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THE GFDPRESSURED GEOTHERMAL RESOURCE OF THE TEXAS AND 
LOUISIANA GULF COAST: A TECHNOLOGY CHARACTERIZATION AND 

ENVIFlONMENTAL 

EXECUTIVE SUMMARY 
This report examines two aspects 

ASSESSMENT 

of the  Texas and Louisiana Gulf 
Coast geopressured geothermal resource: (1) the technological require- 
ments for well d r i l l i n g ,  canpletion, and energy conversion, and, (2) the 
environmental impacts of resource exploitation. The information con- 
tained i n  t h i s  report comes f r o m  the literature on geopressured geother- 
mal research and from interviews and discussions with experts. The tech- 

nology characterization section of the report emphasizes those areas i n  
which uncertainty exists and i n  which fur ther  research and development 
is needed. The environmental assessment section discusses a l l  ant ic i -  
pated environmental impacts and focuses on the two la rges t  potent ia l  
problems: a) subsidence and b) brine disposal. 

Technological Requirements 

Nearly a l l  aspects of geopressured well d r i l l i n g  and completion are 
similar or ident ica l  t o  techniques eaployed i n  conventional petroleum 
resource development. For those areas i n  which geopressured and conven- 
tional petroleum development vary, refinement of existing technique w i l l  
be required. Experimentation will  lead t o  use of the most appropriate 
mud and cement canpositions. The greatest d i f f i cu l ty  w i l l  be encountered 
i n  the development of monitoring devices adequate for extreme downhole 
pressures. Accurate and safe d r i l l i n g  requires simultaneously obtaining 
inforxat$on on a range of variables.. I n  addition;. in-s i tu  sampling 
techniques require further basic and applied research i n  order t o  over- 
come current pressure l imitations.  A variety of completion methods, 
including both water well and petroleum well techniques, will be-used 
experimentally i n  the course of demonstrating resource feas ib i l i ty .  

experience w i l l  reduce the risk of blowouts and bad cement- 
with conventional petroleum dri l l ing,  sane r i sk  wi l l  remain. 
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EXECUTIVE SUMMARY 

Energy embodied i n  the geopressured resource can be exploited i n  
three different  forms: the chemical energy of methane dissolved i n  the 

brine, the thermal energy i n  the form of geothermal heat, and the  

kinetic energy of high pressure f luids .  The resource of major in t e re s t ,  
however, is the methane contained i n  the extracted brines. Technologi- 
ca l ly ,  geopressured geothermal energy conversion is a hybrid of the con- 
ventional o i l  and gas and the  geothermal electric industries.  Develop- 
ment of major new techniques and technologies for geopressured energy 
conversion is not required. High brine flow rates coupled with the 
problems of erosion, scaling, and corrosion, however, w i l l  require 
refinement of both equipment and operating procedures. Disposal of 
brines i n t o  subsurface aquifers (2,000 t o  5,000 feet deep) w i l l  not be 

technically d i f f i c u l t ,  although large volumes of spent brine at high 

pressure require careful management and monitoring of equipment. 

Environmental Concerns 

Surface subsidence resulting from geofluid withdrawal and the rein- 
jection of spent brines in to  subsurface formations w i l l  be the two most 
d i f f i cu l t  environmental aspects of resource development. I n  each case, 
the uncertainty is high. The severe adverse impacts of subsidence, or 
the inab i l i t y  t o  successfully re in jec t  huge volumes of brine, may slow 
or h a l t  commercial development of t h e  resource. 

The probabili ty of subsidence resul t ing from geopressured 
development-both its magnitude and rate-is largely unknown. Experts 
disagree on the adequacy of current levels  of theoretical knowledge for 
analyzing and predicting subsidence i n  the  necessary s i t e s p e c i f i c  
manner. Sane factors indicate  high potent ia l  for subsidence, others 
point t o  low potential .  For instance, the extensive growth faul t ing of 
the Gulf  C o a s t  may help limit the areal extent of subsidence. A t  the 
same time, the undercompacted sediments of geopressured reservoirs may 
enhance the probabili ty of s ignif icant  subsidence. 

Geopressured rock testing is almost at a s t a n d s t i l l  u n t i l  new sam- 
ples can be obtained and data generated. Current simulation techniques 
cannot be refined u n t i l  more data are available. Any analogy of 
geopressured subsidence with subsidence resulting fram the extraction of 
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MECUTIVE SUMMARY 

geofluids (such as o i l  and gas, geotberrnaJ., or groundwater) is far fran 
precise. Its depth as well as its highly faulted sediments are unique 
features  thought t o  be determinants of subsidence. Efforts are now 
underway t o  standardize the nomenclature and testing procedures used by 

a var ie ty  of specialists from di f fe ren t  disciplines.  Increased emphasis 
w i l l  be placed on extensive t e s t ing  of laboratory samples. The poten- 
t ial  severi ty  of' geopressured subsidence i n  the low-lying G u l f  Coast 
indicates  that  research should proceed i n  an unhurried but deliberate 
manner. 

Spent brine is a hot and chemically cmplex f lu id  that var ies  
greatly i n  composition. Concentrations of heavy Illetals, organics, and 
trace elements frequently occur at leve ls  far i n  excess of seawater con- 
centrations and Environmental Protection Agency ( E A )  tox ic i ty  stan- 
dards. In  an untreated form, discharge of t h i s  brine i n t o  terrestrial 
or aquatic ecosystems will most probably cause substaqt ia l  adverse bio- 

log ica l  impaqts. 
A t  present, re inject ion of the waste brine i n t o  subsurface aquifers 

l k t e d  above the producing formation is the only disposal method under 
serious consideration. Undesirable communication of the brine with 
adjacent fresh water formations, o r  with the ground surface, are risks 
that can be minimized with proper operating procedures. Control of rein- 
jection pressures reduce the threat of environmental disruption result- 
ing from f l u i d  disposal. Surface disposal of brine t o  the G u l f  of Mex- 
ico is more problematic. Disposal of hypersaline brines into the Gulf 
fram the Federal Strategic Petroleum Reserve (SPR) Program may provide 
useful data on dispersion patterns and possible impacts. Unfortunately, 
any disposal comparison is only pa r t i a l ly  realistic because of the dif- 
ferent  chemical and temperature characteristics of the  two f luids .  
Brines probably cannot be dumped into the G u l f  except with intensive 
treatment 

Air quality,  solid waste, noise, f a u l t  activation, and other 
environmental impacts have been mentioned i n  association with geopres- 
sured geothermal development. I n  each case either: a) the magnitude of 
the impact is small, b) the  residuals are eas i ly  controlled, or, c) the 
probabili ty of occurance is so small that  impacts may be considered t o  
be of second-order importance. Residualaonitoring programs should 

- 
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EXECUTIVE SUMMARY 

continue f o r  exis t ing and new test wells t o  enlarge the data base. Rela- 
t i v e  to  subsidence and brine disposal, these impacts should not s ign i f i -  
m i t l y  affect resource development. 

No geopressured wells have been dril led,  or are planned, f o r  the 

offshore G u l f  Coast area. However, preliminary geological mapping of  
the offshore resource indicates several  good prospect areas. But there 
are environmental, economic, legal, and in s t i t u t iona l  advantages and 
disadvantages t o  an offshore development strategy. Frau an environmen- 
tal perspective, the  impact of subsidence may be reduced through 
offshore development. Conversely, brine disposal may be more d i f f i c u l t  
unless adequate dispersion of brines can be achieved i n  the deep ocean 
areas beyond the outer continental shelf .  Research is needed i n  cer ta in  
areas t o  determine i f  an offshore development strategy should be pur- 
sued. The aim i n  t h i s  report is t o  discuss the pertinent i s sues  and t o  
indicate  areas of research. 

Recommendat ions 

Technological 

* 
Joint  work on in-s i tu  logging instruments for both geopressured and 
conventional geothermal wells should be encouraged. 

A range of well completion techniques should be tested i n  order t o  
minimize d r i l l i ng  and completion risks.  

6 Full-scale tes t ing  of commercial production facilities-- which 
include gas separators, hydraulic turbines,  and g e o t h e m l  electric 
units--should be conducted a t  the earliest possible time.. 

Environmental 

Laboratory research i n  geopressured subsidence testing should be 
expanded i n  order t o  better the  understanding of subsidence 
phenomena. 

c 



EXECUTIVE SUMMARY 

0 Research techniques and nomenclature should be standardized among 
membem of various discipl ines  working on subsidence research. 

4 Monitoring and analysis  of the impacts of G u l f  Coast disposal 
operations by the SPR should be closely scrutinized by geopressured 
geothermal researchers. 

L4 

0 Offshore brine disposal should be seriously studied as an option. 

0 The poss ib i l i ty  of offshore development should be c r i t i c a l l y  exam- 
ined. A wide range of factors  must be weighed i n  balancing the 
environmental, economic, l ega l ,  and in s t i t u t iona l  advantages and 
disadvantages of such a strategy. 

Technology Characterization and Environtnental Assessment Matrices 

The following two pages contain matrices, one each for the report ' s  
technology characterization and environmental assessment sections. These 
matrices are qualitative summaries of the subject areas considered i n  
each section. The assigned values attempt t o  balance diverse opinions 
expressed i n  the literature and the non-published camnents of reseach- 
ers. Nonetheless, the choice of values often remains subjective. 
Because of the limitations of a ranking system with only three classifi- 
cations,  the correct characterization of a given aspect of resource 
development occasionally appeared t o  us t o  fall  between two of the 
categories. However, these matrices may aid the reader i n  putting vari- 
ous aspects of geopressured development into perspective. 

-vii- 
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Key t o  Technology Characterisation Matrix 

AlIEl0gy: 

TNr colum indicatcs the appl icabi l i ty  of o i l  and gaa .od geothermal 
technology and operating proceduru t o  geoprelreured geotherml activi- 
t ie r .  A 'direct' analogy indicates no rubetanth1 differenw between 
geopreeeured geottterral equipment or procedure and o i l  and gas or geoth- 
8-1 operations. 'Partial" indicates .me differences i n  equipment or 
procedure, and "POM" i n d i a t e r  that  there are no signif icant  similari- 
ties. 

State-of-the-art 

Thin  column is an estimate of the advancernt of technology 
and prac t iws  relat ive t o  anticipated geopreesured p o t h e d  operating 
needs. "Advanced relative t o  anticipated need8" indicatee that w8t. i f  
not a l l ,  of the  technology and procedures are re11 nndeatood a d  s u l l y  
applicable t o  geopressured m o t h e m 1  operations. 

Experience 

Thi. index indicates the amount of actual commercial operating 
experience with the indicated technology or procedure. "Subetantiol 
operating upericnce' tht e i ther  there hava been u n y  geopres- 
sured geotlaerul wells developed using the indicated technology or that 
there h v e  been .any years of commercial experience with direct ly  analo- 
gous operatiom in the o i l  and gas or geotheru l  industries. 

Research 

These colums 8hov vhether or not more laboratory and f i e l d  research i r  
l ike ly  t o  be needed f o r  a technology or process. 'Besic' research needs 
are those vhere fundaantal  queetiona exist about the nature of a pro- 
cedure, 8.g. aome of tlae t h e o r e t i u l  foundatiow f o r  w e l l  logging u y  be 
nuclear. -Applied' reaearch need. are related t o  engineering problems 
that m a t  be solved. although the theoretical arpects of a technology or 
procedure are w e l l  undeatood. 

Technical S u h t i t u t e s  

This colum indicates whether there is wre than ow type of equipment 
or metbod for accorplishtog given task. ?or example, baed upon 
experience in the o i l  and gas industry there are a variety of techniques 
and chemical mixes tht can be usd in u d  engineering. 

Consensw E 
This column give our estimate of the levo1 of agre-nt among geopres- 
sured geotheru l  techoology experts concerning their views of technology 
end procedure. %jar agreement awng experts" that we have found 
l i t t le or no d i m g r e r r n t  i n  th4 published l i t e r a t u r e  or in discussiow 
on what technologics t o  use aod how they rhould ba applied. Vide  range 
of expert opinion' indicate* a wide range of opioion coclcerning the 
applicable techaologicr, or practice8 t o  be used. 

---- 
applicable 
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Key t o  Environmental Aseesmnt  Hatrix 

&!!E%z 
(See above) 

Information e 
The inforrat ion bese column indicate8 the omunt of e m p i r i d  data 
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available. 

Experience h+.l 
(See above) 
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(See above) 
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TU. column indicates the re la t ive  envimowntal  impact of the mu 
entry. A "mjor" impact would be ow which has the potent ia l  f o r  exten- 
sive disruption to the aurr6unding ecoayrteu. A 'minor' impact is  one 
tbat is highly l o u l i s e d  or h u  l i t t le  potent ia l  for effect ing a larg 
ana- 3 
Mitigation Measure8 

This colosl  refer8 t o  the level of developrat  of the technologiw and 
procedurcs necessary t o  lesaen the envi roarn ta l  impacts. "Technology 
ve l l  developed" refea t o  a si tuat ion i n  which w e l l  developed procedure# 
are available t o  18s- en enrlronaental impact. T'hi. c o l u p  does not 
indiute the w e  of affect ing the severi ty  of the i-acts. 

Uncertainty a 
T h i .  colum indicates the mount of uncertainty preaent in the pmsible  
*acta. mjor unwrtainty' waw the leve l  of knarledge conwrning the 
poomlble consequences or even the nature of an ac t iv i ty  is highly specu- 
lative. 

Conseamu. 

(See above) 
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INTRODUCTION 
/ 

Background 

Vast areas containing geopressured (i.e., in excess of hydrostatic) 
formations underlie coastal portions of Texas and Louisiana at varying 

conditions of depth, temperature, and extreme pressure (1). The 
geopressured geothermal resource represents three potential energy 

sources. These sources, contained in the extracted brine, are: 1) tem- 
peratures ranging from 200'F to 300+OF, 2) pressures from 8,000 to 

20,000 pounds per square inch-absolute (psia), and 3) dissolved methane 

at 20 to 50+ standard cubic feet (scf)/barrel. Current interest is 

focused on the methane; a possibly important supplement to diminishing 

conventional natural gas reserves. 

Technology and environmental impacts of geopressured geothermal 
energy are two important components of resource development The first 

section of this report briefly discusses the processes and technologies 

necessary for resource extraction and utilization. Questions such as 

the following are examined (2 ) :  What procedures are necessary for the 

successful drilling and completion of geopressured wells, and how do 

(1) Other regions of the United States, as well as a number of 
foreign countries, also contain extensive geopressured formations. 
Only the Gulf Coast region, however, has been studied in detail, 
see Wallace, R.H., T.F Kraemer, R.E. Taylor, and J.B. Wesselman, 
"Assessment of Geopressured-Geothermal Resources in the Northern 
Gulf of Mexico Basin," in Assessment of Geothermal Resources of - the United States-1978, U.S.Geologica1 SGvey Circular 790, espe- 
ci a l m e Z 7 ' T F l C  

- 

For international information, see Fertl, Walter, Abnormal Forma- 
tion Pressures Im lications to Ex loration Drillin , and Produc- ----- tion of O i l  and h s T * ' a o d c c u r a ? c e  a?d - Evaluation of Abnormal Formation Pressures, Elsevier Scientific 
Publishing CGpany, 1976. 
(2)  Because development of the geopressured geothermal resource 
will be similar to conventional oil and gas and geothermal 
developmenti the emphasis of this report is on processes and tech- 
nologies unique to the geopressured resource. Non-unique features 
of geopressured resource extraction are examined briefly in appen- 
dix A as background for those not familiar with oil and natural 
gas drilling and completion. This report does not exhaustively 
characterize the technology. The geopressured geothermal industry 
is in its infancy and many technical questions concerning the 
resource remain unanswered. No commercial resource development 
has occurred and although one well has been drilled for the 
Department of Energy, testing is not yet complete. 
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b, these methods d i f f e r  from those employed An the  conventional o i l  and gas 

industry? Following well completion, how can useful  energy be 

extracted,  and what problems and uncer ta in t ies  are there? The second 

c 

major sec t ion  examines the  po ten t i a l  environmental cons t ra in ts  and 

uncer ta in t ies  tha t  may af fec t  resource production. Most notable are the  

problems of ground surface subsidence and spent br ine  disposal.  

Report Organization 

The report  i s  organized along the  following l i nes .  This introduc- 

tory  chapter includes b r i e f  descr ip t ive  material on: 1) Gulf Coast geol- 

ogy, 2)  t h e  extent of resource t e s t i n g ,  and 3) t h e  s i z e  and extent of 

the  resource base. 

The main body of the  report  i s  divided i n t o  two chapters: a )  an 

analysis  of the  technology and processes used for  the d r i l l i n g  and com- 

p le t ion  of w e l l s ;  and f o r  energy ex t rac t ion ,  and b) a discussion of the 

environmental impacts of resource development (3). I n  the f i r s t  chapter 

two d i f f e ren t  methods ,of methane production are examined. F i r s t ,  there  

i s  the  more widely accepted process, . in which,brine and methane separa- 

t i o n  occur in f a c i l i t i e s  located a t  the wellhead. Secondly, there is  

the  rapid pressure drawdown (RPD) method of methane extract ion.  I n  the  

lat ter procedure reservoi r  pressure i s  allowed t o  drop quickly,  f a c i l i -  

t a t i n g  a pre fe ren t i a l  flow of methane r e l a t i v e  t o  brine.  The second 

process i s  highly cont rovers ia l ;  i t s  v a l i d i t y  i s  based on unverified 
theor ies  of geopressure formation and maintenance including t h e  presence 

of both dissolved and i n t e r s t i t i a l  "free gas" i n  t h e  r e se rvo i r  (4). 
The second chapter examines eubsidence and br ine  d isposa l ,  t he  two 

major environmental d i f f i c u l t i e s  associated w i t h  resource explo i ta t ion .  

For completeness, other  impacts l i k e l y  t o  be of secondary environmental 

importance are b r i e f l y  addressed. These include issues of air  and water 

qua l i ty , .no ise ,  surface and ecological d i s rupt ion  due t o  si te 

(3)  Exploration f o r  geopressured eothermal formations i s  s imi l a r  

i s  not d i scussed- in  t h i s  report .  
(4) No attempt is made t o  support o r  r e f u t e  the  existence of "free 
gas" i n  geopressured reservoirs .  A t  the  same time, any method 
t h a t  may increase overa l l  resource production with the  p o s s i b i l i t y  
of reduced environmental r i s k  deserves consideration. Neverthe- 
less many experts f e e l  t h a t  the ,WDmethod, has no s c i e n t i t i c  
v a l i d i t y .  

t o  conventional , o i l  and gas exp f ora t ion .  Therefore, t he  subject 
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deve 1 opment . 
I n  t h e  f i n a l  section of t h e  report  some of t h e  pros and cons of 

offshore development of geopressured resources are b r i e f l y  examined. 

. . .  

Gulf Coast Geology 

The geology of the Gulf Coast of Texas and Louisiana has an impor- 

t a n t  inf luence on the development of t he  resource.  Methods and rates of 

d r i l l i n g ,  w e l l  completion techniques, estimates of surface subsidence, 

and w e l l  design are a few of t he  aspects  of resource develop- 

ment t h a t  requi re  an understanding of t he  region's geology. A de t a i l ed  

geological descr ip t ion  i s  beyond t h e  scope of t h i s  r epor t ,  but the  fo l -  

lowing general  geologic c h a r a c t e r i s t i c s  are necessary background (5 ) .  

disposal  

"On the  basis of sandstone percentage, t h ree  general ized 
deposi t ional  f ac i e s  are recognizable i n  sedimentary 
beds of a l l  ages occuring i n  t h e  Gulf Coast geosyncline: 

1) a massive sandstone f ac i e s  i n  which sandstone c o n s t i t u t e s  
5 0  percent or more of t he  sedimentary volume; 

2) an a l t e rna t ing  sandstone and sha le  f ac i e s  i n  which 
sandstone cons t i t u t e s  15 t o  35% of the  sedimentary 
volume; and 

3) a massive shale  f ac i e s  i n  which sandstone c o n s t i t u t e s  15% 
or less of t h e  sedimentary volvme." 

For rock of a given age, t he  sandstone f ac i e s  occurs towards the  

north and the  sha le  f ac i e s  o c p r  gulfward. Due t o  t h e  evolut ion of sed- 

iment a t iop ,  these  t h r e e  deposi t ional  environments have gradual ly  s h i f t e d  

south i n t o  the  Gulf. Consequently, as i l l u s t r a t e d  i n  Figure 1, t h e  

volume of sandstone general ly  decreases v e r t i c a l l y  with increasing depth 

and decreases hor izonta l ly  towards the  Gulf of Mexico. 

Fluid pressures i n  excess of hydros ta t ic  are most commonly associ-  
ated with the  a l t e rna t ing  sandstone and sha le  f ac i e s  and t h e  massive 

sha le  fac ies .  As a r u l e ,  f l u i d  pressures  increase with increasing 

( 5 )  This discussion is adapted from Wallace, R. H., T.F. Kraemer, 
R. E. Taylor, and J. B. Wesselman,, "Assessment of Geopressured- 
Geothermal Resources i n  the  Northern Gulf of Mexico Basin '' i n  As- 
sessment of Geothermal Resources of * United States-19f8, - 
U.S.G.S. CEcuTar 790, pp. 133 - 135. 
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I Gulf of Mexico 
Continental Shelf 4 Gulf Coastal Plain 

PORE FLUID PRESSU RE I 
I 

\ EXPLAN4llOU 
Growth fault ----- Depth kbm which prrssurr gradient 
ercerds 0.5 ptl l f? (11.3 LPalm) 
Depth below which pressure grodient 
rxcrodr Q7 pliltt (15.6kfWm) 

------- 
$. Well with +drolltad SP curve 

Generalized aedimentary utdel of the northern Gulf of Mexico basin, based on percent- 
age aandstone and .hawing, diagrammatically, the relation of gross l ithology to fluid-pressure 
gradient and grawth faultimg 

Figure 1 

Source: U.S.  Geological Survey, Circular 790. 
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depth. pore 

f l u i d s .  por t ion  of t h e  overburden pressure  is borne by i n t e r s t i t i a l  

f l u i d s  r a t h e r  than by t h e  rock matr ix .  Sandstone r e se rvo i r s ,  thought t o  

have t h e  g r e a t e s t  p o t e n t i a l  f o r  resource development, occur wi th in  t h e  

a l t e r n a t i n g  sandstone and sha le  f a c i e s  and, t o  a lesser e x t e n t ,  within 

t h e  massive sha le  f ac i e s .  

Excessive f l u i d  pressure  i s  due t o  r e s t r i c t e d  expuls ion of 

A 

Successive cyc les  of depos i t ion  and compaction have l ed  t o  exten- 

s i v e  networks of growth f a u l t s  t h a t  roughly p a r a l l e l  t h e  Gulf Coast and 

t h e  l i n e  of deposi t ion.  Growth f a u l t s  f requent ly  have su r face  expres- 

s ion  and are one mechanism f o r  t h e  formation and maintenance of abnor- 

mally high pressures .  

Although t h e  geology of t he  region is  f a r  more complex than  ind i -  

ca ted  here ,  two concepts -- a )  confined aqui fe rs  i n  a depos i t iona l  

environment and b )  extensive growth f a u l t i n g  -- are essential f o r  under- 

s tanding t h e  technica l  and environmental problems assoc ia ted  with 

resource development. 

Geopressured Geothermal T e s t  Wells 

I n  t h e  lat ter ha l f  of t h e  1970s seve ra l  wells were spudded or re- 

entered i n  order  t o  test the  f e a s i b i l i t y  of geopressured geothermal 

energy production i n  t h e  Gulf Coast regions of Texas and Louisiana.  

These wells provide most of t he  ava i l ab le  information on t h e  t echn ica l  

cons idera t ions  necessary f o r  w e l l  d r i l l i n g ,  completion, and resource 

ex t r ac t ion .  A s  of 1980, t h e  Department of Energy's Pleasant  Bayou #2 i n  

Brazoria  County, southeast  Texas, was the  only design w e l l  t h a t  had been 

d r i l l e d  e x p l i c i t l y  f o r  geopressured geothermal sampling and t e s t i n g  . 
I n  addi t ion ,  t h e  DOE, under i t s  Wells of Opportunity (WOO) program, has 

re-entered severa l  conventional petroleum wel l s  i n  which the  presence of 

geopressured b r ines  w a s  ind ica ted .  The d r i l l i n g  of new design w e l l s  i n  

Gulf Coast area and t h e  continuance of flow t e s t i n g  at Brazoria  are 
planned ( 6 ) .  

(61 The bimonthly newsletter of t he  Geopressured Geothermal Energy 
Forum, published by t h e  Geo Energy Corporation ( S u i t e  145, 3376 S. 
Eastern  Avenue, Las  Vegas NV. 891091, provides up-to-date s t a t u s  
r epor t s  of DOE design wells and w e l l s  of opportuni ty  
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Resource Base Estimates 

The s i z e  of t he  geopressured resource base i s  an unknown. E s t i -  

mates of the t o t a l  amount of methane entrained i n  Gulf Coast br ines ,  

without regard t o  technical,  environmental, or economic constraints  on 

production, range from a few hundred t o  about 50,000 t r i l l i o n  cubic feet  

( t c f )  (7 ) .  There are  no estimates of reserves i n  the  sense tha t  the 

term is  normally used fo r  assessing geologic energy sources. 

Reserves may be "estimated", when there  is substant ia l  uncertainty 

about t h e  numbers; "proven", when there  is l i t t l e  uncertainty, o r  

"recoverable", when the  resource is not only proven but i s  recoverable 

under current technical and economic conditions. One estimate,  by the  

Department of Energy's Assistant Secretaries for  Fossi l  Energy and for  

Environment, places "potentially recoverable reserves" at from 150 t o  

2000 t c f  of geopressured methane ( 8 ) .  The term "potentially recoverable 

reserves" contains considerable uncertainty a s  t o  the  economic and geo- 

logic conditions necessary fo r  future  conrmercial production of the  

resource. In  contrast ,  the  proven reserves of conventional na tura l  gas 

i n  the  United S ta tes  t o t a l  208 t c f ,  roughly a 10-year supply a t  current 

r a t e s  of consumptio f ea r  tha t  geopressured methane is poten- 

t i a l l y  an important source of natural  gas. 
I 

1 7 )  These estimates are from a wide ranp;e of sources, one summary 
table is  included i n  the  DOE'S Geo ressured Geothermal Resources- 
An Unconventional Ener Source, &able p through the  DOE 
Eopres su re  Project + i c m o u s t o n ,  Texas. 
(8)- Unconventional Gas Recover (Enhanced Gas Recover ) , Assistant 
Secretary tor F o s s i n n d s s l s t a n t  SeEt+nvironment, 
Department of Energy, Report DOE/EDP-0049, October 1979, p. 5 .  
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DRILLING AND COMPLETION OF GEOPRESSURED GEOTHERMAL WELLS 

Overview 

Introduction 

Drilling and completion activites for a geopressured well develop- 
ment program range from design of the drilling program to the final well 
completion tasks. Most of these tasks are identical to, or vary only in 
degree, from those for a conventional petroleum drilling program. 
Although the technology and techniques are often state-of-the-art, they 
are not unusual. The processes that are identical to conventional dril- 
ling are discussed briefly in Appendix A, 

Part of this chapter is concerned with identified areas of diffi- 
culty specific to geopressured wells. Logging and monitoring of well 
data, mud engineering, well completion casing, cementing, perforating, 
>and packing, are all important for most conventional petroleum drilling 
and completion programs (1). Because of the more hazardous pressure and 
temperature characteristics of overpressured zones, however, logging, 
mudding, casing, and cementing all take on added significance. With the 
possible exception of logging tools, the various phases of geopressured 
drilling require a refinement of existing technique, rather than new 
technological development. This polishing of technique will come only 
with further experience in well drilling. 

Test wells (DOE design wells) do not vary markedly in design or 
technique production wells that will be utilized in a later phase 
of resource development. But serious questions regarding the applica- 
bility of current technology pertain largely to production wells of 10 
or 20 year lives, rather than to shorter-term test wells. The experi- 
ence gained from test wells will be factored into the drilling programs 

(1) Mud engineering and well logging are integral to any 
program; 
cementing for conventional wells are unnecessary. 

from 

drilling 
under certain conditions, however, production casing and 

k; 
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of future  producti n well , The Federal governmen ‘4 ro l e  i s  to  re f ine  

technique and encourage production of cer ta in  materials that  now require 
special  orderiag. Both ro les  a id  i p  r i s k  reduction, a prime determinant 

of future  industry involvement is resource development. 
Because very few geopressured geothermal wells ( test  o r  production) 

have purposely d r i l l e d  t o  date ,  one cannot yet  s t a t i s t i c a l l y  com- 
pare the f a i l u r e  rate of geopressured wells t o  the  f a i l u r e  r a t e  fo r  con- 
ventional o i l  and gas wells (2).  

Only DOE design wells are exp l i c i t l y  considered here. Wells of 

Opportunity (WOO) wells a re  intended f o r  short-term tes t ing .  Conse- 
quently, elaborate,  long-term complgtions are seldom used on these 
w e l l s .  Specif ic  d i f f i c u l t i e s  encountered with WOO wells are  mentioned, 

however, t o  i l l u s t r a t e  the problems of the  current technology. 

been 

V i e w s  on t h e  Need fo r  Govetmeat Refinement 
of Technology and Technique 

The d r i l l i n g  and completion of geopressured well$ does not require 

new o r  unusual equipment. A l imit ing fac tor  i n  the successful d r i l l i n g  

of deep overpressured wells may be the  a b i l i t y  of the operator t o  obtain 

contractors of suf f ic ien t  experience and expertiqe for  c ruc ia l  tasks  

such as cementing, mud eagineering, casing select ion and qual i ty  con- 
t r o l ,  and logging (3 ) .  

Figqre 1 illustrates the organization of the d r i l l i n g  and comple- 

t i o n  operqtions. The operating company ( i n  t h i s  case the  prime contrac- 
t o r  of the  Department of Energy), subcontracts the two major tasks t o  

d r i l l i n g  and well-servicing firms. Mud engineering, well t e s t ing  and 

monitoring, cementing, perforation, and completion casing w i l l  normally 
a l l  be contracted t o  r e l a t ive ly  small and highly specialiaed firms. 
These subcontractors may be on the  s i te  fo r  only a few hours, as i n  the  

(2) In contrast  t o  conventional wells tha t  d r i l l  through overpres- 
sured zones. See the  report introduction f o r  a short  review of 

73) Such as a high-test casing, 
can cause delays and contribute great iy  t o  costs .  Backlogs i n  ma- 
terials delivery are suf f ic ien t  t o  setback a w e l l  development 
schedule fo r  weeks or  months. 

eopressured geothermal well d r i l l i ng .  
Special-ordering of any material  
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case of cementing, or for the entire drilling period (possibly four 

months) in the case of the mud-engineer. 
Industry R&D on all phases of drilling and completion has pro- 

gressed rapidly qver the past few-decades. There appear to be, however, 

at least two points of view concerning the adequacy and needed for 

refinement of the technology necessary for geopressured geothermal well 
drilling and completion. One view holds that explicit technological 

development is less important for successful resource development than 

proof of the resource. Thus as test wells are drilled technological 

problems will be dealt with as they arise. Keith Westhusing and Fred 

Goldsberry of the Doe Houston geothermal office do not anticipate major 

problems (in well drilling and completion) beyond those encountered rou- 
tinely in industry deep well drilling (4). 

An alternative point of view is that of Alex Miash of Sandia 

Laboratories, who is under contract to DOE'S geothermal division to 
study drilling and completion problems. Miash believes that a demons- 

tration of resource viability depends both on obtaining data and on 

decreasing the risk of well failure. He also states that there is a 

need for greater consistency in approaching drilling and completion 

problems ( 5 ) .  Miash points to a need for R&D to "reduce the incidence 

and cost" of drilling and completing wells, and cites the failure of the 

first,Pleasant Bayou test.wel1 in Brazoria County to reach a testing and 
production' stage. Inadequate mud logging at Brazoria led to an over 
estimate of the required mudweight. This over estimate in turn led to 

differential pressure sticking of -the drill stem (6). 
The first view expressed above, that no real procedural or techno- 

logical problems exist, is at least' partially based on an implicit 
assumption that industry will develop the necessary techniques and tech- 

nology to handle these problems once geopressured aquifer producibility 

is demonstrated. Miash and others, point to the long 

potential lead times . for such a process. If the resource.production 
parameters are demonstrated and a desired policy goal is the relatively 

(4) Telephone conversations with Keith We sing and Fred 
Goldsberry, March 17 and 20, 1980, respectively. 
( 5 )  Telephone conversation with Alex Miash, March 20, 1980. 
(6) drill stem became glued to the well wall due to the dif- 
ferential of formation to exerted mudweight pressure. 

The 
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rapid introduction of commercialization by industry, then government 

demonstration of reliable drilling and completion methods will aid in 

removing an additional level of-ri.sk perceived by industry. 

Between these two nearly-polar viewpoints is the opinion of Ray 

Wallace, a USGS geologist and consultant to DOE'S Houston geothermal 

office. Wallace believes that if large brine flows are necessary, exist- 
ing technology and techniques can be adapted from the completion of 

high-flow water wells (7). Wallace's views on completion are further 

discussed below. 

The wide range of industry views concerning the minimum require- 

ments for demonstrating viable resource production and for diminishing 

risk barriers to private sector development appear to lend: some weight 

to Miash's argument ( 8 ) .  Only additional experience can provide answers 

to these questions. 

Two Possible Modes of Production 

The major differences between a geopressured brine producer and a 
rapid pressure drawdown (RPD) producer appear in the production phase. 

Drilling and completion are essentially the same for the two production 

methods with several possible exceptions. For one, a geapressured brine 

producer requires relatively large diameter and expensive completion 
casing in order to produce 10,000 to 50,000 barrels of fluid per day. 

An RPD producer, in contrast, may be able to produce gas with relatively 
small quantities of fluid thraugh smaller diameter casing ( 9 ) .  The need 

for well-logging instrumentation, however, may militate against the use 

(7) Telephone conversation with Ray Wallace, March 26, 1980. 
( 8 )  See the notes from teleDhone conversations and interviews that 
form the basis of Strongin'; report on industry, state government, 
and other interested parties' views on .the minimum requirements 
for demonstrating resource viability. The notes and report are 
available from the Department of Energy, Geothermal Program Of- 
fice, Washington, D.C.. 
( 9 )  If in-situ production of gas'is achieved through a rapid for- 
mation pressure drawdown, large diameter casing may still be re- 
quired. The time period necessary to achieve the desired pressure 
reduction (and even the magnitude of the pressure reduction) is 
debatable and hence the amount of initial brine production is also 
uncertain. See Patent Nos. 4,040,487 and 4,042,034 by Transco, 
August 9 and 16, 1977, respectively. 
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of small diameter casing. 

Sand con t ro l  is e s s e n t i a l  t o  t h e  successful completion and produc- 

t i o n  of a geopressured b r ine  well. Sand control, may not be as important 

a f a c t o r  i n  t h e  case of RPD gas production due t o  the  d i f f e r e n t i a l  

mobili ty of gas r e l a t i v e  t o  f l u i d  (10). I f ,  however, a w e l l  i s  designed 

not only t o  flow b r ine  but also t o  tes t  t h e  RPD gas theor ies  (as i n  t he  

case of t h e  DOW Parcperdue design w e l l  i n  Louisiana), t he  s t r ic ter  

design considerations applicable t o  a f l u i d  producer are necessary. 

61 

i 

\ 

I n s t i t u t i o n a l  Problems Related t o  T e s t  Well D r i l l i n g  

I n s t i t u t i o n a l  f ac to r s  can a f f e c t  t he  success with which known tech- 

Due bqth 

debate 

nology can be applied t o  geopressured d r i l l i n g  and completion. 

t o  recent FERC ru l ings  on gas deregulation, and t o  Congressional 

p r i o r  t o  t h e  enactment of a windfall  p r o f i t s  t ax ,  t h e  l e v e l  of industry 

d r i l l i n g  a c t i v i t y  increased sharply during e a r l y  1980 throughout the  

Gulf Coast region. The r e s u l t  i s  a sharp decrease i n  the  a v a i l a b i l i t y  

of heavy r i g s  f o r  d r i l l i n g  deep overpressured wells. The s tock  of d r i l -  

l i n g  r i g s  cannot be r ap id ly  expanded i n  response t o  a sharp increase  i n  

demand. Likewise, high spec i f i ca t ion  tubular  goods such as completion 

casing t h a t  are genera l ly  ava i l ab le  on r e l a t i v e l y  shor t  o rder ,  i s  now 

unavailable f o r  months ahead. As a r e s u l t ,  design w e l l  a c t i v i t y  have 
been delayed several months. 

(101 The degree of soph i s t i ca t ion  required i n  downhole completion 
of an RPD producer would depend on t h e  geology of the  p a r t i c u l a r  
pay sand, and os s ib ly  on t h e  relevant p r e s s u r y  and temperatures 
as w e l l  For 
desc r ip t ions  of two processes f o r  f a c i l i t a t i n g  t h e  d i f f e r e n t i a l  
production of methane from geopressured wells, see: 

as t R e chemical cons t i t uen t s  of t he  in-place brine.  

1) Patent No. 4,040,487, “Method f o r  Increasing t h e  
Recovery of Natural Gas from a Geopressured 
Aquifer,” August 9, 1977. The inventors are Cook, 
Geer, and Katz; t h e  assigne is Transco Energy 
Corporati on. 

2) Patent No. 4,149,596, “Method f o r  Recovering Gas 
from Solution i n  Aquifer Waters,” Apri l  17, 1979. 
The inventors are Richardson and Chr i s t i an  of t he  
Exxon Production Research Company. 
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The equipment and materials availability problem is partially a 

function of the different approaches to well-planning of industry and 

DOE (11). Industry operators large enough to swallow the high initial 

investment, including the potential $ 5 million to $ 10 million loss for 

a single non-producing well, are also willing to stockpile materials to 
avoid delay. 

Problem Areas for Geopressured - Drilling -- and Completion -- 

Logging and Monitoring Techniques (12) 

Nearly all aspects of geopressured well drilling and completion 
stretch known technology to the state-of-the-art limit. However, the 

severe temperatures and pressures to which well-logging devices are sub- 

jected push existing instrument capabilities beyond their limits. Log- 

ging contractors have consistently experienced difficulty at geopres- 

sured well sites due to both high in-situ pressures and brine corrosion. 

Anthony Veneruso of Sandia Laboratories, is now working on methods 

to improve instrument capabilities that fall just short of necessary 

specifications (13). Veneruso notes that although individual components 

of commercially available instruments may meet advertised specifica- 

tions, the instrument comprised of the several component parts may not. 

This work is being done under a long-term support contract to DOE'S 

division of geothermal energy. In addition, the DOE Houston office and 

the Univereity of Texas at Austin will be sponsoring a series of 

workshops on geopressured logging problems beginning in July 1980 (14). 
The following problems are encountered in downhole logging and mon- 

i tori ng : 

111) Telephone conversation with Fred Goldsberry, March 20, 1980. 
(12) This discussion does not distinguish between geopressured 
wells drilled for brine production and those designed for gas pro- 
duction through rapid pressure drawdown. Logging problems will be 
encountered in either case. 
(13) Telephone conversation with Anthony Veneruso, March 20, 1980. 
(14) Telephone conversation with Keith Westhusing, July 8, 1980. 



-19- 

* The high pressures are beyond those found in either conventional LJ oil, gas, or geothermal wells; 

* Because of the preesure, obtaining adequate core samples from the 
wellbore is difficult following removal of the rig (15); 

(302'F) (16) ; 
. * Available electronic logging devices are rated only to about 15OoC 

0 * Interpretation of logging data is poor and inadequate. 
In short, electronic tools require upgrading; pressure analysis tools 
may require basic redesign. 

A variety of instruments are available for obtaining information on 
a wide range of parameters. Surface techniques such as acoustic logs 
and gravity density measurements, while essential to a sound drilling 
program, can only provide generalized information on reservoir parame- 
ters. Geophysical techniques frequently mask local anomalies. Addi- 
tional data must be obtained from installed or wire-logged wellbore test 
instruments (depending on whether long-term or short-term data are 
required). In-situ instruments survey a far smaller volume of rock with 
a higher resolution. 

,In regard to the interpretation of well logs, Fertl notes that: 

"Seldom have questions been raised and explicitly 
answered, such as: 

1. Which well logs are superior for quantitative 
pressure evaluation? 

2. How should one quickly and efficiently recognize, 
select, plot, and evaluate logging parameters 
for in-situ formation pressure changes? 

3. What limitations and possible pitfalls are 
inherent?" (17) 

As with oil and gas technique in general, the science $till contains 
"artistic" element. 

an 

115)  Fluid sampling is not difficult during shut~in or production 
phases. See the subsidence section for a discussion of coring 
roblems . P 16) With the recent trend towards examiniug lower-temperature 
reservoirs, the order of 135'C (27S°F), tem eratures will not 

in the geothermal case. 
(17) Fertl, p.212. 

on 
pose the problems for geopressured development t R at they do found LJ 

I 
\ 



-20- / 

The Fertl patent discusses a variety of difficulties characteristic 
of conventional means of well parameter measurement and prediction that 
render these methods inapplicable for geopressured wells (18). Wire 
line logs that measure electrical, acoustic, or density change charac- 
teristics in drilled formations'require the suspension of drilling while 
measurements are obtained, a costly inconvenience. Miash of Sandia 
Labs,stresses the physical problems associated with obtaining accurate 
wire line measurements in geopressured wells. Fertl et al, explain that 
other methods of predicting and evaluating abnormal pressures frequently 
used in conventional drilling are also inappropriate for geopressured 
wells. cut- 
tings returning from the annulus, the drill penetration rate, torque and 
drag of the drill stem, and mud pump pressure, all have the liability of 

providing post-event but not predictive information. At the point of 
data interpretation, the drill bit may already have penetrated a new 
format i on. 

Readings such as the bulk density measure of drilled shale 

The spectrum of techniques applied from exploration and pre- 
spudding evaluation phases to in-situ monitoring of a completed well 
covers five general areas: 

t' * geophysical ukekhods ; 

* drilling parameters; 

measurements of the drilling mud and-drilling cuttings; 

* well-logging methods; 

* direct downhole pressure measuring. 

The last three areas are most affected by shortcoxkngs in the current 
technology. The last two are particularly tricky due to the pressure 
and sampling problems noted above. 

New refinements in technique occur continuously. Little of this 
remains proprietary for long due to the contracting nature of 

compositi.on, 
in general new advances enjoy a rapid dispersion through the indus- 

knowledge 
oil and gas drilling. ' There are exceptions, such 
but 
try. 

as ,mud 

J 1  

(18) See footnote 23 for a citation of the Fertl patent. 
b 
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L/ Fertl notes a major limitation on the intepretation of drilling 

data. All indicators are affected by the chemical composition of the 
drilling mud. Shale cutting t e s t s ,  for instance, are subjecf to ion 
exchange between the cuttings, the drilling qud, and any additives in 
use. The difficulty, common to all oil and gas drilling, is an inabil- 
ity to accurately predict the amount of cation replaceability in a mixed 
cationic system (19). Fertl believes that the acoustic and short normal 

' logs, both used widely in conventional drilling, are the two most valu- 
able tools for in-situ formation pressure measurements (20). 

and 
Johnson'(6 paper. An example of the many later writings on logging tech- 
niques is a'series of articles in Oil and Gas Journal describing the 
geopressured drilling activities of the AGIP oil firm of Italy (21). 

Literature on geopressured logging begins in 1965 with Hottman 

Mud Engineering 

Drilling mud serves several functions in welt drilling: 

balancing annular and formation pressures; 

lubricating and cooling the drill bit; 

* 
* 
* circulatiag rock cuttings to the surface. 

The safest and economically optimal drilling rate is primarily a 

function of the mudweight. Other factors such as the weight of the 
drill bit and the drilling rotatian speed are amenable to direct con- 
trol. There is a small margin of error between an optimal mudweight 
that allows for controlled drilling without masking information about 
the drilled formation, and either an overbalance or upderbalance of mud- 
weight in relation to formati regsure. Mud overbalance or underbal- 

ance can resu ia lost circulation, sticking of the drill stem, or pos- 
sibly a loss of well control. 

Fertl, p. lii! Fertl, p. %: 
(21) Oil e d Gas Journal "AGIP Deep Drilling Techni ue" series, 
AugustT, T % G d  tollow!ng issues. For Hottman an8 Johnson's 
paper, 6ee Bibliogrgphy. 

8 
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One mudding problem experienced with geopressured d r i l l i n g  i s  

d e t e r i o r a t i o n  of t he  the  w a l l s  of t he  w e l l  during d r i l l i n g  due t o  exten- 

s ive  contact of fhe  . d r i l l i n g  . .  f l u i d  with the  easily-eroded formations. 

The Anahuac clay formations of southern Texas are noted f o r  co l lapse  and 

sloughing (22). Casing may have t o  be co l la red  and cemented earlier 

than planned t o  pro tec t  these  formations. Shale formation co l lapse  is 

more of a problem than sloughing of sand formations. 

Controlled d r i l l i n g  of the w e l l  using t h e  proper mudweight allows 

sampling of sha le  cu t t i ngs  a t  t h e  surface.  F e r t l  be l ieves  t h a t  ana lys i s  

of sha le  cu t t i ngs  and returned mud is  the  bes t  i nd ica to r  of formations 

about t o  be penetrated.  F e r t l  and co-inventors have patented a tech- 

nique f o r  measuring the  r e s i s t i v i t y  (o r  t h e  conductivity,  t h e  rec iproca l  

e l e c t r i c a l  c h a r a c t e r i s t i c )  of t h e  re turn ing  mud t h a t  y i e l d s  the  bes t  

advance no t i ce  during d r i l l i n g  of the  na ture  of upcoming geopressured 
zones (23). According t o  the pa t en t ,  r e s i s t i v i t y  o r  conductivity meas- 

urement of w e l l  d r i l l i n g  samples allows abnormal pressure pred ic t ion  200 

t o  1500 f e e t  i n  advance of d r i l l  b i t  penetration. 

F e r t l  recommends a mudweight to forrnation pressure d i f f e r e n t i a l  of 

about 0.2 t o  0.4 pounds per ga l lon  (ppg) (24). Predic t ion  of geopres- 

sures allows f o r  rapid d r i l l i n g  up t o  the  point of penetration. The 

proper mud overbalance a l s o  allows f p r  pu l l ing  of t he  d r i l l  s t r i n g  

without swabbing (25). Sticking of t h e  d r i l l p i p e  stem t o  t h e  w e l l  w a l l  

can occur with e i t h e r  an overbalance o r  underbalance of mudweight. 

F e r t l  no te s ,  "pipe-sticking forces  depend on: 

(22) Telephone conversation with Keith Wegthusing,, March 1 7 ,  1980. 
(23) See Patent ao.3,785,44'6, "Predictingl,Occurrence of Geopres- 
sured Subterr,anean Zones During Dr j l l i ng .  The inventors are 
F e r t l ,  Cavanaugh, and Hillhouse, of Continental O i l  Company. The 
patent r i g h t s  were granted January 15, 1974. ~ . -  
(24) F e r t l ,  p. 233. 
(25) The term "swabbing" r e f e r s  t o  the  use of rubber cups run on a 
wire l i n e  i n t o  t h e  w e l l  t o  remove f l u i d  from t h e  bore.- This 
operation is t o  be avoided i n  geopressured wells-when poss ib le  due 
both t o  pressure d i f f i c u l t i e s  and t o  downtime. t 
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Lj 1. how long the  pipe remains motionless against 
, the  formation; 

2. the sl ickness of the f i l t e rcake ;  

3. permeability and; 

4. thickness of zone, and, most important; 

5 .  the  d i f f e r e n t i a l  pressure between d r i l l i n g  
mud and pore pressure." (26') 

I n  addition, a w e l l  kick may cause s t icking of the d r i l l  stem. 
balance 
and eventual abandonment of the well. 

An over- 

i n  mud weight a t  DOE'S Brazoria No. 1 w e l l  led t o  pipe s t icking 

The chemical formulation of a par t icu lar  mud i s  devised by the mud- 
ding engineer, on whom successful w e l l  d r i l l i n g  heavily depends. Each 

mud engineer has h i s  or  her  favori te  formulations for  use with d i f fe ren t  

d r i l l i n g  parameters, and no two engineers w i l l  t o t a l l y  agree on the  

necessary mud composition f o r  use i n  a par t icu lar  instance. The range 
of materials used i n  conventional and geopressured wells is not as 

diverse as the  50-plus additives available f o r  use i n  cement. 

