis is neglected), a 

series of parallel swelling-recompression curves. Thus,  deformation is 

dependent on previous history. 

Numerical Model 

The numerical model "CCC" (for Conduction-Convection-Consol i da t ion )  

developed a t  the Lawrence Berkeley Laboratory numerically solves the heat 

and mass flow equations and computes the vertical compaction of the simulated 

systems. 

and TRUST (14) employs an Integrated Finite Difference Method (15) using an 

explicit-implicit i terative procedure t o  advance i n  time. 

algorithms are given elsewhere (13, 15, 16). 

This computer program which is  a modification of codes SCHAFF (13) 

Details of the 

The coupled energy and mass flow equations are solved alternatively by 

interlacing them i n  time (see Figure 2). The flow equation solves for P, Fd 

and e assuming t h a t  t h e  temperature dependent propert ies  remain constant. 

the other hand, the energy equation computes T assuming that i d  and the pressure 

dependent properties remain constant. 

temperature, smaller time steps have t o  be taken i n  the flow cycles t h a n  i n  

the energy cycles. o simulate one-, two- or three- 

dimensional heterogeneous, non-isothermal confined saturated porous systems. 

Hydraulic and thermal properties, inc lud ing  f l u i d  density, may be linearly or 

nonl inearly dependent on pressure and/or temperature. As described above, 

the deformation parameters may i n  general be nonlinear and nonelastic. 

code has been validated against different analytical and semianalytical 

On 

Since pressure varies much faster  than 

Program CCC i s  design 

The 
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solutions (17). 

Illustrative Examples 

Two groups of examples are presented below i n  order t o  demonstrate the 

capability of program CCC as well as t o  illustrate the effects of certain 

parameters used i n  the energy and mass transfer equations on reservoir com- 

paction. 

system i n  wh ich  the producing aquifer is  overlain by a caprock and underlain 

by bedrock. 

1 inear, nonelastic deformation parameters on reservoir compaction; the rela- 

t ion  between subsidence history and reservoir pressure; and the importance 

of permeability changes due t o  changes i n  effective stress. The second group 

of problems relate t o  a two-layer system. 

chosen t o  examine the role of temperature dependence on different parameters 

entering i n t o  the gov'erning equations and t o  study the effects of anisotropy 

and heterogeneity on s p a t i a l  variation of reservoir compaction. 

The f i r s t  group of problems relate t o  a three-layer geothermal 

These problems have been chosen t o  illustrate the role of non- 

The problems i n  this group have been 

F 

In the examples studied, f l u i d  density may be either a function of tem- 

perature (Group 1 )  or may be a function of temperature and pressure (Group 2) .  

In either case p is treated as a quadratic function of the dependent variable(s). 

F lu id  viscosity, p, and f l u i d  heat capacity, cF, are both functions of tempera- 

ture (piecewise linear functions)while voi'd r a t i o  i s  a function of effective 

stress and previous stress history. A l l  other parameters are assumed t o  be 

constant. Boundary conditions, i n c l u d i n g  to ta l  stress d i s t r i b u t i o n  w i t h i n  

- .  

the system do not change w i t h  time. 

only the vertical deformations a t  t h e  t o p  of'the reservoir-caprock system 

are computed. 

t o  the land  surface i s  outside the scope of this paper. 

Three-Layer System 

Note t h a t  i n  the present calculations 

The transmission of' such deformations through the overburden 

The examples examined here serve t o  illustrate the dependence of system 
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deformation on the previous stress h i s t o r y  o f  the mater ia ls.  Also included 

here i s  an example studying the importance o f  the va r ta t i on  of I n t r i n s i c  

permeabi l i ty  as a consequence o f  e f f e c t i v e  stress changes induced by geothermal 

f l u i d  extract ion.  

