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THE GEOTHERMAL RESERVOIR ENGINEERING MANAGEMENT PROGRAM 
( Inc luding  p r o j e c t s  cont inued from t h e  former NSF-RANN Geothermal Program) 

F i s c a l  y e a r  1978 w a s  t h e  second y e a r  of LBL's r e s p o n s i b i l i t y  f o r  t h e  

Geothermal Rese rvo i r  Engineer ing  Management Program ("GREMP") on b e h a l f  of  

the  D i v i s i o n  of Geothermal Energy of ' t h e  Department of Energy. 

The h i s t o r y  of  t h i s  program through FY 1977 i s  exp la ined  i n  LBL's 

Ea r th  Sc iences  D i v i s i o n  Annual Report  f o r  1978. 

of t h e  program i n  FY 1978 are as fo l lows :  

Admin i s t r a t i ve  h i g h l i g h t s  

1. All p r o j e c t s  s t a r t e d  under  t h e  NSF-RANN program were 
cont inued .  These i n c l u d e  work done a t  S tan fo rd  Uni- 
v e r s i t y ;  P r i n c e t o n  u n i v e r s i t y ;  Systems, Sc ience  and 
Sof tware ;  U n i v e r s i t y  of  C a l i f o r n i a  a t  R ive r s ide ;  
and t h e  U n i v e r s i t y  of Colorado.  A l l  of  t h e s e  programs 
were f u r t h e r  extended i n t o  FY 1979 w i t h  t h e  excep t ion  
of t h e  U n i v e r s i t y  of  Colorado who chose t o  conclude 
t h e i r  program. 

2.  Seven new p r o j e c t s  w e r e  s t a r t e d .  These p r o j e c t s  are 
i n d i c a t e d  i n  Table  1. 

3. The D i v i s i o n  of Geothermal Energy re- emphasized i t s  
concern t h a t  a l l  p r o j e c t s  under t h e  CREME' program 
c l e a r l y  and d i r e c t l y  r e l a t e  t o  DGE's  "power-on-line" 
miss ion .  The Review Task Force o r i g i n a l l y  c o n s t i t u-  
t e d  t o  overview t h e  GREW program w a s  d i s s o l v e d ,  and 
p l a n s  were made t o  assemble a new t a s k  f o r c e .  LBL 
was urged t o  s o l i c i t  i n d u s t r y  to a s s u r e  t h a t  t h e r e  
i s  Fede ra l  suppor t  of r e s e a r c h  t o  a l l  r e s e r v o i r  
eng inee r ing- re l a t ed  t e c h n i c a l  "hangups" t o  "power- 
on- l ine ."  
t h e  o r i g i n a l  GREMP p lann ing  document (LBL-7000) , 

LBL w a s  r e q u e s t e d  t o  r e v i s e  and update  

4. With t h e  excep t ions  noted  below, a l l  p r o j e c t  areas 
of  t h e  o r i g i n a l  GREFP p l a n  have been addressed  a s  
have a l l  known s e r i o u s  t e c h n i c a l  r e s e r v o i r - r e l a t e d  
impediments t o  geothermal  r e s o u r c e  development, 

~ 
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e.g., formation damage during drilling. Important projects that 
have not yet received this full measure of support are work on 
mass flow measurement techniques, on use of tracers, and on decline 
curve analysis, particularly enthalpy decline curve analysis. Also, 
in keeping with the recommendation of the Review Task Force, essen- 
tially nothing has been done on economics and on exploitation 
strategies. 

5. A so-called GREW publication series was started. Henceforth all 
reports prepared under GREMP contract:s will be published or re- 
printed as part of this series. 
field and Terra Tek's bibliographic review will be the first two 
publications of this series. 

The program began issuing a "Newsletter." 
Aug. 1, 1978; the second, Nov. 3. The purpose of the newsletter 
is to summarize the highlights of progress in research and to 
direct readers to new, complete reports on the research. The 
newsletter is available by requesting addition of one's name to 
the GREMP Newsletter mailing list. 

S 3 1 s  summary of the Wairakei 

6. The first was issued 

7 .  A plan for support of new work in the GREW program through 
FY 1980 has been developed. The plan is shown in Figure 1. 

Technical and scientific progress accomplished during the year can 

be related to five work areas. These work areas and the contracts within 

them are shown i n  Table 1. Brief sketches of these contracts and their 

achievements are shown in Table 2. 

Technical progress on the program has been very satisfactory. Worthy 

of special note are the following accomplishments: 

1. 

2 .  

3 .  

4 .  

5. 