The DOE d iv is ion  of gcothennal energy i s  working with several  of 

the mudding firms tha t  have been subcontracted on tes t  w e l l  d r i l l i n g  

ope.rations t o  determine various ways tha t  DOE can reduce the  cost  of mud 

formulations through a more thorough knowledge of the  const i tuents  and 
by ordering of t h e  requis i te  chemicals i n  bulk (27). Detailed knowledge 

of mixes used a t  various temperatures and pressures w i l l  allow fo r  

post-dr i l l ing computer optimization, The resu l t  may. be an enhanced 

a b i l i t y  t o  plan future  wells and perhaps a signif icant  economy, f o r  the  
cost  of d r i l l i n g  mud is not t r i v i a l  . Boyd s ta ted  i n  1977, for 

instance,  t ha t  high-density muds i n  the  17 t o  18 ppg range would cost  
more than $200,000 fo r  a 15,000 foot w e l l  (28). 

mud 

(261 F ertl ,  PP- ¶ 

(27) Telephone conversation with Fred Goldsberry, March 20, 1980. 
(28) Boyd, "Dril l ing and Completion Plans for  a Geopressured 
Well," p. ES-2. 
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Completion 

Casing 

The completion casing: 

* 
0 

seals non-producing, and producible but non-targeted zones from the 

confines production to the wellbore, 

prevents caving and sloughing of the annular walls, 

provides some control of formation pressure, 

wellbore, and 

0 protects fresh-water aquifers from contamination, per state regula- 
tion. 

Casing structural requirements include consideration of: a) worst- 
case collapse conditions, b) burst conditions, c) tensile strength, and, 

d) kick control ( 2 9 ) :  A major design criterion in choosing casing is 

the A number of design studies exist 
for both specific and generic geopressured wells (30 ) .  The information 

necessary for judging'casing diameter can be summarized by graphing the 

relation of formation pressure and wellhead pressure to a variety of 

flow rates. 

desired rate of fluid production. 

The anticipated wellhead brine temperature (largely a function of 

the flow rate) is an additional factor in selecting casing. Also impor- 

tant is information on the dynamics of downhole temperature and pressure 

changes over the . productive life of the well. These computations are 

done routinely in the industry, particularly with the widespread use of 

computer optimization. High-temperature flow requires expansion and 
contraction ability in the casing material. A long string may 

(29)  Collapse occurs if external pressure in the annulus exceeds 
the internal pressure in the wellbore plus the collapse strength. 
Conversely, burst conditions occur if the internal pressure in the 
wellbore exceeds the sum of the external pressure in the annulus 
plus the designed ultimate strength of the casing. Tension 
strength and kick control both refer to the flexibility required 
for handling rapid pressure changes without either loss of circu- 
lation or loss of well control. 
(30) See, for instance, "Well Completion" in the Advanced Research 
and Technology section of Volume 3 of the Proceedings of the 2nd 
Geopressured Geothermal Conference, pp. 13-24. 
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W experience 15 to 20 feet of vertical expansion during high-temperature 
flow (31). The choice of casing may also be influenced by logging 
requirements. Larger logging apparatus can only be used in larger d i m -  
eter wells. 

. Casing requirements and problems for overpressured wells are sum- 
marized by Fertl in the following manner: 

0 ... tubing strings have to be robust, strong, 
resistant to chemical attack by hydrogen sulfide 
and carbon dioxide and must provide absolutely 
gas tight joints even under extreme differential 
pressures. For the latter situation, special 
threaded connections, thread-sealing lubricants, 
and synthetic seal rings are available. Nevertheless 
field experience indicates that often, for no 
apparent reason, tubing leaks develop in the 
connect ions despite adequately 'torqued pipe. 
Investigations of deep gas wells in South Louisiana 
have shown that at high flow rates, the tubing 
string tends to develop reverse torque." (32) 

As Fertl notes, however, tubing adequate for geopressured applications 
is available for order under both API and NACE specifications (33). 

Alex Miash of Sandia adds that because of greater depth and longer 

drilling times in geopressured wells, drill string wear can become a 

serious problem. Sandia is devising casing suepension systems that 
reduce surface cementing and casing suspension requirements. One idea 
is to suspend the lower half of the casing string from within 
the well' (34). If the totation of the drill stem can be isolated to the 
area directly above the bit, casing wear will be reduced. 

supports 

Table 1 summarizes. two generic Gulf Coast geopressured well casing 
programs, Site-specific conditions will modify the general design. 

I 7311 Thermal ettects have been studied in the case of geothermal 
wells. Non-cemented expansion joints are commonly used for each 
section of tubing in order to distribute the stress expansion 
e ually along the casing. 
(82) Fert1,- pp. 267-268. 
(33) American Petroleum Institute and the National Association of 
Corrosion Engineers. 
(34) Telephone conversation with Alex Miash, March 20, 1980. 

of 

u 
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_ I  " . Generic Casing Programs for  Geopressured 

Wells in the  Gulf Coast Region. 

Approximate AveraGe Casing Point: Depth (35) 

(thousands of f e e t )  
Typical Casing Sizes 

South Onshore Offshore Hypothetical 

Texas Louisiana Louisiana Gulf Coast 
(1) 20"(locally plus 30") ---- ---- ---- ---- 

(2) 13.375"or 10.75" 9 3-4 4 8 

(3) 9.65" o r  7.65" 12.5 13-15 13 15 

(4) 7"liner and/or 5.5" 15 15-18 20 16.5 

. I  

Cementing 

Cementing: 

secures the casing i n  the  center of the wellbore, 

* provides a control substance fo r  channeling formation f lu ids  
through perforations and in to  the  production s t r i n g ,  

* i so l a t e s  pay zones, 

i so l a t e s  potable water, and 

' * i so l a t e s  th ie f  zones (formations that  absorb d r i l l i n g  mud). 

135) The f i r s t  three wells (South Texas, Onshore Louisiana, 
Offshore Louisiana), a re  adepted from Fert l ' s  Table 6.VI,, p.260. 
The Hypothetical Gulf Coast well i s  a generalized casing program 
adapted from "Dril l ing and Completion Plan for  a Geopressured 

sured Geothermal Energy Conference, page ES-13. 
Well," W.E. Boyd, i n  Volume 4, Proceeding of the Third Geopres- - -  

Ld 
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Cementing of the entire annulus is not always necessary and is an 
expense to avoid. The second Brazoria test-well has a cemented annulus; 
the upcoming DOW Parcperdue string will only be’cemented over the bottom 
several thousand feet. Centralizers will be used in the upper annular 
space. 

Prior to cementing a geopressured well, the drilling mud must be 
washed from the annular space. This is particularly important for 
geopressured wells because the chemical components of high pressure and 
high temperature drilling mud (usua1,ly oil or highly treated water-base 
fluids) are incompatible with the ingredients used in controlled set-up 
cement (36). Any excess fluid left over from drilling or cementing 
activities, may enter a vapor 6hsae during brine production causing 
cement fracturing and possible casing collapse. Should this occur, 
squeeze cementing, an undesirable and frequently unsuccessful operation, 
is necessary to save the well (37). The tendency for cement to buckle 
increases with temperature; sloughing,of shale walls may impede uniform 
cementing. Cement design requires clvoidance of tgo rapid setting which 
is difficult vi th high temperatures and pressures, Uneven cement set- 
ting may result ia channelling, in which fluid and vapor escape to the 
surface through fissures in the cemeut of .the annular space. 

Roughly 50 cement ingredients are available to help achieve the 
desired setting qualities (38). Retar4ers delay the setting process for 
a temperature range of approxiprately 7SO.C to 345°C. Weighting agents 
add the density requited to balance high formation pressures. Common 
weight additives are barite, iron oxiQe, barium sulfate, ilmenite, and 
hematite. Fluid-loss . .  . additives preclude the expulsion of cementing 
liquid necessary to setting, thus avoiding a too low water-solids ratio. 
Dispersants reduce fhe viscosity of the cement elutry, allowing for tur- 
bulent flow injection with improved mud removal and cement setting. 
Spacer fluids ,physically sepaqate Semen nd drilling mud and are com- 
posed, of  either plain water or yater weighfed with scouring materials 
such as fly ash or perlite. 

(36) Volume 3, Proceeding:Second Geopressured Geothermal Energy 
Conference, p. 30. 
(37 See Appendix A for brief description of squeeze cementing. 
(38 1 Volume 3, Proceed1ngs:Second Geopressured Geothermal Energy 
Conference, p. 27. 

, 
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Cementing technique now allows for a five-hour pumping process for 

wells with bottom-hole temperatures not in excess of 26OoC (39) .  

Fertl notes two cementing sstrategies (40): 

1 .-c. * single-stage cementing in the 'liner is ce&nted in one opera- 
tion, and 

* two-stage cementing in which about two-thirds of the liner is 
cemented in a single operation and the liner top is then given a 
planned squeeze cementing. 

No two cementing'firmi have the exact same formulation and 
1 .  

experts 

disagree about various iugredients used f.0 achieve desiqed setting and 
weighting properties. 

Perforation and Packing 

. *  
Appendix A diagrammatically illustrates the several options avail- 

able otted liner, or d) 

perforated liner. Boyd's hypothetical Gulf Coast g ressurcd -well uses 
a perforated liner. Boyd qotes that this provides the's'afest and most 

rapid means of reducing the pro6ability of pipe iti'cking. Per'forated' 

liners can cause problems during'the production phase, however. Sand 

plugging reduces fluid flows and re ts in downtime during weil work- 
over. Gebpre red ioa'es in the $.'composed of relatively 

* .  

for well completion: a) lined', 6 )  unlined, c )  

. <  

small grained sands so sand production may be a problem. 

The best proc'edure for the design and 'installation of the produc- 

tion liner is a matter of 86me debate. 'Wallace suggests the use of a 
long interval screen completion with gravel packing, rather th'an a per- 

forated liner C41). Gravel is used rather than e&nt in the 

space adjacent to the producing formation. 'The fluid flows from the 

formation through 'the gravel, through the screen, and' into the wellbore. 
Sand production may 'be'decreased wiih'this method. The Dow' Parcperdue ' 

Louisiana well will be a hybrid using a perforated casing with a 

' >  

gravel 

(39) Ibid. 
( 4 0 )  Fertl, p. 264. Two-stage cementing is .used in deep wells 
that ex erience wide variations in. pressure. 
(41) Tefephone conversation wi th"Ray Wallace, March 2 6 ,  1980. 

., 

li 
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pack at producing formation depth (42). W 

6, 

Conclusiops 
There is little variation between geopressured and conventional 

well drilling and completion techniques and technology. Conventional 
petroleum drillers experience temperatures and depths similar to 
geopressured conditions. 

Extreme pressures, however, indicate the need for development of 

new in-situ logging techniques. In addition, there is a need to experi- 
ment with a variety of completion techniques that borrow from conven- 
tional petroleum, geothermal, and water well experience. There is a 
growing recognition of the fact that petroleum experience cannot address 
every aspect of geopressured well development. 

No problems appear unsurmountable. At the same time, it is neces- 

sary that upcoming DOE design wells be successfully drilled in order to 
foster increased industry iaterest in the resource. Hence it is impor- 

tant that attention be focused on the unique aspects of geopressured 
drilling and completion. 

(42) Telephone conversation with Keith Westhusing, March 17, 1980. 
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ENERGY CONVERSION PROCESSES 

Introduction 

The geopressured geothermal brines of the Gulf Coast contain three 

forms of potent ia l ly  exploitable energy: 

* chemical energy of methane; 

e 

* 
thermal energy of geothermal heat;  

k ine t i c  energy of high-pressure brines. 

Four energy conversion processes u t i l i z i n g  these sources are  possi- 
b le  : 

separating the  methane from the  brine ( e i the r  in-situ or  above 
and upgrading the qual i ty  of the gas t o  natural  gas pipe- ground), 

1 i ne requi rement s ; 

converting of the geothermal heat  t o  e l e c t r i c i t y  v i a  steam 
t i o n  processes; 

using the  geotherrhal heat d i rec t ly ;  ‘and 

transformating the hydraulic p.ressure potent ia l  t o  e l e c t r i c i t y  i n  a 
turbine.  

produc- 

0 

* 

Over the last  several  years a number of design and 

have appeared tha t  describe these processes (1). 
T h i s  chapter describes the .technologies and techniques f o r  energy 

extract ion from and residual  control  of geopressured brines.  As with the 

f e a s i b i l i t y  s tudies  

previous chapter, technologies and processes s imi la r  t o  current prac- 

,ices i n  the  o i l ,  natural  gas, and geothermal industr ies  are  described 

only b r i e f l y ,  while featyres  unique t o  t,he geopressured resource are 

emphasized. A s ,  no e r c i a l  o r  large-scale experimental f a c i l i t i e s  

fo r  energy production from a geopressured well have been constructed, 

some of the  following material  w i l l  no doubt require updating o r  

Avai labi l i ty ,  EPRI-1457, July,  1980 (work er ontract  
with the Electric Power Resear$h I n s t i t u t e  P , fo r  a l i s t i n g  and 
p a r t i a l  c r i t i que  of these s tudies .  The SRI concluded that  the s tu-  
d ies  were not d i r ec t ly  comparable because of d i f fe ren t  resource 
assumptions and analyt ical  methods. 

(1) See Southwest Research I n s t i t u t e  (SRI), Energy 
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modification a f t e r  on-site experience (2) .  

Before describing these  energy conversion processes,  a d i s t i n c t i o n  

must be made between geopressured geothermal aqu i f e r s ,  and geopressured 

na tu ra l  gas formations. Geopressured geothermal aqu i f e r s  are overpres- 

sured water bearing formations containing methane i n  so lu t ion  while 

geopressured gas formations are overpressured r e se rvo i r s  containing 

"free" n a t u r a l  gas i n  a gas cap. Large q u a n t i t i e s  of n a t u r a l  gas have 

been ex t rac ted  from these  gas cap zones f o r  many years.  These wel l s ,  

however, only exp lo i t  ex i s t ing  gas caps and do not produce l a rge  quanti- 

of geothermal brine.  When water i s  encountered i n  any s ign i f i can t  

q u a n t i t i e s ,  t h e  r e se rvo i r  i s  termed "watered-out" and i s  usua l ly  aban- 

doned. This s ec t ion  examines the  geopressured geothermal r e se rvo i r s .  

These r e se rvo i r s  conta in  la rge  q u a n t i t i e s  of overpressured b r ines  t h a t  

are removed i n  order t o  e x t r a c t  h e a t ,  pressure,  and most importantly, 

methane i n  so lu t ion  ( 3 ) .  
Geopressured/geothermal energy production i s ,  i n  a sense,  a hybrid 

of technologies from o i l  and n a t u r a l  gas and those used f o r  geothermal 

e l e c t r i c i t y  generation. For example, b r ine  water separa tors  are employed 

widely i n  o i l  and gas f i e l d s ,  but t he  volumes of l i q u i d  produced by 

geopressured aqu i f e r s  are v a s t l y  g rea t e r .  In terms of geothermal elec- 

t r i c i t y ,  t he  technologies are similar, but t he  f l u i d  temperatures are 

much lower than sites such as the  Geysers , o r  Cerro P r i e to .  

Geoprqssured/geothermal develOpment can, t he re fo re ,  adapt much of i t s  
technology from cur ren t  o i l / g a s  and geothermal operations.  Nonetheless, 

t he re  are s u f f i c i e n t  d i f fe rences  t o  i n d i c a t e  t h a t  geopressured geother- 

m a l  development w i l l  encounter unique problems. 

(2) DOE has a number of re-entry (Wells of Opportunity) and new 
w e l l s  under development o r  cont rac t  ( s e e  In t roduct ion) .  None of , 
these  wells, however, have been hooked in to  fu l l - sca l e  sur face  
production un i t s .  The Pleasant Bayou No.2 well i n  Brgzoria County, 
Texas w i l l  be t h e  f i r s t  t o  have such equipment, and i s  expected t o  
be i n  flow t e s t i n g  i n  t h e  summer of 1980. 
( 3 f  The methane production sec t ion  and methane s o l u b i l i t y  s ec t ion  
(Appendix B) descr ibe  t h e  d i s t i n c t i o n s  between so lu t ion  gas and 
"free" gas i n  more d e t a i l .  Production of methane from a "watered- 
out" r e se rvo i r ,  may be similar t o  methane e x t r a c t i o n  from an orgi-  
n a l  geopressured geothermal aqu i f e r ,  although t h e  l a t te r  w i l l  
probably be under higher temperatures and pressures. 
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Processes and technologies can also be expected to vary from site 
to site based upon the characteristics of a given well. Variations in 

brine salinity and chemistry, formation pressure, and temperature will 
affect equipment lifetimes, corrosion rates , subsidence, and other 

operating characteristics. Although some of these variations are 
described, a comprehensive site-by-site examination is beyond the scope 

of this report. The major emphasis is directed toward generic technolog- 
ical and process factors, i.e. how useful energy can be extracted from 

geopressured geothermal aquifers and what problems such extraction will 

present . 

Ld 

This chapter is organized into six major subsections: start-up, 
methane production, geothermal utilization, hydraulic conversion, resi- 

dual control, and well maintenance and workover. This format instead of 

a detailed description of a single full-scale production facility, was 

chosen because of the modular nature of the energy conversion processes. 

This chapter thus examines the components and processes associated with 

production and waste control systems and tries to provide background on 

the technology and to point out some of the possible restraints on 

development of the resource. 

Start -E - 
Following the completion of the well, (as described in Chapter 11) 

the site must be evaluated and prepared for energy conversion. Based 
upon pre-drilling information, and especially data obtained during the 

well logging and testing phases, a determination of key reservoir param- 
eters is completed. If methane concentration, brine temperature, brine 

salinity, reservoir size, porosity, and other factors are sufficiently 
favorable for commercial exploitation, the well is then prepared for 

production (4). Availability of markets for natural gas, electricity, 
and heat for direct applications, as well a the projected rate of 
return on investment, are also key factors in determining the economic 
feasibility of a well. However, these later factors will not be 

( 4 J  The parametric yalues which yield a commercially developable 
prospect are not widely agreed upon by industry. This feport does 
not attempt to investigfte this issue, except insofar as the 
values for various physical parameters relate to technological and 

& 

1 

6) process considerations 
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considered in this analysis ( 5 ) .  

Included in the preproduction phases are decisions, not only on 

whether to begin production, but also on what portion of the brine 
resource will be used. Will the well be developed exclusively as a 

methane source, or will geothermal and hydraulic conversioa facilities 
be included ? Technically, there are few, if any, major obstacles to 

the utilization of several types of energy resources at one well. 
Methane separation facilities, hydraulic turbines, geothermal electri- 

city plants, and direct use application equipment can all be integrated 

in the same production facility ( 6 ) .  Figure 1 is a schematic of one 

possible production facility configuration in which pressure turbines, 
methane separators, and flashed-steam geothermal electricity units are 

included at one site. 
Two of the major full-range production studies often cited in dis- 

cussions of geopressured geothermal production technology are those by 
Brown and Root, Inc. ( 7 )  and Dow Chemical USA (8) .  These studies have 

served as the base for much of the discussion and analysis of geopres- 
sured production appearing in subsequent literature. Lamb et al. have 

noted, however, that in the Brown and Root and Dow studies 

See Strongin, Oscar Issue Paper on Geo ressured Resource 
Azielo ment Criteria w d  .-try I n c e n ~ v e ~ l 9 1 9 .  for -+ a iscussion Z m o E e t u r n  on i-vestment, economic risk. and 
market availability and their impacts on commercialization of 

$6)  This does not mean that these pieces of equipment are opera- 
tionally independent of each other. Process optimization for 
methane production? for example, m?y mean a less than optimal 
geothermal electric or geohydraulic output. In addition, the phy- 
sical location of production units along the brine stream affects 
system output. Parker Lamb and his colleagues at the University of 
Texas at Austin are currently researching process optimization. 
(7) Surface Technology -- and Resource Utilization, in Proceedings of 
the Second Geopressured Geothe'rmal Ener Conferezce-Volume IV 
Ten- G v e r s  i ty of Sxas-Aust in*uary 23-25, 

-' 
d h , - A p p e n d i x  B. 

eopressured geothermal resources. 



-39- 

. 

, + 

Natural ff& Separation Proclcss for a 
i%sbedSteam Power Plaut 

Source: Sout 

t - .  



-40- 

it was necessary to specify a priori 
all major independent parameters affecting 
the design such as total plant output, 
number of wells and their flow rates, wellhead 
conditions, etc. Hence, no evidence was 
developed which would indicate whether the 
proposed designs represented optimum utilization 
of the resource." ( 9 )  

I1  

For these reasons, the ultimate configuration(s) of a geopressured 
geothermal production facility remains speculative. Nonetheless, the 

overall design configuration presented in Figure 1, plus the facilities 
described in the two feasibility studies give a reasonable approximation 
of surface facility design. The one major modification since the publi- 
cation of these studies is the decline in importance of geothermal and 

geohydraulic electric facilities relative to methane separation. 

The following sections describe aspects of the component energy 

production and waste control system. 

Methane Production 

Several early studies of the geopressured geothermal resource 

placed equal emphasis on the geothermal and the methane energy poten- 
tials (10). This emphasis was the result of what now appears to be an 

overly optimistic estimation of the temperatures in geopressured geoth- 

ermal formations. In the DOW and Brown and Root studies, for example, 

production facilities were designed based on a brine temperature of 350 
OF. More recent estimates now give 300°F (or less) as a more plausible 

value (11). The lower temperature means a lower conversion efficiency 

for geothermal electric generation, and a decline in methane solubility 

1 9 )  Lamb, J. Parker, 'Gary'Polansky, and Stephen R. Bradley, "Con- 
ceptual Design Studies of Energy Conversion Plants Using Geopres- 
sured Fluids," presented at the Fourth United States Gulf Coast 
Geo ressured/Geothermal - Energy ~ r e n c u s ~ e x ~ O c T G G F  
-(Tn press). 
(10) See especially the Proceedings of the -- Second 
Geo ressured/Geothermal Ener Conference Volume IV , "Surf ace 
T e k n T R e s o u r c e  mi +-- izatizn, tor the Dow and Brown and 
Root feasibilit 
(11) 
that the temperature gradient in the Gulf Coast varies from 1.4OF 
to 2.0°F per 100 feet of depth (moving from South Texas to Louisi- 
ana). However, they also note that, "the highest temperatures are 
associated with minimum sand deposition. Good reservoirs-type 
sands apparently seldom ocgur at dEpths greater than those at 
which temperatures are 300 F or so. 

studies (Appendix A and B). 
The Sout g west Research Institute, op cit., p. 5; estimates 
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(12). However, because the pr ice  of methane has increased dramatically 

over the last several  years the r e l a t ive  pr ice  e f fec t  makes geothermal 

e l e c t r i c  generation much less a t t rac t ive .  Hence, the present emphasis 

on geopressured geothermal brines as primarily a source of methane gas 

ra ther  than a source of thermal o r  k ine t ic  energy (13). A recent exami- 

nation of the commercial f e a s i b i l i t y  of geopressured geothermal brines 

concluded tha t :  

The current general consensus among almost 
a l l  invest igators  i s  that the f e a s i b i l i t y  of 
geopressured resources rests on the  technical and 
economic poten t ia l  of methane extract ion with thermal 
and k ine t ic  energy only of marginal value." (14) 

I 1  

Commercial development of the geopressured br ine resource as a 

source of methane gas involves two operations; production of the methane 

by surface separation or the rapid, drawdown process (RDP) and dewater- 

ing cleaning of the produced gas for  introduction i n t o  natural  gas 

pipeline systems. The l a t t e r  operations use processes and f a c i l i t i e s  

common t o  much of the  "conventional" natural  gas industry, while the 

former require  techniques and technologies unique t o  geopressured 

brines.  Nonetheless, nei ther  phase appears t o  present any major techno- 

log ica l  problems, beyond those encountered when faced with an extremely 

large flow of hot high-pressure l iquid.  

and 

Gas Separation Processes 

(12) See Appendix B fo r  a discussion of the i s sue  of methane solu- 
b i l i t y  and i ts  relat ionship t o  br ine temperature, pressure, and 
concentrations of total  di5;sFlved so l ids  (TDS) . 
(13) Even the  earlier f e a s i b i l i t y  s tudies  considered the  k ine t ic  
energy potentifl l ,  represented by the  high pressure of the br ines ,  
t o  be of minor importance. This is largely because the  pressure 
would be expected t o  drop vff q u i t e  rapidly (one t o  two years) re- 
l a t i v e  t o  the the  decline i n  brine temperature or  methane content. 
See the sect ion on hydraulic conversion below fo r  a more detai led 
discussion of t h i s  phenomenon. 
(14) Strongin, op c i t . ,  p 7 .  
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There are th ree  methods t h a t  can be used t o  separa te  methane from 

geopressured br ines .  These are: 

* 
* Gas s t r ipp ing ;  and 

Liquid solvent ex t r ac t ion  

Pressure drop and evolution of the  gas out of t he  b r ine  stream; 

Pressure drop 

Pressure drop separa t ion  of methane gas from aqueous so lu t ions  is a 
r e l a t i v e l y  p rac t i ce  of t h e  o i l  and gas industry.  Natural gas is 
very o f t en  found with both petroleum l i q u i d s  and sa l t  water, and separa- 

t i o n  i s  required before t h e  gas is u t i l i z e d  (15). Figure 2 i l l u s t r a t e s  

some of t h e  types of o i l  and gas separa t ion  u n i t s  now i n  use. Pressure 

drop production takes  advantage of a bas ic  property of methane gas i n  

so lu t ion .  A s  pressure decreases, t he  equilibrium s o l u b i l i t y  of methane 

common 

decreases and some the  gas w v e s  out of so lu t ion  and i n t o  a gaseous 

phase. 

The bas i c  design of t he  separa tor  i s  qu i t e  simple. The b r ine  stream 

e n t e r s  at one end, a pressure drop occurs as the  volume increases ,  gas 

i s  ex t rac ted  from t h e  top, and t h e  b r ine  stream e x i t s  a t  t he  bottom. 

Surface separa t ion  of methane from geopressured geothermal br ines  

i s  s i g n i f i c a n t l y  d i f f e r e n t  i n  s c a l e  from standard gas production 

processes. Both the  high rates of flow and t h e  high wellhead pressures 

expected i n  geopressured w e l l s  a f f e c t  the  technology and processes t o  be 

u t i l i z e d .  Flow rates of 40,000 o r  more b a r r e l s  of b r ine  per  day and 

wellhead pressures of 3,000 t o  6,000 p s i a  can be expected a t  a wellsite. 

By cont ras t  oi#l  w e l l  flow rates of a few hundred t o  seve ra l  thousand 

b a r r e l s  day are t y p i c a l  and wellhead pressures are o f t e n  orders of 

magnitude less than geopressured values (16). Consequently, t h e  r a t i o  

of produced t o  methane gas is  much g r e a t e r  than i n  a t y p i c a l  o i l  

per 

br ine  

and gas w e l l  and t h e  corrosion, s ca l ing ,  erosion, and pressure e f f e c t s ,  

(15) Universit  of Oklahoma, Energy Al te rna t ives :  A Comparative 

&nault, Roy L . ,  " O i l  and Gas Fie ld  Exploration", Encyclo- 
pedia  of Energy 1978 p. 512 and 513. 

Anal sis  May 1 I;  75 p 4-12. 

- 

LJ 
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e t c .  on the  sepa ra t ion  equipment are correpondingly increased.  Resolu- L! 
t i o n  of these  problems on a long-term b a s i s  must await ac tua l  f i e l d  

experience,  and w i l l  depend on t h e  c h a r a c t e r i s t i c s  of a given w e l l  and 

i t s  b r ine  composition (17). 

The sur face  pressure  drop method i s  based upon t h e  s o l u b i l i t y  of 
methane gas  a t  var ious  pressures .  A t  1,000 p s i a  about 80% of t h e  

methane t h a t  i s  i n  s o l u t i o n  at 10,000 p s i a  or g r e a t e r  i s  l i b e r a t e d  from 

t h e  b r ine ,  and a t  150 p s i a  e s s e n t i a l l y  a l l  of t he  methane comes out  of 

so lu t ion  (18). Most of t he  proposed design schemes make use  of a cas- 

cade series of s epa ra t ion  u n i t s .  For example, i n  t h e  Southwest Research 

I n s t i t u t e  design t h r e e  sepa ra t ion  u n i t s  a r e  used, one at 1,000 ps ia  

i n l e t  p ressure ,  one a t  300 p s i a  i n l e t ,  and a f i n a l  u n i t  a t  150 p s i a  

(19).  concentra- 

t i o n  of 35 s c f / b b l ,  t h e  respec t ive  flow rates of t he  sepa ra to r s  would be 

approximately 1000 scf/minute f o r  t h e  high pressure  u n i t ,  and approxi- 

mately 225 scf/minute f o r  t he  medium and l o w  pressure  u n i t s  combined. 

This would be a t o t a l  of  1.75 mmscf/day of methane from a s i n g l e  produc- 

t i o n  w e l l  (20). Although no design d a t a  f o r  t h e  SRI separa tors  is  

given, a similar u n i t  described i n  the  DOW s tudy c o n s i s t s  of a drum 

vesse l  with f l u i d  i n l e t  a t  t h e  bottom moving a t  a rate of 2 f t / s e c  with 

a mean residence time of 10 seconds (21). Methane gas i s  then withdrawn 

from t h e  top  of t he  ves se l  and the  b r ine  i s  piped t o  another  s epa ra to r ,  

hydraul ic  t u rb ine ,  o r  geothermal u n i t .  

Based on a f low rate of 50,000 bbl/day,  and a methane 

A second pressure  drop procedure i s  the  the  Rapid Drawdown Process 

(RDP). This procedure i s  very con t rove r s i a l  (22). There a r e  two RDP 

( 1 7 )  Corrosion, s ca l ing ,  . e ros ion ,  and temperature e f f e c t s  on 
geopressured geothermal technologies and processes  are discussed 
i n  d e t a i l  i n  t h e  s e c t i o n  on r e s i d u a l  con t ro l  below. 
(18) Haas, John L. ,"An Empirical Equation wi th  Tables of Smoothed 
S o l u b i l i t i e s  of Methane i n  Water and Aqueous Sodium Chloride Solu- 
t i o n s  up t o  25 Weight Percent ,  36OoC, and 138 MPa." (United S t a t e s  
Department of t he  Inter ior-Geological  Survey, Open F i l e  Report No. 
78-1004). 
(19) Southwest Research I n s t i t u t e  op. c i t . ,  p 62. 
(20) For comparison, a s i n g l e  w e l l  d r i l l e d  i n t o  some geopressured 
n a t u r a l  gas formations ( i . e .  an overpressured gas  cap, not a 
geopressured aqu i f e r )  i n  Louisiana gas f i e l d  can produce upwards 
of 20 mmscf per  day. (May 2 ,  1980 v i s i t  t o  Cheveron wellsite near  
Baton Rouge , Louisiana) 
(21) .- op c i t .  , 2nd Conference Volume I V ,  Appendix B ,  p. 17 .  

See also Appendix B of t h i s  r epor t .  
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processes tha t  have been considered: 1) rapid depressuring of a well 

order t o  

i n  the  reservoir ,  and 2) production of i n t e r s t i t i a l  gas tha t  
i n  conjunct ion with brine waters. 

i n  

form an " a r t i f i c i a l "  gas cap as methane moves out of solut ion 

ex i s t  Li may 

One method of gas production using the RDP method has been patented 
by the Transco Energy Company of Houston. (U.S. Patent No. 4,042,034, 

August 16, 1977). The patent i s  based on the theory tha t  gas can ex i s t  

i n  three forms i n  a geopressured geothermal aquifer:  as methane i n  solu- 

t i on  i n  the brine,  as a gas cap above the brine,  and as i n t e r s t i t i a l  gas 

occuping from 10 t o  35% of the reservoir  pore volume (23). 

The patent describes a process of w e l l  operation i n  which the per- 
centage gas tha t  can be recovered from a geopressured well ,  with an 

i n i t i a l  zone of f ree  gas, can be increased. The patent estimates that  a 

conventional br ine flow and surface separation process would yield no 

more than 3% of the or ig ina l  gas i n  place i n  the  formation. Under the 

of 

Transco process the recovery factor  i s  claimed t o  increase t o  14% of the 

or ig ina l  gas i n  place. Such a fourfold increase i n  methane recovery 

would mean a substant ia l  increase i n  the economic v i a b i l i t y  of geopres- 

sured resources. The patent describes the process as follows: 
"Whether o r  not an i n i t i a l  gas phase e x i s t s  i n  a 
geopressured aquifer,  a gas phase i s  created by 
lowering the  pressure i n  the aquifer i n i t i a l l y  
containing only gas saturated water, and then 
the  same gas-phase sa tura t ion  would e x i s t  as i f  
i t  were there  i n i t i a l l y  .... fieri the  gas phase 
starts moving towards the well bore, i t  is  expected 
tha t  the  buoyant effect  of the gas causes the 
bubbles to rise, and a movement of t h i s  type 
would create  a higher gas saturat ion a t  some 
locations i n  the aquifer  .... Increased gas sa tura t ion  
under the  layers could provide conduits for  gas 
flow towards the wellbore .'I 

To reach such conditions i t  i s  necessary t o  flow the w e l l  a t  a high 

rate (at least 15,000 bbl/day) and create a bottom-hole pressure drop of 

(221 The Parlange and the Edna Delcambre wells both exhibited 
methane production characteris!ics tha t  form a prima f ac i e  case 
fo r  the  poss ib i l i t y  of i n  s i t u  separation of methane and/or the  
existence of "free" gas o r  a formation gas cap. However, nei ther  
of these w e l l s  were spec i f ica l ly  designed t o  prove or  even test 
the f e a s i b i l i t y  of in-situ o r  low flow gas production. 
Leo,A. RoEers gnd Ph i l ip  L. Rgndoloh have made a argument 
against the in-situ separation of gas a t  the Edna Deleambre No.1 
well. Their analvsie. which contends tha t  the hinher than eXDeCted 
gas to  water r a t i o  was due t o  leakage from adjacent formationd, is  
found in:  "Ratio of Produced Gas to  Produced Water form DOE'S Edna 
Delcambre No. 1 Geopressured-Geothermal Aquifer Well Test", 
presented a t  Proceedin s *  Fourth United States  Gulf Coast 
Geopressured-GeXlZGidker--?Gnference : IEZZFch ' andbevZEiF - 

0 a t  l ea s t  25% of the  i n i t i a i  formation pressure. Figure 3, adapted from 

.I 

strpnp; 

u\ 
-9 ment Austin, Texas, Octo +- er  29 31, 1979. 
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PRODUCTION FROM 3 MILE RADIUS RESERVOIR 

Reservoir Parameters 

temp 300 O F  

pressure 10000 psia 
porosity 20% 
permeability 200 md 
salinity 100000 ppm 
depth 12000 ft 
radius 3 miles 
thickness 200 ft 

. .  

0 1 2  3 4 5 6 7 8 9 10 

Year 
XBL 809-1834 . 

Source: U.S. Patent No. 4,042,034 
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the  patent application, displays the Substantial  difference i n  recovery 

fac tors  between the  conventional w e l l  and the.pressure drop process. 

Note 43160 t h a t  although the t o t a l  amount of brine flowed i-n cases 

is the  same, the higher recovery factor  of the pressure drop procedure, 

s ign i f icant ly  decreases the brine-to-methane production r a t i o  . Surface 

processes f o r  the  col lect ion of the gas l iberated from the  w e l l  under 

f r ee  flow conditions are not described i n  the  patent,  but presumably 

they would combine conventional surface methane separators and natural  

gas col lect ion uni t s  employed a t  ."normal" gas wells. 

both 

Gas st r ipping 

Gas s t r ipp ing  involves the desorption of a dissolved gas, i n  t h i s  

case methane, by means of a st r ipping agent gas. The process i s  widely 

used i n  industry and would present no technical problem of Quong 
and h i s  associates at the Lawrence Livermore Laboratory have investi-  

gated the  f e a s i b i l i t y  of gas s t r ipping as a means of producing methane 

from a geopressured br ine stream while maintaining the f lu id  a t  a high 
pressure (24). They ident i f ied N2 and the  halogenated hydrocarbon, 

dichlorotetraf  luoroethane (Freon 114 @ as candidate 's t r ipping agents. 

Though technically feasible  g is too cos t ly  t o  be u t i l i z e d  

a t  t h i s  time. 

note. 

Ziquid solvent extract  ion 

(23) The Transco patent i s  fo r  conventional geopressured reser- 
voirs; from which natural  gas has been Produced t o  the  Doint where 
the reservoir  i s  now "watered-out." Thii  i n  e f fec t  t r an i foms  the 
reservoir  i n t o  a geopressured aquifer.  
'(24) Quong, R. i L.B. Owen,. .and F.E. h c k e ,  "Potential ,Methods fo r  
Methane Efftract ion f tom Geopressured Brine at gh Temperature and 
Pressure, UCRL-84064, Preprint', June 2, 1980. 
As the t i t l e  of the paper indicates,  the research is direFted to- 
ward separation processes tha t  can be u t i l i zed  while maintaining 
the  brine a t  a high pressure. The purpose of t h i s  procedure is t o  
decrease the pressure d i f f e r e n t i a l  between the  wellhead and the 
brine in jec t ion  w e l l ,  thus decreasing the  -energy required t o  
repressure the  br ine for  disposal. See the residual control sec- 
t ion below. 
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Liquid solvent extract ion is a l so  being investigated by the 

research group at Livermore. The r e su l t s  of t h e i r  work a re  reported i n  

the same publication (25).  The l iquid solvent process is s imilar  i n  

principle t o  gas s t r ipping except t ha t  a l iquid ra ther  than a gaseous 

s t r ipping agent i s  used. Quopg e t  a l .  describe t h e i r  process as follows: 

"A high-boi l ing  point paraff inic  hydrocarbon i s  
contacted with the br ine i n  an extraction tower. Methane, 
being more soluble i n  the  hydrocarbon, i s  extracted and 
subsequently recovered i n  essent ia l ly  pure form by 
depressurization of the extract .  Solvent loss  i s  
controlled by select ing a low-vapor-pressure compound." (26) 

The most promising hydrocarbon so f a r  ident i f ied  i s  hexadecane. 

Unlike gas s t r ipping i t  appears t o  be economically viable.  Because i t  

i s  desirabe t o  maintain a high pressure fo r  re in jec t ion ,  the l iqu id  sol- 

vent extract ion method merits fur ther  examination. 

Gas processing 

Following the  brinemethane separation (by e i t h e r  surface or in- 

s i t u  processes), the gas must then be upgraded and repressurized for  

inject ion i n t o  a natural  gas pipeline system. Dewatering of the gas 

w i l l  probably be the major upgrading process required,  as excess water 

i n  pipelines can cause corrosion, decrease l i n e  capacity because of the 

p a r t i a l  pressure of water vapor, and lead t o  the formation of so l id  

hydrates tha t  plug constr ic ted areas of the pipeline.  For these reasons 

pipeline natural  gas should contain no more than 110 t o  170 ppm by 

weight of water ( 5  t o  7 l b s  H20/mmscf CH4). Dewatering of natural  gas 

is a standard industry pract ice  usually employing glycol separation 

uni t s  tha t  are readi ly  available on the market. These packaged un i t s  

consist  of a absorber chamber where a methane gas stream and a glycol 

stream mix. Water vapor i s  absorbed by the glycol solut ion which then i s  

circulated through a second loop where the  water is stripped out.  

b 

x25) Ibid.  
(26) Ibid. 
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A problem with geopressured brines is the potential for carry over 

of salt mist into the glycol separation unit, resulting in serious cor- 
rosion to the unit. In fact, SRI notes that "[mlist elimination to 

minimize salt carry over is the only area [in surface separation 
processes] requiring [technologicall development (27 ) .  This is because ' 

brine droplet sizes are not well understood and techniques and equipment 
requirements vary according to size. Possible pre-dehydration units 

could include venturi and cyclone scrubbers, but until droplet size 
specifications have been established specific design remains uncertain. 

non- 
condensible and potentially hazardous gas'es, such as H2S, from the 
methane stregm. Constituent analysis of completed wells indicate that 

these gases are minor. For example, analysis of the Edna Delcambre well 

showed a hydrogen sulfide concentration of 1 ppm by weight (28 ) .  If 

removal appears necessary the addition of an amine solution to the 

glycoI dehydrator would probably be sufficient to clean up the gas. 

In addition to dewatering, it may also be necessary to remove 

Following dewatering and clean-up, the inethane must be pressurized 

for injection into the pipeline. Pipeline pressures from 600 to 960 psig 
are common, with a few lines operating at pressures in excess of 1,000 

psig (29) .  Sizing of compressors for this process may present some 

problems as well-head pressures decline over time, a'lthough declines 

beJow 1,000 psia are unlikely until -late in the life of the well. 
Availability of natural gas pipelines'at or near the well site is 

an important consideration. No studies of the transportation require- 
ments for geopressured natural gas appear to have been Nonethe- 

less, the many oil and gas lines already in place in the Gulf Coast 
region should be be adequate. Natural gas distribution companies should 

also have an economic incentive to invest in new feeder lines if their 

done. 

main lines are operating at less than capacity. The more gas they can 

move the larger the base over which they can amortize their capital 
costs (30). 

( 2 / )  Southwest Research Institute op. cit., p 70 
(28)  See the section on air pollutants in "Second-Order Impacts" 
for more detailed constituent analysis. 
(29) University of Oklahoma, op. cit., p 4-23. 
(30) Strongin, Oscar, op. cit. 
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Geothermal U t i l i z a t i o n  

As a geothermal resource,  b r ines  can be u t i l i z e d  both f o r  e l e c t r i c  

generat ion and as a source of d i r e c t  hea t  f o r  process o r  o t h e r  applica- 

t i ons .  The key f a c t o r  i n  determining t h e  usefu lness  of t he  b r i n e  an 

energy source w i l l  be i t s  temperature. The higher  t h e  temperature,  t he  

higher  t h e  e f f i c i ency  of e l e c t r i c i t y  generat ion and t h e  g r e a t e r  i ts  
u t i l i t y  f o r  d i r e c t  use appl ica t ions .  As noted above, e a r l y  s tud ie s  of 

t he  resource estimated t h a t  b r i n e  temperatures would range up t o  325OF 

o r  350°F, while more recent  examinations ind ica t e  t h a t  250°F t o  275'F 

are more r e a l i s t i c  estimates. These lower temperatures imply t h a t :  1) 
e l e c t r i c i t y  generated pe r  u n i t  of b r ine  input  w i l l  be less, and 2) 

waste" hea t  r e j e c t i o n  per  u n i t  of energy produced w i l l  be g rea t e r .  

Production u n i t s ,  t he re fo re ,  must be s i zed  upward t o  y i e l d  t h e  output 

t h a t  would be ava i l ab le  a t  a higher  temperature,  and cool ing towers o r  

ponds would have t o  be designed t o  handle a l a rge  heat load. 

as 

I 1  

Use of geothermal waters, as opposed t o  geothermal vapors,  f o r  

e l e c t r i c i t y  production does not u t i l i z e  a new technology. The Wairakei 

f i e l d  i n  New Zealand, and t h e  Cerro Prieto f i e l d  i n  Mexico are both 

major " l iqu id  dominated" geothermal e l e c t r i c  f a c i l i t i e s  t h a t  have been 

i n  operat ion f o r  many years .  Major d i f f e rences ,  however, e x i s t  between 

these  fluid-dominated f a c i l i t i e s  and those  t h a t  might be developed f o r  

geopressured geothermal b r ines .  Both the  Wairakei and t h e  Cerro P r i e t o  

u n i t s  u t i l i z e  much higher  temperatures than those ava i lab le .  (even under 

very op t imis t i c  condi t ions)  a t  geopressured sites. The Wairakei f i e l d  

y i e lds  f l u i d s  at approximately 2 3 5 O C  (455'F) and the  Cerro P r i e t o  f i e l d  

temperatures are even h igher ,  ranging from 25OoC t o  35OoC (482OF-662'F). 

Formation pressures  are a l s o  lower by an order  of magnitude o r  more 

(e .g . ,  550 p s i a  a t  Wairakei). 

There are t h r e e  systems t h a t  could be used f o r  t he  generat ion of 

e l e c t r i c i t y  from geopressured br ines :  

* t he  f lashed  steam process;  

* t he  b inary  hea t  exchanger process;  and 

the  t o t a l  flow concept. 

LI 
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The t o t a l  flow concept is  currently being researched, but remains i n  the  

experimental stage. Therefore, i t  is not examined fur ther  i n  t h i s  

report .  

cd 

Flashed steam 

The flashed steam process is based upon the property of superheated 
water t o  rapidly change phase (flash) '  from a l i q u i d  t o  a gas under 

reduced pressure conditions. Thus water w i l l  remain i n  a l iquid s t a t e  at 

300°F and 1000 psia ,  but w i l l  change in to  steam once the  pressure i s  

reduced t o  atmospheric conditions. This is the  process tha t  is 
current ly  employed a t  both the Wairakei and Cerro Pr ie to  sites. I n  

terms of an integrated geopressured pfoduction f a c i l i t y  (e.g., k ine t ic ,  
chemical, and thermal energy u t i l i za t ion )  one or more f lashing vessels 

would be put i n  l ine a f t e r  the methane separation un i t s ,  I n  t h e  Dow 

design with an input brine pressure of 150'psia,-  temperature of 300°F, 

and a flow r a t e  of 50,000 bbls/day, the l iqu id  is flashed a t  atmos- 

pheric and generates 60,000 lbk of steam per hour. This steam 

i s  then piped t o  a turbine with an e& t ou t l e t  of l i l ° F  and a pres- 

sure  of 1.3 ps ia  (311.- Net output from t h i s  system was calculated t o  be 

1.4 MWe per w e l l .  

pressure 

Binary cycle 
. I  

I n  the  Brown and Root design binary iystem, heat from the  geother- 
m a l  brine i s  extracted by a heat exchanger and a secondary working f lu id  

(most l i ke ly  isobutane or  a similar low-boiling-point f lu id) .  This 

secondary f lu id  i s  then be used t o  dr ive a turbine and generate electri-  
c i ty .  Output from a w e l l  with &he same input parameters' as that  

described above has been calculated t o  be 1 . .  
(31) Second Conference, Volume I V ,  op. c i t . ,  Appendix E. 
(32) However, John Hamiliton of DOwj  i n  an interview with Oscar 
Strongin, notes tha t  a binary cycle f a c i l i t y  with f lu id  a t  
365OF and a isobutane working f lu id  does not appear t o  be feasible  
as a e l e c t r i c i t y  generatio? source. Presumably, t h i s  re fers  t o  
economic and not technological feas ib l i ty .  

input 

LI.. 



Cooling 

Both the flashed steam and binary systems require  cooling water 

f a c i l i t i e s .  P o s s i b i l i t i e s  are  a w e t  cooling tower, a dry tower, a cool- 

ing pond, o r  some combination of the l a t t e r  two. Choice would based 

on requirements fo r  regulatory compliance, economics, etc. Technically, 

there appear t o  be no major differences between a cooling system 

designed fo r  a geothermal e l e c t r i c  generation plant and tha t  designed 

for  a geopressured geothermal e l e c t r i c  generation plant .  Only the  s i z e  

per uni t  of e l e c t r i c i t y  output would have t o  be d i f fe ren t  due t o  the  

eff ic iency differences described above. In  both cases (conventional 

geothermal and geopressured), corrosion and scal ing i n  cooling com- 

ponents, especial ly  heat exchangers, are of major importance. Mitigation 

s t r a t eg ie s  are described below. 

be 

Scaling, Corrosion, and Erosion 

The most s ign i f icant  problems . to  be faced i n  geothermal e l e c t r i c i t y  

generation are  those a r i s ing  from the  high pressure and temperatures. 

Scaling, corrosion, and erosion of equipment are a l l  factors  t o  be con- 

s ide red  when designing a f a c i l i t y .  Unfortunately, l i t t l e  more than broad 

generic statements can be made because of the s i te -spec i f ic  characteris-  

t i c s  of each well. Factors t o  be considered include br ine temperature, 

and s a l i n i t y ,  presence of sand i n  the  br ine,  presence of corrosive gases 

such as carbon dioxide and hydrogen su l f ide ,  and flow ra t e s  (33). 

Scaling is  largely the  r e su l t  of s i l i c a  sa tura t ion  of the  brines.  