The hypothettcal, three- layer system consists o f  a reservot rb a caprock 

and a bedrock, each 328 ft (100 m) th ick.  

up o f  one type o f  mater ia l ,  wh i le  the reservo i r  i s  o f  a second type (see 

Table 1). The system i s  axisynmetric, and has i n i t i a l  temperature and 

pressure condi t ions as given on Figure 3. The overburden [not shown on 

Figure 3) i s  1328 ft (450 m) th ick ,  and comprises mater ia ls  w i t h  an average 

densi ty o f  156 lb /cu ft (2500 kg/m3). The boundary condi t ions used are as 

f o l  1 ows : 

(a) 

The caprock and bedrock are made 

the upper and lower boundaries are impermeable and isothermal 

[455"F (235°C) and 509°F (265"C), respectively], 

the r a d i a l  boundary a t  a distance o f  1246 ft (380 m) i s  a constant- 

pressure-and-temperature boundary f o r  the  reservo i r  and a closed 

(b) 

boundary f o r  the  caprock and bedrock, and 

(c) the  we l l  located a t  the center o f  the  system i s  pumped a t  a constant 

r a t e  of 5.52 x l o 6  lb/day (2.5 x l o 6  kg/day). 

The response of the three- layer system t o  30 days o f  pumping i s  shown on 

Figures 4 and 5. 

two d i f f e r e n t  magnitudes o f  overconsolidation. I n i t i a l l y ,  a t  each po in t  i n  

the  system the ef fect ive s t ress i s  smaller than the preconsol idat ion stress. 

Curves a and b correspond t o  overconsolidated mater ia ls  w i t h  
? 

Curve c describes the behavior o f  a normally consolidated system i n  which, 

a t  t ime zero, e f fec t i ve  s t ress i s  equal t o  the preconsol idat ion stress a t  

each p o i n t  i n  the  system. 
5 For curve a, the overconsolidation i s  equal t o  102 p s i  (7 x 10 Pa). 

Because o f  t h i s  high value the  deformation o f  the system is r e l a t i v e l y  small 
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TABLE 1. Mater ia l  proper t ies used i n  the examples 

Property 
(1  1 

Heat capacity, 
i n  Btu lb- ’  OF-’ 

Density, i n  lb /cu ft 

Thermal conduct iv i ty  (K,,,,), 
i n  Btu hr-’ ft” OF-’ 

Reference vo id r a t i o  (e,). 

Reference e f fec t i ve  stress 
(ao’), i n  p s i  

Slope o f  v i r g i n  curve, 
i n  (loglo cycle)” 

S1 ope o f  swell i ng- 
recompression curve, 
i n  ( l o g l o  cycle)-1 

I n t r i n s i c  permeabi 1 i ty 
(k), i n  md. 

- 

Three-Layer System 

zaprock and 
Bedrock 

(2) 

0.222 

168.6 

0.669 

0.250 

1263. 

0.5 

0.01 

0.03 

Reservoir 
(2 )  

0.232 

165.4 

1.672 

0.111 

1263. 

0.05 

0.01 

30.0 

Caprock 
(4) 

0.222 

168,6 

0.609 

0.250 

2683. 

0.5 

0.05 

0.10 

Reservoir 
(5) 

0.232 

165.4 

1.605 

0.053 

2683. 

0.05 

0.005 

50.0 

Note: 1 Btu lb ”  OF-’ = 4.186 J 9’: OC” ; 1 lb/cu ft = 16.02 kg ~ n - ~ ;  1 6 tu  hr-’ 
ft-1 O F - l =  1,731 W me’ OC’ 1 ps i  = 6895 Pa; 1 md = 9.86 x m2 

(Figure 4), w i t h  the s t ress-s t ra in  behavior o f  the  mater ia ls fo l low ing  the 

recompression curves. 

the  rock skeleton. The compaction o f  the  reservo i r  i s  s i g n i f i c a n t  a t  the  

beginning of the pumping period, bu t  l a t e r ,  compaction o f  the caprock and 

bedrock becomes much more important (18). ~ As can be seen i n  Figures 4 t o  6 

the system continues t o  consolidate even a f t e r  the pressure has s t a b i l i z e d  

i n  the reservo i r ,  because we are essen t ia l l y  concerned w i t h  a leaky aqu i fe r  

system i n  which the more permeable aqu i fe r  goes t o  a steady-state while, i n  

the less permeable caprock, the pressure t rans ients  move very s lowly i n  the 