Completion of a comprehensive bibliographic review of the litera- 
ture pertaining to geothermal reservoir exploitation (Terra Tek) . 
Development of a quantitative model of a prototype geothermal 
resource, namely one dominated by a vertical fault (University 
of Colorado). 

Compilation of the entire production history of an important 
liquid dominated geothermal reservoi-r, namely Wairakei (Systems, 
Science and Software) . 
Increasing awareness of the importance of lithology logging as 
a practical tool during drilling of geothermal wells (University 
of California at Riverside). 

Meeting for the third time at the annual Stanford Geothermal 
Workshop. This Workshop has become the outstanding public forum 
for exchange of ideas and information in geothermal reservoir 
engineering. 
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THE SUBSIDENCE R&D MANAGEMENT PROGRAMS 

A major consequence of development of a geothermal r e s e r v o i r  may b e  

subs idence  o c c u r r i n g  due t o  wi thdrawal  of voluminous.amoudts o f  f l u i d s .  Un- 

expected and u n c o n t r o l l e d  subsidence can have d e t r i m e n t a l  s o c i a l ,  environ-  

menta l ,  and economic i m p a c t .  I n  o r d e r  t o  b e t t e r  unders tand subs idence ,  

i t s  c a u s e s  and e f f e c t s ,  Lawrence Berkeley Laboratory  i n i t i a t e d  t h e  

Geothermal Subsidence Research Program (GSRP). 

The g o a l s  o f  t h e  GSRP are t o  develop methods f o r  a s s e s s i n g  n a t u r a l l y  

o c c u r r i n g  subs idence ,  f o r  i n f e r r i n g  a geothermal r e s e r v o i r ' s  compaction 

p o t e n t i a l ,  and f o r  minimizing p o t e n t i a l  subs idence  e f f e c t s  d u r i n g  e x p l o i-  

t a t i o n  of a geothermal r e s e r v o i r .  Attainment of  t h e s e  g o a l s  i s  expected 

t o  p r o v i d e  t h e  t o o l s  needed f o r  geothermal deve lopers  t o  measure subs idence  

and t o  p r e d i c t  subsidence p o t e n t i a l  of a r e s e r v o i r .  For r e g u l a t o r y  a g e n c i e s ,  

t h e  program i s  expected t o  l ead  t o  guidance w i t h  which t o  recommend 

a p p r o p r i a t e  a c t i o n  t o  minimize impact of subs idence .  - 

The GSRP is  organized i n t o  f o u r  independent  e lements :  

1. 

2 .  

Subsidence C h a r a c t e r i z a t i o n  - Subsidence c h a r a c t e r i z a t i o n  i s  
concerned w i t h  s tudy ing  examples of subs idence  and subs idence  
e f f e c t s .  Research has  been conducted t o  document c a s e s  of 
known subs idence  i n  geographic  areas hav ing  g e o l o g i c a l  and 
p h y s i c a l  environments r e p r e s e n t a t i v e  of geothermal areas. 
Where d a t a  were a v a i l a b l e ,  i . e . ,  Wairakei ,  New Zealand,  and 
The Geyse r s ,  C a l i f o r n i a ,  case h i s t o r i e s  have been w r i t t e n .  
Associa ted  s t u d i e s  have a l s o  been conducted on t h e  economic 
and environmental  impact of subsidence.  These s t u d i e s  
i n d i c a t e d  t h a t  t h e r e  i s  an inadequacy of t h e  l a t t e r  d a t a .  

Subsidence Mensuration - Research h a s  developed g u i d e l i n e s  
f o r  s u r f a c e  moni tor ing su rveys  t o  e s t a b l i s h  background 
deformat ion rates and monitor p o s s i b l e  deformat ion 
induced by geothermal development. Research t o  d a t e  h a s  
a l s o  a s s e s s e d  t h e  s t a t e- o f- t h e- a r t  of w e l l  b o r e  extenso-  
meters t o  d i r e c t l y  measure v e r t i c a l  d i s t a n c e s  between 
p o i n t s  i n  t h e  we l lbore .  S e v e r a l  s u g g e s t i o n s  f o r  improved 
i n s t r u m e n t a t i o n  t h a t  have r e s u l t e d  f'rom t h i s  r e s e a r c h  w i l l  
make s u b s t a n t i a l  c o n t r i b u t i o n s  toward c r e a t i n g  d i r e c t  
measurement i n s t r u m e n t a t i o n  f o r  use  i n  geothermal w e l l s .  