Deposition i s  most l i ke ly  t o  occur i n  the  expander portions of the sys- 

t e m  and throughout the cooling and re in jec t ion  systems ( 3 4 ) .  Scaling 

may also be a major problem i f  i t  occurs on the  heat exchanger surfaces 
as  i t  decreases the eff ic iency of heat t ransfer .  

(33) 2nd Geopressured/Geotheqnal Conference, op. c i t . ,  Vol 4, 
chapter 11. 
( 3 4 )  House, P.A., P.M.Johnson, and D.F., Towse, Potent ia l  Power 
Generation and Gas Production from gul f  Coast Geopressured Reser- 
-3 voi rs  " UCRLq8T3-Mzy 21, 197-. 1Flv.- 
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Corrosion and erosion of the turbine blades, in a flashed steam 

system, can result from the presence of various gases and solids in the 
brine. These agents include oxygen, sand, and hydrogen sulfide. Corro- 

sion can be lessened by the use of proper alloys adapted to the given 
chemical and physical conditions in a well. Erosion prevention requires 
the use of sand settling and entrapment units and the use of erosion 

resistant materials. In both cases the experiences from existing geoth- 

ermal facilities will provide valuable guides to mitigation strategies. 

Plant Size 

Large geothermal electric units (25 MWe or larger) are no longer 

seriously considered. Current opinion is that electricity generated from 
geopressure resources may only supply on-site power requirements (35). 

In addition, it has been noted that many of the sites, especially those 
in Louisiana, are often located in marshlands far from transmission 

lines or local markets. This may make electricity generation for inclu- 

sion in the local or regional grid system prohibitively expensive. 

Direct Use Applications 

Direct use applications of geothermal heat have received increasing 

attention in the literature over the last few years. Given the diversity 
of applications and the possible remote locations of wells, such appli- 
cations are not considered here. 

Hydraulic Conversion 

The wellhead pressure of a geopressured brine stream can be used 
for the production of electrical energy. A hydraulic turbine or series 

of turbines, depending on the wellhead pressure and brine flow rate, 
could be used for electricity generation. These turbines would be! basi- 

cally centrifugal pumps designed to operate in the reverse mode and 

(35) Strongin, Ocsar, op. cit. 
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connected t o  a generator .  Output from these  u n i t s  under t y p i c a l  operat-  

ing condi t ions  i n  a new w e l l ,  e .g. ,  40 t o  50,000 bbl/day and a wellhead 

pressure  of 3,500 t o  4,000 ps i a ,  has been estimated t o  be 1.5 We, with 

a f a l l  i n  t h i s  va lue  a s  formation pressure  dec l ines  (36).  

Turbine design per  se should present  no major problem; however, 

severa l  f a c t o r s  tend t o  decrease the  long term energy p o t e n t i a l  of 

geohydraulic t u rb ines .  F i r s t  and foremost is the  dec l ine  i n  formation 

pressure t h a t  w i l l  occur with t i m e .  It i s  an t i c ipa t ed  t h a t  a f t e r  severa l  

years of w e l l  opera t ion  t h e  pressure of a formation w i l l  begin t o  drop. 

How la rge  such a pressure  dec l ine  w i l l  be depends on s e v e r a l  f ac to r s :  

t he  s i z e  of t h e  r e s e r v o i r ,  t h e  presence o r  absence of sha le  dewatering, 

r e se rvo i r  compression o r  o the r  repressuring phenomena, and the  l i k e l i -  

hood of deep r e i n j e c t i o n  of br ine.  The s ign i f i cance  of dec l in ing  forma- 

t i o n  pressure  is t h a t  tu rb ines  must be s i zed  t o  accommodate maximum 

pressures  encountered during t h e  earliest  years  of w e l l  production, and, 

t he re fo re ,  would be oversized as formation pressures  begin t o  drop. SRI 

estimates t h a t  i t  would be economic t o  continue hydraul ic  generat ion of 

e l e c t r i c i t y  u n t i l  t h e  formation pressure  drops t o  40% of i t s  i n i t i a l  
value (37) .  One poss ib le  s o l u t i o n  t o  t h i s  problem, given t h a t  t h e r e  are 

a number of wells i n  opera t ion  a t  var ious  s t ages  i n  t h e i r  commercial 

l i f e t i m e ,  is the  use of modular u n i t s  t h a t  are s i zed  f o r  d i f f e r e n t  

operat ing pressures  and t h a t  could be moved from s i t e  t o  s i te  as pres- 

sures  decl ined . 
Two-phase flow may a l s o  present  a d i f f i c u l t l y  i n  successfu l  opera- 

t i o n  of geohydraulic tu rb ines .  A s  noted i n  t h e  s e c t i o n  on methane pro- 

duct ion,  dec l in ing  pressure  of t he  b r ine  s o l u t i o n  decreases  methane 

s o l u b i l i t y ,  causing t h e  methane t o  migrate  out  of s o l u t i o n  and i n t o  a 

gaseous form. This process leads t o  t h e  formation of gas pockets i n  t h e  

turb ines  ( c a v i t a t i o n ) ,  which is known t o  be a p o t e n t i a l l y  se r ious  s t r a i n  
on opera t ing  turb ines .  Addit ional ly ,  two-phase flow i n  a hydraul ic  t u r -  

b ine  would decrease conversion e f f i c i e n c y  t o  50% t o  75% (38).  

(36) Southwest Research I n s t i t u t e  op . c i t . ,  p. 67, 
(37) Southwest Research I n s t i t u t e ,  o p . c i t . ,  p 68. 
(38) J. Parker Lamb, e t  a l . ,  Ib id .  
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W Erosion of the blades may be a serious problem, especially since 
geohydraulic turbines will be located near the wellhead and consequently 
close to a possible source of sand. The magnitude of this problem is not 
known. At a 

upstream from 
sidered, but 
bli shed. 

minimum, sand settling and filtration units are required 
con- 

their effects on the turbines have not been well esta- 
the turbine(s1. Corrosion and scaling should also be 

Residual Control 
The control of residual by-products from geopressured geothermal 

wells be of major importance in the overall operation of the pro- 
duction system. Gaseous emissioris, water pollutants, solid wastes, and 
noise are the chief by-products of concern. Gaseous pollutants, solid 
wastes, and noise outputs are expected to be minimal (39). The technol- 
ogy required to control these residuals, if required at all, should be 

will 

small, relatively inexpensive, off-the-shelf units. Consequently, con- 
trol of air, solid waste, and noise pollutants are of minimal concern 

technologically and are not examined further in this section. 
Water emissions (brines), however, present an entirely different 

problem, because of their magnitude relative to the other residuals pro- 
duced. Vast quantities of brackish water extracted from the deep 
geopressured aquifers will have to be,disposed of in a manner that both 
minimizes disposal cost and does the least damage to the surrounding 
environment. Disposal technology is not new, but the volume of fluid to 
be disposd of presents a challenge. 

Brackish water is countered in production at many oil and gas 

fields, and disposal of this salin ater has been a normal procedure in 
the industry for decades. Many chemical and other industries also 

large quantities of brine and liquid wastes. Typically, 
these fluids are reinjected into the ground through disposal wells. In 
oil or natural gas fields, injection can occur either at a level above 
the production formation or directly into the. original formation (40). 
Figure 4 illustrates the design of a typical shallow salt water disposal 

(39) The nature and possible impacts of these elements. are 
described in more detail in the chapter on second-order environ- 
ment a1 impact s. 
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SALT WATER OISPOSAL WELL NO. I 

SHUTESTON FIELD 
BURLEIGH - MILLER eOOL 

ST LANDRY PARISH 
SEC. 37. f: 7 S. R4E 

IO 9' CASING SET AT 95' 
45 SACKS CEMENT 

2 8" TUBING 

PACKER 

C.I. E1RIDGE PLUG 1165 - 1175' 
1133 -115s 

1580-1610' (SOUEEZED) C.1 BRJDGE PLUG 

7' CASING SET AT 1829' 
465 SACKS CEMENT 

FRESH WATER 

lg ZONE OF DISPOSAL 
1740- 1795' ( SOUEEZED) 

TD 2200' 

Figure 4 

Source: Southwest Research Inst i tute ,  1980 
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w e l l  found i n  t h e  o i l  and gas industry.  . Disposal of b r i a e  from a 

geopressured geothermal formation w i l l  be similar t o  o i l / g a s  f i e l d  and 

i n d u s t r i a l  d i sposa l  prac t ices .  The amount of b r i n e ' t o  be disposed o f ,  

however, requi res  modification of these  prac t ices .  The state of Louisi- 

ana, i n  a survey of 1,587 salt-water i n j e c t i o n  wells i n  use i n  the stare 
i n  1972, noted t h a t  the  average d a i l y  i n j e c t i o n  rate was 1,306 b a r r e l s  
per day per w e l l ,  o r  less than 10% of the  i n j e c t i o n  rate planned f o r  

most geopressured d isposa l  wells (41). The b r ine  produced from a s ing le  
geopressured w e l l  (up t o  50,000 b a r r e l s  per day) may be equal t o  o r  

g r e a t e r  than the br ine  output from a l a rge  f i e l d  of o i l  and gas wells. 

Over a 30-year l i f e t i m e  one geopressured geothermal w e l l  operating i n  

the  conventional high flow mode may produce more than 1.5 b i l l i o n  bar- 

rels of water (63 b i l l i o n  ga l lons) .  A f i e l d  of geothermal w e l l s  provid- 

ing  "fuel" f o r  a s i n g l e  25 Mwe e l e c t r i c  generation plant could requi re  
from 10 t o  12 production wells ( 4 2 ) .  

Provisions must a l s o  be -de f o r  b r ine  cont ro l  under emergency con- 
d i t i o n s .  These can include a w e l l  blowout, the rupture of a p ipe l ine ,  or 

t h e  f a i l u r e  of t h e  normal d isposa l  u n i t s .  I n  a blowout condition esti- 
mates are tha t  a s i n g l e  geopressured w e l l ,  depending on t h e  formation 

pressure and t h e  w e l l  casing diameter, may flow as high as 140,000 

bbl/day. I f  the  temperature of of t h e  formation i s  300°F, 16,000 

barre l s /day  would f l a s h  t o  steam ( 4 3 ) .  F a c i l i t i e s  t o  handle blowout o r  

Considine,Douglas (ed,) Ener Technology Handbook, 1977; 
'~~~roleum Technology ,I' p .3-i4? 
(41) Southwest Research I n s t i t u t e ,  op tit., Appendix C ,  "Louisiana 
S t a t e  S a l t  Water Disposal Regulations. 
See Harold C. Corbell 's a r t i c l e ,  "Salt Water Disposal Operations: 
North Markham-North Bay City F ie ld ,  Matagorda County, Texas," i n  
Proceedin s Worksho on Zubsurface D i s  o s a l  of $0 ressured 

Department of Natural Resources, Bston Rouge, Louisiana, March 6- 
7, 1979, 'for a desc r ip t ion  of t he  opera t ion  of sal t  water d isposa l  
o e r a t i o n s  a t  an o i l  f i e l d .  A t  present t h e  f i e l d  disposes of 
68,000 bbl/day i n t o  15 wells. The maximum i n j e c t i o n  rate in to  a 
s i n  l e  w e l l  is,8,500 bbl/day and t h e  maximum pressure (under'Texas 
l a w  P i s  400 ps ia .  
The Conservation Division of the  Lousiana bepaftment of Natural 
Resources notes t h a t  t h e  production of water ' in  a s soc ia t ion  with 
o i l  and gas varies tremendously from area t? area. Some f i e l d s  
have no s i g n i f i c a n t  water production while o thers  may have t e n  
t i m e s  a much water produced as o i l .  
(42) Brown and Root and Dow s tud ie s ,  

d f  --, ---- *% Lzi s i ava  S t a t e  + n i v e r s i t y  and --E---- ouis iana  

Ib id .  
(43 )  RPC Inc. ,  An Anal sis  of the  Ecolo ical  Effec ts  -- sured GeothermaE*nt. =s& Duly 1979 pp 6- of Geo res 
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reinjectionlsurface disposal facility failure will probably consist of 

holding ponds capable of containing, at a minimum, several days total 

production, i .e. one-half million barrels or more ( 4 4 ) .  

Three methods for brine control under non-emergency conditions are 

under consideration ( 4 5 ) .  

Surface disposal of the brine Gulf Coast waters 

Reinjection of the brine into the original production formation 

Reinjection of the brine at a level below potable aquifers but 
above the production formation. 

Each has been examined in the published literature. One particu- 

larly important source of information on the potential technical prob- 

lems of subsurface disposal is the Proceedingo of the> Workshop on Sub- 
surface Disposal of Geopressured --'---- Fluids Gulf Coast, held at Louisiana 

State University on March 6-7, 1979. This workshop was the first, and 

apparently the only, attempt to address the problems of spent brine 

disposal in a comprehensive manner ( 4 6 ) .  ' 

- -- 

Surface Disposal ' 

Surface disposal of spent brines, i.e., dumping into the waters of 

the Gulf Coast, *should not present any major or unique technical prob- 

lems. That is not to say, however, that surface disposal would be an 

inexpensive or premissible procedure. The only conceivably allowable 

( 4 4 )  500,000 barrels or 11 million gallons represents approximate- 
ly 65 acre-feet. A holding pond to contain this volume would have 
to be 7 feet deep and cover nearly ten acres. 
( 4 5 )  fourth method, use of geopressured brines for process ap- 
plications such as pulp production, has also been mentioned. In 
practice this method only delays the disposal process. After pro- 
cess applications the fluids must still be disposed of in an en- 
vironmentally and economically acceptable manner. 
( 4 6 )  A summary of the major conclusions and recommendations 
developed at the workshop is given in the the paper "Subsurface 
Disposal of Geopressured Fluids: Potential Geological and Opera- , 

tional Problems with Recommendations for Disposal System Testing", 
by Ann L. Bachman , and C.G. Smith, presented at the Fourth United 
States Gulf Coast Geo ressured G e o t h e r m r  Ener 
Conference : W G r c h  a n m e l o p M : T e x a s ,  October & 

A 

- 
LJ - 

979, in press 1 
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method f o r  moving the br ine t o  the Gulf would be by pipeline,  as open 

channels would not environmentally acceptable. Such pipelines would have 

t o  cross  ex is t ing  pipelines and other  trapgportation systems tha t  run 

pa ra l l e l  t o  the  coast and would a l so  have t o  be constructed so as not t o  
adversely impact ecologically f r ag i l e  ba r r i e r  islands.  In  addition, the 

Gulf Coast i s  subject t o  extremely viOlent t ropical  storms and the l i n e  
would have t o  be capable of withstanding guch events (47). 

'cb, 

Final ly ,  disposal of brines i n  Texas and Louisiana waters would 

require  s t a t e  permits, as well as discharge permits under the Federal 

Clean Water A c t .  Piping of brine solutions in to  Gulf Coast waters i s  
already occur'ring as  part  of the  Department of Energy's S t ra teg ic  

Petroleum Reserve (SPR) Program, with flow ra t e s  of up . to one mil l ion 

bar re l s  per day anticipated (48). Thus surface disposal involves regu- 

la tory ,  i n s t i t u t i o n a l ,  and environmental questions ra ther  than purely 

technical ones. The br ine can be disposed of i n  the ulf  of Mexico; 

whether i t  w i l l  o r  should be permitted i s  the key que 
one major 

technical problem (other than pipeline coqstruction). There is substan- 

ement about the dispersion i n  the G Coast of SPR brines 

once they are releqssed from the pipeline ( 5 0 ) .  Although geopressured 

brines may not be of the same density,+tqmperature, and chemical compo- 

s i t i o n ,  many of t h e i r  dispersion charac te r i s t ics  may be s imilar .  Careful 

modeling and monitoring of the dispersion'plumes of SPB brines should 
provide useful  information fo r  evaluating the  movement of geopressured 

Adequate dispersion and d i lu t ion  of the waste f lu ids  i s  

(47) Conversation with Tom Gustavson, Bureau of Economic Geology, 
Austin, Texas, April 28, 1980. 
(48) Conversation with A 1  Waterhous: ;of the Office of S t ra teg ic  
Petroleum Reserves, New Orlcane, Louigiana May 1, 1980 and s i t e  
v i s i t  t o  Bryan Mound,'April 30, 1980. 

A t  present only the  Bryan Mound s i t e  is 'discharging in to  
a the  Gulf. Discharges are released i n  a batch mode, i .e. non- 

continuously, at the r a t e  of 200;OOO +*bar re l s .  er day. The br ine 

i t  is released through a number. o f .  pipeline d i f fusers .  The rated 

600 000 bbl/day. 
(49) The envir  t s  of b r i n e  d i s  sal i n  the Gulf are  
many and complex. These impacts are examined i n  d e t a i l  i n  the 
brine impacts chapter. 
(50) Conversations with A 1  Waterhouse, Larry de l a  Bretonne, and 
Brian Luckenow. 

brines 

i s  pumped from the  near shore s i t e  t o  twelve mi P es offshore,  where 
b capacity of the  l i n e ,  @ich haswnot yet been reached, is more than 

W- 
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, Information derived from .this monitoring and' modelling process 

could then be used to determine optimal diffuser design, flow rates, 

etc. 

Deep Reinjection 

Deep injectiQn (return of brine to its original depth) has a number 

of desirable characteristics. 

* Reinjection back into the production formation minimizes the 
adverse chemical or thermal impact of the brine on groundwater 
aquifers, surface ecQsystems, and other potentially environmentally 
sen$itive areas. 

The brine could possibly repressure the formation and improve the 
ultimate amount of brine and, therefore, methane produced. (51) 

Repressuring of the deep formation might offset some of the prob- 
lems of subsidence 

Nonetheless there remains one major consideration which probably 

precludes reinjection' of the brine to original depths; too much energy 

is required to pump the brine back ipto even a partially depleted res'er- 
voir. The Southwest Research Institute has investigated the energy 

requirements and has calculated that a well with an injection rate of 

25,000 bbllday, pump efficiency of 0.70, and a pump driver efficiency of 
0.28 requires the energy inputs shown in 'Figure 5. In the Johnson 
Bayou, for example, the methane content of the reservoir is estimated to 

be 15 to 20 scf/bbl and the injection pressure requirements would be 

about 2,900 psia or 16 scf/bbl, equivalent (i.e., reinjection would 

require the energy equivalent of 16 scf of methane gas) (52) This would 

(51) Sabodh K. Garg has conducted a computer simulation to, deter- 
mine the magnitude of recovery factor improvement from deep injec- 
tion. His article "Reinjection of Fluids into a Producing Geopres- 
sured Reservoir", presented at the Fourth Geopressured-Geothermal 
Conference, concluded that, "reinjection can be used to sukstan- 
tially increase methane and brine production", and that, [tlhe 
attractiveness of reinjection to.r$cover methane increases with 
increasing fqraqtion permeability, and decreasing formation 
compressibility." Under his most optimistic assumptions the es- 
timated increase in in-place methane recovered could be as high as 
ten-fold. This increase is adequate to more than offset the vastly 
increased energy demands of higher injection pressures. If high 
pressure gas stripping is used, net energy yields could be expect- 
ed to be even greater. 



LJ 

PUMPING PRESS' 

-61- 

. .  . .  L I .  

Equivalent Natural Gas Fuel Required to Pump One bbl of Spent Brine at 25,oOO bbVday 
&tC 82 VUi'0U.S VdUeS Of SUffaCC PtcssUre 

Source:Southwest Research Institute, 1980 . 
r 1  

I .  

' *  
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also be the case with aquifers containing high concentrations of methane 

per barrel of brine produced, because higher solubilities are most often 

associated with greater formation pressures. Other factor6 militating 
against deep injection of waste brines include the high cost of drilling 
a well into a deep geopressured aquifer, and the requirement that the 

producing reservoir must be partially depleted to prevent overpressuri- 

zation of the formationi by reinjection. 

Shallow Injection 

For the above reasons, shallow injection (above the production for- 
mation) of spent brines is the only disposal technology receiving seri- 

ous consideration. As with deep injection, it involves the drilling of 
one or more disposal wells per production well, but: unlike deep wells, 

drilling would only be to a few thousand feet. The technology for such 

wells can be taken directly from the oil and gas industry. Although 

repressuring of the water is necessary the disposal is into shallower, 

less pressured formations, so the energy requirements would be less 

(53). 
The technical factors to be considered in subsurface disposal 

i nc lude : 

* Existence of moderately saline (e.g. 10,000 ppm), hydrologically 
closed formations that are able to accept'large volumes of fluid 
for an extended period. 

Presence of faults that could allow fluid migration into potable 
aquifers or that could become seismically active. 

* Formation fracturing due to overpressuring. 

( 5 2 1  If the high-pressure, liquid-solvent separation procese 
proves feasible, then the wellhead pressure drop is less than 
under a conventional scheme and repressuring requirements de- 
creased. Since exact ressure drop values are not available, no 
uantitative estimates o! lower energy requirements can be made. 
753) Exact repressuring requirements would vary from site to site, 
but almost certainly be less than 1000 psia. This estimate 
assumes that high pressure extraction methods are not used. 

would 
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(L- 
.\ Migration of injected fluids within the formation and into other 

areas such as drinking water supplies. 

Compatibility of the injected brines with the rock and fluid in the 
recipient formation. 

' 

Scaling and corrosion of pipes and injection equipment. 

Decline in porosity and permeability because of suspended solid, 
chemical precipitants, or other contamination. 

Ray Wallace has investigated the availability of suitable subsur- 
face aquifers as recipient formations for geopressured fluid disposal 
and concluded, along with most of the participants in the workshop, that 
"sand volume in the interval -2,000 to -5,000 feet is adequate in the 
Gulf Coast for disposal of geopressured fluids. Regional studies of the 
availability of aquifers for dispoaial are not required" ( 5 4 ) .  

There is substantial evidence of the potential for fault activation 
and fluid migration along fault lines resulting ftom injection of 
fluids. Whether this will occur-ip the Gulf Coast, with its large 
number of growth faults,' is B matter of dispute. The high volume and 
possible high pressure injection rates associated with geopressured 
development requires that seisalic. monitoring should be conducted at 
geopressured sites ( 5 5 ) .  

A third effect of subsurface inje'ction is the potential for frac- 
turing of the formation. This could occur if the injection pressure of 
the brine exceeds the fracture pressure of the formation. This, in turn, 
could result in the migration of-the fluid into other formations that 
may contain oil, gas, or potable water. )Iowever, in an examination of 
this problem it was noted that fracturing and subsequent fluid migration 

( 5 4 )  Raymond 'H. Wallace, "Gulf Coast Geopressured-Geothermal 
Resources as Related to Hydrogeologic Characteristics of the Sub- 
surface System for. Disposal of Spent Brines," in Worksho 011 Sub- 
.__ surface Disposal .of Geopressured - -, Fluids -- G u l d  op.c?t7-, 

.4b. 
y55) Environmental monitoring'programs at Sweetlake ' and '.Brazoria 
#2 test sites include continuoue seifmic m?niforing devices. Tom 
Gustavson reported the occurrence of microseismic events at the 
Brazoria site following shut-in' tests at the site. 'Gustavson, 
Thomas C.; James Dorman; G.G. Sorrels; and Lee Wilson, "Environ- 
mental Baseline M o d  toring in the Area of General Crude 
Oil/Department of Energy Pleas Bayou Number 1--A Geopressured- 
Geothermal Test Well, 1978,'' presented at the United States Gulf 
Coast Geopressured/_Geothermal @et - ConfereiiEE@ZZFZK- - Development, Austin Texas October ai. 



i s  not l i k e l y  because: 6.' 
"(1) t h e  wells are not l i k e l y  t o  be placed near  s t r u c t u r e s  

l i k e  salt domes which can bound t h e  d i sposa l  aqu i f e r ;  

(2) abandoned, uncased wells o f t e n  plug n a t u r a l l y  
with impermeable c lays ;  

(3 )  f r a c t u r e s  do not extend f a r  upwards i n  t h e  
unconsolidated Gulf Coast sands; 

(4) [ t h e r e  exist1 n a t u r a l  hydraul ic  grad ien ts  i n  t h e  Gulf 
Coast the  near  sur face ;  

( 5 )  opera t ing  p rac t i ces  can reduce the  p robab i l i t y  
of overpressuring" ( 5 6 ) .  

Compatibil i ty of the  in j ec t ed  geopressured geothermal f l u i d s  with 

t h e  formation rocks and f l u i d s  is a matter of concern because incompati- 
b i l i t y  problems may reduce f l u i d  i n j e c t i o n  rates. Kharaka, Lico, and 

Carothers have examined t h i s  problem with respect  t o  the  f o p a t i o n  of  

cor ros ive  and s c a l e  products ($7) .  They conclude: 

'I The high s a l i n i t y ,  C 1  concentrat ions,  and temperatures 
increase  the  c o r r o s i v i t y  of geopressured geotheniial 
waters...however [ t h e  co r ros iv i ty l  probably w i l l  
be con t ro l l ed  by reac t ions  a t  cathodic  sites." 

and with respec t  t o  scale: 

r eac t ions  of these  waters. . .  i n d i c a t e  t h a t  
oxyhydroxides of i ron ,  c a r b m a t e s  of C a ,  S r ,  
and Ba, and s u l f a t e  of Ba  may p r e c i p i t a t e  from 
the  waters during production t o  form scale"  ( 5 8 ) .  

I 1  

Fina l ly ,  experience with subsurface i n j e c t i o n  as pa r t  of t h e  Stra-  

t e g i c  Petroleum Reserve provides valuable  information on decreases  i n  

formation poros i ty  and permabil i ty .  For d e t a i l s  on t h i s  work, conducted 

by t h e  Lawrence Livermore Laboratory, see:  Improving - t he  Performance of 
-1_--- Brine Wells a t  Gulf Coast S t r a t e g i c  Petroleum Reserve S i t e s ,  L.B. Owen 

Disposal of Geopressured F lu ids ,  Gulf 

K., Michael S. Lico, and W i l l i a m  W. Caroth- 
ers, Predicted Corrosion and Scale-Formation P rope r t i e s  of 
Geopressured Waters from the Northern Gulf of Mexico Basin," Jour- 
n a l &  Petroleum Technolo , February, 1980, pp. 319-324. 
T58) Ib id ,  pp. 3 2+ 
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and R. Quong, (eds. UCRL-52829, November 5, 1979. b- 
Production Maintenance and Well Workover - 

After a well has operated for a period of time remedial work on the 
production equipment, the well, and even the production formation will 
probably be required. This is particularly the case in geopressured 
geothermal operations because of the extreme pressures, temperatures, 
salinities, and brine flow rates encountered (59). Depending on the 
characteristics of a given well, the combination of these factors may 
create chronic erosion, corrosion, scaling, and formation damage. 

Since there is no long-term experience with production from 
geopressured geothermal wells, no opersting data on production mainte- 
nance and well workover requirements are available. However, years of 
experience with "conventional'' well operation can be extrapolated to the 
geopressured situation. Most commonly, the process of well workover is 

the job of a subcontractor expert in the field. The subcontractor's 
jobs, in addition to repair of sukface equipmnt, can involve a number 
of well workover activities: sand removal, liner removal, casing repair, 
plug-back, squeeze cementing, and drilling deeper. The workover crew 

may also be called on to perform remedial reservoir work such as acidi- 
zation or hydraulic fTacturing a i  the formation. 

Effects of sand production, Jpcluding perforation clogging, pipe 
clogging, and well casing damage, are often the most serious impacts 
requiring well workover. The procedures for sand cleanout and well cas- 

ing will be similar to those uged in "conventional" oil and gas 
well workover, except for the need to maintain a high pressure in the 
well to prevent blowouts. The prqcedures and materials (e.g., heavy 
mud) that were used in the drilling and completion operations on the 
well should be adaptable to well workover, and therefore, should present 
no major technological constraints. 

repair 

(591 The material in this gection is taken chiefly from A Primer 
of Oilwell Service Workover Petroleum Extension Servi'Fe 
University o f s  at -2nd. editiot), 1971). See especially 
chapter 5 , "Well Cleanout and Wgrkover." 
See also Appendix A "Non-Unique Drilling and Completion Technolo- 
gy", for descriptions of well fracturing and acidizing. 

-. 
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The very high flow rates, pressures,  and presence of moving sands 

may lead t o  formation damage and pore c losure  near t h e  wellbore. This 

damage would r e s u l t  i n  a decrease i n  t h e  flow rate at t h e  wellhead and a 

decrease i n  the  rate of energy ex t rac t ion .  Acidizing (used i n  limestone 

and dolomite formations) and hydraulic f r ac tu r ing  (used i n  sandstone 

formations) are t h e  main techniques f o r  "repairing" t h e  w e l l  formation. 

No mention of s p e c i a l  formation workover problems i n  geopressured wells 

has been found i n  the  ava i lab le  l i t e r a t u r e .  Presumably t h e  formation 

r e p a i r  procedures would be similar t o  those  used f o r  regular  o i l  o r  gas 

wells. 

Conclusions * The successfu l  production of methane gas,  at reasonable c o s t ,  w i l l  
be t h e  s ing le  most important f ac to r  determining t h e  v i a b i l i t y  of 
the resource. 

Production of u se fu l  amounts of energy from geopressured geothermal 
aqui fe rs  w i  11 present technological challenges,  but should not 
encounter major t echn ica l  roadblocks. 

Production of e l e c t r i c i t y  from geothermal heat and preSsure w i l l  be 
of secondary i.mportance i n - t h e  over,all energy production process. 

Disposal of spent b r ines  i n  an economic and environmentally s a f e  
manner w i l l  c o n s t i t u t e  t he  s ing le  l a r g e s t  res idua l  con t ro l  problem. 

* Experience from t h e  S t r a t e g i c  Petroleum Reserve ind ica t e  t h a t  
d i sposa l  of tens  of thousands of b a r r e l s  of f l u i d  i n t o  subsurface 
formations w i l l  r equ i r e  ca re fu l  monitoring and treatment of t h e  
br ines  t o  maintain i n j e c t i o n  l eve l s  f o r  extended periods. 

* Although c a r e f u l  preplanning i s  important, many problems, such as 
corrosion, s ca l ing ,  and formation damage, w i l l  not be solved p r i o r  
t o  large-scale production. 
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ENVIROWNTAL INTRODUCTION 

, 

The technology characterization port ion of t h i s  report described 

geopressured geothermal development as a hybrid, combining features  of 

both the conventional o i l  and gas and the geothermal industr ies .  The 

environmental impacts of resource development cons t i tu te  a s imilar  

hybrid. For example, s i t e  development impacts are most c losely analogous 

t o  o i l  and gas development; thermal "pollution" problems are  s imi la r  t o  

those encountered with geothermal energy f a c i l i t i e s ;  and, br ine disposal 

problems are  unique tQ geopressured geothermal aquifers.  This chapter 

reviews and assesses the pubtished work and expert opinion of individu- 

a l s  involved i n  geopressured geothermal environmental impact analysis 

and points t o  mitigation measures tha t  may prevent some of these 

impacts . 
The most prominent feature  of geopressured geothermal energy pro- 

duction i s  the vast  quantity of br ine t h a t  must be extracted from the  

ground (1). The major o r  "first-order" impact6 of geopressured geother- 

mal development are d i r ec t  consequences of t h i s  br ine production-- 

namely, subsidence and chemical e f f e c t s  of brine disposal (2).  Environ- 

mental impacts resu l t ing  from a i r  pol lutant  emissions, sol id  waste gen- 

e ra t ion ,  and other  a c t i v i t i e s  w i l l  be of second-order importance. 

The chapter is organized in to  four major sect ions.  One examines 

the complex and highly controversial  subject of reservoir  compaction and 

ground surface subsidence. Another i s  concerned with the ecological and 

environmental problems ar i s ing  from the disposal of "spent" brine.  A 

t h i rd  b r i e f l y  summarizes second-order environmental impacts, such as a i r  

pollutant emissions. And the  l a s t  investigates some of the pro and cons 

of offshore geopressured geothermal development ( 3 ) .  

(1) As'used here the term "brine" re fers  t o  f lu id  o r  l iquid ex- 
t racted from geopressured geothermal aquifers.  Use of the term i s  
not intended t o  imply tha t  Geopressured geothermal f lu id  i s  merely 
concentrated seawaterr; i t s  chemical composition can d i f f e r  
markedly from seawater. 
(2) Production by means of the rapid pressure drawdown process 
(RPD), described i n  the technology characterization sect ion,  W i l l  
not be spec i f ica l ly  considered i n  t h i s  chapter. RPD w i l l ,  however, 
almost cer ta in ly  have environmental impacts less than o r  equal t o  
conventional long-term high-flow production. Estimated conse- 
quences of high-flow production, therefore,  should serve as  an 
up e r  bound on environmental impacts. 
(3P Although not en t i r e ly  germane t o  a discussion of environmental 
impacts of resource development, ocean or  offshore development of 
the geopressured geothermal energy resource is receiving greater  
a t ten t ion  among researchers i n  the  f i e ld .  Offshore development 
en ta i l s  suf f ic ien t  environmental issues  t o  deserve inclusion. 
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Although some of the information presented i n  these  sec t ions  can be 

applied t o  s p e c i f i c  geopressured geothermal sites ( e spec ia l ly  t h e  

Pleasant Bayou No. 2 w e l l  i n  Brazoria County, Texas), t h e  emphasis of 

t h e  d iscuss ions  i s  on generic,  not s i t e  s p e c i f i c ,  i s sues  (4). I n  addi- 

t i o n ,  estimates of environmental cont ro l  cos t s  o r  t he  cos t  of environ- 

mental impacts t o  indus t r i e s  such as shrimp f i s h e r i e s  have not been 

included, l a rge ly  because few estimates are ava i lab le .  No i nves t iga t ion  

of t he  impacts t h a t  might occur i n  o ther  regions than t h e  Gulf Coast of 

Texas and Louisiana-most p a r t i c u l a r l y  t h e  geopressured regions of 

California--is included. F ina l ly ,  no '%nost l ike ly"  resource development 

o r  environment a1 impact scenarios are included. 

(4) For de t a i l ed  information on s p e c i f i c  sites the  reader i s  re- u- fered t o  t h e  bibliographies at the  end of each chapter. 
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CURRENT KNOWLEDGE OF THE POTENTIAL FOR SUBSIDENCE 

INTRODUCTION 

Questions Regarding Subsidence 

The potential for surface subsidence resulting from the removal of 
geopressured reservoir fluids is not known. Should subsidence occur, 

impact severity may be very high. A few important questions regarding 

subsidence include: 

* What are the relevant mechanisms of formation compaction and how 
are they related to the production drive of the reservoir? 

e How will compaction of the sediments in the producing formation 
translate through the overlying rock strata as surface subsidence? 

* How meaningful is our experience with induced subsidence resulting 
from shallow groundwater withdrawal and oil and gas production as 
an analogy to deeper geopressured aquifers? 

* In what specific areas of the Gulf Coast region is man induced sub- 
sidence geologically most likely to occur? 

In what areas would subsidence have the greatest environmental 
economic impact? 

and 

Strictly speaking, subsidence refers only to vertical ground move- 

ment. But any of three types of ground movement may occur following 
production of a geopressured reservoir: 

* subsidence or rebound of the surface (vertical movement only) due 
to reductions in fluid pressure underground; 

@ lateral or horizontal ground movement resulting from shifts in com- 
pact ing masses ; 

* movement along existing growth faults with surface expression. 

Subsidence may also be caused by thermal expansion or contraction of 

reservoir rock, although neither mechanism is considered important in 

the geopressured case. 
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Research Needs 

An ability to predict the magnitude and rate of subsidence on a 

site-specific basis will require increased knowledge in a variety of 

specialized areas including: 

the flow behavior of the liquid and gas (with gas in solution or as 
two separate phases); 

the compressibility of geopressured brine with gas in solution; 

the chemistry of granular deformation at elevated temperatures 
pressures and under conditions of decreasing pore pressure; 

the physical deformation characteristics of various types of reser- 
voir rock; 

conceptual models that adequately address not only the static state 
but also the longer-term, time-dependent changes that will follow 
reductions in pore pressure resulting from fluid withdrawal, and; 

and 

computer simulations that incorporate the above knowledge to 
predict magnitudes, and perhaps eventually, rates of subsidence. 

Figure 1 illustrates the variety 'of scientific disciplines that 

must be brought to bear on the problem of subsidence (1). As an example 

of the broad uncertainty that now exists, the reservoir drive, an essen- 

tial determinant of reservoir behavior and hence of both subsidence and 

resource production, may consist of: 

a a "rock drive" in which the added pressure of the overburden 
acts as a drive mechanism for gas and brine 
flow; 

pore spaces filled by brine due either to expansion of fluid con- 
tained in the pore spaces following pressure reduction, or to 
infiltration of brines from surrounding sediments; 

* brine in pore spaces replaced by gas evolved from solution or 
through expansion of the fluid, or; 

Tl) From Atherton, Fivnemore, Gillam, DeGance, Grimsrud, and 
Schainker, The Anal 81s of Subsidence Associated with Geothermal - Development - x l m e  September 1976 9 P. 1-60 

i 



Figure 1 Geothermal Subsidence as a Synthesis Across Many 
Fie lds  of Knowledge 

Source: Atherton, Finnemore, G i l l a m ,  DeGance, Grimsrud, and Schainker, 1976. 
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combinations of t h e  above. 

f producing a geopressured 

ions has not ,  t o  t h e  

bes t  of our rev ious ly  examin e 'uncer ta in ty  

rudent t o  spe he p o t e n t i a l  f o r  

subsidence following W D  production of methan increased a t  t en- 

t i o n  be focused on RPD productio hods, t h e i r  p o t e n t i a l  e f f e c t s  on 

subsidence w i l l  deserve add i t iona l  
- -  

Subsidence' i n '  

Subsidence is a gradual ly  occurring n a t u r a l  process ,  p a r t i c u l a r l y  

sedimentary basins  such as the  Gulf Coast in which sediments compact i n  

as the  pressure  of overlying s t ra ta  expels f l u i d s  from t h e  formation 

pores.  Natural ,  or background, subsidence i n  t h e  Gulf Coast has been 

measured by the  National Geodetic Survey f o r  about 40 years  and enough 

between n a t u r a l  and 'man-induc 
, . .  

ra tes '  of subsid t ' cou ld  have disast  

could increase  

. 

- The Analysis of Subsidence Associated with Geothermal Development, 

a s tudy .completed i n  .September.of I  by^ Atherton, Finnemore, G i l l a m ,  

DeGance, Grimsrud, and Schainker of S y s t d s  Control,  Inc.  f o r  t h e  

National Science Foundation, i s  s t i l l  up-to-date and serves as a source 

< '  u- 
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of much of the  following d iscuss ion  of compaction processes ,  t he  model- 

l i n g  of r e se rvo i r  behavior and subsidence,  and o n . s i t e  subsidencq moni- 

to r ing .  The series of Geothermal Subsidence Reports completed f o r  t h e  

Lawrence Berkeley Laboratory serve as an exce l len t  in-depth review of 

areas of knowledge and of uncer ta in ty  (2 ) .  Although intended pr imar i ly  

f o r  conventional geothermal resources ,  t hese  r e p o r t s  inc lude  frequent  

s p e c i f i c  reference t o  the  geopressured resourqe.  The Reike and Chil- 

ingar ian  volume, along with t h e  condensed vers ion  found as Chapter 2 of 

F e r t l ,  provides a d e t a i l e d  l i t e r a t u r e  review on t h e  physical  and chemi- 

c a l  processes of sediment compactign. Updated information on subsidence 

research ,  o f t e n  unpublished, can be found i n  t h e  minutes of the  Depart- 

ment of Energy/Industry Geopressured Geothermal Resource Development 

Program. 

Organization of  Subsidence Material 

This chapter  sys temat ica l ly  introduces subjec t  t op ic s  i n  t h e  fo l -  

lowing order .  F i r s t  a t runcated eqcplanation of t he  concepts and 

processes re levant  t o  an understanding of r e se rvo i r  compaction, along 

with t h e  s implifying assumptions uljed by t h e o r i s t s .  What exac t ly  does 

occur,  and what are t h e  l i m i t s  of our  knowledge of physical  and chemical 

r e se rvo i r  behavior following t h e  removal of br ine? 

A b r i e f  d i scuss ion  of conceptual models follows i n  o rde r  t o  i l l u s -  
I t ra te  t h e  use of concepts i n  a t tempting subsidence predic t ions .  

Next is a shor t  desc r ip t ion  of t he  r e s u l t s  of t h r e e  prel iminary 

at tempts  a t  p red ic t ion ,  one f o r  a generic  geopressured r e s e r v o i r ,  and 

two f o r  s p e c i f i c  s i tes .  

i 

I 

I A shor t  coverage of Gulf Coast geology es i t  p e r t a i n s  t o  t h e  sus- 
c e p t i b i l i t y  f o r  subsidence serves as a prelude t o  d iecuss ing  h i s t o r i c  

subsidence rates f o r  t h e  region. 

I 
I 
I 

(2) See footnote  109 f or  references and accompanying d iscuss ion  
i n  t h e  research s e c t i o n  of t h i s  chapter .  
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A section on techniques for subsidence prediction and monitoring 
follows in which: a) analytical techniques using surface end subsurface 
monitoring, as well as rock testing in the laboratory and computer simu- 
lation of laboratory results and, b) analogies from subsidence caused by 
other types of fluid withdrawal are explained. This section ends with a 
description of the subsidence monitoring plans (both baseline data col- 
lection and test phase) for current and planned DOE design wells. 

A sect ion on impact severity coqs iders envi ronment a1 and economi c 
that . could result from geopressured subsidence in the Gulf Coast, 

The section closes with an analysis 
loss 
with emphasis given to the former. 
of available subsidence.mitigation strategies. 

The subsidence research section discusses the improvements needed 
in the various areas of analytical monitoring and prediction, as well as 
the need for standardization of nomenclature and testing procedures for 

geopressured subsidence , -  research. 
The conclusions stress the need for rebearch and, above all, for 

site-specific data collection from design yells. Some researchers feel 
that, given adequate funding and rock samples for lab testing, a) verif- 
ication of existing theory and b) the ability to predict magnitudes, and 
possibly the rates of subsidence, may not be too many years away. 0th- 

ers feel that the theory itself has not evolved far enough to allow for 
rapid development of predictive ability. 

Subsidence is a technical area that borrows language from all of 
disciplines shown in Figure 1. Therefore a glossary is included as the 

Appendix C. 



Theory, Conceptual Modeling, and Estimation -- of Compaction and Subsidence 

Basic Concepts 

Thompson and Gray concisely explain the geophysical aspects of 

geopressured reservoir compaction from a rock mechanics viewpoint ( 3 ) :  

''In its most general terms the reduction of pore pressure 
in a geopressured reservoir will lead to an increase in 
the effective stress on the rock, and hence a compaction 
of this materi a1 with consequent reduct ion in permeability. 
Since the pressure change in the reservoir will not be 
uniform, and since in general the rock will be neither 
homogeneous nor isotropic, this compaction will be non- 
uniform. This increase in effective stress and the conse- 
quent compaction will induce non-uniform deformation of the 
immediately overlying strata which may be expected to in- 
duce shearing stresses.in.the rocks and, if the degree of 
compaction and the depth of the reservoir are of the right 
order, may induce surface subsidence." 

Figure 2 schematically illustrates the processes described above. 

One way to gain appreciation for compaction and subsidence 

processes is to consider the pertinence of the following concepts to the 
theory of rock and reservoir behavior. 

A porous medium has four essential characteristics: 1) the material 

is composed of both void space and solid matrix; 2) the specific surface 

area of the solid matrix is high; 3)  diameters of individual pore spaces 

are small relative to the lateral extent of the reservoir, and; 4) both 
the absolute and relative size of the pore spaces or voids are important 

to an understanding of behavior (4). 
Porosity and permeability are the two salient Characteristics of a 

porous The term poros- 

ity, given as a percent or fraction, is the ratio of fluid filled volume 
to total reservoir volume (fluid volume plus solid matrix volume). 

medium such as geopressured sandstone or shale. 

the 

Thompson'and Gray, p. 85. Figure 2 ap ears on p. 86. 
from Atherton , et al. p. 5-6. ti! Adawted See Appendix B for - -  

definitiohs of terms used in this Gection. 



-83- 

-Differential 
deformation of reservoir compaction 

around well holes 

RESERVOIR AND OVERRURDEN ROCK BEHAVIOR 
Compaction, permeability. porosity, and other rock parameters are functions of stress 

state, temperature, direction, strqss path, and time. .. - 

Figure 2 The effects of reservoir exploitation 

Source: Thompson and Gray, 1975. 
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Permeability can be roughly defined as a measure of the ease with which 

fluids (both liquids and gases) flow through the voids of the solid 

matrix. Both vertical and horizontal permeability are important proper- 
ties affecting reservoir behavior, although relatively little is known 

about the former. decrease 

as mechanical compaction of the formation occurs. Changes in porosity 

and permeability resulting from compaction depend, in part, on the rela- 
tive volume compressibilities of the matrix and the fluid. These changes 
will influence the production life of the reservoir. 

Porosity and permeability will both tend to 

Compaction with decreased porosity can also affect the relative 

permeability of €he reservoir. The result is a change in the relative 

abilities of exsolved gas and interstitial fluid to flow to the annulus. 

The anticipated alteration in relative permeability over the productive 

life of a reservoir is likely to become a major subject of laboratory 
research. Relative permeability plays a predictive role in determining 
the type of reservoir drive, the total quantity of natural gas recover- 

able, and the pressure decline profile for the producing life of the 
aquifer ( 5 ) .  

Effective stress is defined as the pressure of the overlying rock 
strata (including interstitial fluids within the strata) minus the pore 

pressure of fluid within the compacted reservoir rocks. The effective 

stress increases during compaction resulting from a reduction of pore 

pressure with a constant overburden load. Unfortunately, the tempting 

simplicity of the effective stress concept may render it inapplicable 

under certain reservoir loading conditions. 

Reservoir response to the increase in effective stress depends on a 
variety of factors, the relative importance of which is a matter of con- 
troversy. The more coarse or angularly-grained the rock material of the 

compacting formation, the more likely that grain deformation will occur. 
Porosity and permeability may both or individually be reduced, or there 

may be no effect on either reservoir property. 
Scott has expanded the static theory of effective stress into the 

principle of dynamic seepage stress through studies of groundwater 
withdrawal-induced subsidence in California's San Joaquin Valley (6). 

(5) See Atherton et al. Chapter 3. 
(6) Ibid, pp. 4-6 to 4-7. 
stress concept to groundwater withdrawal, see Lofgren, 1968. 

For application of the dynamic seepage 
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Lj This theory incorporates the dynamic aspects of compaction, as as 
biaxial rather than uniaxial system stresses. The compaction of well- 
sorted formation grains is the result of the frictional drag of moving 

well 

c 

I 

LJ- 

water. 

A number of other stresses are relevant in examining compaction. 
The most important of these are the horizontal stresses of either a 
compressional or a tensional nature. The magnitude and relevance of 
these stresses to compaction is dependent on the nature of the load 
experienced by the strata laterally adjoining the reservoir. 

Compressibility, cementation, and preconsolidation are three rock 
properties of importance to the anticipated behavior of reservoir rock 
experiencing reduced pore pressures. Other factors of importance 

include formation age and grain size (7 ) .  

- Compressibility is the change in any measure of volume per unit 
change in the effective stress of the system (8). Both brine and rock 
matrix compressibilities are parameters of interest in studying compac- 
tion. Compressibilities are often represented as the slope of curves 
relating void ratio to the Log of the effective stress (or applied 
pressure), Figure 3 shows empirical results for a variety 9f sand and 
clay compressibilities. 