Very l i t t l e  water i s  obtained from the compression of 
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INITIAL CONDITIONS 

CAPROCK (MATERIAL I) 
n s200 k 1- 2 ~ 1 ~ ~ # N N 1 ~ p l  

0 

- 
0 -OVERCONSDUDATION: 7.0' N/mL 

b - OVERCONSOLIDATION : 2 n d  N/mL 
E -NORMAL cO(saIDA1TK)N 

- 
0 f I I I I I I I I 

RESERVOIR 6.00 x106N /m2 

252.5'-6.39 x 06N /m2 
(MATERIAL 2) = loo 

I BEDROCK (MATERIALI) I 

RADIAL DISTANCE (m) 
XBL m- 521 3 

Figure 3. Geometry and initial  conditions for the three- 
layer system. (Note: Temperature in degrees 
centigrades; 1 N/m2 = 1 Pa = 1.45 x 10'" psi; 
1 m = 3.28 ft) 
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vertical direction, outward from the aquifer. 

Curve c i n  Figures 4 and 5 relates t o  a system under normal consolidation, 

which  deforms according t o  the much steeper v i r g i n  curves (see Figure 1 and 

Table l ) ,  leading t o  relatively larger magnitudes of consolidation. Curve b 

corresponds t o  an intermediate case, w i t h  a lesser overconsolidation of only 

29 psi (2  x lo5 Pa). In this case, the materials deform a t  early times i n  

accordance w i t h  the recompression curves. B u t ,  once effective stress exceeds 

the preconsolidation stress, the reduction i n  void r a t i o  follows the v i r g i n  

curves. This explains the intermediate behavior shown i n  Figures 4 and 5; 

curve b lies between curves a and c. Not only the computed compaction is  

different i n  each case, bu t  also the response of the reservoir pressure is  

quite distinct (19). This is  emphasized when the pressure is plotted against  

the amount of consolidation (Figure 5) .  This graph clearly reflects the 

effects of differences i n  overconsolidation values and i n  the slopes of the 

v i r g i n  and recompression curves. 

top  is  related t o  the constant pressure assumed a t  the radial boundary. 

The behavior of the system w i t h  an overconsolidation equal t o  29 psi (2  x 

10 Pa) is  quite interesting (see Figure 5, curve b) .  A t  the beginning i t  

is identical to that o f  the system with a higher overconsolidation (curve a) .  

When effective stress ‘exceeds the preconsolidation value, the system deforms 

i n  a manner similar t o  t h a t  o f  the normally consolidated system (curve c). 

A t  this stage, curves b and c are essentially parallel. I t  is  interesting 

t o  note t h a t  the response given by curve b (Figure 5)  is similar t o  t h a t  

observed i n  the Wairakei geothermal field o f  New Zealand, as shown i n  

The f la t ten ing  out  of the curves a t  the 

5 

. 
Figure 7, taken from Pritchett e t  a l .  (20). 

The examples given above indicate the need t o  

parameters of the various materials present i n  the 

t o  model subsidence i n  a given geothermal system. 

establish the deformation 

field before one ventures 

Laboratory techniques are 

- 11 - 



CONS OL IO AT1 ON (un) 

XBL 773- 5210 

Figure 5. Three-layer system: Plot of reservoir pressure 
versus consol idation under different initial  
overconsolidation conditions. (Note: 1 N/m2 
= 1 Pa = 1.45 x psi; 1 an = 0.0328 f t )  

- b - 

I I I I I I 1 

- 
3 5.5 !'i K 

~~R~ 1 
RESERVOIR 

p BEDROCK 

1 

-_- 
0 K) 20 30 

PROOUCTION TIME Yoyr) 
KB773-52ll 

Figure 6. Three-layer system: Pressure change versus time 
in the reservoir and caprock for the case with 
overconsolidation = 7 x l o5  N/m2. 
= 1 Pa = 1.45 x 10'' psi; 1 m = 3.28 ft) 
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Figure 7. Reservoir pressure drop versus subsidence 
a t  Wairakei, New Zealand (Note: 1 bar = 
14.5 ps i ;  1 m = 3.28 ft) 

avai lab le t o  measure the deformation propert ies o f  the rocks and t h e i r  degree 

o f  overconsolidation. F i e l d  tes ts  may establ ish the t o t a l  stress and f l u i d  

pressures a t  d i f f e r e n t  depths, as we l l  as the preva i l ing  boundary condit ions. 