-28- 



I n d i r e c t  measurement methods, i . e . ,  g r a v i t y ,  r e s i s t i v i t y  
and mic rose i smic ,  have promise a s  i n e x p e n s i v e ,  areal survey 
t e c h n i q u e s ,  Kesearch w i l l  b e  conclucted t o  e v a l u a t e  t h e  
a b i l i t y  of t h e s e  methods t o  detect :  changes i n  t h e  p h y s i c a l  
p r o p e r t i e s  o f  a geothermal r e s e r v o i r ,  and t o  relate t h e s e  
changes t o  r e s e r v o i r  compaction arid subs idence .  

3 .  Subsidence P r e d i c t i o n  - U l t i m a t e l y ,  t h e  a b i l i t y  t o  p r e d i c t  
subs idence  i s  dependent upon an unders tand ing  of t h e  response  
of  g e o l o g i c  materials  and- systems t o  n a t u r a l  and man-made 
stress f i e l d s .  To g a i n  t h i s  unders tand ing ,  t h e  Geothermal 
Subsidence Research Program h a s  i n i t i a t e d  r e s e a r c h  t o  s tudy  
t h e  response  of r e s e r v o i r  material t o  v a r i o u s  stress f i e l d  
changes.  

Other r e s e a r c h  w i l l  assess v a r i o u s  subs idence  models,  review 
the i r  r e l a t i v e  a n a l y t i c a l  meri ts ,  and,  i f  n e c e s s a r y ,  make 
recommendations f o r  new models. A r e l a t e d  p r o j e c t  w i l l  
develop methods f o r  p h y s i c a l  modeling u s i n g  a c e n t r i f u g e .  
P r e d i c t i o n s  of subs idence  made by numerical  modeling can 
t h u s  be eva lua ted  by comparison w i t h  a c e n t r i f u g e  model. 

Out of t h e s e  e f f o r t s  may evo lve  b e t t e r  unders tand ing  of  
how geo log ic  materials and systems respond t o  stress 
f i e l d  changes,  and e n a b l e  e a r t h  s c i e n t i s t s  t o  more 
a c c u r a t e l y  p r e d i c t  subs idence  over  a g iven r e s e r v o i r .  
A s t e p  toward g r e a t e r  p r e d i c t i v e  c a p a b i l i t y  i s  t h e  
assessment  of e x i s t i n g  theory  and i t s  a p p l i c a b i l i t y  t o  
geothermal  r e s e r v o i r s .  Most subs idence  t h e o r i e s  
were developed t o  d e s c r i b e  t h e  compaction of o i l  and 
g a s  r e s e r v o i r s  o r  of  r e l a t i v e l y  sha l low unconso l ida ted  
a q u i f e r s .  The a p p l i c a b i l i t y  of t h e s e  t h e o r i e s  t o  deep,  
thermodynamically complex geothermal  systems needs t o  
b e  examined. 

4 .  Reservo i r  Opera t ing  P o l i c y  - The f i n a l  element i n  t h e  GSRP 
is  t h e  development p o l i c i e s  t h a t  minimize e f f e c t s  of  sub- 
s i d e n c e .  These p o l i c i e s  are d e r i v e d  from t h e  r e s e a r c h  r e s u l t s  
of  t h e  p rev ious  t h r e e  e lements  and shou ld  p rov ide  r e g u l a t o r s  
w i t h :  

(a)  t h e  a b i l i t y  t o  d i s t i n g u i s h  n a t u r a l l y  o c c u r r i n g  sub- 
s i d e n c e  from t h a t  p o s s i b l y  caused by geothermal ' 

o p e r a t i o n s ,  and 

(b)  t h e  b a s i s  t o  o p e r a t e  o r  c o n t r o l  a geothermal f i e l d  such 
t h a t  a d v e r s e  subs idence  e f f e c t s  a re  minimized o r  avoided.  
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ACCOMPLISHMENTS 

Case H i s t o r i e s  

Most documented subs iden  h been due t extract  i n of hyd ocarbons 

o r  ground water. 

geothermal  f l u i d s .  

l i t t l e  o r  no subsidence.  

environments ,  t h e  stress h i s t o r y ,  and t h e  response  o r  l a c k  of r e sponse  a t  

l and  s u r f a c e ,  h a s  proved u s e f u l  i n  making comparisons t o  s imilar  p o t e n t i a l  

geothermal systems.  