Cementation refers to the degree of consolidation of the granular 
material of the porous rock. The integrity or competence of a formation 
rock will be directly related to the degree of cementation. A well 
cemented formation matrix indicates that the reduction in fluid pressure 

the 

. .  

and the resulting increase in effective stress can be borne by the 
matrix with relatively little deformation, 

The stage of advancement of this background process is determined 
through laboratory study of formation core ssmples. toucks, Richmann, 

and Millikan, and Chilingarian and Rieke note the complex qf factors 
such as the history of reservoir fluid chemietry, and the history of 
cementation, causing possible chemical alterations of the brine during 

7 7 )  Larger grains'may easily undergo defopation and reaTrange- 
ment; smaller grained material has a relatively lower porosity and 
requires a higher threshold pressure €or significant granular de- 
formation to occur. The relative age of geopressured sediments 
and thei? geographic occurrence is discussed below under Sub- 
sidence 2 the Gulf Cohst. 
(-herton, et al. p. 4-13. 
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resource production ( 9 ) .  Some preliminary work has been done, but i t  i s  

unwise genera l ize  from d a t a  on one o r  two wells as t o  t h e  degree of 
cementation of a l l  geopressured strata.  Ken Gray notes t h a t  i n i t i a l  

core  samples from t h e  Pleasant Bayou, Brazoria County w e l l  are more 

highly cemented than  had been expected (10). 

t o  

- Preconsolidation relates the  deformation proper t ies  of t he  matrix 

material of t h e  r e se rvo i r  through the  theory of e l a s t i c  (11). 
Figure 4 i dea l i zes  the  behavior of rock t h a t  i s  subjected t o  pressure,  

re leased ,  and then  again loaded. The curves show t h e  void r a t i o  as a 

function of t h e  pressure (12). Several cycles of compression are i l l u s -  

t r a t e d  so t h a t  t he  maximum pas t  in te rgranular  pressure (preconsolidation 

stress) can be determined. Rock samples a re  loaded t o  f a i l u r e  i n  the 

lab  i n  order  t o  determine t h e  onset of "virgin compression." 

behavior 

Elastic behavior i s  a component of most models of compaction and 

subs idence , its' a p p l i c a b i l i t y  i n  cases of gradual r a t h e r  than 

rapid loading has been questioned (13). E l a s t i c  deformation, as the 

term suggests, incurs compaction t h a t  is  r eve r s ib l e  following unloading. 

I n e l a s t i c  deformation r e s u l t s  i n  i r r e v e r s i b l e  d e f a m a t i o n  of the matrix 

material. Permanent deformation w i l l  p e r s i s t  desp i t e  la ter  reductions i n  

loading pres sure.  

although 

79)  Loucks, RichmaFn, and Mill ikan, ','Factors Controll ing Porosity 
and Permeability i n  Geopressvred F r i o  Sandstone Reservoirs, Gen- 
eral. Crude Oil/DOE Pleasant Bayou Well, Brazoria County, Texas," 
and Chi l ingar ian  and Rieke, i n  F e r t l ,  Abnormal Formation - Pres- 
su res ,  e spec ia l ly  pp. 67-80. 
W T e l e p h o n e  conversation with Ken Gray, Ju ly  9 ,  1980. 
(11) This d i scuss ion  of preconsolidation is based on Atherton, e t  
a l .  pp. 4-15 t o  4-16, and on Riecke and Chilingarian,  1974, pp. 
118-120. 
(12) The void r a t i o  i s  a means of expressing t h e  poros i ty  of rock 
material. The void r a t i o  i s  defined as t h e  volume of pores divid- 
ed Thus t h e  void r a t i o  ( e )  and porosity 
($1 are r e l a t e d  by: 

by the  volume of so l id s .  

The void r a t i o  i s  he lp fu l  i n  graphing porosity r e l a t i o n s  r e s u l t i n g  
from compaction tests because only t h e  numerator of the f r a c t i o n  
va r i e s  . 
(13) Telephone conversation with Ken Gray, Ju ly  9, 1980. See the  
following subsection on problems with t h e  theory. 
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1 \ 

_ .  

Log Pressure 

Figure 4. Schematic Variation of Void Ratio With 
the Logarithm of Effective Stress, 
(Modified after Riecke and Chilingarian, 
1974) 

Source: Atherton, Finnemore, Gillam, DeGance, Grimsrud, and Schainker, 1976. 

. 
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W -  I n  Figure 4 elastic and ine l a s t i c  behavior is i l l u s t r a t e d  with suc- 

cessive (1) , 'rebdund (2) , and recompression ( 3 )  curve seg- 

ments indicat'itlg t h a t  the net compression f o r  the f i r s t  cycle of loading 

and p a r t i a l  rebound equals the v e r t i c a l  d i s t  ce between points A and B. 

The s l i g h t  increase i n  the slope Of curve segment (2) accompanying pres- 
sure  reduction i s  the p a r t i a l  rebound from compression. The more elas- 

t i c  the  compression behavior, the s teeper  the slope of t h i s  curve. Thus 

deformation along the l i n e  segment AB i s  ihe l a s t i c  and hence non recov- 

i l e  deformation t d  the le f t  of AB' is e l a s t i c  and p a r t i a l l y  
recoverable. The s imilar  ehapes of the' loading curves (1) and ( 3 )  indi- 

ca te  tha t  non-elastic deformation d6es not occur unless the greatest  

previ ous ( preconso li da t ion) 6 tress is exceeded. The onset of loading 

pressures above those of preconsolidation, represented by deformation 

along the segment AB, results i n  ine l a s t i c  behavior and hence v i rg in  

compression yielding of the matrix material  . The preconsolidation 

stress is empirieally repres by an abrupt change in ' t he  slope of 

ef feckive stress is  increased beyond 

compression 

0 

b 

cessive compression eutv , I  

point B .' 

Problems'with the Theory 

' .  

This subsection r e l a t e s  several  'strands of theory"to the  uncertain- 

t ies  The a i m  i s  to  i l l u s t r a t e  the range 

of uncertainty as w e l l  a s  the in te r re la ted  nature o f .  the  factors  tha t  

determine the probabili ty,  type, and severi ty  of both reservoir  compac- 

t i o n  and surface subsidence. 

and gaps i n  present knowledg 

The theory of e1asticity;the rapidi ty  o r  lag e f fec t  tha t  may 

characterize the onset of subsidence, and the  order of the processes 
thought t o  have formed geopressured sones are  a l l  intimately connected. 

E la s t i c i ty  holds tha t  a given level of f lu id  pressure reduction 

(and correspondingly increased stress :in *the s o l i d  matrix of the produc- 

ing formation) must o,ccur before i r revers ibk!  compaction w i l l  occur. I n  

e f fec t  there is  a threshold pore pressure leve l  below which the resul t -  

ing increased ef fec t ive  matrix s t r e s s  w i l l  induce i r revers ib le  

theory 

LJ -- 
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compaction. 

Even i f  t h i s  region of v i r g i n  compression y i e ld ing  does e x i s t ,  can- 

pact ion of geopressured sedilnents would not  necessa r i ly  occur rap id ly  

following i n i t i a l  reduct ion  i n  pore pressure.  The onset  of v i r g i n  

compression y ie ld ing  i s  a func t ion  of tbo p r i o r  loading h i s t o r y  of the  

strata of the  producing zone. The g r e a t e r  t h e  former stresses exceed 

cur ren t  stresses, the  g r e a t e r  the  dec l ine  i n  f l u i d  pressure  t h a t  is 
required t o  i n i t i a t e  compaction. Conversely, i f  the  present  e f f e c t i v e  

stress on the  s o l i d  matrix is as g r e a t  as any previously experienced, 

compaction may commence r ap id ly  following f l u i d  withdrawal. Kreifler 

be l ieves  t h a t  the  latter s i t u a t i o n  i s  a co r rec t  desc r ip t ion  of t he  load- 

ing h i s t o r y  of geopressured formations (14). 

A s  Atherton notes ,  a p r i o r  condi t ion  of g r e a t e r  loading could only 

have occurred given e i t h e r :  a )  a t h i c k  l aye r  of sediment t h a t  has s ince  

been eroded from t h e  su r face ,  or b) t h e  compaction of sediments a t  depth 

under f u l l  g e o s t a t i c  loads p r i o r  t o  the  formation of the  geopressured 

zones. The f i r s t ,  i s  h ighly  unl ike ly  given our knowledge of Gulf Coast 

geology; t he  second p o s s i b i l i t y  can not y e t  be addressed. 

An add i t iona l  f a c t o r  i n  magnitude and rate of formation compaction 

i s  underburden competence, Normally-pressured s t ra ta  show a decrease i n  

poros i ty  with depth. Figure 5 shows t y p i c a l  depth t o  poros i ty  r a t i o s  

and i l l u s t r a t e s  t h e  sudden sharp  poros i ty  increase  t y p i c a l  of t he  upper 

bound onset of the  geopressured zone. Poros i ty  w i l l  normally again 

decrease wi th  depth through t h e  geopressured zone, although small l o c a l  

poros i ty  increases  have been found over r e l a t i v e l y  small depth i n t e r v a l s  

i n  geopressured sediments (15) .  

According t o  Doscher e t  a1 (16): 

(14) See Atherton et  a l .  volume 2,  pp. 2-85 t o  2-86. 
(15) Ib id ,  pp. 2-82 t o  2-84. 
(16) See Doscher, Osborne, Wilsoq, Rhee, Cox, and Kvuskraa, p. 
1505. 

cl 
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"If the leaching [of the formation] occurred before 
geopressuring, it suggests that the reservoir was open 
to the flow of fluids after cementation had occurred 
and only later became sealed ... Alternatively, if sealing 
and cementing did occur early, then the consequent solution 
of cement and silica could have been triggered by 
burial to some depth where the temperature rose to a 
value sufficient to activate the solution mechanism. The 
resulting solution of mineral constituents could have led 
to sufficient reorientation of the same grains so that 
some of the overburden pressure was transferred to the 
fluid within the reservoir. 
formation would be less than usually anticipated for a 
geopressured reservoir ..." 

The compressibility of the 

Thus the rate and magnitude of subsidence, the existence of free inter- 

stitial gas, and the applicability of elasticity theory may all be par- 

tially dependent on the geologic history of overpressured zone forma- 
tion. 

Models of Compaction and Subsidence - 
Because the validity of many of the simplifying assumptions used in 

most compaction and subsidence models is unverified, it is as yet 

unclear, particularly for the geopressured case, which conceptual model, 

if any, will provide accurate prediction (17). The following paragraphs 
briefly review several conceptual models that are used together, first 

to derive reservoir compaction coefficients, and then to obtain sub- 

sidence figures (18). Compaction models are usually based on either 

Terzaghi's theory of effective stress or on Scott's dynamic seepage 

(17) The majority of compaction and subsidence models are designed 
to replicate the geophysical processes resulting from the rela- 
tively shallow withdrawal of *groundwater, ,petroleum, and geother- 
mal fluids (the latter without exsolution gas). See Table 5 in 
the "Prediction through Analogy" subsect ion below for a comparison 
of the important subsidence-related characteristics in representa- 
tive cases of groundwater, hydrocarbon, geothermal, and hypotheti- 
cal geopressured fluid withdrawal. For listings and discussion of 
computer simulations as well as theoretical presentations of com- 
paction and subsidence computations, see Miller, Dershowitz, 
Jones, Myer, Roman, and Schauer, Simulation of Geothermal Euk- 
sidence, 1980, and Proceedings: Second -- InternaEonXl Conference on 
Land Subsidence, 1975. 
Tlv Computational, as opposed to conceptual, models are discussed 
briefly in the simulation subsection of this report that appears 
under - Techniques -- for Subsidence - Prediction and Monitoring. 
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stress theory. The subsidence and compaction models presented below, 
for convenience, are based on the former, analytically simpler model. 
Two frequently used methods for calculating compaction using a minimum 

of reservoir data are discussed. 
Most models of reservoir compaction and of subsidence begin with a 

common set of simplifying assumptions (19), It is customary to assume 
that (20) : 

a the reservoir shape can be approximated by a disk of a given height 
(reservoir thickness) and diameter (average of the areal extent of 
the reservoir); 

* 
Q) isotropy (elastic properties of the matrix independent of direc- 

the reservoir material is homogenous; 

tion) exists throughout the reservoir; and 

linear elasticity (strain is a linear and single-valued function of 
stress; i.e., loading and unloading curves ore identical and are 
straight lines). 
Kreitler and Gustavson's compaction estimates are based on two fre- 

quently used compaction computations (21). One approach is based on the 
specific storage of the reservoir rock (22). This value is estimated 
empirically and then used with the formation thickness and the antici- 

* 

pated pressure decrease to arrive at a formation compaction estimate. 
The second method is based on the chenge in porosity of the reservoir 
rock resulting fr& fluid withdrawal (23). 

(19) This discussion of mo$els is adapted from Atherton, Fin- 
nemore, Gillam, DeGance, Grimsrud, and Schaipker, 1976, with foot- 
noted inclusions from Thompson and Gray, 1976, Van Til, 1979, and 
others. 
(20) Thompson and Gray; p. 88. 
(21) See the subsection entitled Estimates of Geopressured SI&- 
sidence for Kreitler and Gust~vson's subsidence results. 
(22)he first method of compaction evaluation uses the following 
formula with the specific storage coefficient value from Papadgpu- 
los, et al., 1975: 

1 

Am = Ss A h  m change in clay thickness 
- 

Ss = epecific storage Ah = pressure decline. 
m = clay thickness 

(23) The second method estimates compaction through the 
decrease in reservoir porosity: 

long-term 
W -  

h = & m  

m clay thickness. 
A4 = change in porosity. 
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This parameter can be estimated given information on the antici- 
pated pressure decline and the initial overburden pressure gradient. As 

with Kreitler and Gustavson's results, the magnitude of pressure 
decrease is varied so that a range of compaction figures are derived, 
each linearly associated with a different rate of reservoir drawdown. 

Geertsma developed the uniaxial compaction coefficient, an expres- 
sion that summarizes several important parameters (24). This coeffi- 
cient may be overly simplified for geopressured use, however. The 
assumption of elastic behavior results in computing vertical stresses as 
three times the horizontal stresses (25). Elastic behavior may be more 
representative of shallow rock, such as at the Groningen Gas fields of 
Holland for which the coefficient was first developed (26). 

Gabrysch develiped a concept for relating compact ion of shallow 
groundwater aquifers to surface subsidence (27). Whether this model can 
be usefully applied t o  deep overpressured formations is questionable. 
The model relates past subsidence to the decline pressure head of the 
reservoir, and to the percentage of clay in the producing zone in order 
to derive an empirical relationship for subsidence prediction. Gabrysch 

(24) For an explanation of the uniaxial compaction coefficient, 
see Thompson and Gray, pp. 88-89. Vertical compaction estimates 
are based on: 

in which c is the uniaxial compaction coefficient, given by m 
c =: (l-P)(1-2~)+2p(l-v) , with m 

= the ratio of the rock matrix to the rock 
bulk compressibilities 

v the bulk shear modulus (a collection of 
properties that define the shearing act ion 

of the rock as a whole) 

p = the bulk Poisson's ratio. 
-1 

The uniaxial compaction coefficient has dimensions of psi ; pres- 
sure units cancel yielding a magnitude of vertical compaction dis- 
tance. Poisson's ratio is an elasticity constant. 
(25) This crucial assumption is embodied in Poisson's ratio. 
(26) Geertsma, "Land Subsidence above Compacting Oil and Gas 
Reservoirs," 1973. Thompson and Gray, p. 94, also discuss the 
possible inapplicability of Geertsma's formulation for geopres- 
sured. 
(27) Gabrysch, "Land Surface Subsidence in the Houston-Galveston 
Region," 1970; also 1975 and 1977 papers. 
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simplifies the overburden characteristics so that compaction and sub- 

sidence consitute a direct and rapid response to pore pressure declines. 

While this may describe the behavior of groundwater aquifers, greater 
analytical complexi ty is required to describe subsidence above a 

geopressured reservoir. 
An important factor in geopressured subsidence in the Gulf Coast, 

faulting, is excluded from these conceptual models (28). The role of 
faulting in determining the magnitude and the shape of the surface sub- 

sidence expression is not well vnderstood. 

Estimates of Geopressured Subsidence 

Three groups of researchers have used combinations of the existing 

couipaction, overburden, and subsidence models to predict vertical ground 
movement above either specific or hypothetical Gulf Coast geopressured 

reservoirs. These estimates are subject to wide ranges of error and 
should not be used as the basis for subsidence policy. As the research- 

ers themselves are quick to admit, the main value of these estimates is 
ineexploring the sensitivity of the results to various assumptions con- 

cerning rates and magnitudes of reservoir compaction and the relation of 
that compaction to surface subsidence. 

Wallace, 
Wesselman, and Taylor in 1975 (29). These USGS researchers assess two 

different production rates of pressure drawdown to derive "crude esti- 
mates" for subsidence above a hypothetical "representative" geopressured 

reservoir. The estimates represent upper bounds. Assumptions common to 
both sets of estimates are that: a) there is full reservoir compaction 

(the full decrease 'in effective stress resulting from pore pressure 
reduction is translated into deformation of the solid matrix), and b) 
that this compaction of the reservoir 1s expressed 1-for-1 as surface 
subsidence . 
(28) See the discussion of' simulation in the Techniques for sui- 
sidence Prediction and Monitorin section. 
Tzv) See '"Assessment o Ons ore Geopressured Geothermal Resources 
in the Northern Gulf of Mexico Basin," in ~ . S . ~ . ~ .  Circular 726, 
pp. 136-138. 

The earliest estimates appear to be those of Papadopulos, 

--+ -- 
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Under Plan 1, fluid is removed from the reservoir using several 

wells at a combined rate of 0.15 m per second (about 81,000 barrels per 
day). Over 20 years the average subsidence ranges from 5 to over 7 

meters for Plan 1. Under Plan 3, in which fluid withdrawal rates are 

restricted, the average subsidence at the surface is 1 meter. (Plan 2, 

production with an intermediate rate of reservoir pressure reduction, 

was not used for subsidence calculations). 

3 

In 1976, Kreitler and Gustavson estimated the subsidence that might 

occur at the Armstrong field, a fairway in Kenedy County, Texas (30). 

Compaction is first calculated with two different methods using a range 

of pressure decline values. With the first compaction calculation, 
Kreitler and Gustavson's order-of-magnitude estimates for three wells 

range from lows of 1.6, 2.6, and 3.4 meters at a pressure decline of 100 

psi, to 16, 26, and 34 meters at pressure declines of 1000 psi. Reser- 
voir clay thicknesses for each well are 70, 113, and 146 meters, respec- 
tively. The magnitude of compaction and the pressure decline are 

linearly related (31). 

The second compaction computation, using a different method, yields 
far lower figures. With identical clay thicknesses, the compaction fig- 

ures are 0.7, 1.1, and 1.5 meters at a pressure reduction of 100 psi. 

At 1,000 psi the comparable figures are 3.5, 5.7, and 7.3 meters (32). 
The authors use Geerstma's theory of poroelasticity to translate 

reservoir compaction into subsidence. Geerstma's percentages are used 
to relate subsidence to the depth and type of overburden (33). The fig- 

ures for subsidence for each of the wells (again the same clay 

thicknesses and the same range of pressure declines), for compaction 

methods 1 and 2, respectively, range from: 0.6 to 5.9 meters and 0.3 to 

1.3 for the first well; from 1.0 to 9.6 meters and 0.4 to 2.1 meters for 

the second well; and from 1.3 to 12.6 meters and 0.6 to 2.7 meters for 
the third well (34). 

(301 See Kreitler and Gustavson, pp. 25-32. Also the Models Cog- 

(31) Ibid, Table 1, p.28. 
(32) Ibid, Table 2, p.30. 
(33) Geertsma, 1973, p. 740. 
(34) Kreitler and Gustavson, Table 3, p. 31. 

section of this report , p a r t i c u v f i o t -  
details of these two computations. 

LI 
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u Kreitler and Gustavson express no concern about the use of 
Geertsma's poroelasticity theory, and Gustavson has recently stated that 
the theory is still the best available for estimating (35). 
In regard to the wide variation in compaction estimates attributed to 
each method, Kreitler and Gustavson comment: 

subsidence 

"A more accurate estimate for reservoir compaction will be 
known only when mudstone compressibilities can be deter- 
mined experimentally with actual core material ... 
different approaches, however, suggest that some mudstone 
compaction should be expected when pore pressures are lower- 
ed significantly within the reservoir" (36). 

The 

ri 

A third set of subsidence estimates has recently been made for the 
Lawrence Berkeley Laboratory by Earth Sciences Associates (ESA) . These 
unpublished, hand-calculated subsidence estimates for four geopressured 
aquifers are part of an exercise intended to determine the magnitude of 

problems now encountered by researchers estimating subsidence (37). 
This effort includes an attempt to identify those compaction and sub- 
sidence concepts that are most pertinent to geopressured subsidence 
assessment. The results are only preliminary. 

The Phase 1 report of EDAW-ESA identifies four geopressured pros- 
pect areas intended to be representative of the range of reservoir, 
overburden, and surface characteristics likely to be found ia Gulf 
Coast. The reservoirs include two in Texas, the Austin Bayou Prospect 
(Brazoria Fairway) and the Cuero Prospect (DeWitt Fairway); and in 
Louisiana, the Gladys McCall Prospect and the S,E. Pecan Island Prospect 
(38). 

the 

two 

The subsidence estimates of ESA were derived using: a) a compaction 
model simila o method 1 of Gustavson and Kreitler that relates sand- 
stone compressibility and pressure decline to compaction, b) Terzaghi's 

(35) Meeting with Peter Deibler and Tony Usibelli, April 28, 

(36) Kreitler and Gustavson, 

(38) See EDAW-ESA, 1980, p.1. Also Newchurch Van Sickle, Bach- 
man, Bryan, Harrison, Muller, and Smith, 'A Comparison of Six 
Geopressured Geothermal Prospect Areas in the Louisiana Gulf Coast 
Region on the Basis of Potential Environmental Factors," 1979. V -  This paper discusses the potential for impact, should subsidence 
occur, at the S.E.  Pecan Island Prospect. 

I 1980. 

(37) Telephone Conversation w Lee, ESA, July 17, 1980. 
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theory on the compressibility and de-watering contribution of the shales 
within and adjacent -to the reservoir strata, and c) Geertsma's poroelas- 

ticity thepry.<to translate compaction into subsidence. ESA found ~ con- 

ceptual .problems It is ques- 
tionable whether Terzaghi's theory of the behavior o f -  strata within 

in-applying the second and third models. 

several hundred feet of the earth's surface is applicable at great 

depths; poroelasticity theory assumes linear elastic behavior that may 

not be characteristic of rock behavior in overpressured+zones. 

Subsidence estimates are calculated for two sets of assumptions. 

First, assuming relatively low compressibilities for both the reservoir 
rock and the adjacent shales, subsidence'ranges from about 0.02 to 0.2 

meters for the four prospect areas. The second set of assumptions, 

sandstones of low compressibility but highly compressible shales, yield 

subsidence figures ranging from about 0.1 to 1.3 meters. A third set of 
tions based on highly compressive sandstones and shales should be 

considered until early experimental results indicating low sandstone 

compressibility can be verified (39). 

All of ESA's estimates are substantially below those described 

above. These estimates will now be used as the basis for designing a 

research program for in-situ and laboratory analysis aimed at answering 

such questions as whether: a) shale dewatering is relevant to reservoir 

tion, b) the poroelasticity theory is applicable to geopressured, 

subsidence effects wiil take place rapidly upon fluid withdrawal 
- 1  . I  

or if substantial lag times may be involved (40). 

Subsidence in the Gulf Coast ---- 

Gulf Coast Geology and its Relation to Subsidence Potential 

(39) Telephone conversationwith,Linda Lee, ESA, July 17, 1980. ' 

Measurement of Brazoria cores tested in the lab by Ken Gray of the 
University of Texas indicate compressibilities lower than antici- 
ated. 

f 4 0 )  Telephone Conversation with Linda, Lee, EhA, July 17, 1980 i 
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The sedimentary depositional processes of the Gulf Coast encourages 
natural subsidence, Rivers provide pillions of tons of silt per year, 
increasing the total depth of sediments, increasing loading pressures, 
and causing compaction. The Gulf Coast geosyncline is up to 60,000 feet 
in depth; compaction and diagenesis leach fluids from fhe deeper sedi- 
ments and, unless counterbalanced by the deposition of new sediment, 
surface subsidence results. Syndepositiopal growth faulting increases 
with the most southerly sediments. Figure 6 illustrates the extensive 
growth faulting zones that parallel the Gulf Coast (41). The upper 
boundary of the geopressured,zone usually increases with the age of the 
sediment. Wallace notes that’’the potential for subsidence is greater in 
the Miocene formations of the Louisiana geopressured zone than for the 
older formations underlying the onshore area of Texas (42). 

: While assessing the causes of subsidence in the Gulf Coast in an 
to establish a baseline collection of data prior to geopressured 

fluid production, Newchurch et al. note that vertical movement in coa- 
stal Louisiana can be attributed to: 

* regional subsidence from sedimentary loading aqsociated with 
downwarping, compaction procesees, and tectonic processes; 

* subsidence from a1 of hydrocarbons and groundwater; 

local subsidence re shallow salt and sulfur mining; 

* subtle and frequently undetected subs ence resulting from hydro- 
carbon and formation water productio from deep but normally pres- 
sured reservoirs, and; 

subsidence resulting from volume reduction of soi ls  due to oxida- 
tion, dehydration, and erosion (43). 

(411 For brief overviews of Gulf Coast geology and theorized 
processes for geopressure formation, see: Newchurch, Br an, Ilarri- 

Rehage, in UCRL-13913, pp. 97- 88, and; Atherton et al. Volume 2, 
pp. 2-71 to 2-87. This discussion is based on these two sources, 
as well as Jones‘ paper in the First Geopressured Geothermal 
Conference Proceedings, and the geology overview section of this 
report. 

son, Muller, Wilcox, Bachman Newman, Cunningham, Hi I ding, and 

(42) See Wallace’s comments in Strongin, 2 Final Re ort - Issue Pa- 
per on Geo ressured Resource gevelopment cri teria*In= mn- 

1 Newchurch, et al. (see footnote 41 for the full reference), 
pp. 91-92. 

cent --+ ives , u- 
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4 J  Local and reg iona l  shear f a u l t  6 ,  along with impermeable caprocks, 

are thought t o  form t h e  boundaries of t h e  confined geopressured 

aqui fe rs .  I f  these  f a u l t s  have sur face  expression, they probably play a 

major r o l e  i n  determining the  volume of the  overburden t h a t  d i r e c t l y  

loads t h e  r e se rvo i r ,  as w e l l  as the  subsidence p r o f i l e  a t  the  surface.  

Shear f a u l t s  may be responsible f o r  lateral  s h i f t s  so t h a t  t he  sub- 

sidence bowl may not be d i r e c t l y  over t h e  reservoi r .  Angular f au l t i ng  

may a l s o  r e s u l t  i n  a complex interbedding of overlying formations t h a t ,  

due t o  increased s t r u c t u r a l  i n t e g r i t y ,  may l i m i t  t he  magnitude and 

ex ten t  of d i r e c t  compaction o f - t h e  overlying formations. See Table 5 i n  

the  subsidence analogy subsection of t h i s  report  for  a comparison of 

re levant  f ac to r s .  The presence of t he  f a u l t s ,  however, may increase 

subsidence p o t e n t i a l  but l o c a l i z e  t h e  e f f e c t s  by bounding t h e  dimensions 

of t he  subsidence bowl. 

It has been suggested t h a t  t h e  cemented caprock a t  the top  of t he  
geopressured zone may be of s u f f i c i e n t  thickness and i n t e g r i t y  t o  s ign i -  

f i c a n t l y  l i m i t  t h e  por t ion  of r e se rvo i r  compaction t r ans l a t ed  t o  the  

surface.  L i t t l e  i s  known about t h i s  caprock or of i t s  a b i l i t y  t o  inhi-  

b i  t subsidence (44). 

, I  

H i s t o r i c a l  Rates of Subsidence 
, I  

H i s t o r i c a l  Rates of Subsidence 

Preliminary mappings are ava i l ab le  f o r  rates of reg iona l  Gulf Coast 

subsidence r e s u l t i r g  from t h e  combined e f f e c t s  of the  non-geopressure 

geothermal proc Figure 7 maps t h e  e leva t ion  changes. 

Figure 7 i nd ica t e s  background subsidence (both na tu ra l  and man-induced) 

of up t o  5 mm/yr i n  both t h e  New Orleans area of Louisiana and the  

Houston-Galveston area of Texas (45). 

e's l i s t e d  above. 

& The c o l l e c t i o n  of extensive bs se l ipe  sidence d a t a  f o r  t h e  areas 
surrounding d r i l l e d  and plaqned geopressured w e l l s  i s  j u s t  beginning. 

a Data c o l l e c t i o n  is scheduled t o  commence i n  l a t e  1980 o r  e a r l y  1981 f o r  

t he  Parcperdue, Sweet Lake, and LaFourche Crossing prospects of Louisi- 

ana (46). Baseline monitoring p r i o r  t o  spud-in and during t e s t i n g  

(44) Atherton, e t  a l .  Volume 2 ,  p. 2-86. 
(45) See t h e  following subsection, Predic t ion  throu h Analogy, for  

sidence of t he  Houston-Galveston area. 
(46) See t h e  d iscuss ion  below i n  the  Subsidence Planning fo r  DOE - Wells subsection. 

a b r i e f  discussion of t he  groundwater with -6--8 rawal-induced sub- L) -* 
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phases, has been done in the area of the Brazoria well "Natural 
subsidence", a term used here to indicate all background vertical move- 

ment, whether geologic or man-induced occurs at a mean rate of 8.8 mm/yr 
(0.029 First-order leveling 
surveys indicate that a range in total subsidence of from 0.119 to 0.373 
meters (0.391 to 1.224 ft) has occurred in the well vicinity between 
1942 and 1978. 

(47). 

ft.) in the vicinity of the Brazoria well. 

Techniques for Subsidence grediction Monitoring 

Introduction 

There are at least two approaches to subsidence evaluation. The 
first, the analytical appr , has four phases : (1) geophysical 
methods for surface manitorin pre-production, production, and post- 

product ion phases of development; (2)  subsurf ace monitoring of the 
drilled wellbore through logging and sampling; (3)  laboratory testing of 
in-situ core samples with interstitial fluid intact through the replica- 
tion of downhole conditions; and (4) computer simulation of reservoir 

compaction properties and subsidence. 
The second approach, evaluation by analogy, consists of examining 

other instances of subsidence known to have resulted from fluid with- 
drawal in an effort to discern pertinent comparisons to the geopressured 
case. Unfortunately, any direct analogy of geopressured subsidence to 
subsidence above groundwater, oil and gas and fluid-dominated geothermal 
aquifers is- questionable at best. Analogous situations of subsidence 
have helped, however, by fostering the development of a body of theory, 
that although possibly inapplicable in ti number of aspects to the 
geopressured case, does serve as a basis for delineating future 
research. The study of analogous Subsidence situations is also relevant 
in that comparison may identify factors of importance in 
geopressured subsidence. 

(47) See Gustavson, Dormgn, Sorrells, and Wilson, "Environmental 
Baseline Monitoring in the Area of General Crude Oil/Department of 
Energy Pleasant Bayou Number 1 - A Geopressured Geothermal Test 
Well, 1978." 
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Analytical Techniques 

Surface Moni toring . 

Van Til enumerates six reasons for a surface monitoring program, 

although they apply equally well to all aspects of the analytical 

evaluation of subsidence, Site-specific subsidence analysis may be 

undertaken for any of the following reasons (48): 

1. To evaluate potential subsidence impact on surface and 
subsurf ace environment a1 features such as streams , bayous, 
wildlife habitats, and the integrity of freshwater aquifers. 

2. To evaluate potential subsidence impact on man-made 
structures, including irrigation and drainage canals, 
on-site plant facilities, and transportation systems. 

3. To aid in the development of subsidence monitoring 
techniques, in studying the relation of rates and 
magnitudes of fluid withdrawal or of reinjection to 
subsidence, etc. 

4. To verify the adequacy of engineering design features 
or production control and field development programs 
intended to minimize the effects of subsidence. 

5. To satisfy legal requirements for monitoring and 
evaluation. 

6. To collect evidential data for enforcement of 
subsidence monitoring and control regulations. 

Activities that should be considered in pl nning a surface sub- 

sidence monitoring program include (49): t 
(48) Adapted from Guidelines Manual for Surface Monitor- 

of Geothermal Areas, p-1- spe ificarly designed 2 lcuyd-dominates ana vapor-dominated normal1 a pressured geoth- 
ermal 

(49) Ibid, pp. 6-18. 

-reservoirs, this manual appears to be a g od starting point 
for evaluation of geopressured development ip th 

Li 

1.I 
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* Preliminary Investigation 
1) basic data gathering 
2) initial site inspection 
3)  field investigation 
4) repart of preliminary investigation 
5 )  plan for additional information 

I 

Design of Monitoring System 
1) defining the gite 
2) regional survey network 
3) local survey network 
4) special monitoring 

a) extensometers 
. b) tiltmeters 

* Monitoring Operations 
1) construction 
2) scheduling 

a) pre-production phase (baseline) 
b) production phase 
c) post-production phase 

3 1 measurements 
4) data handling. 

The preliminary investigation stage is largely self-explanatory. 
The low elevations and the consequently high potential for salt water 
intrusion (given surface subsidence) are major considerations for Gulf 

Coast geopressured development. Design of monitoring activities have 
been completed for the Brazoria well and will soon be completed for the 
current Louisiana prospects (SO). The prospect areas are tied into the 
regional survey network of benchmarks that either have been recently, or 
are now being, resurveyed by the National Geodetic Survey. 

A first-order leveling survey is Completed for the vicinity of the 
wellhead. Tables 1 and 2 list the accuracy requirements for first-, 
second-, and third-order horizontal and vertical control surveys, 

respectively. In areas other than the Gulf Coast, second-order accu- 
racy might be adequate. Despite the added expense and the slower 

Surveying procedures are well established and docu- 

c 

* retrieval of information, first-order leveling will be used for geopres- 

sured well testing. 

mented and are not covered here (51).  

(51) See Van Til, pp. C-3 to C-17 fzir survey-deta- 
I See t h e s i d e n c e  PlEning for DOE Wells below. u -  
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Table 1. (a) Summary of Standards for Horizontal Control Surveys - Triangulation 
L 

Survey Classification First Order Second Order Third Order 

Base Line Measurements 

Standard Error 

1 in .1,000,000 

Triangle Closure 
Average, not to 
exceed 1.0" 
Maximum, seldom to 
exceed 3.0" 

Closure in length, 
Should not exceed 1 in 100,000 

1 in 900,000 

1 in 800,000 
(c1. I); , 

(Cl. 11) 

1.2"(C1. I); 
2.0"(c1. 11) 
3.01'(C1. I) ; 
5.01'(C1. 11) 

1 in 50,000 
(Cl. I); 

1 in 20,000 
(Cl. 11) 

1 in 500,000 

1 in 250,000 
(Cl. 1); 

(Cl. 11) 

3.01'(C1. I); 
5.0"(C1. 11) 

5.01'(C1. I); 
lO.O"(C1. 11) 

1 in 10,000 
(Cl. I); 

1 in 5,000 
(Cl. 11) 

(b) Summary of Standards for HQrizontal Control Surveys - Trilateration 

Survey Classification First Order Second Order Third Order 

Minimum Angle in 
Geometric Config- 
uration 25' 25' 20° 

(Cl. I); (Cl. I); 

(Cl. 11) (Cl. 11) 
20° 15' 

Length Measurement 1 in 1,000,000 

Source: Van Til, 1979. 
. .  
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* 
Table 2. Summary of Standards for Vertical Control Surveys 

(After Moffitt and Bouchard, 1975) 

Survey Classification First Order Second Order Third Order 

Related Uses Control network; Subsidence moni- Supplementary 
regional tectonic toring networks subsidence 
movements measurements 

Instruments Automatic or Automatic, GeodBtic levels 
tilting levels tilting, or geo- and rods 
with parallel detic levels; 
plate micrometers; invar scale rods 
invar scale rods 

Maximum length of 
sight 50 meters (Cl.1); 60 meters (Cl. I); 90 meters 

60 meters (C1.11) 70 meters (Cl. 11) 

Maximum closures 
(K = Distance in 3mdr (Cl.1); 6mfi(C1. I); 12me 
kilometers) 5mmJii- (Cl. 11) 8mmp (Cl. 11) 

* 
Standards subject to change. Before using, check current publications, 

Source; Van Til, 1979. 
4 

c 

LJ- 
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Van T i l  d e t a i l s  t he  advantages of c e r t a i n  monitoring t o o l s  and 

descr ibes  des i r ab le  instrument f ea tu res  f o r  geothermal o r  geopressured 

l eve l ing  (52). Ver t i ca l  l eve l ing  t o o l s  include t h e  p rec i s ion  l e v e l  with 

o p t i c a l  micrometer and s p l i t  bubble s p i r i t s .  Monitoring of hor izonta l  

movements requi res  d i r e c t  t ape  measurement, t r i angu la t ion ,  o r  e l ec t ron ic  

d is tance  monitoring (EDM) instruments.  EDM devices  a r e  becoming 

increas ingly  popular because of t h e i r  accuracy and ease of use (53).  

Photogrammetry, used mainly i n  a e r i a l  photography, does not y i e ld  

t h e  required accuracy of a f i r s t -o rde r  leve l ing .  But o ld  aerial photo- 

graphs taken with t h i s  method, when compared t o  recent  aerial photo- 

graphs,  can i l l u s t r a t e  topographic changes such as the  appearance of new 

f a u l t  s . 
Extensometers and tiltmeters are used i n  high accuracy monitoring 

(54). Extensometers measure t h e  change i n  d is tance  between two 

closely-spaced po in t s  (between 10 f e e t  and 100 f e e t  a p a r t )  and are f r e -  

quently used t o  measure shear  movement across  f a u l t s .  

T i l t m e t e r s  a r e  s ing le-poin t -s ta t ion  t i l t  monitoring instruments 

t h a t  use a v a r i e t y  of sensors t o  t ransmit  r a w  d a t a ,  i n  t h e  form of 

micrometer readings versus  t i m e ,  f o r  remote rehaout.  Both por tab le  and 

permanent devices  are ava i l ab le ;  t h e  former i s  more popular but the  

l a t te r  is being t e s t e d  f o r  use i n  DOE geopressured wel l  a r eas .  Tiltme- 

ters requi re  a redundancy i n  the  recording of d a t a  so t h a t  l o c a l  

anomalies can be averaged f o r  mapping area-wide i s o t i l t  contours.  

T i l t m e t e r s  are accura te  t o  approximately two seconds of a rc .  The Brazo- 

r ia  tiltmeter i s  a prototype using t h r e e  organic f l u i d s  f o r  enhanced 

s e n s i t i v i t y  (55).  The device w i l l  be permanently i n s t a l l e d  on s t e e l  

pipes  t h a t  a r e  dr iven  t o  30 f e e t  or r e f u s a l  i n  t h e  s o i l .  Spec ia l  design 

measures have been taken t o  avoid v e r t i c a l  s t r e s s i n g  of the  buried pipe 

(52) Ib id ,  Appendix D. 
(53) Ib id ,  see p. D 3  f o r  a desc r ip t ion  of EDM instrument use.  
( 5 4 )  Ib id  s e e  p. D4, and pp. D 8  t o  D 1 7  f o r  descr ip t ions  of these  
devices.  Borehole extensometers are used f o r  subsurface monitor- 
ing as explained i n  t h e  following subsect ion.  The term "tilt," as 
used i n  ground movement s t u d i e s ,  i s  discussed i n  the  following 
sec t ion  on t h e  s e v e r i t y  of subsidence impacts. 
(55) Gustavson, Dorman, S o r r e l l s ,  and Wilson, "Environmental Base- 
l i n e  Monitoring i n  the  Area of General Crude Oil/Department of En- 
ergy Pleasant  Bayou Number 1 - A Geopressured-Geothermal T e s t  
Well, 1978." 

_. 
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during soil wetting and drying cycles. 

The scheduling of monitoring operation must be flexible but allow 
for an adequate period of baseline data collection. Production (or 

testing) and post-production measurements will include periodic relevel- 
ing, probably on an annual basis, or more frequently if subsidence 
OCCUrS . 

Subsurface Monitoring 

One of the volumes in the Lawrence Berkeley Laboratory's Geothermal 
Subsidence Research series details the capabilities of existing instru- 
ments and the research needed for accurate borehole measurement of over- 
burden strata compaction ( 5 6 ) .  The research section of this report 
lists the research recommendations of the LBL cpnsultapts. Subsurface 
monitoring is not covered in great detail here becauge the expense of a 

research to develop these devices is probably not warranted at 
this stage in the assessment of the geopressured resource. This 
research may be undertaken for other geothermal resources, however. 
Advancements made in such a program should be applicable, with modifica- 

program 

tion, to geopressured if commercial development appears feasible. 
Geothemal wells, and geopressured wells in particular, present 

very hostile environments for long-term, in-place instrumentation. The 
special component design characteristics required for scaling, corro- 
sion, temperature, and pressure aqalysis have benefited from jet engine 
and space vehicle development. 

Borehole extensometers qeasure changes in vertical distance and 
borehole inclinometers measure chqngqs in horizontal displacement. The 
former is generally a permanently instslled mechanical device while the 

latter is usually a probe. Both extensometers and inclinometers consist 
1 of five components (57):  

(56) O'Bourke and Ranaon of Woodward-Clyde Consultants, Instru- 
ments for Subsurface Monitorin of Geothermal gbsidence, July 
T979T '€Fiis report forms + t e a s i s  f o r a 3 6  subeection. 

U- (57)  Ibid, p. 1. 
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1. the borehole 
2. markers 
3. a sensing device and read-out 
4. a logging system 
5. an azimuthal orientation device (inclinometers only) 

The operation of an instrumentation system is dependent on the 
integrity of each of these components. O'Rourke and Ranson concentrate 

on extensometers because a) vertical movement is more important to meas- 

ure, and, b) the technology needed for adequate inclinometer measure- 

ments for geothermal wells is either state-of-the-art or not yet avail- 

able. 

In order to place subsidencelneasuring instruments at a geopres- 

sured site, the borehole will have to be cased. Markers are used to 

measure vertical and horizontal displacement. In the design of current 

geopressured wells, radioactive bullets are used for vertical measure- 
ment; horizontal movement is not measured. The sensing device is the 
crucial component of the instrumentation measuring the spacing between 

markers. It is lowered into the hole and then retrieved. The logging 

, -  , 

system complements this device. Following a survey of available exten- 

someters and inclinometers, O'Rourke and Ranson found none to be ade- 

quate for geothermal use without modification ( 5 8 ) .  

Geophysical logging and casing markers both have limitations in 

current monitoring arrangements. Logging gives only averages of over- 

burden compaction and cannot provide a subsidence profile. Thus geophy- 
sical logging alone cannot identify the compacting strata. Casing mark- 

ers do yield a profile, but their accuracy may be degraded by slippage 
between the casing and the annular wall, or between the casing and the 

surface. 

Figures 8 and 9 illustrate several recommendations for handling 

these problems with casing markers. (59). Figure 8 shows an access 

gland for the use of probes with permanent surface instrumentation that 

minimizes down time during measuring. Figure 9 illustrates the place- 

ment of an outer string of auxiliary tubing used exclusively for instru- 

mentation. In addition, O'Rourke and Ranson recommend the use of slip 

couplings and corrugated casing, both of which allow for thermal 

( 5 8 )  Ibid, p.6. 
(59) Ibid, pp. 49, 50. 
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PACKING-GLAND . I N  PIPE CAP 
FOR WIRE LINE 

PROBE INSTALLED INSIDE PIPE AND 
PRESSURE RAISED TO EQUAL 
WELL PRESSURE 

WIRE-LINE 

TURN BALL-VALVE goo FOR PROBE ACCESS 
TO WELL WHEN PRESSURES EQUALIZE R COMPRESSOR 

ASSEMBLY 

WELL-HEAD - TO TURBINES 

A I  

- NOTE: ZUL EQUIPMENT EXCEPT PROBE IS LEFT AT WELL HEAD. 

Figure 8 - ACCESS GLAND F O R  S E T T L E M E N T  PROBE 

v -- 
Source: O'Rourke and Ranson, 1979. 
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expansion and contraction of the production string without buckling. 
The casing integrity will be increased, and marker readings will have a 

higher assurance of accuracy. 
The Woodward-Clyde report details improvements required to overcome 

corrosion, scaling, temperature, and pressure problems, and recommends 
materials for geothermal instrumentation use. Tables 3 and 4 list the 
recommended accuracies for vertical and horizontal measurements downhole 

(60). 

.Laboratory Study 

Laboratory testing consists of studying the lithology of downhole 

samples as well as the physical and chemical characteristics of in-situ 
fluids. It is important to know how both the solid matrix and the brine 
will react to reduced pore pressures and increased effective stress. 
Geopressured laboratory techniques have just reached the point at which 

in situ conditions of temperature and pressure are routinely replicated 
with downhole samples (61). Ken Gray of the University of Texas at Aus- 

tin has done the bulk of the rock testing for the geopressured program. 
Gray describes his. laboratory: 

"The testing apparatus is called the simultaneous 
properties system. The pressure vessel takes 
the cylindrical samples between platens; pore 
pressure and confining pressure can be 
independently contrglled up to about 50,000 psi. 
Deformations, p and s wave velocities, 
permeabilities, and pore volume changes are 
measured" (62). 

Gray found lower than expected compressibility figures for in-situ 

samples from the Brazoria well. The ratio of the matrix compressibility 
to the bulk compressibility was higher than expected, on the order of 1 
in 10 or 1 in 15. Thus the total volume change accompanying compaction 

(60) Ibid, pp. 7-9, and 32, and pp. 20,21 and 32, respectively, 
(61) See the Laboratory Testing subsection of the subsidence 
research section for -more detail on the labs involved and their 
plans for future work. 
(62) See United States De artment of Energy/Industry Geopressured 

and Testing Working Subgroup," August 1, 1979, pp. 65-68. 
Geothermal Resource Deve ! opment Program, 'Minutes of the Drilling 
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' MAXIMUM D E P T H  OF MEASURE- 
MENT 

MAXIMUM T O T A L  COMPACTION 

O E S I R E D  M A X I M U M  V E R T I C A L  
I N T E R V A L  BETWEEN 
M O N I T O R I N G  P O I N T S  

ACCURACY OF MEASUREMENT 
OVER F U L L  D E P T H  OF 
I N S T A L L A T I O N  

ACCURACY OF MEASUREMENT 
OVER 30 M I N T E R V A L  

M I N I M U M  FREQUENCY 
OF R E A D I N G S  

M O N I T O R I N G  P E R I O D  

, -- 

Table 3. Specifications for Monitoring Subsurface Vertical Displacements. 

T Y P E  OF GEOTHERMAI 

C A P A B I L I T Y  

TEMP E RATURE 

D I S S O L V E D  SOLIDS I 

VRPOR- 
DOMINATED 

3 km 
(6 km) 

0.3 m 
(0.6 m )  

30 RI, i n c r e a s -  
i n g  t o  80 m 
o u t s i d e  r e s e r -  
v o l  r 

t3 mm 

i D . 5  mm 

weekly f o r  
1 s t month; 

month.ly f o r  
1 s t  y e a r 1  

then  semi- 
a n n u a l l y  

VAPOR- 
DOM I NAT ED 

2 8 5 O C  
( 30OoC)  

35 kg/cm2 

0.01% 

0.22 

L I Q U I D -  
DON I N A T  E D 

30 m ,  I n c r e a s -  
i n g  t o  80 m 
o u t s l d e  r e s e r -  
vo l  r 

230  mm 

i5 mm 

weekly f o r  
1 s t rnon t h ; 

monthly f o r  
1 s t  y e a r ;  

t hen  semi- 
a n n u a l l y  

15 yrs  
(50 yrs)  

L I Q U I D -  
D O M I N A T E D  

3OO0C 
( 3 7 5 O C )  

300 kg/cm: 
1600 kg/cm ) 

30% 

G E O -  
PRESSURED 

(6 -7  km) 

( 5 - 7  m )  

30 m ,  I nc reas -  
Ing t o  80 m 
o u t r i d e  r e s e r -  
v o i r )  

( 2 3 0  mm) 

( 2 5  mm) 

(weekly f o r  
1 s t  m o n t h ;  

monthly f o r  
1 s t  y e a r ;  

then  semi- 
annua l ly )  

GEO- 
PRESSURE D 

( 3 7 5 O C )  

(800-1,000 

kg/cm2 1 

3%, Inc reas -  
n g  t o  u p  t o  

'0% above r e s e r -  
f o l r )  

more than  30%) 

Note: Long-term values  i n  p a r e n t h e s e s  

Source: O'Rourke and Ranson, 1979. 
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Table 4. Specifications for Monitoring Subsurface Horizontal Displacement. 

TYPE OF GEOTHERMAL 

MEASUREMENT 
CAPAB I L I TY 

MAXIMUM ANGULAR ROTATION 
OVER D E P T H  

MAXIMUM LOCAL ANGULAR 
ROTATION 

ACCURACY OF ANGULAR 
ROTATION MEASUREMENT 

- Note: depth, frequency, monitoring 
p e r i o d  and environmental 
capabilities same as 
Figure 3. 