For a r e a l i s t i c  f i e l d  simulation, the aforesaid propert ies are of fundamental 

importance. 

I n  considering deforming systems, a question which mer i ts  a t ten t i on  i s  

t ha t  o f  the importance o f  the va r ia t i on  of i n t r i n s i c  permeabi l i ty  due t o  

changes i n  e f f e c t i v e  stress or, equivalent ly,  vo id  r a t i o .  

CCC has the a b i l i t y  t o  handle e i t h e r  piecewise l i n e a r  o r  nonl inear dependence 

Computer program 

o f  k w i t h  e. One convenient way of handling the k versus e r e l a t i o n  i s  t o  

. make the reasonable assumption (21, 22) t h a t  e i s  l i n e a r l y  re la ted  t o  l og  k. 

Then, k can be conveniently evaluated from the re la t ion ,  

2.303 (e - eo) 
k = ko exp 

'k 
(3)  
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i n  which ko = reference i n t r i n s i c  permeabil i ty; eo = reference vo id r a t i o ;  

and Ck = slope of s t r a i g h t  l i n e  on the e versus l o g  k p lo t .  
I 

1 

Bed rock 
( 4 )  - 

0.03 

.2263 

0.05 

I n  order t o  study the ef fects  of stress-dependent permeabi l i ty  on the 

deformation behavior o f  a given system, we consider the three-layer problem 

with normally consolidated mater ia ls (curve c i n  Figure 4). The permeabi l i ty  

relaked parameters used i n  t h i s  case are sumar i red  i n  Table 2. 

The computations showed, as i s  t o  be expected, t h a t  the reduct ion o f  

pore pressure caused by the f l u i d  withdrawal resul ted i n  decreased vo id 

r a t i o s  and thus, smaller i n t r i n s i c  permeabi l i ty  values. 

permeabil i ty, i n  turn, l e d  t o  somewhat l a rge r  pressure changes and small 

increases i n  the amount o f  consol idation, as compared w i th  the constant 

permeabi l i ty  case. 

f r o m  those shown on Figure 4 (curve c). 

The decreased 

The d i f ference i n  consol idat ion d i d  not exceed 4 percent 

Parameter 
(1  1 

TABLE 2. Three-layer system: Parameters governing 
var iab le i n t r i n s i c  permeabi l i ty  

Caprock 
(2 )  

Reference i n tri ns i c 
permeabi 1 i ty ( ko) , 
i n  md. 

0.03 

Reference vo id r a t i o  (e,) I .2765 

Slope o f  s t r a i g h t  l i n e  
on e-log k p l o t  (C ), 
i n  ( l og  cyc1e)-lk 

1 0  

0.05 

Reservoir 
(3)  

30.0 

.1111 

0.05 

16 L (Note: 1 md = 9.862 x 10- m ) 

The resu l ts  o f  the computation are presented i n  Figures 8 and 9 and 

Table 3. The d i s t r i b u t i o n  o f  k values a f t e r  30 days o f  pumpage are given 

- 14 .. 
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Figure 8. Three-layer system: Distribution of intrinsic permeability, 
in m2, after 30 days o f  pumpage. (Note: 1 m2 = 1.014 x 10'' 
md). 
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Figure 9. Three-layer system: Variation of intrinsic permeability i n  
(Note: 1 m = 3.28 ft). percent, after 30 days of pumpage. 
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TABLE 3. Three-layer system: Effect of pumpage a t  two 
different locations i n  the system. Normally 
consolidated case w i t h  variable permeabi 1 i ty. 