Useful  a n a l o g i e s  may be  drawn f o r  t h e  product ion of  

I n  some c a s e s ,  deep e x t r a c t i o n  of f l u i d s  h a s  produced 

A c a s e  h i s t o r y  of  t h e  geo log ic  and p h y s i c a l  

Four case h i s t o r i e s  were completed by Systems Cont ro l ,  I n c .  i n  t h e  

fo l lowing  areas: Wairakei ,  New Zealand; Chocola te  Bayou, Texas: Geysers, 

C a l i f o r n i a ;  and Raf t  R ive r ,  Idaho.  The f o u r  subs idence  s i tes  were 

s e l e c t e d  on t h e  b a s i s  o f :  (1) p h y s i c a l  r e l e v a n c e  of Subsidence areas t o  . 
h i g h  p r i o r i t y  U.S. geothermal s i tes  i n  t e r m s  of withdrawn g e o f l u i d  t y p e ,  

r e s e r v o i r  d e p t h ,  r e s e r v o i r  geology and rock  c h a r a c t e r i s t i c s ,  and over-  

burden c h a r a c t e r i s t i c s ,  and ( 2 )  d a t a  completeness ,  q u a l i t y ,  and 

a v a i l a b i l i t y .  

A review of  p o t e n t i a l  geothermal s i tes w a s  made i n  o r d e r  t o  de te rmine  

t h e  p h y s i c a l  r e l e v a n c e  ( i . e . ,  a n a l o g i e s )  of  areas w i t h  p a s t  subs idence  t o  

t h e  p o t e n t i a l  geothermal sites. These case h i s t o r i e s  may s e r v e  as models 

f o r  deve lopers  and /o r  r e g u l a t o r s  i n  assess ing;  comparable areas. 

Sur face  Monitoring - Guide l ines  Manual 

The fundamental  o b j e c t i v e  of a moni to r ing  program i s  t o  q u a n t i f y  

t h e  magnitude and d i r e c t i o n  of s u r f a c e  movements t h a t  may occur  i n  a 

geothermal r e s e r v o i r  area i m m e d i a t e l y  p r i o r  t o ,  d u r i n g ,  and immediately 

fo l lowing  t h e  removal of geothermal f l u i d s .  
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A geothermal development program must i n c l u d e  moni tor ing of h o r i z o n t a l  

and v e r t i c a l  d i sp lacements  a t  t h e  s u r f a c e  and a t  dep th  b e f o r e  and d u r i n g  

p r o d u c t i o n .  It should  be  p o s s i b l e  t o  d i f f e r e n t i a t e  between subs idence  

caused by geothermal o p e r a t i o n s  and t h a t  (caused by o t h e r  man-induced 

a c t i v i t i e s ,  o r  t h o s e  o c c u r r i n g  n a t u r a l l y .  

Thus, g u i d e l i n e s  need t o  be  developed t o  o b t a i n  d a t a  d i r e c t l y  r e l a t e d  

on ly  t o  geothermal f l u i d  p roduc t ion .  These g u i d e l i n e s  shou ld  c o n s i d e r  t h e  

geo log ic  s t r u c t u r e ,  s t r a t i g r a p h y ,  and s e i s m i c i t y  of  t h e  area,  as w e l l  as  

t h e  e x i s t i n g  and proposed ground water, g a s ,  and o i l  developments. The 

g u i d e l i n e s  should  a l s o  c o n s i d e r ,  i f  a v a i l a b l e ,  any known ground deforma- 

t i o n  c h a r a c t e r i s t i c s  of t h e  r e g i o n  and any man-induced de format ions  of 

nearby f l u i d  producing f i e l d s .  

Woodward Clyde Consu l t an t s  have produced a manual t h a t  reviews v a r i o u s  

s u r f a c e  moni to r ing  methods and compares t h e i r  i n s t a l l a t i o n ,  u t i l i z a t i o n ,  

and accuracy .  U t i l i z a t i o n  of t h e s e  methods should  e n a b l e  p l a n n e r s  and 

r e g u l a t o r s  t o  determine t h e  n a t u r a l  rate  of subs idence .  I n  a d d i t i o n ,  

such a manual can b e  used t o  a s c e r t a i n  induced subs idence  d u r i n g  develop- 

ment and p roduc t ion  of a geothermal f i e l d .  

Direct Measurements of Changes i n  Vert ical  D i s t a n c e s  i n  a Wellbore 

Woodward Clyde Consu l t an t s  have recommended h o s t i l e  environment 

component t e s t i n g  f o r  t h e  fo l lowing  f o u r  t o o l s :  1 )  i n d u c t i o n  c o i l  

w i t h  s l i p  c o l l a r  w e l l  c a s i n g s ,  2 )  r e e d  s w i t c h e s  w i t h  magnets emplaced 

i n  s l i p  c o l l a r s ,  3)  e lec t romagne t i c  o s c i l l a t o r s  w i t h  magnets emplaced 

i n  s l i p  c o l l a r s ,  and 4 )  r a d i o a c t i v e  l o g g i n g  w i t h  tracers emplaced i n  

e i t h e r  s l i p  c o l l a r s  o r  d i r e c t l y  i n t o  t h e  format ion.  