All Cases 

l o  

10 deg 

40 sec 

Source: OlRourke and Ranson, 19-79. 
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appears not to result from pore volume decrease. 
Values for bulk compressibility as a function of the hydrostatic 

stress are measured by both p and s wave travel times and by strain 
gauges attached to the sample. Porosity is determined by two methods 
that are usually in close agreement: a) volume change using strain 

gauges, and, b) actual fluid ejected from the core or added to a previ- 
ously drained sample. Testing of core samples from the Brazoria well 
indicates that the uniaxial compaction coefficients are surprisingly low 

( 6 3 ) .  Because lab work is at an early stage, the planned activities are 
described under research. 

Computer Simulation 

The following paragraphs discussing simulation draw on the Golder 
Associates report and on a paper presented at the Fourth Workshop on 
Geothermal Reservoir Engineering ( 6 4 ) .  The first report simulates the 

Austin Bayou as an exercise in testing the sensitivity of various param- 
eters. The Systems, Science, and Software (SSS) paper also simulates 
the Austin Bayou Prospect, but with the intention of obtaining prelim- 
inary subsidence results. The intention here is not t o  provide an 
exhaustive review of existing models, but rather to illustrate the 
state-of-the-art in modeling--its strengths and weaknesses. The Golder 
Associates volume provides listings of geothermal reservoir and deforma- 
tion models with comments on usefulness ( 6 5 ) .  Two companion volumes 
provide a mathematical presentation of the simulated compactions and an 
in-depth evaluation of six subsidence models now available ( 6 6 ) .  The 
Pinder volume (also Golder Associates) provides a more comprehensive 
coverage of the current limits of geothermal reservoir modeling (67). 

(63) See Ken Gray's comments, U. S. Department of Energy/Industry 
Geopressured Geothermal Resource Development Program, "Minutes of 
the Informal Meeting of the Drilling and Testing Working Subgroup, 
August 1, 1979, pp. 65-68. 
( 6 4 )  See Miller, Dershowitz, Jones, Myer, Roman, and Schauer, 
Simulation of Geothermal Subsidence, 1980, and; Garg, Riney, and 
Brownell, "PKliminary Reservoir and Subsidence Simulations for 
the Austin Bayou Geopressured Geothermal Prospect," 1978. 
( 6 5 )  See Tables la and 12, pp. 17, 151. 
( 6 6 )  Miller. Dershowitz. Jones. Mver. Roman. and Schauer. Phvsical - Detailed 

- Reservoir 
ring text, 

p. 124. 
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Research needs and recommendations for model development presented by 
Miller et al. are covered at a later point (68). 

Miller et al. include an idealized case study of the Austin Bayou 

Prospect. (The) purpose is to study modeling, not to study the Austin 

Bayou. We have tried to make the model realistic only to the extent 
that it is similar to [original emphasis] a real Gulf Coast geopressured 
geothermal system" ( 6 9 ) .  This study of modeling assumptions and sensi- 

tivities focuses on (70): 

II 

* The application of different flow models for geothermal reservoirs 

* 
* 

The importance of dimensionality 

The importance of f low/deformation coupling 

A comparison of different types of constituent relationships 

The implementation and accuracy of models incorporating only a por- 
tion of the total system 

* 
* The sensitivity of surface subsidence to variations in material 

~ The effects of faults in regions of geothermal production 

elastic properties 

The effects of geothermal spent fluid reinjection. 

The production scheme consists of three wells, each draining two 

zones for a total reservoir production of 45,000 bbls/day. Each produc- 
ing zone is 60 feet thick. Three mixes of overburden constituency were 

used: a) unconsolidated clay and shale, b) 65% shale and 35% sandstone, 
and c) 10% sandstone (71). behavior, 
Geertsma's subsidence formulations, and generalization of the reservoir 

shape as a disk for one-dimensional modeling of compaction and sub- 

sidence. two- and three-dimensional simulation techniques are used to 

The model uses elastic compaction 

couple reservoir flow-to-deformation activity, with elastic behavior 

(68) S e e m u l a t i o n ,  subsection under Subsidence 
Research. 
( 6 9 )  See Miller ,Dershowi tz, Jones, Myer, Roman, and Schauer. The 
uote is from page 102. 9 70) Ibid, p. 107. . 
(71) Ibid, pp. 105, 107. 
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One three-dimensional model, NFOLD, is considered to be the only 

available fault simulation model. Further development of the mode1 i s  

recommended; its subsidence results are suspect because the horizontal 

effects of pore pressure decreases are excluded from the model. How- 
ever, the results indicate that faulting is relatively unimportant in 
the expression of subsidence at this particular prospect. This finding 

should not be generalized to other geopressured prospects (72). 

Among the case study conclusions (73): 

Lack of physical data is the limiting factor in model accuracy 

The basic physical processes of subsidence appear to be well under- 
stood and correctly modelled 

The dimensionality of the model (one- , two-, three-, or axisym- 
metric) is an important factor in model usefulness 

Knowledge either of reservoir pressure and temperature decrease 
of the rate of fluid withdrawal are important 

or 

Accurate knowledge of stress-strain relationships is "somewhat 
important" at Austin Bayou (due to shale nonlinear behavior) 

Reservoir depth relative to extent is important 

Temperature effects are unimportant in the geopressured case 

The use of stress-dependent permeability has a modest effect on the 
rate of pressure decline and little effect on compaction 

Reinjection of fluids into the overburden will do little to 
or halt subsidence 

retard 

Geothermal subsidence models are needed that can handle two-phase 
flow with less complication. Figures 10 and 11 illustrate sources 
of error and the degree of uncertainty attributable to various fac- 
tors in the modeling process. 

Garg, Riney, and Brownell have also simulated the compaction and 

subsidence behavior of the Austin Bayou Prospect (74). The authors 

estimated the reservoir properties (in lieu of unavailable test data), 

(72) Ibid, pp. 109, 112. 
(73) All conclusions but the last two, pp. 143-144. Conclusions 
regarding reinjection, pp. 139, 142. Two-phase modeling is dis- 
cussed on pp. 118-119. 
(74) See Garg, Riney, and Brownell, "Preliminary Reservoir and 
Subsidence Simulations for the Austin Bayou Geopressured Geother- 
mal Prospect ,'I 1978. 
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SOURCES OF f%m S T A G E  

Figure 10. Geothermal Subsidence Prediction Process. 

Source: Miller, Dershowitz, Jones, Myer, Roman, and Schauer, 1980. 



Figure 11. Reservoir Models: Sources of Uncertainty. 

Source: Miller, Dershowitz, Jones, Myer, Roman, and Schauer, 1980. 
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and used hypothe t ica l  formulations f o r  t he  stress-deformation behavior. 

The e f f o r t  w a s  designed t o  "assess t h e  s e n s i t i v i t y  of r e se rvo i r  behavior 

t o  v a r i a t i o n s  i n  estimated sandstone/shale d i s t r i b u t i o n ,  sha l e  compres- 

s i b i l i t y ,  and v ' e r t i ca l  sha l e  permeabili ty" ( 7 5 ) .  ( 7 5 )  

The model includes two-phase flow and v e r t i c a l  as w e l l  as horizon- 

t a l  permeabi l i t i es  f o r  both the  sha le s  and sandstones. These f a c t o r s  

may be very important and they are f requent ly  not included i n  simula- 

t i o n s .  The r e s u l t s  of the  time-dependent pressure  dec l ine ,  " i l l u s t r a t e s  

t h e  inf luence  of f l u i d  i n f l u x  [ i .e . ,  dewatering] from t h e  adjoining 

shales"  ' ( 7 6 ) .  The authors note  t h a t  dewatering should have l i t t l e  

e f f e c t  on t h e  time s c a l e  pe r t inen t  t o  w e l l  t e s t i n g ,  but w i l l  probably be 

of importance during the  productive l i f e  of a commercial geopressured 

r e se rvo i r .  

Surface subsidence r e s u l t s  are based on assumptions o f :  a )  reser- 

v o i r  s o l i d  matrix comp ce,  b )  p a r t i a l l y  unconsolidated overburden, 

and c )  l i n e a r l y  e l a s t i c  behavior of  overburden and underburden strata.  

Subsidence r e s u l t s  are obtained f o r  t h r e e  choices of rock e l a s t i c  pro- 

p e r t i e s .  For each case, at t i h e  ( t )  = 3 0 . 3  y e a r s , ' t h e  maximum v e r t i c a l  

movements are about 20 2 9 ,  and 4 3  cm, respec t ive ly .  Maximum hor i zon ta l  

displacements are 3 0 ,  4 7 ,  and 59 cm ( 7 7 ) .  

Garg, Riney, and Brownell stress t h e  preliminary na tu re  of t h e i r  

r e s u l t s  and t h e  need t o  rep lace  estimated and assumed p rope r t i e s  wi th  

d a t a  obtained from w e l l  t e s t i n g  a t  Aust in  Bayou. 

These two s imulat ions of r e s e r v o i r  compaction and subsidence f o r  

t h e  Aust in  Bayou Prospect give ind ica t ions  of an t i c ipa t ed  subsidence 

behavior,  but  a l l  conclusions must be qua l i f i ed .  The Colder Associates  

repor t  aoes not provide compaction and'subsidence r e s u l t s ,  apparent ly  

because of, t he  goal of t h e  experiment of  t e s t i n g  var ious  assumptions 

with f u l l  freedom t o  model. The i n i t i a l  r e s u l t s  of the  Garg, Riney, and 
4 Brownell model would appear t o  i n d i c a t e  t h a t  subsidence may be i n  excess 

of a foot .  This may be a manageable magnitude depending on the  topogra- 

phy and hydrology of the s p e c i f i c  area and on whether e f f e c t s  w i l l  be 

( 7 5 )  Ib id ,  p.280. 
( 7 6 )  Ib id ,  p.281; bracketed comment added by present authors.  
( 7 7 )  Ib id ,  Figure 7 ,  p. 285. 'bi --- 
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relatively localized. 

When the input data is more substantial and the modelers more cer- 

tain of constituent expressions, modeling of the Louisiana prospects 

should be attempted. The geologic and surface conditions may indicate a 

greater potential for objectionable subsidence effects in the low-lying 
wetlands of Louisiana than in many areas of coastal Texas. 

Prediction through Analogy 

Man-induced subsidence has occurred around the world as a result of 

subsurface removal of fluids and solids. Examples of fluid removal with 
resulting subsidence are groundwater withdrawal and geothermal fluid 

withdrawal, as well as oil and gas production in relatively shallow 

fields. The rates and total magnitude of fluid withdrawal are lower in 
the case of petroleum but often higher in groundwater and geothermal 
instances. But because the depths are all considerably shallower than 

will be the case for geopressured brine production, subsidence from 

water and petroleum withdrawal may bear little analogy to the geopres- 

sured case. Nevertheless, past instances of subsidence may be helpful in 
studying geopressured subsidence because a body of theory, albeit as yet 

unverified, has been devised and the necessary disciplinary knowledge 

developed to commence subsidence studies. 

A number of relevant factors in three well-known and somewhat 

extreme instances of subsidence (one each for groundwater, geothermal, 

and petroleum production) are compared to a hypothetical Gulf Coast 

geopressured well in Table 5. This comparison illustrates areas in 
which the analogy of other forms of subsidence with geopressured may be 

appropriate, and others where it almost certainly is not. The following 

paragraphs refer to Table 5. 

-- Area of subsidence. It is not possible to predict the area of sur- 
face subsidence above a compacting geopressured reservoir. Faulting and 

reservoir depth may act to minimize the extent of the surface expres- 

sion. Some experts believe that faulting will effectively segregate 
subsidence within relatively small areas. 
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craposition Unconsolidated and Unconsolidated rand, Tiffaceous shale md Unconsolidated allw- 
of werburdcn c h y  of late rhale, claystone and sandstone with inter- ium underlain by sand- 

6enozoic age. siltstone of Plio- bedded tuff and con- stone, shale and silt- 
cene and Pleistocene glomerate of Pleist- stone of late Tertbry 
age. ocene age. and Quaternary age. 

I 

Injection Fieinjection into Reinjection into As of 1975, reinjec- Beinjecttan of opent 
practices produCin$ zme. producing zcme. tian of hot water brines into overbur- 

into the producing den strata. 
formation was being 
considered. 

Table 5. Camparison of Factors in Three Subsidence Cases to Conditions at a Hypothetical 
~ u l f  Coast Geopressured well1 W 

HoosTcaJ/GALVEST~ -m, WAIRAKEI , BYPOTBETICAL 
TEXAS CALIFOBNU HEwzJuLArm GULF COAST 

Factor (poundwater) (petroleum) (geothermal) (geopressured)2 

area of 10s ltm2 >65 km2 65 km2 
c subsidence (1969) (1970) (1974) ? 

nlaximm 1 to 2 
subsidence meters 8.8 meters 4.7 meters ? 

maxilnum not 
horizontal measured 3.7 meters 0.8 meters ? 
menlent 

depth of 50 to 600 600 to 2300 meters 150 to 1360 meters 3500 to 5800 
reservoir meters (most production from (most production from meters 

600 to 1100 meters) 

509 meters. 120 meters 150 meters 

. 

180 to 300 meters) 

maxhum 
reservoir 5 550 meters (major production (major production (maxiam 
thickness3 zones) zones) anticipated) 

porosity not 20 to 35% extremely .wariable 10 to 30% 

permeability not reported - 100 to 1500 mD 100 mD 10 to 30 mD 

confined or 
unconfined =confined unconfined unconfined conf ined 
reservoir 

maximum 10 Its/cm2 77 kg/cm2 25 kg/cm2 240 to 420 kg /cd  
in-situ pressure (142 PSI) (1100 PSI) (355 PSI) (3400 to 6000 PSI14 
reduct ion 

maximum rate of 8.7 x 109 m3/day 2.2 x 104 m3Iday 1.3 x Id, d/day 1.9 x lo4 m3/day 
fluid withdrawal (5.5-x-106 bbl/day) (1.4 x 105 bbl/day)5 

reported due to cementation 

(8.2 x 104 bbl/day& (1.2 x lo5 bbl/day) 

total fluid 4.3 X 109 Q3 2.2 x 108 3 
wi thdrawal (2.7 x 1010 bbl) (1.4 x lo9 bbl) 

8 year period about 35 years7 

9.3 x 108 m3 1.4 X lo8 Q3 
(5.9 x 109 bbl) 
18 year period 

(8.8 x lo8 bbl) 
20 year period 
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1. 

2. 

% 

3. 

4.  

5. 

6. 

7. 

Sources of data and descriptions of geology and production history include: 
Atherton, Finnemore, Gillam, DeGance, Grhtsrud, and Schainker, 1976; 
Grimsrud, Turner, and Frame, 1978; Papadopoulos, Wallace, Uesselman, 
and Taylor, 1975; urd Viets, Vaugban, and Earding. 1979. 

This hypothetical geOpreSSUrcd-geOther1 reservoir is assumed to have the 
followtug physical propertiest 

Disk shape, 

thickness of 150 meters. 
areal extent of 5900 meters. 

VOI- of 4.2 h 3  ( I  nc~1~3), 

These figures are consistent with average reservoir properties given in 
Southwest Besearch Institute, 1980. The rmge of porosity and pemability 
figures are also drawn from this source. 

These are upper-bound figures. 
be this thick. For the first three c&ses, productlm m y  have occurred 
from a variety of zones wfthiu the total reservoir thickness. 
geopressured geothermal, 150 meters (500 feet) is an optix~istic goal in 
choosing pay sands (see Southvest Research Institute, 1980.) 

This range of pressure reductions is derived from the production assumptions 
of Papadopulos, Wallace, Wesselmm, dud Taylor, 1975. 

These figures are for oil only, although natural 68s and brine condensate 
were also removed. 

Production at Wairskei ir about a I to 4 ratio of stem to vater by veight. 
In converting to volume of fluid removed, the assumption of pure vater ir 
made. 
fluid. 

The producing tones are not each likely to 

For 

This assumption probably leads to a anall overstatement of produced 

Oil and Mtural gas only, brine condensate mot included. 

t 
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u Maximum subsidence. This factor is the most important unknown. 
Geopressured subsidence can not meaningfully be compared to the depth of 
subsidence from other forms of fluid withdrawal because the relative 
importance of .the various factors influencing subsidence is not well 
understood. 

Maximum horizontal movement. This factor is highly site-specific 
and may depend largely on local faulting and the type of reservoir and 

overburden materials experiencing compaction. 

Depth of reservoir. The propensity for overburden deformation 
(assuming a single slab of material) varies as the cube of the thickness 

of the overburden. The depth of geopressured reservoirs may act to 
minimize both the magnitude and.rate of subsidence. A few experts point 
to this thick land bridge as a reason to anticipate only small magni- 
tudes of geopressured subsidence; 

Maximum thickness of reservoir. The assumed maximum thickness of a 
single geopressured zone is comparable to the Wairakei field and is less 
than a third of the reservoir thickness found at Houston-Galveston and 

Wilmingtan. Relatively thin productive zones, a negative aspect econom- 
ically, may minimize subsidence. 

Porosity. The relatively low porosity of. .geopressured zones may 

aid in reducing reservoir compaction. . ‘  

Iniection practices. Reinjection into or.below the producing zone 
is thought. ,to be the best strategy”for inhibiting subsidence. The 
economic and energyLcosts.of deep reinjection for the geopressured case 
will almost certainly require that shallow reinjection be used. This 

. strategy may of may not be helpful in impeding the rate or magnitude of 
subsidence. 

Composition &’overburden. The three sedimentary overburdens are 
u -  of similar general composition. All three are undercompacted. In the 

case of geopressured, undercampaction and thickness of overburden tend 



-126- 

to counteract one another in determining the magnitude of subsidence. 

Permeability. The lower permeability characteristic of geopres- 

sured zones may affect.subsidence either positively or negatively. Com- 

paction may occur more slowly if lower permeabilities preclude rapid 
reductions in pore pressure. Conversely, low permeabilities may reduce 

the rate at which fluids from adjacent formations, if present, can 

replace the produced fluids. Hence the effect that permeability may 

have on reservoir compaction is closely related to the unverified theory 

of dewatering from adjacent shale bodies. 

Confined - or unconfined aquifer. Because geopressured aquifers are 

believed to be confined, all of the overburden pressure is borne by the 

rock matrix and the pore fluids. If these aquifers are part of larger 
systems confined over a greater area, however, the influx of fluids from 

adjacent formations following the production of reservoir fluids may 

reduce the magnitude of reservoir compaction. Again the unverified con- 

cept of shale dewatering is crucial to reservoir behavior under confined 

conditions. 

Maximum in-situ pressure reduction. The total pressure reduction 

experienced in a geopressured aquifer is far greater than for the other 

three cases. This factor, taken alone, enhances the probability of sig- 
nificant reservoir compaction. Not enough is known to weigh the rela- 

tive importance of this factor. 

Maximum rate of fluid withdrawal. This value is comparable for the 

geopressured, petroleum, and geothermal cases. The groundwater with- 

drawal rate is very roughly five times greater than in the geopressured 
case. The rapid rate of withdrawal is believed to be an important con- 

tributor to subsidence at Houston-Galveston. 

--- 

-- Total fluid withdrawal. The value of analogy for total fluid with- 

drawal is difficult to assess. At the Wilmington field the total quan- 
tity of fluid produced was about 50% higher than for a hypothetical 
geopressured well, but this withdrawal occurred over a longer time 

L. 

. 

It: 
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W period. Over a comparable time period, the Wairakei withdrawal is six 

to times greater than the geopressured quantity is likely to be. 
Finally, groundwater withdrawal occurred over a short time period and 
totaled about 30 times the anticipated geopressured withdrawals. 

seven 

Reservoir geology. Geopressured geology is most similar to the 
sedimentary characteristics of Houston-Galveston and Wilmington. The 
igneous geology at Wairakei is not useful for analogy. . Given similar 

levels of undercompaction in the three sedimentary cases, extensive 

growth faulting in the geopressured case may enhance the probability of 
subsidence while limiting the subsidence to a smaller areal extent. If 
geopressured undercompaction is greater, however, the propensity for 

reservoir compaction may be increased. 

&e of reservoir. A s  a rule, the older a reservoir the greater the 
previous compaction of overlying sediments. The Wairakei case is not 

helpful here because of differences in geology and age. Because of the 
wide variations in age reported for Houston-Galveston and Wilmington 

(both well documented instances of 'subsidence), it is difficult to com- 
pare the role of this factor in causing or exacerbating subsidence in 
the three sedimentary cases. 

u -- 

Overburden thickness see gepth of reservoir. 

Subsidence at the Chocolate Bayou Prospect in the vicinity of the 
Brazoria well has been studied as being a possible analogy to geopres- 
sured subsidence in south Texas (78). Unfortunately, the data yield an 
ambiguous history of subsidence. Although some hydrocarbon production 

from overpressured zones occurred and included the removal of relatively 
small quantities of brine condensate, shallow oil and gas production, 
groundwater withdrawal, and poorly documented irrigation of rice lands 

178) See Grimsrud, Turner, and Frame, Areas of Ground Subsidence 
Due to Geofluid Withdrawal, 1978, pp. w o T - 7 7 . e  results of 
this study are summarized in a presentation by Barbara Turner. 
See United States Department of Energ /Industry Geopressured 
Geothermal Resource Development Program, 'Minutes of the Fifth 
Meeting of the Environmental/Laboratory Research Working Sub- 
grwp," July 18, 1978, pp. 5-13 (with figures in the back). 

7 - -  - 
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tend to obscure the portion of the subsidence that can be fairly attri- 

buted to each of the causes. In addition, hydrocarbon production has 
consisted predominantly of gases rather than liquids. 

Only one first-order leveling line traverses.the field, and this is 

over the West block, a portion of which has experienced petroleum pro- 
duction at fairly substantial depths, but not from geopressured zones 

(79). subsidence 

that appears attributable to groundwater withdrawal. Using a rule-of- 

thumb formula for subsidence attributable to withdrawal (a ratio of sub- 

sidence to groundwater aquifer head loss of 1 to 1001, subsidence from 
groundwater should be only 0.5 feet of the total maximum observed West 

block subsidence of 1.8 feet. Instead, the subsidence contribution of 

groundwater withdrawal appears to be between 0.5 and 1.5 feet (80). 

There is a divergence between theory and the observed 

Major faults are mapped at depth and their traversal of petroleum 
production zones is well documented. Whether these faults have surface 
expression, a factor that could strongly affect the observed subsidence, 

is unknown (81). Grimsrud, Turner,.and Frame state that no data was 

encountered on the mineralogy of the Frio shale sequences that are 

interbedded with the producing sandstones of Chocolate Bayou. These 
shales are not usually found in conjunction with reservoir rocks in the 
Gulf Coast and have not been well studied (82). 

The above uncertainties appear to make it difficult to draw any 

conclusions about subsidence at the Chocolate Bayou field. Figure 12 
illustrates the complex production history of the field. In addition to 

fluid and gas removal, brine injection also occurred. Data on this 

reinjection is available only from 1965, although the practice began 

much earlier (83). The South block, absent of benchmarks, is composed 
entirely of abnormally-pressured producing zones. 

A point in favor of correlating subsidence to injectiodwithdrawal 

is that the data for natural gas production from the West block is 

inclusive for both gas and condensate; extrapolation of brine production 

(79) See DOE/Industry Minutes, p. 6. 
(80) Ibid. D. 12. 
(81) See Gr'lmsrud, Turner, and Frame, p. V-12. 
(82) Ibid, p. V-28. Loucks and others are now investigating the 
Frio sands. 
(83) Ibid, p. V-43. 

. 
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to reinjection prior to 1975 is probably feasible. Grimsrud et al. note 

that "If extraction of oil, gas, and brine from the field has contri- 

buted to subsidence, then the fact that subsidence rates are still 

increasing suggests that there is probably a lag time of at least 

several years between extraction of deep fluids and the appearance of 
subsidence effects" (84). Rice farming is responsible for undetermined 

quantities of groundwater withdrawal from poorly-specified locations. 

Petroleum production occurred from twenty different pay zones ranging in 

thickness from 10 to 200 feet (85). 

Subsidence Planning for DOE Wells 

Baseline and production monitoring plans are complete for the Bra- 

zoria well and baseline data collection is either currently taking place 
or will shortly begin for the three wells planned for Sweet 

Lake, Parcperdue, and Lafourche. Planning for data collection and moni- 

toring of ground movement activity is similar for the four wells (86). 

Louisiana; 

The Brazoria well plans included a National Geodetic Survey (NGS) 

first-order leveling that transects the well area (87). The background 
rates of subsidence in the area are described in the above Historic 

Rates of Subsidence subsection. Baseline monitoring data are now avail- 

able for the vicinity of the Texas Brazoria Prospect, but not for any of 

the Louisiana prospects. At Brazoria, data from seven benchmarks pro- 
vide 15 reference points, and a liquid tiltmeter is expected to give 

notice of very slight changes in elevation within the vicinity of the 

site (88). 

(84) Ibid, p. V-68. 
(85) Ibid, p. V-19. 
(86) Brazoria subsidence programs are described in: White, McGraw, 
and Gustavson, "Preliminary Environmental Analysis of a 
ceopressured-Geothermal Test Well in Brazoria County, Texas," and; 
Gustavson, Dorman, Sorrells, and Wilson, "Environmental Baseline , 
Monitoring in the Area of the General Crude Oil/Department of En- 
ergy Pleasant Bayou Number 1 - A Geopressured Geothermal Test 
Well, 1978." Full plans for monitoring of the Louisiana wells have 
not yet been published. For information on the Parcperdue plans, 
see Louisiana State University - Louisiana Department of Natural 
Resources, "Environmental Monitoring Plan: Parcperdue Test Well, 
Number 1." 
(87) Wise, Semi-Annual Report, p. 354. 
(88) See Gustavson, Dorman, Sorrells, and Wilson. 

. 

. 

. 
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bi Newchurch, et  a l ,  f ind t h a t  of s i x  Louisiana prospect areas the 

Sweet Lake and Lafourche sites have the  lowest vu lnerabi l i ty  t o  land use 

and ecosystem damage should subsidence occur during w e l l  t e s t i n g  ( 8 9 ) .  

These two prospects are upland, although r i c e  farmlands near Sweet Lake 

could be affected by appreciable v e r t i c a l  movement and a l t e r a t i o n s  i n  

the  s a l i n i t y  of waters should subsidence occur. 

The monitoring plans f o r  the  Louisiana w e l l s  are not a l l  published. 

The plans are similar f o r  each of three wells, however, although experi- 

mental l iqu id  tiltmeters w i l l  only be i n s t a l l e d  a t  Lafourche. Carver 
and Van Sickle  both note problems with l iqu id  t i l t m e t e r s  due t o  t h e i r  

excessive s e n s i t i v i t y  t o  background disturbances (90). 

The Parcperdue subsidence monitoring plan ' c a l l s  f o r  (91) : 

1, Baseline s tud ies  consis t ing of :  

a )  about 16.5 miles of precise  f i r s t -order  level ing 
to ,determine r e l a t i v e  surface elevat ions 

b)  an examination of h i s t o r i c  level ing d a t a  and topo- 
graphic maps t o  de te  
v i c i n i t y  of the well 

Test phase monitoring c 

a )  f i r s t -order  re level ing surveys at 12-month in te rva ls  
t o  de tec t  subs idence o r  movement along f a u l t s  during 

sidence h is tory  i n  t h e  

No plans have been made f o r  monitoring a production w e l l .  The 

ource prove commercially a t t rac-  design of such a program, should t h e  

t i v e ,  w i l l  benef i t  from tbe r e s u l t s  of the tes t  w e l l  monitoring pro- 

grams. 

(89) See Newchurch, Van Sickle  n, Harrison, Mul le r ,  
and Smith, "A Comparison of Six Geopressured-Geothermal Prospect 
Areas i n  t h e  LouisianaltGulf Coast Region on t h e  Basis of Poten t ia l  

( 9 0 )  Telephone Conversation with D 2 ,  1980; and 
Virginia  Van S i c  Tony Usibe l l i ,  
May 1, 1980. 
(91) Although n ably be used 
t o  gauge f a u l t  movement at  the surface.  See Louisifna S t a t e  
University - Louisiana Department of Natural Resources, Environ- 
mental Monitoring Plan: Parcperdue Test Well No. 1." 

< Envi ronment a1 Impact 6 .  

U 
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Severity of Subsidence @pact 

Introduction 

It is difficult to identify, muc less quanti-j, all economic and 
environmental impacts of ground subsidence. The extent of environmental 
and economic damage may be highly site-specific and dependent on topog- 

raphy, extent of human development, and local flora and fauna. Gather- 

ing the sparse available data on environmental and economic damages at . 

sites of known geofluid-withdrawal subsidence is one focus of the 

Lawrence Berkeley Laboratory's (LBL) Geothermal Subsidence Research pro- 

gram (92). Viets, Vaughan, and Harding selected six case study areas 

representing subsidence worldwide. Four of these are among the most 

extreme instances of man-induced subsidence: Wairakei, New Zealand 

(geothermal) ; Wilmington, California (petroleum) ; and the San Joaquin 
Valley, California, and Mexico City (both groundwater). All have 

experienced vertical movement of five to nine meters (93 ) .  

he LBL study attempts to identify both the quantifiable and 

unquantifiable costs in each case. An important point to note is the 

frequent coincidence of environmental and economic costs, such as in the 

case of flooding damage. The direct effects of flooding remedied 
through disaster relief funding is known and quantifiable; the loss of 

wildlife habitat, subsequent alterations in regional biota, and the 

effects of saline intrusions are not quantifiable. Some costs, such as 

damage to sewer installations, may be purely economic. Other costs, 

such as altered hydraulic salinity gradients (if there is no effect on 

commercial species), might be considered strictly environmental costs. 
The distinction of environmental and economic costs, because of man's 

reliance on natural systems, is necessarily ill-defined. 

The following sections generalize the different forms of surface 

disruption that can result from subsidence, identify the known costs in 
non-geopressured incidents of subsidence that might be relevant to the 

geopressured case, and identify sources of the biological and ecological 

(92) Viets, Vaughan, and Harding, - Environmental& Economic - Ef- 
fects of Subsidence, 1979. 
W I b i d ,  p. 11-3. 
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U information necessary for conducting regional and site-specific studies 
of the environmental impact of geopressured subsidence in the Gulf 

Coast. The Houston-Galveston subsidence resulting from groundwater 
withdrawal, one of the six case studies in the Viets, Vaughan, and Hard- 

ing volume, is referred to below as a rough comparison for cost informa- 
tion. Although not fully applicable to geopressured fluid withdrawal, 

Houston-Galveston may be the most geologically and geographically per- 

tinent instance considered by Viets, Vaughan, and Harding (94). 
Viets, Vaughan, and Harding note a number of difficulties in study- 

ing known subsidence including ( 9 5 ) :  

Lack of data on the geographical distribution of the damage 
the subsidence bowl, 

reservoir operators, at least prior to the early 1970's, had little 
incentive to study or evaluate the occurrence of subsidence unless 
structural damage to on-site buildings occurred, and 

within 

the connection of fluid withdrawal surface movement is not 
as other geophysical processes (natural subsidence, growth unique, 

faulting, tectonics) can produce similar results. 

Figure 13 illustrates possible direct and indirect effects of sub- 
sidence resulting from fluid withdrawal (96). Primary subsidence 

phenomena can produce environmental and economic costs directly without 

aggravating other hazards. Conversely, primary phenomena may increase 
the probability of damage esulting from other natural and man-made 

hazards. It is essential to temporal aspects of sub- 

sidence; the relation of fl 1 to subsidence, and of sub- 

sidence to ,appreciable damage, are both imp rtant Subsidence 
I Texas coastal plains, for instance, may hav relatively little 
I 

effect. The effect might become appare ooding damage during 
I 1 ,  
1 the next severe hurricane is worse th erienced in the past. 

I The possibility of a delay between physical 
I f  

I 

194) For more information on the Houston-Galvest 
analogy subsection of the "Techniques for Subsidence Prediction 
and Monitoring" section above. Note the ways in which groundwater 
subsidence and ground movement induced by geopressured brine remo- 
val may be very different. 
(95) Viets, Vaughan, and Harding, p. 1-6. W ( 9 6 )  Ibid, p. 1-3. 
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I environmental and economic e f f e c t s  should be recognized. 

. I  

Environmental Effects  

a 

The angle of tilt r e l a t ive  t o  the horizontal  i n  d i f fe ren t  portions 

of the subsidence bowl, as w e l l  a s  the maximum depth and.area of the 

bowl, are important parameters i n  assessing the extent of surface disr-  

uption (97). .Figure 1 shows a generali subsidence bowl, relates 

compressional t o  tensional s t r a in ,  and demonstrates the use of the 

inf lec t ion  point t o  ca lcu la te  the tilt  (98). The horizontal s t resses  at 

the surface are tensional a t  the periphery, and compressional a t  the 

center  of the bowl. In  some instances, the absolute ambunt of ve r t i ca l  

movement may not be as important as the tilt  of the bowl i n  determining 

the sever i ty  of s t ruc tu ra l  damage t o  buildings o r  the  disruption of 

levees, streams, and other  hydraulic systems. For a generalized bowl 

shape, the la rger  the subsided area,  the l e s s  the  t i l t  w i l l  be. Thus 

subsidence may have a r e l a t ive ly  mild impact over a la rger  area,  o r  a 

more severe impact over a smaller area. Because subsidence bowls above 

geopressured reservoirs  of r e l a t ive ly  small a rea l  extent (compared t o  

groundwater aquifers,  fo r  instance) w i l l  probably be correspondingly 

small i n  area,  the degree of tilt  may be the major determinant of impact 

severi ty .  Hor the  s ides  of the bowl, 

aggravated by i n  -fissuring. Faults,  with o r  

without previous surface expression, may experience sh 

. .  

g movements. 

The reported e lveston area 

resu l t ing  from gr  n not be s ta ted  a s  a quantifi-  

able cost .  The damages are similar, however o h  those tha t  might occur 
along the Gulf Coast were subsidence t o  fo  va l 'o f  geopres- 

sured f lu ids .  Damages a t t r i b  alone included: 

- increased r i s k  of ' f l  of escape roads 

* 

during hurricanes; 

T9/1 The tiltmeter, a device used t o  measure angular tilt a t  
spec i f ic  points of an area of potent ia l  subsidence, is  discussed 
e a r l i e r  i n  the 'analyt ical  techniques section. 
(98) Viets, Vaughan, and Harding, portions of pp. 11-3 and 11-8. 6, 
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b, 

, 

* modif ica t ion  of na tu ra l  vege ta t ion  due t o  a l t e r e d  s a l i n i t y  gra- 
d i e n t s ,  and; 

a he ergence of ri mouths tha t  transform d e l t a s  i n t o  bays of 
g r e a t e r  sa l i  

Although not s p e c i f i c a l l y  mentioned, and perhaps not observed, an 
a l t e r a t i o n  i n  t h e  balance of animal spec ies  is l i k e l y  t o  have 
occurred, with some spec ies  b e t t e r  ab le  than o thers  t o  t o l e r a t e  
increased s a l i  n i  t y  . 
Altered p a t t e r n s  of drainage are common i n  cases  of t i l t .  su r face  

Natural  rates of sedimentation and eros ion  are a l t e r e d  with an increased 

p o t e n t i a l  f o r  d i s rup t ion  of i r r i g a t e d  crops such as r i c e .  

Several  sources  of base l ine  information, wr i t t en  s p e c i f i c a l l y  f o r  

t h e  geopressured resource,  provide a f st  s t e p  i n  t h e  evaluat ion of 

ce impact on l o c a l  b io t a .  I n  a volume completed f o r  t he  F ish  

and Wi ld l i f e  Service,  Gu son, McGraw, and Tandy survey t h e  ecologica l  

systems of the  Gulf Coast, ca ta loging  b i r d s ,  mammals, and unique, rare, 

A similar s tudy  completed f o r  t h e  Department of 

Louisiana S t a t e  Universi ty  concentrates  on the  na tu ra l  

s tud ie s  provide ecolog- 

nd of s p e c i f i c  geopres- 

ed spec ies ,  

research repor t  from EDAW-Earth 

eas f o r  subsidence s tudy 

e r e l a t ionsh ips  between 
l i c ,  and b io log ica l  

t h e  na tu ra l  subsidence 

t .  The repor t  mentions a 

our ,  peat  accumula- 

t h e  f u l l  impact of 

ead t o  an estimate of 

( 9 9 )  Ibid.2 D. 11-5. 
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environmentally acceptable magnitudes and rates of subsidence ( i f  any) 

r e s u l t i n g  from t h e  addi t ion  of geopressured subsidence t o  t h e  e x i s t i n g  

background rates. 
I n  addi t ion ,  EDAW-ESA suggest t h a t  much might be learned by study- 

ing t h e  impacts of ground movement on various c i v i l  engineering p ro jec t s  

such as diking and dredging--both of which are found ex tens ive ly  on the  

Gulf Coast . 

Economic E f f e c t s  

Several types of land sur face  movement r e l a t ed  t o  subsidence are 

more l i k e l y  t o  d i s rup t  man-made than n a t u r a l  systems. T i l t  ( o r  t h e  

s imi l a r ly  defined term d i f f e r e n t i a l  se t t lement )  measured as an angular 

d i s t o r t i o n ,  may provide t h e  bas i s  f o r  fu tu re  standards of allowable sub- 

sidence. With Tables 6 and 7 ,  Viets, Vaughan, and Harding f i r s t  pro- 

v ide  tilt d a t a  f o r  a number of subsided areas, and then compare t h e  

s e v e r i t y  of s t r u c t u r a l  damage t o  a s c a l e  of t ilt  values. Baldwin H i l l s ,  

Ca l i forn ia  and t h e  Wairakei geothermal f i e l d s  are t h e  only two with tilt  

values high enough t o  occasion appreciable damage t o  buildings.  This 

type of damage i s  l a rge ly  a r e s u l t  of hor izonta l  ground movement as 

s o i l s  creep towards the  deepest point i n  the  bowl. 

F issur ing  i s  a l s o  l i k e l y  t o  have i t s  g r e a t e s t  impact on man-made 

r a t h e r  than na tu ra l  systems. I n  t h e  Houston-Galveston area, f i s s u r i n g  

r e su l t ed  i n  sl ippage along e x i s t i n g  f a u l t s  with reported damages of 

about $17,000,000 d o l l a r s  t o  220 s t r u c t u r e s  located along f a u l t s  (102). 

Subsurface deformation can cause contamination of groundwater sources, 

and ruptur ing  o r  buckling of w e l l s .  Dollar f i gu res  f o r  such damage a t  
Houston-Galveston are not ava i lab le .  

However, v e r t i c a l  movements r e s u l t i n g  i n  coas t a l  inundation caused 

an estimated $250,000,000 worth of damage i n  the  Houston-Galveston area. 
I f  f i s s u r i n g  damages are included, t h e  reported c o s t s  i n  t h i s  area 
(probably only a f r a c t i o n  of t he  t o t a l ) ,  are about $270,000,000 d o l l a r s .  

Although t h e  types and magnitude of damage may be s u b s t a n t i a l l y  d i f -  

fe ren t  should subsidence r e s u l t  from geopressured development, t h e  A - 

(102) Viets, Vaughan, and Harding, p. 11-17. L 

1 
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Table 6 Tilt and Pifferential Settlement Values 
For Case Study Areas 

Maximum Tilt and Differential Settlement 
Case Study Point of Average For 

1/2 Bowl Subsidence Area Inflection 

Baldwin Hills 0.01 0.007 

HoustQn-Galveston . 

Las Vegas Valley 

San Joaquin Valley: 

0.001 0.0003 

0.0007 0.0003 

- a. West of Mendota 
b. Tulare - Wasco 0.0007 
c. Arvin - Maricopa 0.0003 

Santa Clara Valley 0.001 

Wairakei 0.02 

0 . 0 0 0 7  - 

0 . 0 0 0 6  

0.01 

Wilmington 0.006 0.004 

Source: Viets, Vaughan, and Harding, 1979. 

c 
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damage at Houston-Galveston is valuable for comparison (103). Even dam- 
ages equal to only a small fraction of total resource proceeds may 

endanger the precarious economics of onshore geopressured development. 

A major question that must be addressed concerns the relation between 

the incidence of subsidence costs and gas sales benefits. 
EDAW-ESA's pre-draft Phase 3 report identifies the need to develop 

order-ofmagnitude cost estimates and a data base for the impact of 

geopressured subsidence on gional resources such as agriculture, 

fisheries, urban development, subsurface and surface oil and gas facili- 

ties, navigational facilities, urbanized areas, etc. (104). It is not 
possible to site-specifically assess, for instance, the loss of farmland 

attributed to subsidence. 

Mitigation Techniques 

. ,  
Ideally, mitigation can either: 

1. take place prior to the occurrence of substantial 
subsidence as a preventive measure 

a)  by altering or slowing the rate of fluid 
production, or by 

reinjecting either into a deeper formation, 
or into the producing formation so that 

pressure is maintained; or 

(103) If one assumes a discount rate of 12%, a daily production of 
40,000 bbls/day of brine with 25 scf/bbl of dissolved methane, a 
productiveswell life of 20 years, and a gas price of $lO/mcf, the 
net present value of the methane alone equals $6.6 bi!lion dol- 
lars. The total reported Houston-Galveston economlc costs 
represent about 4% of these hypothetical discounted geopressured 
methane proceeds. 
(104) EDAW-ESA Phase 3 pre-draf t, recommendat ion number 5. 
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2. can be aimed a t  hal t ing o r  slowing subsidence tha t  
has already occurred 

a )  by inject ing f lu ids  in to  shallower formations 
i n  an e f fo r t  t o  slow the  propagation of reser- 
vo i r  compaction through the overburden; or  

b) by following stricter design c r i t e r i a  f o r  the 
building of tubular goods for  downhole use, 
as  well a s  buildings at the s i te .  

Decreasing the r a t e  of f l u i d  withdrawal, and thus slowing the 

decrease i n  pore f lu id  pressure, is one method of e i the r  fores ta l l ing  o r  

mitigating the onset of subsidence. A potent ia l  need t o  decrease the 

production rate of a geopressured w e l l  o r  set of wells a f t e r  an unknown 

period of reservoir  exploi ta t ion may severely r e s t r i c t  the economic 

at t ract iveness  of development. 

Inject ion s t r a t eg ie s  are the other method fo r  preventing o r  fore- 

s t a l l i n g  appreciable reservoir  compaction ( i f  in jec t ion  i s  d i r ec t ly  i n t o  

the geopressured reservoir) ,  o r  of preventing the t r ans l a t ion  of compac- 

t i on  in to  subsidence (with inject ion in to  the  overburden) (105). 

In jec t ion  of a f lu id ,  usually water, can a l so  be a s t ra tegy  fo r  

decreasing the r a t e  a t  which compaction is expressed a s  surface sub- 

sidence. This method of subsidence "control" has been used with some 

success a t  areas of severe v e r t i c a l  s e t t l i n g  such as the Wilmington o i l -  

f i e l d  of C a l i  fornia.  

Beyond designing tubular goods t o  withstand shear fau l t ing  and t o  

resist buckling due to  ve r t i ca l  and horizontal  ground s h i f t s ,  l i t t l e  can 

be done s t ruc tu ra l ly  t o  mit igate  the e f f ec t s  of subsidence. On-site 

s t ructures  could be bu i l t  t o  s t r ingent  specif icat ions,  but t h i s  pro- 

cedure may be economically unattractive.  

Li 

(105) See the br ine disposal chapter of t h i s  report f o r  a discus- 
s ion  of the various inject ion s t r a t eg ie s  tha t  are available f o r  
geopressured exploitation. As noted there ,  due t o  the  economic 
and energy costs  associated with deep re in jec t ion  i n t o  the produc- 
ing formation, shallower re in jec t  ion (although less helpful  i n  
subsidence control)  w i l l  be the  favored method of disposal.  

9 

L, 
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Subsidence Research 
IC-) 

Ove rv  i e w  

Subsidence research involves: 

ng new and improved methods fo r  obtaining i n  s i t u  f l u i d  and 
rock samples with i n t e r s t i t i a l  f l u i d s  i n t a c t ,  

improvement and modification of laboratory techniques f o r  duplicat-  
ing  t h e  dynamic changes i n  i n  s i t u  stress t h a t  r e s u l t  from 
decreased pore pressures ,  

t h e  refinement of simulation techniques fo r  input of empirical com- 
paction behavior da t a  i n  an e f f o r t  o pred ic t  maximum magnitudes, 
and perhaps eventually rates, of com c t i o n  and subsidence t o  be 
expected a t  a p a r t i c u l a r  si te.  

0 

e standardizing nomenclature as wel l  as techniques f o r  sampling and 
t e s t i n g  . 
The next step i n  geopressured subsidence research i s  t o  ob ta in  and - -  

I -I 

tes t  r e l i a b l e  samples of i n  s i t u  materials i n  order  t o  develop a d a t a  

* b a s e  f o r  simulation work, as w e l l  as f o r  ver i fy ing  and developing 

rates ' t he  er of research necessary f o r  

n a b i l i t y  t o  pred ic t  magnitud and poss ib ly  rates of sub- 

andolph of the I n s t i t u t e  fo search (IGT) bel ieves  that  

simulation a b i l i t y  is advancing more 

ora tory  t e s t i n g  (106). Walt e,  a l s o  of IGT, po in t s  t o  t h e  

need f o r  increased funding aboratory s tud ie s  i n  order  t h a t  t h e  

soph i s t i ca t ion  of simulation t e  n be balanced by laboratory 

d a t a  (107). As Randolph poin ts  

having the  c a r t  ahead of t h e  horse. Present IGT a c t i v i t i e s  i n  t h e  

labora tory  t e s t i n g  of  subsidence f a c t o r s  
Division of DOE a t  t he  rate of abou 00 per year ,  enough t o  sup- 

por t  a s t a f f  of s ix .  

E 

. 

(io61 Telephone conversation with Ph i l  Randolph, March 26, 1980. 
(107) Telephone Conversation with Walt Rose, Ju ly  7, 1980. 

6) 
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64 Nevertheless, research goals remain opt imis t ic .  The Lawrence 

Berkeley Laboratory, f o r  ins tance ,  is funded t o  (108): 

op techniques fo r  d i s t inguish ing  n a t u r a l l y  
occuring subsidence from t h a t  which may be caused 
by f l u i d  withdrawal from geothermal wells and, 

b) develop techniques f o r  operating geothermal f i e l d s  
i n  a manner t h a t  w i l l  prevent o r  minimize adverse 
e f f e c t s  due t o  subsidence. 

Five areas of work are included: cha rac t e r i za t ion  
of subsidence, physical theory of subsidence, 
p roper t ies  of materials, simulation of subsidence, 
and subsidence cont ro l .  

ract are a group of r e p o r t s  done f o r  

LBL by Woodward- es, Golder Associates, Systems Control, 

Inc . ,  Ear th  Sciences A c i a t e s ,  and EDAW, Inc. A s  a series, these  

subsidence s ince  the  work of Ather- 

era1 of t h e  spec ia l ized  volumes 

cover areas, such as de ta i l ed  accounts of known subsidence areas, i n  f a r  

ev 109). 

ur echniques 

c 

iJ  

monitoring a predi c t  ion of 

eve ls  (110). Geophysical 

r e l a t i v e l y  la rge  volume of 

actures t h a t  can profoundly 

t a p a r t i c u l a r  s i te .  

methods can y i e ld  

on a volume of rock t h a t  va r i e s  from a few times t o  perhaps information 

b 354. 
:s. Bee: Grimsrud. Turner, and 
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5 6 10 t o  10 t i m e s  the  volume of a sample. Logging provides a v a r i e t y  of 

information F ina l ly ,  sampling tech- 

niques allow f o r  t he  gather ing of information t h a t  may be pe r t inen t  t o  a 

s p e c i f i c  point  at  a c e r t a i n  formation depth i n  a p a r t i c u l a r  w e l l .  The 

i d e a l ,  of course,  would be an i n f i n i t e  number of i n  s i t u  samples 

represent ing a l l  por t ions  of the  r e s e r v o i r ,  not j u s t  t he  annular  area at  

depth,  as wel l  as samples from each of the  s t r a t a  overlying t h e  reser- 

v o i r .  r e a l i t y ,  t he  th ree  techniques must be balanced t o  provide as 

accura te  a p i c t u r e  as poss ib le  of compaction p o t e n t i a l .  

over a wide range of rock volumes. 

I n  

Of the  t h r e e  l e v e l s  of d a t a  gather ing,  sampling r equ i r e s  the  most 

refinement and u l t ima te ly  w i l l  be of g r e a t e s t  he lp  i n  labora tory  v e r i f i -  

ca t ion  and modif icat ion of e x i s t i n g  theory.  

Increased accuracy of information gather ing on subsidence has bene- 

f i t e d  from i n d i r e c t  ac t ive  research by petroleum firms (111). 