Parameters 
(1 1 

Elevation above top o f  
bedrock, i n f t 

Distance from well, i n  f t  

Pore Pressure ( P ) ,  i n  psi 

t = O  
t = 30 days 
AP, i n  psi 

Effective Stress (a ' ) ,  i n  psi. 

t = O  
t = 30 days 
A d ,  i n  ps i  

Void Ratio (e) 

t = O  
t = 30 days 
Ae 

Intr in .  Permeab. ( k ) ,  i n  md. 

t = O  
t = 30 days 
Ak, i n  md. 

Node 303 
(2) 

295 

41 .O 

824.6 
718.8 
-105.8 

1165.2 
1271 .O 
105.8 

.1128 

.1110 
-.0018 

32.5 
29.8 
-2.7 

Node 703 
(3) 

32.8 

41 .O 

914.5 
804.3 
-110.2 

1359.4 
1469.6 
110.2 

.lo95 

.lo78 
-.0017 

27.9 
25.8 
-2.1 

(Note: 1 f t  = 0.305 m; 1 psi = 6895 Pa; 1 md = 9.86 x 
m2 1 

i n  Figure 8. There i s  a drop i n  permeability values near the well and almost 

no change towards the radial  constant-pressure boundary. The reduction i n  k,  

given i n  percent, i s  shown i n  Figure 9. A somewhat larger drop i n  permeability 

has occurred i n  the upper pa r t  of the reservoir, even though the pressure has 

decreased less t h a n  a t  the lower part (see Table 3); illustrating the effect 

of nonlinear deformation parameters. A t  the t o p  of the effective stress i s  

. 
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smaller than a t  the bottom, and a given change i n  pore pressure w i l l  r e s u l t  

i n  a la rger  void r a t i o  change than a t  the  bottom (see Figure 1). 

These pre l iminary resu l t s  suggest t h a t  i n  deep systems where high 

e f f e c t i v e  stresses are general ly present, and small vo id  r a t i o  changes 

occur, t he  v a r i a b i l i t y  o f  i n t r i n s i c  permeabi l i ty  w i t h  changes i n  ef fect ive 

stress i s  l i k e l y  t o  be small and hence can be conveniently neglected. 

Two-Layer System 
* 

The examples i n  t h i s  group were chosen t o  i l l u s t r a t e  the importance o f  

analyzing compaction of a geothermal system using non-isothermal models, and 

t o  study the effects o f  temperature-dependent f l u i d  proper t ies anisotropy 

and mater ia l  heterogeneities. 

var iab le thickness i s  considered. The i n i t i a l  and boundary condi t ions used 

For t h i s  purpose a system w i t h  a caprock of 

are shown i n  Figure 10 and Table 1 l i s t s  the  rock propert ies used. The 

lower boundary i s  impermeable w i t h  a constant heat i n f l u x  of 5.31 x 10- 2 

Btu ft- * h-’ (4  x ca l  an” sec’l). The upper boundary i s  impermeable 

and isothermal [212 O F  ( l O O O C ) ] .  The rad ia l  boundary i s  closed t o  heat and 

f l u i d  flow. A wel l  located a t  the center of the  r a d i a l  system produces water 

a t  a constant r a t e  of 6.18 x lo6 lb/day (2.8 x lo6 kg/day). The overburden 

(not shown) i s  3279 ft (1000 m )  th ick  and has an average density o f  156 lb /  

cu ft (2500 kg ~ n ’ ~ ) .  

The consol idat ion of the  system, a f t e r  2400 days o f  pumpage under d i f f e r e n t  

I n  the  case o f  i s o t r o p i c  mater ia ls,  the  iso-  condi t ions i s  shown on Figure 11. 

thermal model has y ie lded :higher consol idat ion than the non-isothermal one. 

This d i f fe rence i n  behavior i s  essent ia l ly .due t o  the constant average proper- 

t i e s  assigned t o  the  isothermal system, wh i le  the non-isothermal one has 

temperature-dependent f l u i d  properties:’ The v a r i ’ a b i l i t y  of v i scos i t y  w i t h  

. 
, 

temperature appears t o  have considerable r o l e  i n  governing the consol i d a t i o n  

o f  the non-isothermal system (18). 
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Figure 10. Two-layer system: Geometry, ini t ial  and boundary conditions. 
(Note: 1 km = 0.621 m i ;  1 kg/day = 2.21 lb/day; 1 H.F.U. = 
1.33  x Btu  ft'2 h-'). 