The s t u d y  reviewed i n s t r u m e n t s  a v a i l a b l e  f o r  moni tor ing s u b s u r f a c e  

Techniques and materials d i sp lacements ,  b o t h  v e r t i c a l  and h o r i z o n t a l .  

f o r  improving e x i s t i n g  o r  deve lop ing  new ins t ruments  were e v a l u a t e d .  

Elements of  s e n s o r  and s i g n a l  technology w i t h  p o t e n t i a l  f o r  h igh 

t empera tu re  moni tor ing of  subs idence  were i d e n t i f i e d .  
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Environmental and Economic E f f e c t s  

A c o n t r a c t  w i t h  EDAWfEarth Sc ience  A s s o c i a t e s  r e s u l t e d  i n  assessment  

o f  d a t a  a v a i l a b l e  from areas t h a t  have exper ienced geothermal and non- 

geothermal subsidence.  A d e t a i l e d  a p p r a i s a l  w a s  made o f  areas w i t h  t h e  

most comprehensive d a t a  base .  Areas s t u d i e d  inc luded  d e s e r t  b a s i n s  i n  

c e n t r a l  and sou the rn  Arizona;  Baldwin H i l l s  and Inglewood, C a l i f o r n i a ;  

Galves ton,  Texas; Las Vegas Va l l ey ,  Nevada; Mexico C i t y ,  Mexico; San 

Joaquin  Va l l ey ,  C a l i f o r n i a ;  San ta  Clara Va l ley ,  C a l i f o r n i a ;  Wairakei ,  

New Zealand; and Wilmington-Long Beach, C a l i f o r n i a .  

F i n a l  r e p o r t s  from a l l  t h e s e  c o n t r a c t s  w i l l  be a v a i l a b l e  as p a r t  

o f  an  LBL subs idence  r e p o r t  series.  

I n  FY 1978 and e a r l y  i n  FY 1979 seven c o n t r a c t s  were l e t .  Four o f  

these are n e a r  complet ion w h i l e  t h r e e  o t h e r s  are c o n t i n u i n g  i n t o  FY 1979. 

These c o n t r a c t s  are summarized i n  F i g u r e  2.  - 

Programs scheduled f o r  FY 1979 are summarized i n  F igure  3 .  

During t h e  Subsidence Workshop h e l d  a t  Asilomar,  October,  1978, 

recommendations f o r  t h e  r e v i s i o n  o f  t h e  Subsidence Management P l a n  were 

made. F igure  4 i l l u s t r a t e s  a sugges ted  r e v i s i o n  f o r  the p l a n .  

The Geothermal Subsidence Research Program i s  d i r e c t l y  r e s p o n s i v e  

t o  t h e  DOE/DGE goa l  of  "power-on-line.' ' 

development can be  reduced by u t i l i z a t i o n  of t echn iques  and t o o l s  developed 

through t h e  GSRP. Opera t iona l  methodology developed by t h e  program can 

p rov ide  guidance t o  r e g u l a t o r s  and deve lopers  t o  p reven t  o r  minimize 

subs idence .  

The subs idence  r i s k  of geothermal 

The f i r s t  Subsidence Newsletter is  scheduled t o  be  i s s u e d  on February 1, 

1979. It w i l l  b e  s e n t  t o  a l l  who r e q u e s t  i t  and t o  t h o s e  who c u r r e n t l y  

r e c e i v e  the GREW Newsletter. 
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I. 

F i g u r e  3 

PLANNED SUBSIDENCE PROJECTS FOR FY 1979 

G R O W  

1 

1 

2 

2 

2 

SUBJECT 

Case H i s t o r i e s  

Risk Analys is  

A .  H o s t i l e  Environment 

B. Rad ioac t ive  B u l l e t s  

I n d i r e c t  Methods 

P h y s i c a l  Methods 

Creep Phenomena 

RFP DUE -___ 

-- 

Jan. 

Dec/Jan 

Dec/Jan 

Dee /Feb 

Feb . 

A p r i l  

FFP - Firm Fixed P r i c e  
CPFF - Cost  P l u s  Fixed Fee 

TYPE OF CONTRACT 
ANTICIPATED 

FFP 

FFP 

FFP 

CPFF 

FFP/CPFF 

FFP 

CPFF 
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