O'Rourke and Ranson note  that  much of t he  necessary subsurface mon- 

i t o r i n g  instrument development w i l l  not take  place i n  t h e  p r i v a t e  s e c t o r  

because of i n s u f f i c i e n t  demand. And, unfortunately,  t h e  subsidence 

research t h a t  is done i n  the p r i v a t e  s e c t o r  i s  f requent ly  propr ie ta ry  
I ,  

(112). 

O'Rourke and Ranson recommend governmental funding t o  develop four  

extensometer systems. Funding o f  inclinometers was deemed premature. 

The four  extensometers are: a )  t r i p l e  senspr  induct ion sensor  probe, b) 

t r i p l e  sensor gamma ray  d e t e c t o r  probe, c )  t r i p l e  sensor reed switch 

probe, and d )  t r i p l e  sensor  osc i l l a to r - type  magnet de t ec to r  probe. I f  

funded, t h i s  research w i l l  probably be done f o r  geothermal but non- 

geopressured appl ica t ions .  I f  geopressured becomes commercially a t t r a c -  

t i v e ,  t h e  e f f o r t  w i l l  ' b e n e f i t  from geothermal research done on these  

four  systems. Geopressured geothermal researchers  should be aware of 

t h i s  pro jec t  and i t s  r e s u l t s .  

Laboratory Test ing 

1111) 
(112) O'Rourke, and Ranson, Instruments - f o r  Subsurface -- of Geothermal - Suh idence ,  p. '12. 

See Atherton e t  a l ,  p. 6-23. 
Monitoring 

. I  
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u The Petroleum Engineering Department of t he  Universi ty  of Texas 
does labora tory  t e s t i n g  of geopressured cores under t h e  d i r e c t i o n  of Ken 

W 

Gray. In  add i t ion ,  Walt Rose of the  I n s t i t u t e  of Gas Research (IGT) and 

John Schatz of TerraTek (Sa l t  Lake C i ty ) ,  hope to  begin t e s t i n g  i n  s i t u  

materials i n  the  near  f u t u r e  (113). Several  o the r  l abora to r i e s  have t h e  

necessary equipment f o r  dup l i ca t ion  of i n  s i t u  geopressured temperatures 

and pressures .  Included among these  a r e  two na t iona l  l abora to r i e s :  Ba t -  

t e l l e  Northwest, and Lawrence Livermore. 

Laboratory research can be separated i n t o  two components, petrophy- 

s i c a l  and geophysical.  IGT is equipped t o  work on t h e  former with the  

study of r e l a t i v e  permeabi l i t i es  of b r ine  and exsolved gas under reduced 

pore pressures .  A l abora tory  a t  the  Universi ty  of Texas (UT) i s  working 

i n  t h e  l a t te r  area, inves t iga t ing  t h e  r e l a t i o n  -o f  bulk t o  mat r ix  

compress ib i l i ty  and o t h e r  geologic parameters i n  an e f f o r t  t o  move 

beyond t he ove rs imp1 i f i c a t  i on e l a s t i c i t y  theory (114). 

A major p r i o r i t y  i s  "cre  s t ing",  now i n  progress .  Creep test- 

ing measures long-term time- endent, as opposed t o  s t a t i c ,  changes i n  

reservoir parameters such as s i t y  and permeabi l i ty  due t o  e f f e c t i v e  

stresses (and e x t e r n a l l y  appl ied s t r e s s e s )  t h a t  e maintained over long 

periods of t i m e .  Creep tests,  o f t e n  conducted o r  about one month, 

approximate t h e  loading c h a r a c t e r i s t i c s  an t i c ipa t ed  f o r  pressure  reduc- 

t i o n s  i n  geopressured aqui fe rs .  

No need f o r  major advances ' in  labora tory  equipment is an t i c ipa t ed .  

What is needed are cores  f o  tudy and adeq unding, I n  addi t ion ,  

t he  need f o r  v e r i f i c a t i o n  of r r e n t  theory t e l y  f e l t  i n  geopres- 

sured subsidence research.  

Miller, Dershowi er make a number 

of d e t a i l e d  recommendations regarding t h e  goals  of a subsidence simula- 

t i o n  research  program (115). Figure 16 i l l u s t r a t e s  t he  l a rge  

(113) Telephone Conversations with Walt Rose, J u l y  7,  1980, and 
Daniel Ennis,  J u l y  7 ,  1980, respec t ive ly .  
(114) Sfe  coverage of compaction and subsidence theory above f o r  a 
d i scuss ion  of e l a s t i c i t y  behavior as a p p l i e d ,  t o  compaction 

rocesses  . P 115) Simulation - of Geothermal Subsidence, 1980. 
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Figure 16. Contributions to Uncertainty of Geothermal 
Subsidence Prediction. 

Source: Miller, Dershowitz, Jones, Myer, Roman, and Schauer, 1980. b d  
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e 

3 

uncer ta in ty  associated with t h e  raw subsidence d a t a  now ava i lab le  f o r  

conceptual and computational modeling (116). The authors note  t h a t  t h e  

uncer ta in ty  of modeling r e s u l t s  is due f a r  more t o  d a t a  in su f f i c i enc ie s  

than t o  de fec t s  i n  deformation models: 

" [ i l t  is our o ion  t h a t ,  due t o  t h e  physical 
imposs ib i l i ty  f u l l y  charac te r iz ing  a subsidence 
system, subsidence models w i l l  never be ab le  
t o  pred ic t  subsidence with g rea t  precision. It 
s reasonable t o  expect t o  pred ic t  t he  general  na ture  

and magnitude of the defqnnations, but.. . t he re  w i l l  
o f t e n  be 'anmalies'...As a r e s u l t ,  t h e  soph i s t i ca t ion  

' of cur ren t  'deformation models appeared t o  be adequate, 
as they do not do not s i g n i f i c a n t l y  increase 
p red ic t  ion  e r ror"  ( 117). 

Overa l l  recommendations include (118): 

.Development of complex coupled models of r e se rvo i r  flow and defor- 
mation i s  not des i r ab le  now. Data is i n s u f f i c i e n t  and t h e  coupling 
of flow -and deformation increases  cos t  more than accuracy. 

* Conceptual models should be developed t o  t h e  degree warranted by 
t h e  data.  "Coinputational models should be developed t h a t  are 
appropr ia te  t o  t h e  soph i s t i ca t ion  of t he  conceptual models. 

* The type of model should' match the  reservoi r .  One-dimensional 
models, f o r  i n s  appropriate f o r  i r r e g u l a r  r e se rvo i r s .  

The authors make a number of recommendations s p e c i f i c  t o  r e s e r v o i r  
flow and deformation models, including t h e  need t o  develop a data  base 

of models i n  t h e  public domain and the  need f o r  development of state- 

of-the-art simulations f o r  t h e  use of t h e o r i s t s  as w e l l  as s impl i f ied  

p e c i a l i s t s  (1 
Assuming t h e  c o l l e c t i o n  of r e se rvo i r  and overburden da ta ,  t h e  

expect a rap id  development i n  r e se rvo i r  flow theory i n  t h e  next authors 

few years t h a t  w i l l  l ead  t o  an appropriate use f o r  more complex models. 

. 
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General Studies  of Geopressured Subsidence 

EDAW, Inc . ,  and Earth Sciences Associates (ESA) are working j o i n t l y  

a Lawrence Berkeley Laboratory cont rac t  t o  develop de ta i l ed  research on 

plans on subsidence from Gulf Coast geopressured development (120). 

EDAW and ESA both completed earlier work on geothermal subsidence f o r  

LBL under cont rac t  t o  t h e  Geothermal Divis ion of DOE (121). The work 

includes input  from Gruy Federal ,  a Houston cont rac tor  f o r  t h e  DOE Wells 

of Opportunity program, i n  t h e  form of supplying information on reser- 

v o i r  proper t ies  and production schemes t h a t  may be u t i l i z e d  i n  producing 

geopressured r e se rvo i r s .  I n  addi t ion ,  a Univers i ty l Indus t ry  Advisory 

Group has been set up t o  advise  EDAW-ESA of research progress.  The 

goals  of the  program as discussed i n  t h e  proposal c a l l  fo r :  a )  prelim- 

inary  eva lua t ion  and cha rac t e r i za t ion  of geopressured prospect areas, b) 

the picking of four  "representat ive"  areas f o r  es t imat ing  t h e  range of 

subsidence t h a t  might occur under var ious  production schemes along with 

ana lys i s  of environmental and economic impacts r e s u l t i n g  from subsidence 

a t  t he  s i te ,  and c )  design of a research pro jec t  t o  dea l  with unresolved 

subsidence concerns. 

Criteria f o r  t he  choice of prospect areas includes:  

e 

e 

e 

a v a i l a b i l i t y  of e x i s t i n g  d a t a  f o r  analyses  i n  appropr ia te  d e t a i l ,  

general  geologic s e t t i n g ,  

r e se rvo i r  charact  e r i  s t i c s  , 
recoverable  resources ,  

environmental s e t t i n g  ( coas t a l  vs .  inland,  o r  developed vs. agr i -  
c u l t u r a l ,  e t c .  1 

DOE/Industry development p r i o r i t i e s  (122). 

The four  prospects  chosen f o r  subsidence ana lys i s  are (123): 

(120) EDAW-ESA, 1980. 
(121) For earlier subsidence r epor t s  from EDAW and ESA, see :  
Grimsrud, Turner, and Frame, 1978, and; Viets, Vaughen, and Hard- 
ing,  1979. 
(122) Viets and Harding, 1979, p. 1-7. 

ei - 

t: 
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1. Austin Bayou Prospect (Brazoria Fairway), Texas 
2. Gladys McCall Prospect, Louisiana 
3. Southeast Pecan Island Prospect, Louisiana 
4. Cuero Prospect (Dewitt Fairway), Texas (123). 

LJ 

c 

Standardization of Methods 

The DOE Houston office and the University of Texas at Austin are 

sponsoring a working group intended to provide recommendations on the 
standardization of sampling procedures, laboratory testing procedures, 

and compaction and subsidence terminology (124). Fertl notes, for 
instance, the number of different formulas now available for calculating 

formationcompressibility (125). Terms are often inadequately defined, 
leading to unnecessary confusion. The goal of the working group is the 

publication of a guidebook for analytical geopressured subsidence 
evaluation. 

Corollary Areas of Research 

Geopressured research continues in a number of areas related to 

compaction and subsidence, a few of which are: 

.study of one-phase and two-phase flow in both porous and 
media; 

fractured 

* shale dewatering and PO fects on reservoir drive and 
compressibility; 

* the lithology and depositional history of geopressured formations; 

degree of formation cementation; 

* faulting mechanisms as related to the character and extent of over- 
burden compaction and surface subsidence; 

* 

4 

(123) E DAW-ESA, 1980 ¶ P.1. 
(124) U. S. Department of Energy/Industry Geopressured Geothermal 
Resource Development Program, "Minutes of the Informal Meeting of 
the Overview Group", Houston, Texas, May 328, 1980; EDAW-ESA Phase 
3 pre-draft, 1980, Recommendation # J .  
(125) Fertl, Abnormal Formation Pressures, p. 9 0 .  U- 
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e t he  r e l a t i o n  of subsidence to  f a u l t  a c t i v i t y  and t h e  reverse ,  and; 

research on w e l l  design techniques f o r  maintaining cas ing  i n t e g r i t y  
desp i t e  compaction. 

Conclusions 

The range of uncer ta in ty  surrounding t h e  quest ion of geopressured 

subsidence has not narrowed i n  the  pas t  few years .  The few ava i l ab le  

estimates are e i t h e r  based on overly s i m p l i s t i c  assumptions, or are 
derived from theory with has quest ionable  a p p l i c a b i l i t y  t o  geopressured 

subsidence. 

A t  t h i s  t ime, i t  i s  inappropr ia te  t o  o u t l i n e  d e t a i l e d  research 

t imetables .  The ava i l ab le  d a t a  f o r  a s ses s ing  geopressured subsidence 

has been s tudied and reworked as much as poss ib le .  The p o t e n t i a l  f o r  

severe impact r e s u l t i n g  from geopressured subsidence i n  t h e  low-lying 

areas of t he  Gulf Coast requi res  t h a t  answers not be rushed, t h a t  t h e  

necessary research be completed i n  a d e l i b e r a t e  and unhurried manner. 

This is  p a r t i c u l a r l y  t r u e  i f  r e i n j e c t i o n  of spent br ines  in to  t h e  over- 

burden s t ra ta  w i l l  be the  dominant mode of br ine  d i sposa l .  

The development of cri teria o r  mandatory s tandards f o r  allowable 

sur face  subsidence is  premature a t  t h i s  time, but  must be addressed i f  

commercial geopressured development i s  t o  become f e a s i b l e .  

The present  need i s  f o r  new da ta :  new cores  t o  tes t  i n  t h e  lab ;  new 
numbers der ived from t e s t i n g  f o r  input i n  s imulat ion exerc ises ;  and an 

a b i l i t y  t o  detachedly modify o r  d i scard  inappl icable  p a r t s  of the  ex i s t -  

ing body of subsidence theory.  Most of a l l ,  t h e  need i s  f o r  w e l l  d r i l -  

l i n g  t o  proceed so t h a t  cores can be taken, f l u i d  samples made, i n  s i t u  

logging performed, etc. Following d a t a  eva lua t ion  f o r  t h e  upcoming fam- 

i l y  of design and WOO w e l l s ,  i t  may be appropriate  t o  reassess research 

plans and t o  t e n t a t i v e l y  schedule research answers. 

bi- 
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ENVIRONMENTAL IMPACTS OF GEOPRESSURED BRINE DISPOSAL 
I 

Introduct ion 

Control and proper d isposa l  o f  "spent" b r i n e  from geopressured 

aqui fe rs  i s  the  o t h e r  f i r s t - o r d e r  environmental f a c t o r  assoc ia ted  with 

geopressured geothermal development (1) .  Unlike the  o i l  and n a t u r a l  gas 

production i n d u s t r i e s ,  where q u a n t i t i e s  of f l u i d  wastes are small com- 

pared t o  t h e  amount of energy resources  produced, a s i n g l e  geopressured 

geothermal wel l  can y i e l d  from 10,000 t o  50,000 b a r r e l s  of l i q u i d  per  

day throughout i ts  producing l i f e t i m e  (2) .  I n  add i t ion ,  t h e  b r i n e  pro- 

duced i s  hot  and chemically complex. Taken toge ther ,  t hese  f a c t o r s  

underscore the  p o t e n t i a l  f o r  s e r ious  environmental impacts The s e c t i o n  

on r e s idua l  con t ro l ,  above, described t h e  technologies ava i l ab le  f o r  
d i sposa l  of geopressured geothermal br ines  and some of the t echn ica l  

opera t ing  problems (such as sca l ing  and cor ros ion)  t h a t  may arise ( 3 ) .  

711 The terms "geopressured geothermal b r i n e  ," "geopressured 
geothermal aqueous e f f luen t , "  "geopressured geothermal waters," 
II geopressured b r i n e  ,I' "geopressuFed waters ,'I and "spent b r ine  ,'I 
are used interchangeably i n  t h i s  r epor t .  A l l  r e f e r  t o  f l u i d  pro- 
duced from geopressured geothermal aqu i f e r s ,  e i t h e r  before  or 
a f t e r  u se fu l  energy has  been ex t rac ted .  
(2)  Based on 1976 Louisiana Off ice  of Conservation s ta t is t ics ,  t h e  
average energy-to-salt-water-production ra t io  was 4.89 m i l l i o n  
BTU/bbl of salt water (standard devia t ion  2.07 m i l l i o n  BTU/bbl). 
This f i g u r e  is  an average f o r  t he  s i x  petroleum and n a t u r a l  gas 
d i s t r i c t s  i n  the  state.  The number i s  the  r a t i o  of t o t a l  energy 
embodied i n  crude o i l ,  na tu ra l  gas condensate, casinghead gas ,  and 
n a t u r a l  gas produced divided by t o t a l  sa l t  water production i n  t h e  
d i s t r i c t .  According t o  Daniel L. McGuire Jr., of t h e  Off ice  of 
Conservation, salt  water production from f i e l d  t o  f i e l d  can range 
from zero t o  dozens b a r r e l s  of sa l t  water per  b a r r e l  of crude 
(about 600,000 BTU/bbl o f .  salt  water 1. 

I n  c o n t r a s t ,  production of methane gas from a geopressured a q u i f e r  
y i e lds  a much lower energy-to-brine r a t i o .  Assuming a range of 
s o l u b i l i t i e s  from 20 t o  (very o p t i m i s t i c a l l y )  100 scf  methane/bbl 
b r ine ,  energy t o  water ratio would be from 20,000 t o  100,000 
BTU/bbl br ine  o r  2 % of t h e  o i l / g a s  to  salt  water r a t i o  i n  Louisi-  
ana. The Rapid Pressure  Drawdown (RPD) should y i e l d  a higher  ener- 
gy t o  water r a t i o  and, t he re fo re ,  t he  impact i s  propor t iona te ly  
lessened. Estimates of t h i s  r a t i o  are not ava i l ab le .  
(3 )  The type of resource u t i l i z a t i o n  w i l l  have minimal s i g n i f i -  
cance f o r  t h e  environmental impacts of b r ine  production. A system 
using a f u l l  range system of hydraul ic  tu rb ines ,  methane separa- 
tors, and geothermal e l e c t r i c  f a c i l i t i e s  may have s l i g h t l y  g r e a t e r  
impacts than a methane-only f a c i l i t y .  However, t h e  amount of b r i n e  
produced does not vary s i g n i f i c a n t l y  from process t o  process (ex- 
cluding t h e  rap id  flow process) .  Nor w i l l  t h e  chemical composition 
of t he  b r ine  be s u b s t a n t i a l l y  a l t e r e d .  Consequently, t h e  poten- 
t i a l  f o r  d e l e t e r i o u s  physical  and chemical impacts on ecosystems 
remain t h e  same. 

t h e  

L, _-" 
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U- This  sec t ion  concentrates  on an eva lua t ion  and review of t h e  s ta te  

of knowledge about t he  c h a r a c t e r i s t i c s  and poss ib le  environmental 

impacts of t hese  br ines .  The d iscuss ion  of t hese  c h a r a c t e r i s t i c s  and 

impacts cen te r s  around the  following questions:  

a 

* How do these  proper t ies  vary geographically wi th in  t h e  Gulf Coast 

What are the  chemical and physical  p roper t ies  of t he  b r ines  ? 

Region and i n  o t h e r  p a r t s  of t he  United S t a t e s  ? 

What i s  knowxi about the  poss ib le  e f f e c t s  of b r i n e  cons t i t uen t s  ? 

What are t h e  b r ine  s e n s i t i v i t i e s  of Gulf Coast ecosystems ? 

What measures are ava i l ab le  t o  l e s sen  the  environmental impacts 
b r ine  d i sposa l  ? 

What are t h e  state and federa l  environmental laws and regula t ions  
concerning geopressured geothermal b r ines  ? 

Is t he  experience of t he  Federal  S t r a t e g i c  Petroleum Reserve 

sured geothermal b r ine  d isposa l  systems ? 

* 

* of 

* (SPR) 
e and sur face  d isposa l  of br ines  appl icable  t o  geopres- 

Brine Charac t e r i s t i c s  

A number of f ac to r s  must be considered i n  any 

geopressured 

cha rac t e r i za t ion  of 

geothermal aqueous e f f l u e n t :  1 )  t h e  rate and dura t ion  

of b r ine  discharge under normal and emergency opera t ing  condi t ions 

(e.g. ,  w e l l  blowout, pipe rupture ,  etc.), 2) t h e  number of producing 

w e l l s  reasonably expected t o  be s i t e d  at a s i n g l e  loca t ion  or i n  a small 

ope r t i e s  of t he  b r ine  a t  discharge,  

d. Each of these  f a c t o r s  has 

technologies of br ine  con t ro l ,  but 

verage from 10,000 t o  
om a s i n g l e  w e l l  as 

The amount of br ine  generated a t  a typ ica l  wel l  i n  t h e  geopressured 

zone is expected t o  range from 10,000 t o  50,000 b a r r e l s  per  day. Actual 

productions depends on t h e  wel l  casing s i z e ,  r e se rvo i r  s i z e ,  optimal 
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rate of reservoir drawdown, and o the r  f ac to r s  discussed i n  t h e  technol- 

ogy cha rac t e r i za t ion  s e c t i o n  (4). 
I n  add i t ion  t o  estimates of flow rates under normal opera t ing  con- 

d i t i o n s ,  es t imates  of flows under abnormal or emergency condi t ions are 

a l s o  ava i l ab le .  The maximum flow rate,  which w i l l  occur when t h e  w e l l -  

head pressure  is zero,  depends on t h e  s i z e  of t he  casing. Podio, e t  al. 

have ca l cu la t ed  r e l a t i o n s h i p s  between wellhead pressure ,  flow rate, kh, 

and cas ing  s i z e  diameter.  From t h e i r  p l o t s  i t  can be ca lcu la ted  t h a t ,  

under blowout condi t ions (zero  wellhead pressure)  and with a 7" cas ing ,  

s u b s t a n t i a l l y  more than 100,000 b a r r e l s  of f l u i d  could be produced pe r  

day ( 5 ) .  Thus, a blowout release of one-half m i l l i o n  b a r r e l s  of b r ine ,  

wi th in  t h e  span of a few days, is possible .  

Adding t o  t h e  d isposa l  problem i s  the  p o s s i b i l i t y  t h a t  s eve ra l  

geopressured w e l l s  might be located i n  a small area, working i n  conjunc- 

t i o n  t o  "fuel" a geothermal e l e c t r i c  f a c i l i t y  o r  as sepa ra t e  u n i t s  

opera t ing  independently t o  produce f l u i d  from a s i n g l e  fairway. Many of 

t h e  e a r l y  designs f o r  geopressured geothermal production systems c a l l e d  

f o r  a 25 MWe geothermal e l e c t r i c  p lan t  powered by a c l u s t e r  of  10 t o  12 

w e l l s  each, flowing 30,000 t o  50,000 b a r r e l s  of b r i n e  pe r  day ( 6 ) .  

More l i k e l y  than  a c l u s t e r i n g  of w e l l s  f o r  a geothermal power p l an t  

i s  the  d r i l l i n g  of w e l l s  i n  reasonably c l o s e  proximity,  one-half t o  one 

m i l e  s epa ra t ion  f o r  example, i n  order  t o  produce a r e se rvo i r .  Thus 

wi th in  an area of a few square miles the re  could be a dozen or more 

w e l l s  producing i n  t o t a l  one-half mi l l i on  b a r r e l s  of br inelday.  I f  

development were extended, under extremely op t imis t i c  economic and 

resource condi t ions ,  t o  an indus t ry  producing one t c f / y e a r  of from 

Gulf Coast aqu i f e r s  (assuming a 40 sc f /bb l  average recovery r a t e ) ,  t he  

(4) RPC of the  Ecolo i c a l  E f fec t s  of 
W o u z e  T e v &  Geopres su reF  

, Inc.9 An 
Geopressured-GeothGa 
Geothermal Development Technical Paper-tin, Texas, J u l y  
1979, notes  t h a t  under the  most op t imis t i c  opera t ing  condi t ions  a 
w e l l  flow r a t e  of 120,000 bbl/day is possible .  Most estimates, 
however, range from 10,000 t o  50,000 bbl/day range. 
( 5 )  Podio, August0 L., e t  a l . ,  "Reservoir Research and Technolo- 
gy," Proceedings: Second Geo ressured Geothermal Conference-Volume 
3 (Austin Texas, F-y- p. 19 Figure 6. 
(6) See the  technology cha rac t e r i za t ion  sec t ion ,  e s p e c i a l l y  t h e  
d iscuss ion  on geothermal u t i l i z a t i o n ,  f o r  more information on 
these  designs.  Most s tud ie s  now consider  t h a t  t h i s  c l u s t e r i n g  of 
we 1 1s h i gh 1 y un 1 i ke 1 y . 

gas 
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amount of brine produced i n  the  region is  staggering. With w e l l s  

operating a t  40,000 bbl/day, annual water production would be 25 b i l l i o n  

bar re l s  from 170W wells (100% load fac tor ) .  ( 7 ) .  

How long can a geopressured geothermal well be expected t o  operate 

a t  a given s i te?  Most of the i n i t i a l  design s tudies  (Brown and Root, 

Dow) f o r  geopressured f a c i l i t i e s  based t h e i r  analyses on the assumption 

t h a t  a well would operate fo r  a period of t h i r t y  years. Presumably, t h i s  

assumption was a corol lary t o  the  construction of a geothermal electric 

plant.  Thirty years i s  the normally assumed l i fe t ime of an e l e c t r i c  gen- 

e ra t ing  f a c i l i t y  and apparently tha t  I planning horizon was merely 

extended t o  the geopressured resource. A second factor  tending toward 

t h i s  assumption was the estimate of very large reservoir  volumes (three 

cubic was an often-cited figure).  A reservoir  of tha t  s i ze  could 

sus ta in  pressure and flow.levels fo r  t h i r t y  years. 

m i l e s  

Increased emphasis on the  methane content of the aquifers ,  diminu- 

t i on  of the ro le  of geothermal e l e c t r i c i t y ,  and decreasing s i ze  esti- 

mates for  aquifers ,  may inval idate  the thirty-year l i fespan assumption 

(8). The l i fe t ime is ,  therefore,  determined by a combination of econom- 

i c s  and the  physical charac te r i s t ics  of the aquifer.  Neither of these 

issues is discussed i n  t h i s  section; however, they should be kept i n  

mind‘ i n  evaluating the  potent ia l  impacts of resource development. A 
w e l l  with a thirty-year l i fespan might have d i f fe ren t  environmental 

e f f e c t s  a t . - ’a  given location than a w e l l  w i t h  a ten-year span. I n  the  
case of Gulf disposal,  fo r  example, might the d i lu t ion  a b i l i t y  of a 

region be taxed beyond i t s  l i m i t  i n  the  former case?. Could the  shor te r  

average l i fe t imes fo r  geopressured wells lead t o  the d r i l l i n g  of more 

t o t a l  wells i n  the regions, e.g. three d i f fe ren t  wells a t  d i f fe ren t  

sites as opposed t o  one w e l l  a t  one s i te?  should These are issues  that  

geothermal w e l l  could ion t o  500 m i l -  

discussion of the reservoir  s i ze  estimates. 
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(S.E. Pecan Island 1, for  example, the  output of br ine could tot#, 

several b i l l i o n  barrels  over the l i fe t ime of the f i e l d  (10). 
I 

Temper a t  ur e 

Temperatures for  geopressured br ine vary according t o  s i te  loca- 
t i on ,  but should range between 250' and 300+OF. 

Fluid temperatures have been discussed i n  the technology section 

above, and are  not recounted i n  d e t a i l  here. It is suf f ic ien t  t o  note 

tha t  the brine temperatures as extracted from the  wellbore are f a r  above 

ambient air and water temperatures. The highest recorded temperature i n  

the geopressured zone, as reported by Jones (111, i s  525'F. More typi- 

c a l  ranges for  the brines are  200 t o  325'F. Clearly,  brines could not 

be discharged in to  the environment a t  these temperatures. Wilson, how- 
ever indicates tha t  discharge temperatures as high as 180°F have been 

proposed (12). , 

I n  addition t o  the temperature consideration, the problem of the 

t o t a l  amount of heat released i n t o  the environment should a l so  be noted. 

With a geothermal plant operating a t  such low input temperatures, e.g., 
250-275'F the thermal eff ic iency of the e l e c t r i c  generating process is 

extremely poor, most probably less than 10% (see the technology charac- 

t e r i za t ion  sect ion f o r  a discussion of Carnot eff ic iency) .  This means 

tha t  nearly a l l  of the geothermal heat is "waste" heat that  would have 

t o  be dumped i n t o  an a i r  o r  water thermal sink. 

- -  

Chemical Composition 

(9) The former f igure is fo r  a w e l l  with a ten-year average output 
of 10,000 bar re l s  of br ine per day and a 90% capacity factor .  The 
la t te r  f igure i s  f o r  a 50,000 bbl/day w e l l  (90% capacity fac tor )  
operating f o r  t h i r t y  years.  
(10) Southwest Research I n s t i t u t e ,  op c i t . ,  Appendix 2. 
(11) Jones, Paul, Proceedings of -- the F i r s t  Geopressured-Geothermal 

Conference, University Texas a t  Austin, 1975. 
%%%son, John S., et  a l .  "Surface Technology and Resource 
Uti l izat ion,"  Vol. I V ,  Proceedin s: Second Geo ressured Geothermal 

Conference, U n i v d e x a s  a t  A-ary 23-25, w 
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* The chemical composition of geopressured b r ines  is complex and 
' ranges i n  t o t a l  dissolved s o l i d s  TDS.from 10,000 t o  275,000 ppm. 

Concentration of  a v a r i e t y  of chemicals including boron, ammonia, 
and heavy metals, make these  br ines  s i g n i f i c a n t l y  d i f f e r e n t  from 
Gulf Coast seawater. 

q u a n t i t i e s  of f l u i d ,  even f l u i d  a t  an elevated temperature, 

do not present major environmental concerns i f  t h e  chemical composition, 

i s  compatible with - te r res t r ia l  and marine ecosystems. Geopressured 

br ines  are, however, chemically complex and p o t e n t i a l l y  hazardous 

wastes, notwithstanding t h e i r  na tu ra l  geologic o r ig in .  These br ines  

ncentrated seawater with a regular  and 
systematic increase  i n  a l l  dissolved ions,  but are 
complex so lu t ions  tha t  are i n  pa r t  t h e  r e s u l t  
of f lu id .and  ion  migration and chemical reac t ions  
t h a t  accompany t h e  b u r i a l  of sediments and i t s  
subsequent diagenesis" (13). 

ed t o  cha rac t e r i ze  these  

U. S. Geological Survey have 

e l i s t e d  a t  

comes from d a t a  supplied by o i l  

t u n i t y  and new w e l l  d r i l l i n g  programs. Table 1 l is ts  some of t h e  

c h a r a c t e r i s t i c s  and cons t i t uen t s  of seawater, o i l f i e l d  b r ines ,  and 

fluid-dominated geothermal f i e l d s  cotdpared t o  samples from four  geopres- 

sured wells, Figure 1 i l l u s t r a t e s  t h e  range of values fo r  geopressured 

b r ine  cons t i t uen t s  

others. . 
(15) Kharaka, Yousif K.; E. Callender; and W. W. Carothers, "Geo- 
chemistry of Geopressured Geothermal Waters from t h e  Texas Gulf 
Coast," i n  Proceedin s of the  Third Geopressured-Geothermal 
Conference, pp d--- 
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provide similar data for ,heavy metal concentrations in geopressured 

brines. 

As indicated in the graphs and tables the chemical composition of 
Gulf Coast seawater is a useful measure against which to compare 

geopressured brine composition. In addition, the Environmental Protec- 

tion Agency has published recommended toxicity levels for fluids 

discharged into the ocean. Together these two indices can provide a 

baseline for determining the possible effects of geopressured brines, 

especially with respect to surface discharges. 

The most general parameter describing brine constituents is the 

level of ,total dissolved solids (TDS). TDS concentrations in brines 

obtained from the geopressured zone vary over a large range. In the 

Lafayette area of Louisiana, they range from 20,000 mg/L to 275,000 mg/L 

(ppm), while the McAllen-Pharr section of southern Texas has values from 
10,000 to 40,000 mg/L. In general, the salinity increases as one moves 

from the southern portion of Texas along the Gulf Coast and into Louisi- 

ana (16). 
In addition to the simple TDS parameter characterizing geopressured 

fluids the concentrations of other chemicals may also be significant. 

Sodium (Na) and chlorine (C1) ions are also the major constituents by a 

wide margin (95% to 99%) of the total concentration. However, as Figures 

1 and 2 show, concentrations of Ca , HCO , and B , can be an order 

of magnitude greater than seawater and heavy metal concentrations can be 

several orders of magnitude greater than seawater. Of particular note 

from an environmental viewpoint are the elevated levels of boron and 

ammonia. The former has ranges as high as 140 ppm and the latter can be 

up to 100 ppm (17). 

++ 3- +++ 

(161 Kharaka, Yousit, et al., "Potential Problems Arising from the 
Disposal of Spent Geopressured/Geothermal Waters from Coastal Tex- 
as and Louisiana," p. 11-48. 
(17) The specific effects of boron, ammonia, and other chemical 
constituents of brine are discussed in the brine effects section c- 

below. id 
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ti 

Other Geopressured Regions 

Detailed da ta  f o r  other  geopressured aquifers outside of the Gulf 

are very l imited.  The'one region where information on geopressured br ine 

composition can be found i s  California (18). Kharaka has characterized 

the overal l  composition of California brines as follows: 

"The s a l i n i t i e s  of most geopressured waters 
from Cal i fornia  are much lower than those 
from the  Gulf Coast; the s a l i n i t i e s  are  generally 
less than 20,000 mg/L and, inmany places, less 
then 10,000 mg/L dissolved sol ids ,  but i n  a 
few places, t he  s a l i n i t i e s  reach 70,000 mg/L." 

Environmental' Impacts 

rect discharge in to  surrounding t e r r e s t r i a l  o r  aquatic environ- 

he the  geopressured geothermal aqueous eff luent  w i l l  generate 

gative impacts. The type and sever i ty  of these 

h the charac te r i s t ics  the e f f luent  and the sen- 

s i t i v i t y  of the impacted ecosystem. This se on b r i e f ly  sketchs out 

some of the  impacts that  have been ident i f ied  i n  the l i t e r a t u r e  (19). 

The preceding described t h e  physical and chemical composition of 

brines l i ke ly  t o  be produced i n  the  Gulf Coast. Although the  chemi- 

of the br ines  ry widely throughout the 

om 10,000 t o  275,000 ppm), it  can safely 

ine has a potential for some 

type and magnitude of these 
erties of a given br ine and 

the 

Gulf Coast (e. g 

T18) Kharaka, Yousif K., and Fredrick A.F. Berry, "Geochemistry of 
Geopressured Geothermal Waters from the Northern Gulf of Mexico 
And Cal i fornia  Basins ,'I 
(19) Although a number of works have examined the  ecological im- 
pacts of geopressured geothermal brines,  the  most detai led and 
comprehensive study focusingon the Gulf Coast sections of Texas 

Much of t h i s  sect ion is  extracted from material presented 
above report .  

i n  the  
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t h e  methods of d i sposa l  employed. 

What information is ava i l ab le  t o  he lp  eva lua te  some of these  poten- 

t i a l  impacts? 

* 
There are seve ra l  types of information t h a t  are useful :  

Laboratory and in - f i e ld  experience with t h e  e f f e c t s  of s a l i n e  solu- 
t i o n s  on non- o r  low-saline environments. 

0 Laboratory and in - f i e ld  d a t a  on the  e f f e c t s  of s p e c i f i c  chemicals 
(e.g. boron, ammonia, l ead , )  

Experience gained from d i sposa l  of b r ine  from both onshore and 
of fshore  petroleum production operat ions.  

6 Experience gained from d i sposa l  of f l u i d s  from conventional geoth- 
ermal electric opera t ions ,  e spec ia l ly  liquid-dominated systems. 

* Data der ived from b r i n e  d isposa l  experience as p a r t  of t he  Federal  
S t r a t e g i c  Petroleum Reserve Program (20). 

Given t h e  number of  substances and the  v a r i a t i o n s  i n  temperature,  

pH, and o t h e r  chemical and physical  c h a r a c t e r i s t i c s  of b r ines  a de ta i l ed  

summary of a l l  ecologica l  e f f e c t s  is not poss ib le  i n  t h i s  r epor t .  I n  t h e  

poss ib le  d e l e t e r i o u s  impacts of b r ine  d isposa l  as follows: 

"The impacts of a geothermal b r ine  s p i l l  [or  of d i r e c t  
sur face  d i sposa l ]  may include an i n i t i a l  k i l l  of 
l o c a l  aquat ic  l i f e  because of osmotic, thermal o r  o the r  
t ox ic  stress, followed by long-term poss ib ly  chronic e f f e c t s  
of gradual d i s s i p a t i o n  of e leva ted  l e v e l s  of s a l i n i t y ,  heavy metals 
and o t h e r  geothermal compounds. Natural  ecosystems which 
rece ive  such br ines  are modified i n  a number of ways which 
a f f e c t  water c i r c u l a t i o n  systems, osmotic r egu la t ion  of aquat ic  
organisms, water s t r a t i f i c a t i o n ,  s p e c i f i c  h e a t ,  hydrogen ion  
balance,  bu f fe r  systems, s o l u b i l i t y  of oxygen, t u r b i d i t y  and i o n  
balance. Such changes r e s u l t  i n  des t ruc t ion  of bottom 
communities and s o i l  s t r u c t u r e  and low species  d i v e r s i t y .  (21)" 

(20) Impacts ot  b r i n e  d isposa l  from t h e  SPR program are discussed 
i n  t h e  s e c t i o n  on t h e  SPR below. I n  b r i e f ,  t h a t  s ec t ion  concludes 
t h a t  because of t h e  r e l a t i v e l y  sho r t  dura t ion  of monitoring and 
t h e  prel iminary na ture  of  test  r e s u l t s  no d e f i n i t i v e  conclusions 
on impacts can ye t  be made. 
(21) Ibid.  p. 142. 
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Table 3 

Toxic Effects  of Geopressured Brines (23) 

Cons f 5 tuen Max. Concentration I Effects  c 

U 

Sr 12x drinking water standard Limited concern 

cu 
Fe 7Ox freshwater l i m i t  Destruction of benthic species 
,NH2 * 1300x freshwater l i m i t  Toxic 0.2 t o  2.0 mg/l 

from 0.0018 mg/l t o  7.5 mg/l 
'5 0 l O O x  aquatic plant tolerance L 

L - 

Elevated s a l i n i t y  levels  are  of par t icu lar  concern because of the 

low s a l t  tolerance,  r e l a t ive  t o  typical  geopressured brine concentra- 

t ions,  of even halophytic plant species. Maximum s a l t  levels  for  these 

plants  are only 50,000 ppm, substant ia l ly  below the  275,000 ppm of some 

Louisiana aquifers.  Additionally, even wi th  high s a l t  tolerance many 

plants (and animals) a re  adapted t o  a spec i f ic  range of concentration 

var ia t ions.  Documentation of the nature of high s a l t  concentrations of 

f l o r a  and fauna is  extensive. The reader i s  referred 

Table 3 b r i e f l y  l ist  some of the toxic  consituents i n  brine, t h e i r  

concentrations r e l a t ive  t o  recommended l i m i t s ,  and th ie r  chief e f fec ts .  

I lSio2 b O O x  steam turbine l i m i t  b lgae blooms 

Mitigation Strategies for Geopressured Brine Disposal 

From the  discussion i n  previous sect ion i t  is c lear  tha t  geopres- 

sured brines could serious impact the b io ta  of the Gulf Coast. These 

brines i f  undiluted and untreated could be toxic  t o  a wide var ie ty  of 
animal and plant species,  The question t h a t  log ica l ly  arises is;  are 

there  processes and techniques available tha t  can l i m i t  the severi ty  of 

V 

the technology characterization 
amined; 1) shallow subsur- 

3) su r face '  disposal,  and 

commercial use. As noted 

these previously, shallow subsurface inject ion is  the  most promising of 

(22) Ibid. pp. 142 - 148. 
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options and is  the most l i ke ly  method t o  be used i n a t h e  near future.  In  

the residual control sect ion the environmental pros and cons of each 

method were not exp l i c i t l y  considered. These pros and cons are  b r i e f ly  

described below. 

Shallow Subsurface Disposal * 

. <  

Shallow in jec t ion  i s  the most promising method current ly  available 
tha t  i s  both economically feasible  and environmentally acceptable: 

Under normal operating conditions shallow subsurface disposal 
should present no s ignif icant  environmental impacts i n  the  short  
term. Long-term impacts are as y e t  uncertain,  but most probably 
should a l so  be minor. 

Reinjection of spent brine in to  'a shallow (several-thousand-foot 

deep) formation with suf f ic ien t  long-term storage capacity and favorable 

porosity and permeability charac te r i s t ics  is an environmentally sound 

procedure. Essent ia l ly ,  a l l  t ha t  i s  occuring i s  tha t  a natural  f l u id  i s  

extracted from great depth and redeposited i n t o  a formation above i ts  

or ig ina l  leve l ,  but suf f ic ien t ly  deep t o  preclude d i r ec t  communication 

with water supplies o r  the land surface. This la t ter  point is the key 

factor  i n  lessening the environmental impacts of injected brine; namely, 

the brine must remain where i t  is put with l i t t l e  or  no poss ib i l i t y  of 

migration in to  other  formations. ( 2 4 )  The major environmental concern 

is ,  therefore,  determining the poss ib i l i ty  of migration out of the reci- 
pi  ent format ion. 

The Workshop on Subsurface Disposal of Geopressured Fluids,  held a t  
the University of Louisiana i n  1979, remains the major source of.. 

detai led info'rmation on the impacts of subsurface disposal.  ( 2 5 )  

( 2 4 )  The in jec t ion  of brines i n t o  shallow aquifers may cause f a u l t .  
act ivat ion,  induced seismicity,  o r  ground l i f t i n g  under ce r t a in  
circumstances. These problems are discussed i n  the sect ion on 
"second-order" environmental impacts, below. The consensus of 
opinion among experts is tha t  the poss ib i l i ty  of deleter ious chem- 
i c a l  impacts of brines on potable aquifers and ecosystems i s  more 
s ignif icant  -than the possible negative geological impacts. Fluid 
incompatibility, i .e.,  chemical reaction between the injected 
f lu id  and -the f lu id  already present i n  the formation, is  not con- 

technical ra ther  than enviroamental problems and are examined i n  
the residual control  section. 
(25) Bachman, Ann, L. ,  Worksho on Subsurface D i s  osal  of Geo res- 

s i t y ,  Baton Rouge, sponsored by the  Louisiana Department of Natur- 
a l  Resources and Louisiana S ta te  University. 

c 

.. 

sidered i n  t h i s  discussion. Potent ia l  incompatibi l i t ies  present -_ 

id 
. '  

sured Fluids, -- Gulf C o a s d  F7, 1979 , Louisiana +-+- t a t e  niver  
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V 

F 

, 

Workshop par t ic ipants  concluded t h a t  the mechanism for  injected f lu id  

migration out of the disposal zone is overpressuring of the recipient 

aquifer.(26) Additionally i t  w a s  noted tha t :  b 

"upward migration [of geopressured f luids1 t o  the 
surface o r  i n to  potable aquifers is not l i ke ly  
because: (1) the  wells are not l i ke ly  t o  be 
placed near s t ructures  l i ke  salt domes which can 
bound the  disposal aquifer;  (2) abandoned, uncased 
w e l l s  of ten plug a tura l ly  with impermeable clays; 
(3 )  f ractures  do not extend upwards i n  the un- 
consolidated Gulf Coast sands; (4) the  natural  
hydraulic gradients i n  the Gulf Coast favor the 
i so l a t ion  of injected geopressured f lu ids  from the  
near-surface; and ( 5 )  operating pract ices  can reduce 
the  probabi l i ty  of overpressuring" (27). 

Texas and Louisiana s t a t e  regulations,  plus new rules  promulgated 

as par t  of the federal  Underground Inject ion Control Program should a l so  

lessen the  likelihood of undesired f lu id  movement out of the recipient 

formation. Details pf these regulations are given i n  the  regulation sec- 

t i o n  below. 

The long-term i .recipient formations is more 

envi ronment a1 l y  rt-term aspect. Although reinjec- 

t i o n  of brines from o i l  and gas operations and waste from chemical 

operations n the  Gulf Coast, the  t o t a l  volume of 

f lu id  produced a t  a geopressured geothermal s i te  over i t s  lifetime 
subs tan t ia l ly  d i f fe ren t  roblems. It has been noted tha t  these 

lumes present unique unc ai nt  i es but tha t  these uncert a in t  ies 
"are not ones of technology ... but of economics--particularly the costs  

of treatment, maintenance, and back-up systems...'' (28) Thus, although 

the long-term e f f e c t s  of re in jec t ion  remain unclear,  proper operating 

and monitoring procedures should go f a r  i n  mitigating impacts. 

uncertain than the 

is a commoq procedure 

L, 
e treatment and maiytenance systems mainly 

corrosion, formation damage and 
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Deep Subsurface Disposal 

* Reinjec t ion  of spent b r ine  i n t o  the  producing formation should 
r e s u l t  i n  a low p robab i l i t y  of de l e t e r ious  environmental impacts. 

Reinject ion of  spent b r ine  i n t o  t h e  formation from which it was 
o r i g i n a l l y  produced i s  an unl ike ly  procedure due t o  t h e  extremely high 

energy requirements f o r  f l u i d  repressuring.  (29) From an environmental 

viewpoint, however, deep r e i n j e c t i o n  is a h ighly  d e s i r a b l e  opt ion.  As 
with shallow r e i n j e c t i o n ,  t h e  major environmental concern is movement of 

t he  disposed f l u i d  ou t  of t he  r ec ip i en t  formation. With a program of  

r e i n j e c t i o n  i n t o  t h e  production formation, however, t h e  p o s s i b i l i t y  of 

such communication i s  extremely small. F i r s t ,  t h e  formation, by t h e  very 

na tu re  of i ts  overpressured c h a r a c t e r i s t i c s  i s  geologica l ly  i s o l a t e d  

from adjacent  formations. Second, t h e  high pressures  normally present  i n  

the  formation make i t  un l ike ly  t h a t  t h e  d isposa l  of f l u i d  would produce 

pressures  above the  formation f r a c t u r e  pressure.  From a pure ly  economic 

perspect ive the  opera tor  would want to  use the  lowest r e i n j e c t i o n  pres- 

sures  poss ib le .  Third,  t h e  formations are extremely deep (10,000 t o  

20,000)  f e e t  and are, the re fo re ,  very well i s o l a t e d  from t h e  ground sur-  

face  or sur face  f a u l t i n g  systems. 

The only major environment'al concern may be the  increased poss ib i l -  

i t y  of f a i l u r e  somewhere along t h e  r e i n j e c t i o n  wel l  l i n i n g  because of a 
poor cement job. The l ike l ihood of  a f a i l u r e  is  g r e a t e r  simply because 

of need f o r  a h igher  r e i n j e c t i o n  pressure  than f o r  a shallow well .  

Nonetheless, f ede ra l  and s ta te  requirements f o r  d i sposa l  w e l l  cementing 

and design should minimize t h i s  hazard.  

t he  

Surface Disposal 

Di rec t  sur face  d isposa l  of geopressured b r ines ,  without t reatment ,  

i s  environmentally less des i r ab le  than subsurface i n j e c t i o n .  Without 

quest ion in t roduct ion  of these  b r ines  i n t o  sur face  f r e s h  water bodies 

( 2 9 )  See t h e  r e s idua l  con t ro l  s ec t ion  f o r  more d e t a i l s .  Sabodh K. 
Garg, has published a paper, "Reinjection of F lu ids  i n t o  a Produc- 
ing Geopressured Retervoir ,"  t h a t  argues r e i n j e c t i o n  i n t o  the pro- 
ducing formation is economically f e a s i b l e  because of enhanced 
recovery f ac to r s .  