0 I I I I I 

n r 8 2400 U ~ Y S  - 
0 
Y - 

-Anisotropic Materlals tKr/Kz 2.0) 

0 Non-Isothermal t'f= ITOOC) 
e "  (T= 13SoC) 

- 
e 

-Isotropic Materials (Kr/K, 1.0) 

a Non -Isothermal (f r 139OC) 

A Isothermal t f  = 135OC) 

- 

- 
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Radial Distance (km) 
XBL 778-2859 

Figure 1 1 .  Two-layer system: Effect of temperature and anisotropy 
1 km = 0.621 mi; 1 cm = 0.0328 on consolidation (Note: 

ft) .  
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Also on Figure 1 1  are shown two examples with anisotropic materials. 

In these, the radial intrinsic permeability (k) and thermal conductivity 

(K)  are the same as in the isotropic case, but the vertical properties are 

reduced by a half. 

unchanged (see Figure 10). The decrease in vertical conductivity results 

in an increase in vertical thermal gradient which in turn leads to an increase 

in average system temperature [from 275°F (135°C) to 338°F (170°C)]. In the 

other case, the thermal recharge through the lower boundary was reduced by 

a half to keep the same average temperature as in the isotropic examples 

[275"F (135"C)I. 

In one case the thermal boundary conditions are kept 

a 

From an analysis of the four curves shown on Figure 1 1  it can be con- 

cluded that: 

(a) the use of isothermal models to simulate geothermal systems may 

result in predicting somewhat larger and conservative consolidation 

values than in the non-isothermal case. 

higher temperatures (and lower fluid viscosities) in the system may 

reduce the magnitude of consolidation near the pumped well. 

(b) 

(c) the presence of anisotropic materials tend to 

tion near the well, while slightly increasing 

curves on Figure 1 1  cross each other at large 

the well). 
-_ 

reduce the consol ida- 

it away from it (the 

radial distance from 

The effect of anisotropy on the consolidation pattern within the system 

, is further illustrated in Figure 12. In the isotropic case the percentage of 

total consolidation which occurs in the caprock is significantly larger than 

in the anisotropic case. This is explained bjr the lower vertical permeabilities 
1 

in the latter example. Since the mass flow in the caprock is essentially 

vertical towards the reservoirp a reduction in vertical permeability diminishes 

the release of fluids from the caprock, thus resulting in smaller pressure drops 
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and lower caprock compaction. 

?he effect of geological heterogeneit ies i s  f u r the r  explored by i n t r o -  

ducing a lense of caprock mater ia l  w i t h i n  the reservo i r  (Figure 13). Other 

condit ions remain the same as i n  Figure 10. As can be seen from Figure 13, 

the presence of a compressible lense w i t h i n  the reservo i r  a f fec ts  the to r -  

t uos i t y  of flow path and the pressure d i s t r i b u t i o n  near the w e l l  leading t o  

a dramatic change i n  the p r o f i l e  o f  the subsidence bowl. Mote t h a t  the 

maximum subsidence of about 15 i n  (38 cm) occurs approximately 0.25 m i  

(0.4 kin) away from the producing well .  This s i m p l i s t i c  model may perhaps 

provide a c lue t o  understanding the i n te res t i ng  subsidence pa t te rn  a t  

Wairakei [ (6 )  and Figure 143, where the subsidence bowl i s  observed t o  be 

offset approximately 1 m i l e  (1.61 km) east northeast o f  the main producing 

area. 

t h a t  the d ispos i t ion  o f  the subsidence bowl a t  Wairakei i s  re la ted  t o  the 

presence o f  r e l a t i v e l y  large thickness of h igh ly  compressible mater ia ls 

below the region o f  the subsidence bowl. 