.. - 
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such as adjacent r ivers  o r  lakes would not be permitted. 

s a l ine  

ble  surface disposal option. (30) 

Disposal i n t o  

waters ( i . e . ,  the  Gulf of Mexico) may then be the only permissi- 

The sect ion on brine e f f ec t s  above discussed t h e  problems expected 

i n  disposing of the spent f lu ids  in to  sa l ine  waters such as the Gulf of 

Mexico. Three key factors  influencing the possible impacts are the the 

physical and chemical charac te r i s t ics  of a given f l u i d ,  the amount of 

treatment the  brine undergoes before discharge, and the  d i lu t ion  poten- 

t i a l  of the ocean. The character is t ics  of the brine stream have already 

been discussed above. The lower the  TDS leve l  and level  of toxic com- 

ponents such ,as heavy metals and organics, the grea te r  the poss ib i l i ty  

f o r  d i lu t ion  of the brine. Thus it  i s  more l i ke ly  tha t  waters from a 
south Texas geopressured geothermal f a c i l i t y  (where TDS levels  are as 

low as 10,000 ppm) can be dumped i n t o  the  Gulf than could 275,000 ppm 

waters from Louisiana, although both sources would probably require 

some treatment a . (31) 

Treatment of the br ine is  also one possible way of diminishing the 

deleter ious e f f ec t s  of brine on the Gulf waters. For example Kharaka, et 

a l . ,  note tha t  "aeration [of the brine pr ior  t o  disposal]  w i l l  r esu l t  i n  

the prec ip i ta t ion  of i ron and manganese as oxyhydroxides and coprecipi- 

t a t i on  of most of the other heavy metals...'' (32) This should eliminate 

most of the heavy metal problem, however, highly toxic  organics such as 

ammonia would s t i l l  remain. Treatment t o  reduce the concentration of 

these substances is apparently technologically feasible .  The economics 

of such processes, however, remain t o  be investigated. Again, i t  i s  the 

massive volume of f lu id  produced t h a t  presents a unique disposal prob- 

l e m .  Such volumes of f lu id  mean t h a t  both the  amount of material requir- 

ing treatment and the absolute amount of toxins tha t  may require 

(30) There appears t o  be t o t a l  agreement i? the l i t e r a t u r e  tha t  
surface disposal i n to  f resh water courses is environmentally unac- 
ceptable even f o r  the  low s a l i n i t y  brines a f t e r  treatment. See 
fo r ,  example, Kharaka, Y.K. ,  K. Callender, J . C .  Chemerya, and .M.S, 
Lico, "Potential Problems Arising from the  Disposal of Spent 
Geopressured-Geothermal Waters from Coastal Texas and Louisiana," 
(31) It is not t he  TDS concentration, per se, t ha t  i s  of most con- 
cern i n  determining the  potent ia l  for  deleter ious environmental 
impacts, but ra ther  the concentrations of heavy metals and other  
toxic  chemicals. 
(32) Kharaka, et a l . ,  op. c i t . ,  p. 11-49. 
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I t reatment are very g r e a t ,  and p o t e n t i a l l y  expensive t o  handle.  

F ina l ly ,  t h e r e  i s  the  problem of d i l u t i o n  of t hese  l a rge  volumes of 

f l u i d  t o  an environmentally acceptable l e v e l .  On a gross  l e v e l ,  d i lu-  

t i o n  seems t o  be no problem. The volume of geopressured geothermal b r ine  

generated even under a very large-scale  development program a r e  minus- 

cu le  compared t o  t h e  volumes of the  Gulf of Mexico. However, t he  problem 

i s  not t h a t  simple. The loca l i zed  impacts of d i sposa l  could be poten- 

t i a l l y  devas ta t ing  under c e r t a i n  d ispers ion  or concentrat ion pa t t e rns ;  

The na ture  of the  mixing t h a t  could occur a t  a given s i te  is a complex 

and incompletely understood phenomenon. Var ia t ions  i n  seasonal sa l in -  

i t y ,  cur ren t  p a t t e r n s ,  proximity t o  sho re l ines ,  d i sposa l  equipment 

design,  and subsurface topography are but a few of t he  elements t o  be 

considered i n  determining the  temporal and s p a t i a l  v a r i a t i o n  i n  disposed 

br ine.  Thus, sur face  d isposa l  i n t o  the  Gulf would r equ i r e  d e t a i l e d  

pre- and post-disposal monitoring programs with p a r t i c u l a r  emphasis on 

f l u i d  d ispers ion  c h a r a c t e r i s t i c s .  Data derived from opera t ion  of t h e  

S t r a t e g i c  Petroleum Reserve's of fshore  d isposa l  f a c i l i t i e s  should 

increase  t h e  information base. 

Trans f e r  t o  Another User 

A f i n a l  s t r a t e g y  f o r  disposing of the  spent br ine  i s  t o  t r a n s f e r  i t  

t o  a f a c i l i t y  t h a t  could make some commercial use of t he  b r ine ,  e .g . ,  a 

chemical company t h a t  might ex t r ac t  u se fu l  by-products from t h e  b r ine  

stream. Environmentally, t he  impact of t h i s  procedure i s  unclear .  The 

problem of disposing of t he  la rge  volume of b r ine  is  not necessa r i ly  

e l iminated.  The problem i s  merely t r ans fe r r ed  t o  another  e n t i t y .  What 

the  chemical and physical  c h a r a c t e r i s t i c s  of the  f l u i d  would be a f t e r  

passing through commercial treatment depends on the  processes  involved. 

For r e i n j e c t i o n  d i sposa l ,  t he  composition should be of l i t t l e  impor- 

tance,  assuming an acceptable  r ec ip i en t  aqu i f e r  i s  ava i l ab le .  I f  the  

spent b r ine  were t o  be dumped i n t o  a sur face  water body, i t  is poss ib le  

t h a t  commercial processing might decrease some of t he  i t s  tox ic  charac- 

t e r i s t i c s .  This mer i t s  more ca re fu l  s tudy,  both f o r  ava i l ab le  markets 

f o r  t he  b r ine  and f o r  chemical and physical  composition changes i n  

s p e c i f i c  processes.  

Li- 

L, 
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'c, Regulations -- and Laws Affecting Geopressured Brine Disposal 

Disposal of spent geopressured geothermal brines i n t o  e i t h e r  sub- 

sur face  aqui fe rs  and sur face  water bodies would f a l l  under t h e  purview 

of a number of f ede ra l  as w e l l  as state  laws and regula t ions .  These 

various laws and regula t ions  requi re  t h a t  a v a r i e t y  of monitoring, 
. 

opera t iona l ,  and p rosc r ip t ive  water qua l i t y  cr i ter ia  be meet so as t o  

l i m i t  t h e  de l e t e r ious  e f f e c t s  of d i sposa l  of waste water. This s ec t ion  

b r i e f l y  summarizes some of these  requirement 8 .  

Subsurface Disposal 

Subsurface d isposa l  of br ines  and o the r  aqueous e f f l u e n t s  i s  a com- 

mon p r a c t i c e  throughout t he  U.S., and i s  e spec ia l ly  prevalent i n  the  

states of Texas and Louisiana, with t h e i r  extensive o i l  and gas produc- 

t i o n  and chemical i ndus t r i e s .  As a consequence of these  d isposa l  prac- 

t i c e s ,  a v a r i e t y  of na t iona l  and state regula t ions  have been developed 

t o  minimize t h e  p o s s i b i l i t y  of spent f l u i d  migration and contamination 

of groundwater suppl ies ,  o i l  and s f i e l d s ,  and geothermal f i e l d s .  I n  

genera l ,  most of these  regulations were w r i t t e n  before t h e  advent of 

geopressured geothermal development. No heless ,  f l u i d s  produced from 

these 'deep aqui fe rs  would de r  many of these laws. 

A t  the  f ede ra l  l e v e l ,  of aqueous f l u i d s  i s  cont ro l led  

un provisions of t Water A c t  of 1974 (P .L .  93-522, 
amended by P.L. 95-190). c i f i c a l l y  t h e  ac requi res  the  f ede ra l  

Environment a1 Pro tec t  ion  Agency (EPA) t o  "dev p minimum requi rement s 

f o r  S t a t e  Programs sources from 
endangerment by subsurf ace 11 injection' '  

Regulations - and Techn- 
e In j ec t ion  Control Pro- 

.1 Although geopressured 
with repor t ing  and 

eopressured geothermal 
d isposa l  wells w i l l  probably be p a r t  I and production wells 

par t  of Class 111 (34). 

33 Federal Re ister Volume 45,  No. 123, June 24,  1980, p.42472. bt) 
t345 Larry Bg-- rownlng, "The Federal Regulatory Framework" i n  
Proceedin s Worksho on Subsurface D i S  O S a l  of Geo ressured 4; &n Bachman, ed. +goEe ,- rn p-9- 
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Requirements f o r  Class I1 wells include cons t ruc t ion ,  opera t ing ,  

monitoring, and r epor t ing  provis ions t h a t  must be m e t  before  a w e l l  can 

receive a permit. Construction s tage  requirements include cementing and 

casing of the  i n j e c t i o n  w e l l  p lus  the  measureinent of  a v a r i e t y  of forma- 

t i o n  parameters. The chief  operat ing requirement spec i f i ed  relates t o  

i n j e c t i o n  pressure.  S p e c i f i c a l l y ,  

" in j ec t ion  pressure  at t h e  wellhead 
s h a l l  not exceed a maximum which s h a l l  
be ca lcu la ted  so as t o  assure  t h a t  t he  
pressure  i n  the  i n j e c t i o n  zone during i n j e c t i o n  
does not i n i t i a t e  new f r a c t u r e s  i n  t h e  i n j e c t i o n  zone. 
I n  no case ,  s h a l l  i n j e c t i o n  pressure  i n i t i a t e  
f r ac tu res  i n  the  confining zone o r  cause 
t h e  movement of i n j e c t i o n  or  formation f l u i d s  i n t o  an 
underground source of dr inking water" (35). 

The w e l l  monitoring program requi res  monitoring t o  take place 

weekly f o r  f l u i d  d isposa l  opera t ions ,  and sets annual r epor t ing  require-  

ment s. 

. The S t a t e  of Louisiana regula tes  subsurface d isposa l  through the  

agency of t he  Louisiana Department of Conservation (DOC), while t h e  

Texas Railroad Commission (TRC) has similar j u r i s d i c t i o n  i n  t h a t  state. 

I n  I both cases  the  subsurface i n j e c t i o n  of spent b r ine  r equ i r e s  a permit 

from t h e  state. A s  with t h e  f ede ra l  r egu la t ions ,  both states are con- 

cerned with p ro tec t ion  of f r e sh  water resources ,  and t h e i r  regula t ions  

are s imilar  i n  terms of w e l l  design and opera t ion  t o  those  required by 

the  f ede ra l  government (36). 

ederal Re ister ilii a l h & e s c y i p t i o n  of t h e  TRC and DOC views toward 
geopressured geothermal d isposa l  see Bachman, Ib id . ,  pp. 3-10. 

The Louisiana Department of Conservation's permits and regula t ions  
f o r  "Undernround S a l t  Water and Waste D i S D O S a l "  are included as 

op.. c i t . ,  p. 42508. 

appendix C zf the  EPRI repor t  Geo ressured *Energy A v a i l a b i l i t  , 
Southwest Research I n s t i t u t e ,  J-PRI AP-145- 

Texas water q u a l i t y  laws and regula t ions  as r e l a t e d  t o  geopres- 
sured br ines  are d e t a i l e d  i n  K.E. Rogers and A.W. Oberbeck, "The 
Geopressured Geothermal Resources of Texas: Regulatory Control 
Over Water Pol lu t ion ,"  The Center f o r  Energy Studies-The Universi- 
t y  of Texas at Austin,  Ju ly  1, 1977. A more summary treatment i s  
given i n  RPC Inc . ,  Legal I ssues  Related t o  Geo ressured Geothermal 
Resource Development, Jul-9 , pp. m+- 
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(I I n  addi t ion ,  under t h e  provisions of t he  Resource and Recovery A c t  

of 1974, proposed regula t ions  have been issued which c l a s s i f y  any f l u i d  

as hazardous i f  i ts  concentrations of a r sen ic ,  barium, radium, chromium, 

lead ,  mercury, selenium, o r  s i l v e r ,  exceeded by tenfo ld  t h e  drinking 

water standards.  Consequently, geopressured br ines  should almost cer- 

t a i n l y  f a l l  under t h i s  c l a s s i f i c a t i o n .  Although at t h i s  wr i t i ng  t h e  

impacts of these  regulations remain unclear,  t he  designation of t h e  

b r ine  hazardous should serve t o  increase t h e  q u a l i t y  of monitoring, 

design, and opera t ion  of geopressured wells (37 ) .  Larry Browning of EPA 

a l s o  notes t h a t  "the designation, hazardous waste f a c i l i t y ,  means there  

w i l l  be s i t i n g  l imi t a t ions  f o r  geopressured a c t i v i t i e s "  ( 3 8 ) .  

as 

Surface Disposal 

Presuming t h a t  d i sposa l  of br ines  i n t o  sur face  f r e sh  water bodies o r  

of fshore  wi th in  t h e  j u r i s d i c t i o n  of Texas and Louisiana is unl ike ly ,  

con t ro l  of d i sposa l  i s  exc lus ive ly  under t h e  cont ro l  of t he  federa l  

government. Chris Vais of t he  Environmental Pro tec t ion  Agency, notes 

t h a t  long-term discharge from a geopressured d isposa l  u n i t ,  such as a 

p ipe l ine ,  are regulated as under t h e  NPDES permit system of t h e  Clean 

Water Act (P.L. 92-5001, s p e c i f i c a l l y  sec t ion  403 on Ocean Dumping C r i -  

ter ia .  A t  t h i s  wr i t i ng  t h e  d e t a i l s  of t h e  cr i ter ia  had not ye t  been 

promulgated. The f a c t o r s  t o  be considered i n  such regula t ions  are: 

* 

e 

(37) See the  EPRI AP-1457, o discuss ion  
of poss ib le  impacts of hazardous waste designation. The report 's  
chief conclusion was t h a t  a hazardous waste c l a s s i f i c a t i o n  prob- 
ab1 would increase  d isposa l  cos ts .  
(383 Bachman, op. c i t .  , p. 13. 

p. 40 f o r  a b r i e f  

W 
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( a )  t h e  e f f e c t  of d i sposa l  of po l lu t an t s  on 
human h e a l t h  or wel fare ,  including but 
not l imi ted  t o  plankton, f i s h ,  s h e l l f i s h ,  
w i  l d l i  f e ,  shore l ines ,  and beaches ; 

(b)  t h e  e f f e c t  of d i sposa l  of po l lu t an t s  on 
marine l i f e  including t h e  t r a n s f e r ,  
concentrat ion,  and d i s p e r s a l  of po l lu t an t s  
o r  t h e i r  by-products through b i o l o g i c a l ,  
phys ica l ,  and chemical processes;  changes 
i n  marine ecosystems d i v e r s i t y ,  p roduct iv i ty ,  
and s t a b i l i t y ;  and spec ies  and community 
population changes ; 

( c )  t h e  e f f e c t  of d i sposa l  of po l lu t an t s  on 
e s t h e t i c ,  r ec rea t ion ,  and economic values;  

(d )  t h e  pers i s tence  and permanence of t he  
e f f e c t s  of d i sposa l  of po l lu t an t s  

(e) t h e  e f f e c t  of the d isposa l  a t  varying rates, 
p a r t i c u l a r  volumes and concentrat ions of 
po 1 l u t  an t  s ; 

( f )  o t h e r  poss ib le  loca t ions  and methods of 
d i sposa l  o r  recyc l ing  of po l lu t an t s ,  including 
land-based a l t e r n a t i v e s ;  and 

(g)  t he  e f f e c t  on a l t e r n a t e  uses of the oceans, such 
as mineral  e x p l o i t a t i o n  and s c i e n t i f i c  study. 

I 

- The S t r a t e g i c  Petroleum Reserve: Baseline Experience for 
Geopressured Geothermal Disposal? * The Federal  S t r a t e g i c  Petroleum Reserve Program can provide some 

use fu l  information about the  poss ib le  impacts and problems of 
geopressured b r ine  d isposa l  i n  the  Gulf of Mexico. 

SPR br ines  are b a s i c a l l y  sa tu ra t ed  salt so lu t ions  a t  ambient t em-  
pera tures  and are, the re fo re ,  s i g n i f i c a n t l y  d i f f e r e n t  from geopres- 
sured geothermal br ines .  

The SPR of fshore  monitoring programs may be use fu l  both f o r  d a t a  on 
Gulf responses t o  hypersa l ine  so lu t ions  and f o r  design of a 
geopressured geothermal d i sposa l  monitoring program. 

I n s t i t u t i o n a l  problems with s i t i n g  of of fshore  p ipe l ines  and objec- 
t i o n s  from Gulf Coast f i she ry  assoc ia t ions  can provide important 

Coast 

lessons for+geopressured s i t i n g .  

. 

I_ 

ftgi 
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I 

1, One of the technical ly  feasible  means of spent geopressured br ine 

disposal has been discussed above i s  the  discharge of the aqueous 

e f f luent  in to  surface waters, most par t icu lar ly  the  Gulf of Mexico. How- 

ever, the toxic  chemicals and elevated temperatures present i n  nearly 

a l l  br ine samples plus the estimated high cost of disposal pipeline con- 

s t ruc t ion ,  have led most individuals t o  the  conclusion tha t  the surface 

disposal option i s  not feas ib le  o r  desirable (39). Nonetheless, our  

information base f o r  es tabl ishing the  possible environmental impacts of 

surface disposal i n to  the Gulf remains incomplete. For example, i f  

d r i l l i n g  and production of the geopressured geothermal resources should 

occur on offshore platforms, then the f e a s i b i l i t y  of surface disposal 

would have t o  be examined (40). 

tha t  

One possible source of new information concerning brine disposal 

i n t o  the Gulf is the experience gained by the  Federal S t ra teg ic  

Petroleum Reserve Program (SPR). The purpose of t h i s  sect ion is t o  

examine the brine disposal experience provided by the  SPR program and t o  

determine i f  any of tha t  experience can shed l i gh t  on geopressured 

geothermal br ine control and disposal. 

Under the provisions of the Energy Policy and Conservation A c t  of 

b, 

1975 (P.L. 94-163) , the  U.S. Federal Energy Administration (now the  

Department of Energy) was man ed t o  es tab l i sh  a St ra teg ic  Petroleum 

Reserve program as  a means t o  lessen the impact of o i l  supply interrup- 

t ions.  I n i t i a l l y ,  the  esigned t o  accommodate 500 mill ion 

bar re l s  of crude o but was subsequently expanded t o  one b i l l i o n  bar- 

rels of ultimate s t  e are  f ive  sites, a l l  

i n  Texas and Louisiana used as storage faci l i t ies .  
er-leached caverns created i n  

examine the economics o 
opment o r  environmental con- 
ton's and Thomas Ray's, pa- 

Technologies" (Louisia- 
d aper, ear ly  1980) 

n t  sect ion below fo r  a 
discussion of the pro and cons of offshore development. It appears 
very unlikely t h a t  any development of the geopressured geothermal 
resource w i l l  occur offshore i n  the foreseeable future.  

s a  P costs  f o r  offshore 
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The por t ion  of  t he  SPR program t h a t  is  germane to an examination of 

geopressured geothermal waste e f f e c t s  and con t ro l  i s  t h a t  assoc ia ted  

with t h e  leaching of sal t  domes and d isposa l  of t h e  b r i n e  generated 

thereby. The i n i t i a l  s t e p  i n  t h e  cavern s torage  process  involves the  

d r i l l i n g  of a w e l l  i n t o  t h e  upper por t ions  of a subsurface s a l t  dome 

( located a t  depths ranging from 305 t o  1220 meters) .  Fresh water, taken 

from a nearby sur face  source such as a canal  o r  r i v e r ,  i s  ' then  pumped 

i n t o  t h e  cavern t o  d isso lve  the  salt from t h e  i n t e r i o r  of t he  dome. It 

takes  roughly seven b a r r e l s  of f r e s h  water t o  leach a volume of one bar- 

re l  i n  t h e  subterranean salt domes. The hypersa l ine  water (containing 

almost exc lus ive ly  sodium ch lo r ide )  i s  then pumped from t h e  cavern and 

disposed of  e i t h e r  by subsurface r e i n j e c t i o n  i n t o  ad jacent  forpa t ions  o r  

by sur face  d i sposa l  v i a  a p ipe l ine  i n t o  t h e  Gulf of Mexico (41). 

Although subsurface i n j e c t i o n  remains the  major d i sposa l  technology 

a t  t h e  SPR sites, from an environmental viewpoint t h i s  process  provides 

l i t t l e  new information (42).- Therefore,  only t h e  experience with sur- 

face  d i sposa l  of  b r ines  i s  considered i n  t h i s  s ec t ion .  

To determine whether o r  not t he  SPR sur face  d i sposa l  experience may 

be appl icable  t o  geopressured geothermal su r face  d isposa l  t h e  following 

quest ions must be addressed: 
Is t he  chemical and physical  composition of SPR b r ines  similar t o  
geopressured geothermal b r ines  ? 

A r e  t he re  analogous chemical and b io log ica l  reac t ions  t o  both types 
of f l u i d s  i n  t h e  Gulf Coast systems? 

* 

* Does the  environmental monitoring program a t  SPR provide poten- 
usefu l  information on t h e  impacts of d i sposa l  and can i t  be t i a l l y  

adapted t o  geopressured geothermal monitoring? 

1411 A t  t he  present  t i m e  only t h e  Bryan Mound s i t e  near  Freepor t ,  
Texas is employing su r face  d i sposa l  of br ines .  A l l  o t h e r  sites 
are using underground i n j e c t i o n  with plans underway f o r  eventual  
su r f ace  d i sposa l  a t  t he  West Hackberry s i t e  i n  western Louisiana.  
For a genera l  d e s c r i p t i o n  of the  Bryan Mound program see, FEA FES 
761 7 
r ia ,  
(42) 
i z a t  

- -  
7-6 S t r a t e  i c  Petroleum Reserve:Bryan ---'- Mound S a l t  D i e  Brazo- 
C o u n d  December 1 Y I I .  
See the-dual con t ro l  s e c t i o n  of the  technology charac te r -  

ion  chapter  f o r  a d iscuss ion  of t he  work r e l a t e d  t o  formation 
damage and plugging of r e i n j e c t i o n  wells at SPR sites. Experiments 
designed and operated by t h e  Lawrence Livermore Laboratory have 
provided a l a rge  amount of information on b r i n e  i n j e c t i o n  prob- 
l e m s ,  however, no s p e c i f i c  material r e l a t e d  t o  environmental im-  
pac ts  was developed. 
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* What in s t i t u t iona l  and lega l  factors re la ted  t o  SPR disposal may 
provide information useful for  geopressured geothermal development? 

Physical Character is t ics  of SPR Brine 

The chemical composition of the brines generated i n  the s a l t  dome 
leaching process var ies  from s i t e  t o  s i t e ,  but is essent ia l ly  common 

salt  (NaC1) so lu t io  r saturat ion.  Total Dissolved Solids (TDS) 

concentrations thu rom 290,000 t o  318,000 ppm at  the point of 

e x i t  from the  w e l l  casing (43). Other consti tuents i n  the brine include 

C a ,  SO4, and HC03. Table 4 indicates some of the measured values. A t  the 

Bryan Mound disposal s i t e  there  i s  also evidence of some discharge of 

heavy metal Gulf, however, these appear to come from the con- 

taminants i n  t h  I' water extracted from a nearby canal fo r  use i n  

the i n i t i a l  leaching process. 

Table 4 
SPR Brine Chara ristics (ppm) (44). 

S i t e  CL Ca SOr, HCO TDS 

Hackberry 1 000 603 1319 293 288,300 

Bayou Choctaw 192,000 833 148 312,100 

Bryan Mound 197,000 901 3000 110 291,800 

- 

Temperatures of the brines gene by the leaching process are 
ambi ent condi ti t e  where the w a t e r  en te rs  the 

, e.g., at  the h e. It is possible tha t  

i ent condi t ions prevai 1- 

t h i s  may be a useful guide 

the  temperature of the brine may d i f f e r  f 

physically and uent anticipated at  

1431 The saturat ion concentration 
var ies  according t o  temperature, and the  presence of other consti-  
tuents  i n  the water, but ranges from 35.7 g/L at  O°C t o  39.8 g/L 
a t  100°C. ( Lange's Handbook - of Chemistry, eleventh edi t ion,  Table 
10-2). 
(44) "Evaluating Brine Inject ion f o r  DOE'S Strategic  Petroleum 
Reserve Program" i n  Ener and Technology Review, Lawrence Liver- 
more Laboratory, A u g u d 9 x i v e r m o r e ,  C a m i a .  p. 5 .  
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while the  l a t te r  is not .  

The t o t a l  amount of b r ine  generated a t  a s i t e  v a r i e s  according t o  

the  s torage  capac i ty  a t  t h e  s i te .  A t  t h e  West Hackberry loca t ion ,  f o r  

example, t o t a l  b r ine  production from t h e  i n i t i a l  leaching process (211 
mil l ion  b a r r e l s  o i l  s torage  capac i ty)  spanning 67 months i s  expected t o  

be 2,176 mil l ion  b a r r e l s ,  o r  an average of s l i g h t l y  more than one m i l -  
l i o n  b a r r e l s  per  day (45). t o t a l  

f l u i d  output of f i f t y  20,000 bbl/day geopressured w e l l s  and t o t a l  output 

equivalent  t o  t e n  20,000 bbl/day wells opera t ing  f o r  t h i r t y  years  (46). 

This d a i l y  production compares t o  t h e  

The one s i t e  cu r ren t ly  employing su r face  discharge is Bryan Mound. 

I n  May the  d a i l y  discharge rate was roughly 200,000 barre l s /day  with a 
rate capac i ty  of the  discharge l i n e  of over 600,000 bbl/day (47). The 

discharge process is not continuous, but involves the  s to rage  of t he  

br ines  i n  a sur face  pond and discharge i n  batches a t  i n t e r v a l s .  

Phys ica l ly ,  t he re fo re ,  t h e  comparison between the  cavern leached 

waters of the  SPR and geopressured aqu i f e r  br ines  i s  f a r  from exact .  

Both of t he  so lu t ions  are hypersa l ine  (with t h e  poss ib l e  except ion of 

c e r t a i n  geopressured b r i n e s ) ,  but the  s i g n i f i c a n t  d i f f e rence  i s  i n  t h e  

concentrat ions of o the r  chemicals, f o r  i t  i s  p rec i se ly  these  o t h e r  ehem- 

i c a l s  as ammonia and boron which appear t o  pose g r e a t e s t  environ- 

mental hazards.  Thus one might expect similar impacts of t he  sodium and 

ch lor ide  anions and ca t ions ,  but  these  would probably be overwhelmed by 

t h e  e f f e c t s  of t h e  "other" chemicals. One simply cannot expect t h a t  t h e  

SPR e f f l u e n t  and geopressured aqu i f e r  e f f l u e n t  w i l l  have the  same chemi- 

c a l  e f f e c t s  upon Gulf Coast waters and t h e i r  f l o r a  and fauna. 

such 

?45) U.S. Department of Energy: S t r a t e g i c  Petroleum Reserve Pro- 
gram, Monitorin Plan f o r  Brine-Related A c t i v i t i e s  f o r  t he  West 

d e : e l ,  E f t R e o r t  , January 1980 ( s Y i E i E d b y  I Hackberr 
Science A p G c a t i o n s  Inc . ,  New O r  eans,  Louis iana) ,  p. 16. 
(46) The f i g u r e  of 2,176 m i l l i o n  b a r r e l s  does not represent  t h e  
upper l i m i t  of an t i c ipa t ed  t o t a l  l i f e c y c l e  discharge.  The s i t e  is 
designed t o  accommodate four  f i l l i n g s  and drawdowns of t h e  211 MM 
b a r r e l s  of o i l .  Since displacement of t h e  o i l  from t h e  caverns is 
by i n j e c t i o n  of  water, t o t a l  l i f e t i m e  output i s  3,020 m i l l i o n  bar- 
rels. No estimate of t h e  l ike l ihood of  four  o i l  s torage  cyc le s  is 
poss ib le  and thus one cannot estimate t h e  time over which one 
could expect a 3 b i l l i o n  b a r r e l  discharge.  
(47) S i t e  v i s i t  by Tony Us ibe l l i  and Pe te r  Deibler ,  Apr i l  30, 
1980. 
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Impacts t o  Date 

What are some of the spec i f ic  environmental e f f e c t s  tha t  have been noted 

t o  date  at the Bry und s i te?  Unfortunately, the project has not 

been i n  operatio gh t o  answer tha t  question with any cer- 

1 coordinator f o r  the Strategic  Petroleum 

se, believes tha t  "we [ the  SPR program] w i l l  

e done no s ignif icant  damage" (48). He 

of impact of the br ine disposal was confined 

t o  within three  feet  of the bottom and tha t  no damage is  expected t o  

occur except a t  concentrations of brine above 40 par t s  per thousand 

(ppt).  However, the da t a  so f a r  available does not give us suf f ic ien t  

information t o  determine the long-term impacts. 

I n  the  monitoring program for  the West Hackberry S i t e ,  a number of 

possible e f f e c t s  of the brine on aquatic ecosystems are noted. These 

include: osmotic s ss, ionic imbalance, decreased oxygen tension, 

adverse pH, temperature f luctuat ion,  changes i n  t race  metal tox ic i ty ,  

changes i n  hydrocarbon toxic i ty ,  and a r t i f i c i a l  density s t r a t i f i c a t i o n  

(49) 

Monitoring 

Given tha t  the level of he envi ronment a1 impacts 
olutions on the Gulf Coast 

remains incomp act  monitoring pro- 

i t e  and the proposed 

e been ins t i tu ted .  The 

and can i t  provide useful  

ermal brines? 

post-disposal monitoring 

s designed t o  

(48) Conversation by Peter ?e ib le r  and Tony Usibell i  with Wa- 
terhouse New Orleans, Louisiana May 1,1980. 
(49) Monitorin Plan for  Brine Related Act iv i t ies  -7- fo r  the West 

?%$%%m G r i p t i o n s  of the West Hackberry monitoring pro- 
gram are given i n  the Final Draft Report Monitorin Plan fo r  
Brine-Related Act iv i t ies  f o r  the West Hackberr p t e p a x  
f o r t h e  Department of E z g v t x g d e u m  Reserve Program 
by Science Applications Inc. ,  New Orleans, Louisiana. 

A 1  

4 t e x :  x . , ~ . P .  
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e s t a b l i s h  a base l ine  of si te-spec Eic d a t a  on t h e  area i n t o  which the  

br ine  w i l l  be discharged. Larry de la  Bretonne, a f i s h e r i e s  b i o l o g i s t  a t  

Louisiana S t a t e  Univesity, notes t h a t  a one year monitoring program is a 

minimal requirement f o r  understanding t h e  ecological makeup of a dispo- 

sal  area. (51) Such a program involves a v a r i e t y  of chemical and physi- 

cal  sampling process including, but not l imited t o ,  de t a i l ed  seawater’ 

ana lys i s  a t  a number of v e r t i c a l  and hor izonta l  l e v e l s  near t o  and away 

from t h e  d isposa l  l i n e ,  de t a i l ed  examination of a l l  benthic and water 

borne f l o r a  and fauna, and an  understand of time series v a r i a t i o n  i n  

these  parameters. I n  summary, such a monitoring program should be 

designed by oceanographers, marine b i o l o g i s t s  and o the r  exper t s  highly 

knowledgeable about the  Gulf Coast. 

. .  

I n s t i t u t i o n a l  and Regulatory Factors 

Although t h e  composition of SPR b r ines  d i f f e r s  s i g n i f i c a n t l y  from 

those expected t o  be generated a t  geopressured geothermal sites, and t h e  

da t a  from Gulf d i spers ion  monitoring remain incomplete, t h e  SPR example 

’ 

provides some very important i n s t i t u t i o n a l  and regulatory lessons. Prob- 

l e m s  t h a t  the  the  SPR program has encountered with l o c a l  ob jec t ions ,  and 

permits are important ind ica tors  of the  possible problems t h a t  may arise 

i n  t ry ing  t o  dispose of geopressured geothermal br ines  offshore.  

I n  discussions with those involved d i r e c t l y  with t h e  SPR program, 

as wel l  as with concerned individuals from outs ide  SPR, seve ra l  po in ts  

were o f t en  ra i sed .  F i r s t ,  t h e  SPR program has  been beset by managerial 

problems and has,  consequently, been ‘not supported o r  even opposed by 

ind iv idua ls  and s ta te  agencies i n  the  Gulf Coastal region. Lack of suf- 

f i c i e n t  public hearings,  development of less than adequate monitoring 

program, frequent s h i f t s  i n  personnel, and f a i l u r e  by t h e  federa l  

government t o  communicate with s ta te  agencies and educational i n s t i t u -  

t i ons  t h a t  have s p e c i a l  expe r t i s e  have a l l  contributed t o  these  prob- 3 

lems . 

(51) M ee t ing  with Larry de l a  Bretonne, Baton’Rouge Louisiana, May - 

1, 1980. ki 
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Any development of geopressured geothermal f a c i l i t i e s  with offshore 

disposal w i l l ,  have to  dea l 'wi th  t h i s  regional animosity, par t icu lar ly  i f  

the federal  government i s  involved i n  demonstration projects.  There- 

fore ,  before any such project i s  undertaken the  government should 

publish detai led design plans, e l i c i t  the a id  of regional b io logis t s ,  

oceanographers, and other  experts,  and contact state agencies i n  an 

e f f o r t  t o  decrease poten t ia l  conf l ic t s  fa r ther  down the  l i ne .  

A second policy concern expressed was the need t o  recognize the  

incremental of new disposal projects.  A t  present both the Bryan 

Mound SPR s i t e  and the Louisiana Offshore O i l  Port (LOOP) are  dumping 

large amounts of waste brine in to  the Gulf. Any large new additions,  

such as might occur with major development of near shore o r  offshore 

geopressured geothermal w e l l s ,  must be viewed as an addition t o  already 

exis t ing disposals.  Impacts and regulation of these wells w i l l  t o  

take i n t o  account the poss ib i l i ty  of multiple influences from several 

disposal sites. Geopressured waste disposal must be examined on both a 

s i t e  spec i f ic  and a regional basis .  

long 

nature 

have 

! 

! 
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Conclusions 

The hot , chemically complex aqueous eff luent  produced as  a by- 

product of energy conversion from geopressured geothermal aquifers can, 

under cer ta in  conditions , pose serious environmental hazards ,to terres- 
t r i a l  and aquatic systems. These e f f ec t s  can range from minor disrup- 

t ions of plant and animal species t o  major de,struction pf a wide area 

surrounding a large well-blowout to  damage of aquatic ecosystems. How- , 

ever, i f  properly handled and disposed of i n to  subsurface aquifers 

"waste" brines w i l l  have minimal impact. The key t o  assuring the l a t t e r  

i s  careful  monitoring of operations and enforcement of ex is t ing  disposal 

regulations. , 

- 
I 

As has been noted numerous t i m e s  above, disposal of , l a r g e ,  volumes ~ 

of aqueous e f f luents  from cqnventional o i l  and na tura l  gas,operations 

and the  chemical industry has been standard pract ice  i n  the Gulf coastal  
region for decades. The technology i s  w e l l  developed for: handling 
geopressured br ines  i n  an environmentally acceptable manner and no sig- 

n i f ican t  new research is  necessary. Proper subsurface disposal w i l l ,  be 

chief ly  an economic and not an environmental matter. 

Disposal of waste waters t o  a surface water body i s  very unlikely 

even with major treatment. Nonetheless, research on improved treatment 

methods, dispersion pat terns ,  and e f f e c t s  of geopressured brines on 

aquatic ecosystems should be encouraged, par t icu lar ly  i f  offshore 

development of the resource occurs. 
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b, SECOND-ORDER ENVIRONMENTAL IMPACTS 

I 

The poss ib i l i ty  of surface subsidence and the poten t ia l  deleter ious 

e f f e c t s  hot sa l ine  brines are  the most important environmental con- 

cerns associated with geopressured geothermal development. Both a review 

of the l i t e r a t u r e  and discussions with environmental experts leaves lit- 

t l e  doubt about t h i s  conclusion (1).  There are, however, second-order 

environmental impacts, which, on a short  term bas is ,  such as a t  a tes t  

w e l l  s i t e ,  can assume increased importance, (see the nonvnique impacts 

sect ion below). On a long-term commercial basis  these impacts, associ- 

ated with noise,  a i r  pollutant emissions, radioact ivi ty ,  e t c . ,  are  of a 

much smaller magnitude than those a r i s ing  from subsidence or br ine 

disposal. In most instances,  they can be controlled with minimal e f fo r t  

o r  expense. The ult imate environmental f e a s i b i l i t y  of geopressured 

geothermal development o n ' a  large sca le  w i l l  not be determined by these 

secondary environmental impacts, but by t h  impacts of subsidence and 

brine di  spos a1 . 

of 

This s ec t io  contains br ief  summari of these second-order 

impacts, highlighting some of the i r  more prominent aspects. References 

are provided i n  footnotes and a t  the end f t h i s  sect ion fo r  more 

de ta i led  information. The environmental factors  examined i n  t h i s  sec- 

t i o n  are: 

* 

W 
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* A i r  po l lu t an t s  

0 Noise 

* Occupational exposure 

* Solid waste 

* Radi oac t i v i  t y  

Induced se i smic i ty  

@ Fault ac t iva t ion  

Thermal e f f e c t s  

* Non-unique impacts of s i te  development 

G -  

I 

- A i r  Pol lu tan ts  

* A i r  po l lu tan t  emissions w i l l  be small during both w e l l  d r i l l i n g  and 
energy production phases. Hydrogen s u l f i d e  l e v e l s ,  o f t e n  high at 
geothermal p l an t s ,  should be extremely s m a l l  and probably would not 
requi re cont ro l  technology . 
The two sources of a i r  emissions at a geopressured geothermal s i te  

of gases associated with the  b r i n e  stream and a i r  pollu- are emissions 

t a n t s  r e s u l t i n g  from t h e  operation of a n c i l l a r y  equipment, such as 

d i e s e l  motors, used p r inc ipa l ly  during w e l l  d r i l l i n g  operations.  Only 

t h e  former i s  considered here (2) .  

The major gaseous emissions from t h e  b r ine  stream w i l l  be methane 

(CH 1, together with o the r  gaseous hydrocarbons. However, because these  

are economically valuable energy by-products, atmospheric emissions of 

these  hydrocarbons c e r t a i n l y  w i l l  be kept t o  an  absolu te  minimum. Flar- 

ing  of t he  gas is extremely unl ike ly ,  except f o r  shor t  du ra t ion  wells 

test Some o the r  gases are a l s o  expected t o  be found i n  so lu t ion ,  but 

meaningful estimates' as t o  amounts and t h e i r  v a r i a t i o n  along t h e  Gulf 

Coast are not ye t  ava i lab le .  Gas composition tests from t h e  Pleasant 

Bayou No. 2 Well, as reported by Kharaka, e t  al .  are given i n  Table 1 

4 

. 

. .  

(3).  

(2) Diesel engines t o  power t h e  mud pumps, ro t a ry  t a b l e ,  etc., 'fay 
have l o c a l l y  s ign i f i can t  a i r  impacts. Nevertheless, t hese  e m i s -  
s ions are common t o  a l l  o i l  and gas d r i l l i n g  operations and are 

(3) Kharaka, Yousif IC., Michael S. Lico, Vic tor ia  A. Wright, and 
W i l l i a m  W. Carothers, "Geochemistry of Formation Waters From 
Pleasant Bayou No. 2 Well and Adjacent Areas I n  Coastal Texas," 
presented at the  Fourth United S t a t e s  Gulf Coast Geo ressured 
Geothermal Energ--: X r c E d  - -om-; 
29-31, 1979, Austin, Texas. 

not unique t o  geopressured g,eothermal. - u 
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Table 1 
Composition of Gas Produced from Pleasant 

Sample Number 

7 9GG2 0 1 G 79662046 
Gas r a t i o  ( scf /bbl )  27 21 

Methane (CH4) 88.93 84.51 

Ethane (C2H6) 4.65 2.97 

Carbon Dioxide (C02) 5.24 10.54 

Nitrogen (N2) 0.67 0.57 
---- Hydrogen Stllf ide (H2S) <0.01 

Sulphur D i  oxide ( SO2 
Oxygen (02) <o. 02 

---- eo. 05 
---- 
---- Argon ( A r )  <o. 02 

Of the pol lutants  l i s t e d  above, only hydrogen su l f ide  and sulphur 

dioxide ' present any potent ia l  a i r  pollutant hazard, and the  concentra- 
t ions l i s t e d  are a t  levels  tha t  should be of l i t t l e  concern (4). I n  

t h e i r  review of the l i t e r a t u r e ,  RPC Inc. concluded tha t  "[s l tudies  t o  

date  indicate  tha t  it i s  unlikely tha t  H S emissions w i l l  cause s ign i f i -  

cant ecological o r  heal th  e f fec ts , "  and t h a t  odor considerations w i l l  be 
2 

sue l i ke ly  t o  be environmentally important (5).  

Noise 

* Subs t ant i a l  l y  during d r i l -  
l ing  and completions work a t  the s i te  and w i l l  be the same as noise 
leve ls  encountered a t  any deep d r i l l i n g  operation. Noise from 
operation of geot f a c i l i t i e s  o r  resu l t ing  from well 
blowouts may occur minor overal l  impact. 

CO emissions m ronmental co given massive 
:::elo$ment of the resource, as they could contribute t o  the ther- 
mal "greenhouse effect".  With the level  of development l i ke ly  i n  
the near term, however, high carbon dioxide levels are less an en- 
vironmental problem and more a problem i n  tha t  they mean less 
useful gas ( methane, ethane, e t c . , )  per bar re l  of brine produced. 
(5) RPC inc. ,  op. c i t . ,  p 69. 
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Elevated noise levels  around geothermal e l e c t r i c  generating f a c i l i -  

t ies  have been an issue of some concern i n  development of the resource 

(6). Studies a t  the Pleasant Bayou tes t  s i te ,  however, have shown tha t  

noise levels ,  associated almost exclusively with non-unique a c t i v i t i e s  

of well d r i l l i n g  and completion, had a minimal a f fec t  on noise 

levels (7).  Wells d r i l l e d  i n  regions with l i t t l e  indus t r i a l ,  commer- 

c i a l ,  o r  res ident ia l  development, where ambient noise levels  are low, 

would have a more a deleter ious e f f ec t  However, the t rans i tory  nature 

of w e l l  d r i l l i n g  and completion mean tha t  these e f f ec t s  would be short- 

term. 

ambient 

The other possible sources of increased noise a re  the operation of 

geothermal e l e c t r i c  plants  and from a w e l l  blowout. Noise from water- 

dominated geothermal plants can be noticeable; however, the small s i z e  

of any geopressured geothermal e l e c t r i c  plants  and the ava i l ab i l i t y  of 

s i lencers  should obviate such problems. A s  for  well blowouts, i t  is 
possible t o  encounter high noise levels ,  but the r e l a t ive ly  low proba- 

b i l i t y  of blowouts and the  water-dominated nature of the production 

stream In  sum, noise i s  not expected 

t o  be a s ignif icant  environmental concern. 

should make t h i s  a minor problem. 

Occupational Exposure 

Occupational hazards have not been exp l i c i t l y  considered i n  
geopressured geothermal environmental l i t e r a t u r e .  A l l  indications 
are tha t  these hazards should be s imi la r ,  i f  not ident ica l  t o  
o i l /gas  d r i l l i n g  operations and geothermal, and hydrocarbon produc- 
t i on  operations. S t a t i s t i c s  indicate  t h a t  o i l  and gas d r i l l i n g  i s  
one of the most hazardous industr i  a1 occupations. 

16) See Pasqualet t i ,  M. J., "Geothermal Energy and the  Environ- 
ment: The Global Experience," i n  Ener Volume 5,  March 1980, pp. 
154-157 fo r  a discussion of the p r d  and mitigation measures 
tha t  have been undertaken a t  geothermal projects  such as The 
G e  sers, i n  California.  
(7y Gustavson "Environmental Baseline Monitorinn a t  Pleasant Bayou - -  
, presented a t  the United States Gulf Co&t Geo ressured 
Geothermal Energy Con-e : R e s e a r c h T d  - =lop&; 
29-31, 1979, Austin, Texas. 

Predicted noise leve ls  from a 2100 horsepower d r i l l i n g  r i g  were 60 
dBa a t  approximately 1000 f ee t ,  f a l l i ng  t o  50 dBa at  2500 t o  3000 
f e e t ,  assuming no b$ckeround noise. Subsequent measuremFnt? made 
a t  the t i m e  of d r i l l i n g  determined tha t  there  was no s igni f icant  
noise increase i n  the near by town (Peterson's Landing). 

Li- 
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0 Little attention has been directed to the problem of occupational 

dangers during the drilling, completion or operation of geopressured 

geothermal energy facilities. Neither RPC nor Gustavson et al., specif- 
ically address the issue of occupational exposure. Occupational hazards 

during the drilling operations should be the same as the hazards occur- 

ring around any deep drilling operation and are not unique to geopres- 
sured geothermal+facilities. During the operation of the plant, risk of 

injury or death depend .on the facility configuration, e.g. methane 

separation only, methane separation with geothermal-generated electri- 
city, etc. 

. 

The major source of information on occupational hazards is the U.S.  

Bureau of Labor Statistics (8). According to their data, drilling of 

oil and gas wells (SIC 1381) is one of the most hazardous industrial 
occupations. For the drilling industry, the annual rate of lost work 
days per 100 full-time employees was 205 in the period 1972 through 
1975. By comparison, the rate for bituminous and lignite coal mining, 

tionally considered as a hazardous occupation, during the period 

1973" through 975, was 112.6. Data disaggregated for production 

available. 

' I  

Solid Waste -- 
e Generation of solid waste will consist largely of drilling waste 

and waste generated at site and should be of little overall con- 
cern. 

Solid wastes is ge ling operations (cores) and from 
n to all large dril- 

ling ope-ration nd should prese no major environment a1 problems if 
existing st di spos a1 prac es are followed, and i f  xisting laws 

site waste disp 

and regulations are observed. 

( 8 )  U.S.  Department of Labor, Bureau of Labor Sta cs, Handbook 
of Labor Statistics - 1978, Bulletin 2000, 1979, Table 160 nOccupa- 

ness Incidence Rates, by Industry, 1972- t i onZITijury- 
1975." 
- 
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Radioact ivi ty  

Q Radon-222 has been de tec ted  i n  na tu ra l  gas  samples from geopres- 
sured geothermal aqui f e r s  . The r ad ia t ion  l e v e l s ,  however, are com- 
parable  t o  t y p i c a l  n a t u r a l  gas indus t ry  values  and should pose no 
not iceable  h e a l t h  hazard. 

Ham e t  a l . ,  repor t  t he  r e s u l t s  of r a d i o a c t i v i t y  analyses  f o r  

na tu ra l  gas produced from t h e  Edna Delcambre and F a i r f a x  Fos te r  S u t t e r  

wells (9) .  Table 2 g ives  these  measured Radon-222 concentrat ions.  

Table 2 

Radon- 222 Content of Natural  Gas 

S i t e  Amount (pCi / l )  

Edna Delcambre Sand #3 24-59 

Edna Delcarnbre Sand #l 15-100 

Fa i r f ax  Fos te r  S u t t e r  P2 70-90 

From n a t u r a l  gas wellhead measurements made i n  t h e  United S t a t e s  

and Canada over t h e  last 70 years ,  maximum concentrat ions of radon 

ranged as high as 1450 pCi/l with a U.S. mean of approximately 100 piC/l  

(10).  t o  

e x i s t  from ex te rna l  i nha la t ion  of Rn-bearing NG [Natural  Gas] or  NG 

products,  o r  i nha la t ion  of combustion products" (11).  

, 

Gesell 's  study concluded t h a t  "no se r ious  problems are l i k e l y  
222 

Induced Seismici ty  

Both production and. d i sposa l  of  la rge  volumes of f l u i $  from 
geopressured r e se rvo i r s  can lead t b  pressure  changes t h a t  may 
induce seismic a c t i v i t y .  The Pleasant  Bayou No. 1 tests show t h a t  
t h i s  can occur,  but  the  small magnitude of the  events  a r e  of l i t t l e  

(9) Ham, Russel l  A.; James N. Beck, Raymond E. Chavanne, B.E. Han- 
k ins ,  Joseph I. Palermo, and Stearns  W. Rogers, "A Comparison of 
Selected Parameters from Tested Geopressured-Geothermal Wells, 
Dresented a t  t he  Fourth United S t a t e s  Gulf Coast &ODreSSUted- 
keothermal Ener C ~ n c ~ a ~ n ~ e ~ p e n t  - Octotier 

- 19 / 9 d i n .  Texas. 
These- tes t s -were  peiformed t o  meet EPA repor t ing  r egu la t ions .  $49) Gesell, Thomas F., "Occupational Radiation Exposure Due t o  

(No- 
vembetl3 p. 681. 
(11) Ib id  p. 686. 

Rn i n  Natural  Gas Products," i n  Health Physics,  V o l  29, 

d 
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Table 3 

Pleasant Bayou No. 1 Microseismic Events. 

Date Magn i t ude 

( R) 
Nov. 3, 1978 1 .oo 
NOV. 3, 1978 1.03 

1.33 

0.90 
1.31 

L 

I 

environmental concern. 