Concluding Remarks 

I n  the l i g h t  o f  the resu l t s  presented i n  Figure 13 one may conjecture 

The present work has shown t h a t  the one-dimensional deformation model , 
i n  conjunction w i t h  the mu1 t i-dimensional heat-mass transfer s imulator i s  

o f  considerable u t i l i t y  i n  studying deformation o f  geothermal reservoirs.  

Although the model does not carry  out s t ress-s t ra in  ca lcu lat ions i n  a general 

multi-dimensional form, the s i m p l i f i e d  assumptions used i n  the present model 

appear j u s t i f i e d  due t o  the f a c t  t h a t  many geothermal systems (e.g. Wairakei, 

New Zealand, Imperial Valley, Ca l i f o rn ia )  may be composed of alternating,,- 

layers o f  permeable and poor ly permeable (but compressible) mater ia ls and 

the f a c t  t h a t  the i n te rna l  loading on the rock skeleton induced by pore 

pressure withdrawal i s  hydrostat ic  and a f fec ts  mafnly the dfagonal compon- 

ents o f  the stress tensor. An added advantage of the present approach i s  
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Figure 12. Two-layer system: Effect of anisotropy on percent of 
consolidation occurring in the caprock. (Note: 1 km 
= 0.621 mi). 
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Figure 13. Effect of an hetero eneity on the consolidation profile of the 
two-layer system. !Note: 1 km = 0.621 m i ;  1 cm = 0.0328 ft). 
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SUBSIDENCE CONTOURS( LETRES) . 

o GEOTHERMAL BORES 

Figure 14. Total  subsidence a t  Wairakei geothermal f i e ld ,  New Zealand, 
1964 t o  1974. Taken from S t i l w e l l  e t  a l .  (1975). (Note: 
1 m = 3.28 ft). 

t h a t  the deformation computation i s  i n t r i n s i c a l l y  coupled w i t h  the f l u i d  f low 

ca lcu la t ion  wi thout reso r t i ng  t o  an independent so lu t i on  o f  the s t ress-s t ra in  

equation. It i s  we l l  known t h a t  the addi t ional  se t  o f  equations re la ted  t o  

s t ress-s t ra in  g rea t l y  increase computational e f f o r t  and cost. 

The examples presented ind ica te  t h a t  i n  order t o  r e a l i s t i c a l l y  simulate 

the  compaction of geothermal systems it i s  important t o  consider the tempera- 

t u r e  (and/or pressure) dependence of rock and f l u i d  propert ies s especia l ly  

v iscos i ty .  A lso  the s ign i f i can t  effects of previous s t ress h i s t o r y  of the 

mater ia ls and those o f  heterogeneit ies on the deformation behavior o f  these 

systems has been i l l u s t r a t e d .  The pre l iminary resu l t s  suggest t h a t  f o r  deep 

reservo i rs  the ef fect  of i n t r i n s i c  permeabi l i ty  va r ia t i on  w i t h  vo id r a t i o  

changes, may only.  be of secondary signif icance. 
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Appendix 11. Notation 

The following symbols are used i n  this paper: 

Cc = slope of v i r g i n  curve i n  "e-log u' plot"; 

Ck = slope of straight l ine i n  "e-log k p lo t " ;  

Cs = slope of swelling-compression curve i n  "e-log Q '  plot" ;  

cF = f l u i d  specific heat capacity a t  constant volume; 

e = void ratio;  

g = acceleration due t o  gravity; 

$ = thermal conductivity of s o l i d - f l u i d  mixture; 

k = int r insic  permeability; 

n = outward u n i t  normal on surface S; 

- 

- 
P = pore-fluid pressure; 

Q = mass injection rate per u n i t  volume; 

q = energy injection rate per u n i t  volume; 

S = surface; 

T = temperature; 

t = time; 

V = volume; 

Vd = Darcy f l u i d  velocity; 

6T = difference between the mean temperature w i t h i n  volume element 

K = f l u i d  compressibility; 

1.1 = f l u i d  viscosity; 

p = f l u i d  density; 

- 

dV and that on the surface segment dS; 

(pc), = heat capacity per u n i t  volume of the solid-fluid mixture; and 

Q' = effective stress 

Subs cr i  p ts Superscripts 

- = average o = reference quantity 
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