There are two potent ia l  causes of increased seismic ac t iv i ty  asso- 

c ia ted with geopressured geothermal ac t iv i t i e s :  f l u id  production, and 

in jec t ion  of spent brine.  Both r e l a t e  t o  changes i n  the pressure regimes 

underground. These changes can a f fec t  the fau l t ing  systems present i n  an 
area and, i n  tu rn ,  can induce seismic events. Various sources c i t e  evi- 

dence of seismic a c t i v i t y ,  including an earthquake of in tens i ty  V (Modi- 

f ied Mercalli) t h a t  occured i n  east  and coastal  Texas o i l  f i e lds  i n  1931 

(12). The only evidence tha t  d i r ec t ly  t ies geopressured a c t i v i t i e s  with 
increased loca l  seismicity comes from the  Pleasant Bayou No.1 environ- 

mental baseline tests (13). Pr ior  t o  completion of the w e l l  there was 

no evidence f o r  microseismic a c t i v i t i e s  i n  excess of magnitude 0.25 
within four kilometers of the w e l l  s i te.  Following operation of the w e l l  
several  l a rger  seismic events were observed. Table 3, l i s t  several of 

the la rger  events, out of a family of 70 documented seismic occurrences. 
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Fault Activation 

Fault activation (i.e., fault displacement) is a possible conse- 
quence of geopressured geothermal fluid withdrawal, but probability 
of occurrence remains highly uncertain. 

Activation of faults is an additional event that may arise because 
of massive fluid withdrawal or injection. The Gulf Coast region is 

underlain by a vast network of growth-induced faults. These faults may 

be displaced by overpressuring, differential compaction and subsidence, . 

or seismically induced liquefaction (14). Only compaction and differen- 

tial subsidence have been identified as feasible mechanisms in the Gulf 
Coast. The section on subsidence discussed the processes involved in 

subsidence in the Gulf Coast. In general, the probabil- 
ctivation remains highly speculative. At a minimum, how- 

ever, any potential development site should include mapping of fault 
traces as part of the preliminary survey. 

Thermal Effects 

* Increased temperature levels due to disposal of waste heat could 
create deleterious effects on aquatic systems. These impacts are 
discussed in more detail in the brine section of this chapter. 

Disposal of "waste" heat from geopressured geothermal energy facil- 
ities could deleteriously affect aquatic ecosystems. Because of the low 

temperatures (250°F to 300°F), use of geopressured fluids for electric 
generation means very large amounts of heat will be generated. (See the 

geothermal electric section and residual control section for a discus- 

sion of plant efficiency and waste heat.) 

A variety of adverse impacts of elevated temperatures on aquatic 

systems have been identified. These include decreases in dissolved oxy- 

gen content of the water, increased metabolic rates for organisms, and 
prevention or diminution of of reproductive capacities (151.~ For a more 
detailed discussion of the environmental impacts of thermal "pollution" 

(14) RPC Inc:, op. cit:, pp 81-83. 
See the section on residual control for a discussion of the im- 
pacts of formation overpresssurization. 
(15) Ehrlich, Paul; Anne Ehrlich, and John Holdren, 
Ecoscience:Population, Resources, Environment, 2nd Edition, 1977. 
P* 680-  
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b) and its interaction with brine constituents, see the brine section 

above. 

k 
Non-uni que Impacts - 

Non-unique impacts of geopressured-geothermal development are asso- 
ciated with well drilling and completion, and site development. On 
a short-term test site basis, these impacts can be relatively 
severe. On a long-term commercial development basis, subsidence and 
brine disposal would probably overshadow these impacts. 

Development of a site for a test or production facility can involve 

significant local impact. Development activities at a well site can 

include access road and bridge construction, dredging, spoil disposal 

and landfill, bulkhead construction, plant construction, geophysical 

surveys, levee construction, electrical and telephone line construction, 

and pipeline construction (16). 
The impact of these activities vary from site to site depending on 

the ecological sensitivity of a given location. For example, in 

Newchurch et al., "Comparison of Six Geopressured-Geothermal Prospect 

Areas in the Louisiana Gulf Coast Region on the Basis of Potential 
Environmental Impacts," there were large variations of surface disrup- 

tion due to site preparation and construction. Coastal marshland, 

where fish and shellfish propagation are particularly important, are 

more ecologically sensitive than more upland regions. For test wells, 
where the duration of operation typically is only a few months or years, 

surface disruption in wetland ar due to site development, raises the 

most serious environmental concern (17). (17) 

xtended time frame (e.g., a commercial well operating 

site development should 

ubsidence will assume 

greater importance. 

(16) See section three, 'rE ogical Impacts of Non-unique Activi- 
ties," in An Anal sis of Ecolo ical Effects of Geo ressured 
Ge o t he rma 1 Fou- o p e n & n c m  m*I 
mary and review o t  t e iterature on impacts of well drilling and 
s it e development . 
(17) Newchurch, op. cit., places non-unique site development ac- 
tivities highest on the priority list of environmental impacts, at 
a test well. 
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OFFSHORE GEOPRESSURED GEOTHERMAL DEVELOPMENT 

Introduct ion 

No geopressured geothermal wells have been I i n t e n t i o n a l l y  d r i l l e d  

and produced i n  t h e  of fshore  area of t he  Gulf Coast. I n  addi t ion ,  t h e r e  

are no formal DOE plans t o  conduct t e s t i n g  of e i t h e r  a design w e l l  or a 

Well of  Opportunity (WOO) of fshore ,  much less t o  commence commercial 

development. It is almost c e r t a i n  t h a t  proof of t h e  f e a s i b i l i t y  or 
i n f e a s i b i l i t y  of geopressured development w i l l  occur onshore i n  Texas 

and Louisiana. 

A number of pros and cons of any seventual of fshore  development pol- 

i c y  can be i d e n t i f i e d ,  however. L i t t l e  research has been done on 

of fshore  geopressured assessment, although the  U.S. Geological Survey 

(USGS) i s  now s t a r t i n g  t o  look a t  f i v e  of fshore  prospect areas (1). 
A t  p resent ,  many researchers ,  government o f f i c i a l s ,  and indus t ry  

spokesmen s ta te  t h a t  e i t h e r  economic o r  environmental c o s t s ,  o r  both,  

w i l l  preclude offshore development. 

The quest ion of of fshore  development i s  more complex than  a simple 

yes of no; however, t h e r e  are f a c t o r s  t h a t  a c t  i n  favor  of of fshore  as 

opposed t o  onshore development. The purpose here  i s  t o  i d e n t i f y  as many 

f a c t o r s  as poss ib le ,  both advantageous and disadvantageous, i n  an e f f o r t  

to:  a) determine what research i s  needed t o  answer quest ions about 

of fshore  development, and b) t o  i d e n t i f y  the  t rade-offs  involved should 

of fshore  development occur.  

The f i r s t  s e c t i o n  looks a t  the  cur ren t  work of t he  USGS on the  

geology of p o t e n t i a l  o f fshore  geopressured prospects .  Following t h e  

USGS sec t ion  is: 1) a prel iminary and incomplete q u a l i t a t i v e  l i s t i n g  of 

t h e  environmental, economic, l e g a l ,  i n s t i t u t i o n a l ,  and pol icy  pluses  and 

minuses r e l a t e d  t o  of fshore  geopressured development; 2) a d iscuss ion  of 

t hese  i s sues ;  and 3)  an i d e n t i f i c a t i o n  of research needs. 

(1) Wallace, Ray, "Dis t r ibu t ion  of Geopressured-Geothermal Energy 
i n  Reservoir Fluids  of the  Northern Gulf of Mexico Basin," i n  The 
Fourth United S t a t e s  Gulf Coast Geo ressured/Geothermal Ene- 
Conference , Austin,  T e w  O s r  

b- 
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Current USGS Work -- 
Wallace discusses the l a t e s t  a c t i v i t i e s  of the USGS i n  a paper 

presented a t  the Fourth Geopressured Geothermal Conference i n  October of 

1979. Wallace's work extends the more generalized geopressured e f f o r t s  

de ta i led  i n  USGS Circular  790 (2).  

Wallace notes tha t  about 50% of the t o t a l  in-place (not necessarily 

producible) thermal and methane resource base ex i s t s  offshore. Wallace 

iden t i f i e s  f ive  prospect areas f o r  offshore development as having 

"excellent sandstone thickness ,I' and "favorable pressure and temperature 

conditions" (3 ) .  e f ive  prospect areas are picked according t o  an 

evaluation of the accessible - f lu id  resource - base, which Wallace defines 

as the "energy i n  the  geopressured water i n  sandstones and shales reach- 

roduction d r i l l i n g  without regard t o  the  amount recoverable or  

os t of: recovery" (4). 
Wallace's assessment s based on w e l l  logs and geophysical informa- 

etroleum industry records. The da ta  are considered t o  be 

r e l a t ive ly  

The f ive  pro wn i n  Maps 1 and 2 which are 

om Wallace's he Cameron Prospect of western 

arge *area  both onshore and offshore. The other  pros- 

and South Timbalier offshore of Louisiana, and the  

Brazos South-Mustang Island East i n  the Texas coastal  waters, 

fshore. Wallace i s  a l so  examining Johnson's Bayou, e 

overs an area bot onshore and offshore i n  western 

cept f o r  offshore Texas, where d r i l l i n g  has been 

Louisiana' (7) .  
The USGS is  modeling the  recoverable resource base of he Johnson's 

Bayou prospect, mapping sediments, and looking a t  promising compartments 

fo r  trapped geopressures. This work i s  only i n  a preliminary stage.  One 

d i f f i c u l t y  noted by Wallace is an inab i l i t y  t o  get  short-term brine 

disposal permits from the  Environmental Protect ion Agency (EPA) f o r  

(2) See par t icu lar ly  Map 3, "Geopressured Geothermal Energy i n  
Reservoir Fluids of the Northern Gulf of Mexico Basin," i n  Circu- 
l a r  790 (Available i n  a separate packe 
(3) Wallace, Ray, op. c i t . ,  p.'1088. 
Ib id ,  p.1090. 
( 5 )  Ibid,  p.1095. 
(6) Ibid,  pp.1115, 1116. 
(7) Telephone conversation with Ray Wallace, June 18, 1980. 
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barge operations a t  t h e  Johnson's Bayou (8). 
. -  . +  

Factore -- t o  be Considered in Evaluating Offshore Development 

F i r s t  the pros : 

environment a1 : 

t of subsidence--an unknown onshore, may be minimal o r  non- 
e x i i t e n t  offshore; 

b r ine  disposal-may be poss ib le  d i r e c t l y  i n  t h e  Gulf foliowing 
treatment o r  d i spers ion;  

impacts of accidents and sp i l l s - -wi l l  probably not be as sevqre 
the  ou te r  cont inenta l  she l f  area as onshore; 

i n  

s ion  research and knowledge-may come from t h e  SPR ., ' 

economic: 

Amortized d r i l l i n g  r i g s  and p1atfor;ms--used f o r  conventional o i l  
and gas development, might be used f o r  geopressured geothermal 
development; 

amortized product pipelines--from of fshore  t o  mainland d i s t r i b u t i o n  
cen te r s ,  may be used t o  t ranspor t  na tu ra l  gas from gebpressured 
w e l l s ;  

b r ine  d isposa l  wells--may not be required,  thus avoiding a '"major 
f i r s t -yea r  expenditure with a bene f i c i a l  impact on t h e  ne t  present 
value of t he  pro jec t .  

l e g a l  : 

Uncertainty regarding onshore l i a b i l i t y  f o r  b r ine  accidents and 
subsidence may be obviated; F .  

Only one governmental l aye r  of l e g a l  requirements because of 
l i n g  i n  f ede ra l  waters. 

d r i l -  

( 8 )  Ib id .  
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i n s t i t u t iona l :  . 

SPR offshore brine dumping-- may provide a p a r t i a l  analogy t o  the  
policy and environmental questions offshore geopressured develop- 
ment w i l l  raise. 

policy: , 

The ex is t ing  federal  offshore leasing mechanisms can be used with 
m i  nor modi f i cat i ons . 
Prior  t o  discussing the issues raised above it  is useful t o  con- 

s ide r  'the fac tors  tha t  w i l l  mili tate against  offshore development. The 

cons include: 

envi ronment a1 : 

I) 

Well blowouts a re  about f ive  t i m e s  more frequent offshore than 

treatment t o  a l t e r  the chemical composition or 
ne6 may not be feasible;  

temperatures of dieposed brines may be too high t o  allow 
quate d i f fus io  

t o t a l  volumes of br ine disposal required per platform f o r  an 
ca l ly  allow fo r  adequate 

f o r  ade- 

Existing'and in-place r ig s ,  although amortized, may be of an inade- 
quate s i z e  f o r  deep d r i l l i n g ;  

due t o  d i f f e ren t  charac te r i s t ics  o geopressured as compared t o  
convent i roleum reservo l ing  of several  

f r  a t  

ex is t ing  platforms and pipeline location with 
geopressured prospects; 

0 brine disposal too near t o  shore may adversely a f fec t  s h e l l f i s h  
harvesting, a major Gulf Coast industry; 
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i f  ac t iv i ty  at each platform involves multiple w e l l s  o r  multiple 
completions per w e l l ,  p a r t i a l  o r  t o t a l  subsurface in jec t ion  may be 
required. 

ins t i tu t iona l :  

In  the wake of the Strategic  Petroleum Reserve experience, one not 
fondly viewed by many i n  the Gulf Coast, federal  a c t i v i t i e s  w i l l  be 
closely scrutinized by regional i n t e re s t s .  

I '  

Discussion of the Issues 
c 

_ _  
Environment a1 

Brine disposal,  one of the two major environmental problems f o r -  

onshore 
development. Offshore development may hinge on the a b i l i t y  of industry * 

and regulators t o  develop adequate treatment and diffusion capabi l i ty .  

Offshore development has the advantage of reducing the  already con- 

siderable s t r a i n s  on the onshore coastal  hydrological systems imposed dy 

the petroleum and petrochemical industr ies .  The ecological systems of 

southern Louisiana and Texas a re  governed by s a l i n i t y  gradients,  and 

many plant and animal species can t o l e r a t e  only s l i g h t  var ia t ions i n  

water s a l i n i t y  ( 9 ) .  Wetlands habi ta t ,  par t icu lar ly  when governed by 

s a l i n i t y  gradients,  i s  extremely f rag i le .  

development i s  - the environmental issue associated with offshore 

'Any analogy of geopressured brines t o  production f lu ids  req 

disposal from conventional offshore wells is s l igh t .  Conventional 

produce a r e l a t ive ly  minute f rac t ion  of eff luent  and the reduce 

proportionately reduces the scope of the problem. Figure 1 schem 

compares seawater and geopressured br ine consti tuents 

t r a t i o n  (10). 

Gulf have not yet been promulgated (11). The regulations w i l l  be issued 

under authori of sect ion 403 of the Federal Water Pollution Control 

Act. The pro s w i l l  involve applying for  a National Pollution 

chemical. concen- 

The EPA's f i na l  regulations covering continuous discharge in to  the - 

c (9) Gustavson, e t  al. especially pp. 138-175. 
(10) Adapted from Gustavson; et  -al. p.27. 
Conversation with Chris Vais, EPA Saa Francisco o f f i ce ,  July 10, 
1980. 
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Discharge El iminat ion System (NPDES) permit. A d r a f t  r u l e  has been u -  
re leased  f o r  publ ic  comment (12). The f i n a l  r u l e  w i l l  be effects-based 

r a t h e r  than technology-based and i s  expected t o  involve bioassays of any 

proposed e f f l u e n t  f o r  ocean dumping (13). A major concern w i l l  be t h e  

avoidance of bioconcentrat ion of  t ox ic  elements i n  t h e  food chain.  

I n  most ins tances  treatment of b r ine  t o  remove tox ic  heavy metals 

i s  not t echn ica l ly  d i f f i c u l t ,  but the  necessary ae ra t ion  of t he  b r ine  

may r e s u l t  i n  cor ros ion  and sca l ing  problems during d i sposa l  operat ions.  

;, The most environmentally troublesome components of t he  b r i n e  appear t o  

A t  p r e sen t ,  boron cannot be e a s i l y  

' t r e a t e d  o r  removed. Ammonia treatment is poss ib le  but  expensive. A s  

. Kharaka e t  a l .  no te ,  "geopressured waters are genera l ly  compatible 

be boron (B) and ammonia ("q) (14). 

not 

chemically with ocean waters" (15). 

The SPR experience of dumping b r ines ,  r e s u l t i n g  from salt  cavern 

leaching,  t he  Texas Gulf Coast a t  t h e  Bryan Mound s i t e  provides a 
p a r t i a l  analogy t o  of fshore  geopressured development and b r ine  d isposa l .  

The e f f l u e n t ,  it must be s t r e s s e d ,  is very d i f f e r e n t  from geopres- 

sured f l u i d s .  Temperatures are only s l i g h t l y  above ambient, and t h e  

is near-saturat ion with sodium ch lo r ide  (NaCl), but does not have 

complex and p o t e n t i a l l y  t o x i c  i o n i c  composition of geopressured 

b r ine .  Plans now c a l l  f o r  a maximum SPR disposa l  from t h e  Bryan Mound 

s i te  of about 600,000 b a r r e l s  of b r i n e  per  day, a l e v e l  t h a t  would prob- 

ably be reached with the  opera t ion  of about 15 geopressured wells 

(16). 

i n t o  

SPR 

ne 

only 

112) "Ocean Discharge Criteria--Proposed Rule," i n  the  Federal  - Re- 

b Eff luent  gu ide l ines  are technology-based; water q u a l i t y  cri- 
t e r ia  are effects-based. See Department of Energy/Industry Meeting . 
Minutes, March 22, 1979 f o r  a d iscuss ion  of the  of fshore  b r i n e  
d i sposa l  aspec ts  of geopressured development by Robert Hartely of 2. 

EPA's Cincinnat i  o f f i c e .  
(14) For a f u l l  d i scuss ion  of b r ine  d isposa l  problems see the  
b r ine  e f f e c t  and r e s idua l  con t ro l  s ec t ions  of t h i s  repor t .  
(15) They go on 
t o  say t h a t  "mixing w i l l  r e s u l t  i n  p r e c i p i t a t i o n  of  l a rge  quapti-  
t ies  of carbonates and s u l f a t e s  of Ca, S r  and Ba and ozyhydroxides 
of iron." 
(16) This es t imate  assumes s ing le  completion wel ls  flowing a t  
40,000 b a r r e l s  per  day.. 

i s ter ,  February 12, 1980. 

Marine Technology Conference art icle , g. 11-49. 

i 
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It is perhaps too ea r ly  i n  the  h is tory  of SPR brine disposal t o  

determine the a b i l i t y  of the diffusers  t o  adequately disperse the br ine 

i n t o  Gulf waters (17). Nevertheless, SPR modeling and monitoring of 

1 

i 

Gulf currents and br ine dispersion may prove helpful  fo r  future  research 

in to  offshore geopressured development. 

Until  more is known about the chemical constituency of offshore 

geopressured br ines ,  t h e i r  a b i l i t y  t o  d i f fuse  under various conditions, 

and the  tox ic i ty  tolerance levels  for  Gulf biota ,  i t  is d i f f i c u l t  t o  

compare a geopressured br ine s p i l l  o r  w e l l  blowout with an offshore 

petroleum w e l l  accident. Newchurch e t  a l .  note that :  "Although there  are 
major f i she r i e s  i n  the offshore portions [of the Atchafalaya Bay, 

Louisiana geopressured prospect], impacts on f i s h  from accidental s p i l l s  

would be loca l  and temporary because of the excellent dispersion and 

d i lu t ion  properties of the Gulf of Mexico" (18). In  contrast  t o  

petroleum, br ine w i l l  mix with the Gulf Waters ra ther  than form a 

spreading layer  on the surface. S t i l l ,  i t  should be noted tha t  the 

incidence of conventional w e l l  blowouts offshore i s  about f ive  t i m e s  the  

incidence of onshore (19). A t  present there  is not enough d r i l l i n g  

experience with geopressured geothermal onshore, much less offshore, t o  

assess the blowout rate fo r  these highly-pressured wells. 

Offshore subsidence may occur with l i t t l e  of no adverse e f fec t  on 
human o r  natural  Gulf ecosystems. Newchurch e t  a l ,  s t a t e  tha t :  "Surface 

subsidence would go unnoticed unless the bowl of subsidence intersected 
the coast" (20). Subside could presen d i f f i c u l t i e s  fo r  d r i l l i n g  

operators should production tubing buckle, the platform sink, o r  d i f -  

f e r en t i a l  subsidence c rea te  an imbalance i n  the platform with possible 

(17)  There is some disagreeme over the adequacy of the 
The o f f i c i a l s  i n  charge of on-site monitoring a re  less 
han the  environmental o f f i ce r  a t  SPR's New Orleans 

headquarters, Meetings with A 1  Waterhouse, New Orleans, May 1, 
1980; J i m  Scot t  and Brian Luchianow, Bryan Mound, April 30, 1980. 
(18) Newchurch, Edwin J : ,  e t  al. discussion under the  heading of 

, I  ' "Test Program Act iv i t ies  i n  the Gulf of Mexico." Note tha t  t h i s  
discussion is i n  the context of tes t -scale  levels  of ac t iv i ty .  

~ Although br ine production w i l l  l i ke ly  be at rates below 
c i a l ,  the e f f ec t s  of a test w e l l  and of a production well 
should be roughly equivalent. 
(19) RPC report ,  s t a t i s t i c s  of the Texas Railroad Commission, 

!iff* See footnote 18 fo r  the relevant sect ion of Newchurch's pa- 
per. 

b/ 
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Economic 

Conventional d r i l l i n g  platforms and r i g s  must be dismantled follow- 

Disposal and 

I product p ipe l ines  are allowed t o  se t t le  i n t o  t h e  Gulf s i l t  as long as 

the re  is no hazard t o  shipping. Platform removal i s  s t r i c t l y  enforced 

near  t o  the  shore. The increased c o s t s  due t o  an i n a b i l i t y  t o  d r i l l  more 

than seve ra l  wells (poss ib ly  with mul t ip le  completions) from one p l a t -  

~ 

l 

ing ces sa t ion  of use i n  a no longer productive area (21). 

I 

I 
I 

I form i n  order  t o  achieve economic production of geopressured reser- 
~ 

v o i r s ,  may be o f f s e t  by t h e  presence of an amortized platform and pipe- 

l i n e s .  The c a p i t a l  requirements on these  i n s t a l l a t i o n s  normally have 

been charged aga ins t  earl ier petroleum and n a t u r a l  gas production (22). 
I n  addi t ion ,  treatment and d isposa l  o f  b r ines  i n  the  Gulf, i f  f e a s i b l e ,  

may be f a r  less expensive than d r i l l i n g  d isposa l  wells. 

Wrighton and Ray use a techno-economic s imulat ion model t o  compare 

t h e  c o s t s  of var ious configurat ions f o r  resource production and b r i n e  

d isposa l .  I n  d iscuss ing  of fshore  development, they note  t h e  very posi- 

t i v e  on t h e  present  ne t  value of t he  pro jec t  r e s u l t i n g  from t h e  

absence of d i sposa l  w e l l s .  D r i l l i n g  c o s t s  are a major f i r s t  year  expen- 

d i t u r e ,  t he  avoidance of which allows f o r  a more favorable  schedule f o r  

tax payments (23). Conversely, i f  d i sposa l  w e l l s  are requi red ,  t h e  

e f f e c t  on the  economics of the  pro jec t  may be major. 

impact 

I f  e x i s t i n g  r i g s  are used t o  d r i l l  i n t o  shallower and non- 

overpressured formations, t he  r i g  s i z e  may be inadequate t o  handle deep 

geopressures.  I n  addi t ion ,  t he re  is a need t o  compare the  coincidence 

of conventional d r i l l i n g  areas with t h e  preliminary of fshore  geopres- 

sured prospect areas i d e n t i f i e d  by Wallace. Wallace states t h a t ,  "con- I 

vent iona l  o i l  and gas production i n s t a l l a t i o n s  and n a t u r a l  gas p ipe l ines  

f o r  t ransmission t o  shore are i n  place i n  most of t hese  areas [ f i v e  

21) "Outer Continental  Shelf Mineral and Right-of-Wa Manage- 
Aent," 43 CFR 3300. The regula t ions  [ i n  53340.1(a)(671 r equ i r e  
platform removal following terminat ion of a lease. The regula- 
t i o n s  are promulgated by t h e  Bureau of Land Management. 
(22) Telephone conversat ion with Ray Wallace, March 26, 1980. 
(23) Wrighton and Ray, p.7. 

* 
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ident i f ied  prospect areas p a r t i a l l y  or  completely of fshorel" ( 2 4 ) .  

Final ly ,  high s a l i n i t i e s  and the presence of various dissolved ions 

Thus disposal w i l l  
carr ied out i n  such manner as to  avoid deleter ious 

i n  brines can be l e t h a l  t o  many commercial species. 

ce with the Gulf Coast ' shel l f ish industry. 

Legal 

Onshore development of geopressured geothermal resources involves legal  

constraints  on three levels :  federal ,  s tate,  and local .  To add t o  the  

n ic  code i n  use i n  Louisiana is found 

Offshore d r i l l i n g  of geopressured zones 

w i l l  involve only t ye r  of lega l  involvement. A l l  par t ies  

involved w i  11 be f t h e i r  individual respons ib i l i t i es .  The 

i ssu e subsidence, fo r  instance i n  Louisiana, i n  which the 
s ta t  e flooded inland waterways, would be'obviated through 

readi ly  apparent legal  disadvantages 

of the resource. 

On the  opt imist ic  s ide  erience can be use- 
pating the d i  be encountered i n  

es sured devel evelopment may not 

' f a r  enough t o  ascer ta in  the success o r  lack of suc- 

cess of i t s  brine disposal operation. Po l i t i ca  ever, the  a t t i -  

tude of past  SPR administrators toward the regional and loca l  i n t e r e s t s  
of Louisiana and Texas may have created an unfortunate s i t ua t ion  fo r  

geopressured development. Federal e f f o r t s  must be made t o  include state 
o f f i c i a l s  and representatives of interest groups ear ly  i n  the planning 

process, not only t o  promote understanding and cooperation, but a lso to  

take advantage of the expertise o gional s c i e n t i f i c  experts (25). 

redce paper, p.1131, and the  above dis- 
cussion of Wallace's work.' 
(25) Meeting with Larry de la  Bretonne, Baton Rouge, May 1, 1980. 

1 
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Policy 

Exis t ing  mechanisms f o r  of fshore  leas ing  are w e l l  developed and a l l  

of t h e  involved p a r t i e s  have had s u b s t a n t i a l  p rac t i ce  i n  t h e i r  use. 

Offshore leas ing  i n  f ede ra l  waters is  cont ro l led  by t h e  Department of 

t h e  I n t e r i o r  (26). 

Areas of Research -- 
A few areas of research per t inent  t o  of fshore  development of t h e  

resource can be i d e n t i f i e d  from t h e  above discussion. A preliminary l i s t  

includes : 
what types of treatment of f l u i d s  are required and economically and 
t echn ica l ly  f eas ib l e  on an of fshore  d r i l l i n g  platform? 

0 a t  f i n a n c i a l  considerations must be balanced by a petroleum firm 
considering of fshore  geopressured d r i l l i n g ?  

t o  what extent are e x i s t i n g  platforms and r i g s  i n  t h e  Gulf coas t  
useable f o r  geopressured d r i l l i n g ?  

what modifications i n  e x i s t i n g  federa l  s t a t u t e s  w i l l  be necessary 
t o  allow f o r  of fshore  geopressured development? 

how f a r  do s h e l l f i s h  harves t ing  grounds extend i n t o  t h e  Gulf? 

* w i l l  SPR d i f f u s e r  technology be wholly applicable f o r  geopressured 
o r  is the  the  development of new technology required? 

i f  d i sposa l  w e l l s  are necessary of fshore ,  how w i l l  t h e  added c o s t  
balance with amortized platforms and p ipe l ines?  

* what would be t h e  s e v e r i t y  of impact of a worst case geopressured 
b r ine  s p i l l  o r  blowout? 

. 

126)  See "Outer Continental Shelf Mineral and Right-of-way Manage- 
ment," 43  CFR 3300 (Subpart 3310 i n  p a r t i c u l a r ) ;  and "Bidding Sys- 
t a n  f o r  Outer Continental Shelf O i l  and Gas Leasing-Final Rule," 
10 CFR 376. 

- 

b, 
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2 . 4  

TION TECHNOLOGY , ,  
APPENDIX A: WON-UNIQUE D R I  

Introduction 

The following $6 a brief 'discussion Of the  major 86 

petroleum d r i l l i n g  and completion program. Certain s t eps  may be omitted 

f o r  par t icu lar  wells ( e i t h e r  conventional o r  geopressured) and the 

sequence of events may be al tered.  Diagrams are used t o  i l lustrate  tech- 
nology and techniques i n  common use. 

Several important geological parameters t h a t  d i f f e ren t i a t e  a con- 

ventional from a geopressured w e l l  plan are worthy of note. Figure 1 

i l l u s t r a t e s  the  geopressured region, the area between hydrostatic and 

l i t h o s t a t i c  gradients. Figure 2 demonstrates t he  relat ionship of forma- 

t ion  pore pressure and f r ac tu re  pressure t o  an idealized mudweight pro- 

gram f o r  a geopressured w e l l .  Cementing and casing program design is 
a160 based on the relat ionship of the  formation pressure t o  the  pore 

pressure. Note the  small overbalance of mvd weight r e l a t i v e  t o  pore 
pressure f o r  an idealized d r i l l i n g  program. This re lat ionship appl ies  

f o r  both geopressured and normally pressured w e l l s .  

Surface Equipment 

Figures 3 ,4 ,5 ,6  ,and 7 i l l u s t r a t e  t he  layout of on-site d r i l l i n g  

equipment f o r  any type of o i l  and gas w e l l .  Rotary d r i l l s ,  a s  shown in 
Figure 3, are used almost exclusively in todaycs d r i l l i n g .  Turbo d r i l l s ,  

as shown i n  Figure 4, are used occasionally with a rotary r i g  because 
the need f o r  a rotary d r i l l i n g  s t r i n g  is eliminated. Turbodril ls  may be 

used i n  fu ture  geopressured wells i n  order t o  reduce casing wear. 
Figures 5 and 6 i l l u s t r a t e  the  power requirements on-site f o r  the 

d r i l l i n g  r i g ,  t h e  mud pump, and the  drawworks. 
Figure 7 shows a generalized blowout preventer stack. A Stack f o r  a 

highly pressured w e l l  may have addi t ional  rams f o r  back-up protection i n  
case of a w e l l  kick. I n  addi- 

t ion,  many preventer Stacks have remote electronic  controls  in case of a 
blowout . 

Note both manual and hydraulic controls. 

Finally,  Figure 8 i l l u s t r a t e s  t he  technique f o r  "tripping in" the  

w e l l .  D r i l l  s t r i n g  (or  casing) is stored v e r t i c a l l y  i n  racks, res ted 
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Figure 1 Subsurface Pressure Concepts 

Equibotent mud weight - 
Figure 2 Generalized Trends of the Three Key Parameters: 

Formation Pore Pressure, Ideal Mudweight Requirements, 
and Fracture Pressure in a High-pressure Well 

Source: Fertl, 1976. 
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Source: Petroleum Extension Service, 1979. 
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ROTARY T A U  

Diesel-electric system for power and transmission. 

Source: Petroleum Extension Service, 1979. 
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Source: Crook, 1976. 
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individually i n  the mousehole p r io r  t o  connection t o  t h e  ke l ly ,  and then 

added t o  the  d r i l l  s t r i ng  already i n  the  pipe. "Tripping out", o r  pipe 

removal, i s  a reversal  of the  process. 

Dr i l l ing  Control 

A number of techniques are used t o  control  d r i l l  stem deviations. 

One of these, a standard d r i f t  survey instrument, is i l l u s t r a t e d  i n  Fig- 
ure  9 .  Directional d r i l l i n g  is often intent ional ,  but may be avoided 

with geopressured wells because of the  complexities already involved i n  
geopressured d r i l l i ng .  

- Mud Engineering 

Figure 10 i l l u s t r a t e s  the mud c i rcu la t ion  system f o r  a rotary d r i l -  

l i ng  operation. Samples of shale  cut t ings and returned d r i l l i n g  mud are 
analyzed i n  the mud house, and modifications i n  the  mud mix are made 
through additions t o  the  hopper. Mud is pumped i n t o  the  wellbore 

through the d r i l l  stem, flows out  around the  b i t  (providing cooling' and. 
waste removal), and returns  t o  the  surface through the annulus. 

.+ I 

Logging and Testing - 
There are a var ie ty  of techniques used f o r  logging and sampling 

wells. These techniques are generally used i n  conjunction with others  

t o  f a c i l i t a t e  maximum data  col lect ion and accurate interpretat ion.  I n  
Figure 11, electric loggiug requires lowering a sensing device i n t o  the 

wellbore. Methods of attaching sensors t o  the  d r i l l  stem frequently 

allow f o r  electric logging without interrupt ion of d r i l l i n g .  D r i l l  stem 

tes t ing ,  as i n  Figure 12, requires physical sampling of well bore f l u i d  
and formation material during a cessation i n  dril l ing. .  

ComDletion 

Casing Selection and Placement 

Figure 13 relates formation pore pressure and f rac ture  pressure t o  

the se lec t ion  of casing points t o  avoid kicks. Figure 14 schematically 

u -  



. 

Figure 9 

W 
The drift sumry tnsirument i s  positioned above the bii to make a record 
of drift angle. The record i s  made when a paper disk i s  punched by a 
pendulum-balanced stylus inside the insirumenk 

. Source: Petroleum Extension Service, 1979. 
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Rotary rig fluid circulation and mud treating system. 

Figure 10 

Source: Petroleum Extension Service, 1979. 
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-Elect rode I 

Pulley Lopping truck- - 
Figure 11 

Eorlh electro 

Electric Logging 

Source: Crook, 1979. 

!-I r: Principlos of drill stem testing. The sec- 
2 tion A contains the tester valve. The 

( 31 (0 ( 5) ( 6 )  

Source: Petroleum Extension Service, 1979 
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Casing point selection under perfectly balanced conditions. Note "safe" drilling 
and wen killing conditions in Region A, whereas in Region B well kicks cannot be 
handled and circulation is  lost. CP = casing point; FP = fracture pressure; PP 9 pore 
pressure; MW = mud weight. 

Figure 13 

Source: Fertl, 1976. 
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Casing strings and pipe used in an oil well. 

Figure 14 

Source: Petrdl&& Extension Service, 1979. 
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shows the  shallow conductor casing, the  surface,  the intermediate, and 

the production casing. Diameters go from wide t o  narrow with depth and 

are dependent on anticipated production rates .  

Cementing 

Scratchers and cent ra l izers  used i n  cementing are shown i n  Figure 
15. Scratchers clean the  annulus of small debris  t h a t  can i nh ib i t  

cementing; cen t ra l izers  maintain the casing placement during cementing. 

Scratchers and cent ra l izers  are generally used regardless of whether the 

ent i re  annulus I s  t o  be cemented. Figure 16 i l lustrates t h e  cementing 

process. Plugs are used t o  i s o l a t e  formations. The cement s lur ry  is 
pumped i n t o  t h e  center  of the  casing, ex i t ing  t h e  casing through t h e  

casing shoe a t  bottom hole depth, and then c i rcu la tes  up and sets i n  t h e  

annulus 

Figure 17 i l l u s t r a t e s  squeeze cementing. This secondary process is 
used to: a) correct a poor cement job by f i l l i n g  i n  f i ssures ,  b) i s o l a t e  

a producing formation, o r  c) seal off water leakage i n  the  cemented 

annulus. 

Perforating and Packing 

Figure 18 shows the on-site equipment f o r  casing perforation. Fig- 

ure  19 includes four major types of completions. DOE geopressured 

design w e l l s  have used l i n e r  campletions i n  the past ,  but gravel packs 

may be t r i e d  i n  the  future.  For a mult iple  canpletion, as i n  Figure 20, 

each zone is isolated with packers, and the lowest zone is perforated 

f i r s t .  

Acid i z  ing 

Aciditing is one method of increasing formation permeability. Fig- 
ure  21 i l l u s t r a t e s  t h e  acidizing treatment of a w e l l  with a cased w e l l .  
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Squeeze Cementing 

Source: Crook, 1976. Figure 17 I 



Layout of equipment to perforate a well. 

Source : 
Figure 18 

Petroleum Extension Service, 1979. 
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Bare Foot Completion Liner Completion 

Figure 19 

Source: Crook, 1976. 
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Figure 20 

Source: Crook, 1976. 
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Diaqram of an acidiPng treatment. 

Figure 21 

Source: Petroleum Extension Service 
1979 -- ---A 

Diagram of a fracturing trcafment. A packer 
I s  ret to separate the producing formation 
from that above it. 

Figure 22 

Source: Petroleum Extension Service, 1979. 
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c4 Acidizing is used primarily f o r  carbonate formations 

Fracturing 

Fracturing is an a l t e rna t ive  method of increasing permeability, and 

hence production, from the  t a rge t  zone. A sand and f lu id  mixture i s  
forced i n t o  the  formation and the  resul t ing f i s su res  are propped open 

with gravel,  nut she l l s ,  o r  other  small hard objects. Figure 22 shows 

the fractur ing process. As i n  cementing, packers are used t o  i s o l a t e  

formations. 

Wellhead Assembly (Christmas - Tree) 

Following the  se t t i ng  and cementing of t he  casing, t he  Christmas 

Tree (Figure 23) is  ins ta l led .  This is the  surface equipment tha t  w i l l  

control  production flows fran the w e l l .  

Fishing 

Fishing involves attempting r e t r i e v a l  of l o s t  tools  o r  broken pipe. 
Specialized contractors have developed a number of too ls  f o r  f ishing,  

several  of which are i l l u s t r a t e d  i n  Figures 2 4 ,  25, 26, and 27. 
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0 Mils ere used to smooth the top of sides of fisk 
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MILL 

Set Released Figures 24,  25, and 26 Source: Petroleum Extension Service, 1979. 
I k, 

Figure 26 
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Overshot fishing tool operadon. 

Stringdot assembly. 

Washover pipe preparing to go over J fish. 

- ROPE SOCKET 

COLUYZ - LOCATOR 

- SHOOTING 
ADAPTER 

- STRIhG SHOT 

- STEEL BY- 
PASS LINE 

- WEIGHT BARS 

Figure 2 7 -  

Source: Petroleum Extension Service, 1979. 
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APPENDIX B: METHANE SOLUBILITY I N  AQUEOUS SOLUTIONS 

The dissolved methane content of geopressured eothermal brines is 
of paramount import a for  the eventual commercial development of the 

resource. Prices of na a1 gas have r i s en  t o  a point where production 
of gas ra ther  than e l e c t r i c i t y  w i l l  be the deciding economic fac tor .  A 
high methane/brine production r a t i o  c lear ly  w i l l  increase the  potent ia l  
fo r  development of the resource (1). 

Since 1901 a number of s tudies  have sought t o  es tab l i sh  the aqueous 
so lub i l i t y  of methane under a var ie ty  of pressure, temperature, and dis- 

solved so l ids  conditions (2).  Despite a l l  t h i s  laboratory work, the 

saturat ion leve ls  of methane i n  aqueous solutions over a wide range of 

physical parameters (t ra ture ,  pressure, e tc .  1 remains controversial .  
The  so lub i l i t y  ' of ne is d i r ec t ly  re la ted t o  the temperature and 

pressure of the aqueous solut ion and inversely related t o  s a l i n i t y  

so l id s )  and presence of other gases i n  the solu- 

t ion.  However, because the temperatures and, more important, the  pres- 

sures,  are so high (up t o  400+OF and 22,500 psia)  laboratory experiments 

require a r e l a t ive ly  high degree of s k i l l  t o  perfect.  Price notes three 

potent ia l  problems with methane so lub i l i t y  experiments i n  the labora- 

tory: a) leakage'of methane around the sea ls  and f i t t i n g s  on the con- 

tainers, b) lack of equilibrium i n  the solut ion,  and c )  pressure changes 

the 
dissolved 

Additionally, in-field d 

aquifers  is l i m i t  
d r i l l e d  and om hole sampling 

(1) The RPD process may great ly  inFreas he r a t i o  of methane t o  
brine production. However, there  is no i n t e r s t i t i a l  
gas i n  the reservoir ,  the  am0 
i ts  saturat ion concentration. 
(2) See Leigh Price, "Aqueous 
Pressures and Temperatures, 
of Petroleum Geolo ists ,  Volume 63, 1979 

(3)  Price,  op. c i t . ,  p. 1531, 
(4) See the sect ion on d r i l l i n g  and completion, above, fo r  a dis- 
cussion problems wi th  bottom hole samplers under high pressure and 
temperature conditions. 

W i o g m - f t  + ese s tudies  up t o  1979. 
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The most widely c i t e d  experimental d a t a  f o r  methane s o l u b i l i t y  are u 
t h e  works of Culbertson and McKetta (1951) and Haas (1978). The most 

recent published work is t h a t  of Blount, P r i ce ,  Wenger, and Ta ru l lo  (5) .  

Figure 1 i s  a p lo t  comparing some of Blount's experimental r e s u l t s  with 

those of Haas. There are s ign i f i can t  d i f fe rences  between t h e  two sets 

of da ta .  Resolution of the  i s sue  of s o l u b i l i t y  u l t imate ly  rests on exam- 
ina t ion  of in -s i tu  samples, and t h i s ,  i n  t u rn ,  w i l l  r equ i r e  refinement 

of sampling equipment and the  d r i l l i n g  of a number of add i t iona l  w e l l s .  

I n  addi t ion  t o  t h e  i s s u e  of s o l u b i l i t y  of methane i n  aqueous solu- 

t i ons ,  severa l  o t h e r  f ac to r s  r e l a t e d  t o  methane concentrations are: 

* Methane s a t u r a t i o n  values may not correspond d i r e c t l y  t o  levels 
found i n  geopressured aqu i f e r s ,  as the  methane may be at sub o r  
supersaturated l eve l s ;  

Presence of o ther  gases, e spec ia l ly  carbon dioxide,  may decrease 
the  amount of methane present ,  (6)  and; 

Concentrations of dissolved s o l i d s ,  o the r  than sodium and ch lo r ine  
( N a C l ) ,  

, i t y  (7). 
may be r e l a t ed  t o  sa l t  concentrations and methane so lub i l -  

(5) Culbertson, O.L., and J.J. McKetta Jr . ,  "The S o l u b i l i t y  of 
Methane i n  Waters a t  Pressured t o  10,000 ps ia , "  Petroleum Transac- 
-9 t i ons  Vol. 192, 1951, pp. 223-226. 
Haas, John L . ,  "Empirical Equation with Tables of Smoothed Solu- 
b i l i t i e s  of Methane i n  Water and Aqueous Sodium Chloride Solutions 
up t o  25 Weight Percent,  36OoC, and 138 MPa," (U.S. Geological 
Survey, Preliminary Open F i l e  Report No. 78-1004, 1978). 
Blount, Charles, Leigh P r i ce ,  Lloyd Wenger, and Micheal Taru l lo ,  
"Methane S o l u b i l i t y  i n  Aqueous N a C l  Solutions a t  Elevated Tempera- 
t u r e s  and Pressures," presented a t  t he  Fourth United S t a t e s  Gulf 
Coast Geo ressured/Geothermal Energy C o w c m i n m s , F  
tober  & 
(6) Data from recent geopressured aqu i f e r s  i nd ica t e s  t h a t  concen- 
t r a t i o n s  of carbon dioxide may be as high as 10% of the  t o t a l  d i s -  
solved gases present.  Personal communication with Bob Morton, 
Bureau of Economic Geology, Austin, Texas, May 1, 1980. See a l s o  
t h e  r e s u l t s  of gas composition tests conducted a t  Pleasant Bayou 
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* 
L1 APPENDIX C: SUBSIDENCE GLOSSARY 

- BULK MODULUS- A modulus of e l a s t i c i t y  t h a t  relates a change i n  volume t o  
t h e  hydros t a t i c  s ta te  of stress. It is the  r ec ip roca l  of  compressibil-  
i ty .  

BULK*VOLUME- Sum of the  volumes of t h e  pores o r  voids and t h e  s o l i d  rock 
matr ix .  _ -  _ _ I  
- 
CEMENTATION- The d iagenet ic  process by which coarse sediments become 
l i t h i f i e d  o r  consol idated i n t o  hard,  compact rocks through the  deposi- 
t i o n  o r  p r e c i p i t a t i o n  of minerals i n  t h e  spaces among t h e  ind iv idua l  
gra ins  of t he  sediment. It may occur simultaneously wi th  sedimentation, 
o r  t h e  cement may be introduced later.  

,COMPACTION COEFFICIENT- A numerical coe f f i c i en t  expressing the-change i n  
length  per  u n i t  stress of a rock sample or s t ra tum, divided by i t s  i n i -  
t i a l  length.  

COMPACTION, NATURAL- Decrease i n  volume of sediments, as a r e s u l t  of 
compressive stress, usua l ly  r e s u l t i n g  from continued depos i t ion  and set- 
t l i n g  of overburden rock. 

COMPACTION, RESIDUAL- The d i f f e rence  between 1) t h e  amount of compaction 
t h a t  w i l l  occur u l t imate ly  f o r  a given increase  i n  appl ied stress, once 
s teady-s ta te  pore pressures  are achieved, and 2) t h a t  which has a l ready 
occurred a t  a speci f i  ed t i m e  . 

COMPRESSIBILITY, BULK- The change i n  bulk volume pe r  u n i t  of bulk 
volume, per  u n i t  change i n  ex te rna l  stress, with pore pressure  and tem-  
pera ture  held constant .  

COMPRESSIBILITY, PORE- The change i n  t h e  pore volume per  u n i t  of pore 
volume, per u n i t  of ex te rna l  stress, with pore pressure  and temperature 
he ld  cons tan t .  '' ' 

ELASTICITY, MODULUS OF- - The r a t io  of stress ( o r  change i n  s t r e s s )  t o  

* Sources f o r  t h i s  g lossary  include: Atherton, Finnemore, G i l l a m .  
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s t r a i n  (or  change i n  s t r a i n )  fo r  a material under given loading condi- 
t ions;  numerically equal t o  t he  slope of of the secant (or tangent) of a 
s t ress -s t ra in  curve. 

i i  

i 

' 4  

ISOTROPY- Refers t o  the  d i rec t iona l  charac te r i s t ics  of the e l a s t i c  pro- 
per t ies ;  i .e.,  isotropy implies independence of direct ion,  while ortho- 
tropy implies pr incipal  moduli d i r ec t  ions are orthogonal 

MOBILITY- The r a t i o  of absolute penneability t o  viscosi ty .  

-- P WAVES- Longitudinal or compression waves i n  which the motion of the 
par t ic les  of the medium i s  i n  the same di rec t ion  as the wave propaga- 
t ion.  

PERMEABILITY- A measure f the a b i l i t y  of a medium t o  transmit f lu ids  
tha t  is re la ted  t o  the  e f fec t ive  porosity. Measured i n  darcys or  m i l l i -  
darcys. 

PERMEABILITY, RELATIVE- The d i f f e ren t i a l  a b i l i t y  of a medium t o  transmit 
one substance i n  r e l a t ion  t o  another i n  a two-phase flow. Used t o  r e f e r  
t o  the relative a b i l i t i e s  of evolved gas and brine t o  flow t o  the  
annulus. 

POISSON'S -- RATIO- The r a t i o  of the l a t e r a l  uni t  s t r a i n  t o  the longitudi- 
na l  un i t  s t r a i n  i n  a body t has been s t ressed longitudinally within 
i t s  e l a s t i c  l i m i t .  It is one of the e l a s t i c  constants. 

--- POROSITY- Ratio of the void space t o  the bulk volume - usually expressed 
i n  percent. Analogous t o  void r a t i o  but preferred by petroleum 
engineers and geo 

FECTIVE- Refers t o  the interconnected pores through which 
f lu ids  a re  able t o  move. 

ers e of a rock volume without 
regard t o  a b i l i t y  t o  transmit f luids  (permeability). 

-- S WAVE- Transverse waves characterized by movement of the 
the medium a t  r i gh t  gngles t o  the d i rec t ion  of wave propagation. 

par t ic les  of 

SPECIFIC STORAGE- Hydrological term for  the volume of water tha t  a uni t  
volume of the formation releases from storage under a un i t  decline i n  
head. 
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SPECIFIC WEIGHT- Weight per  u n i t  of volume. 

STRESS, APPLIED- Tota l  ex te rna l  stress applied t o  t h e  r e s e r v o i r  
Not t he  same as t h e  e f f e c t i v e  stress. 

system. 

STRESS, EFFECTIVE- That pa r t  of the  load ( force  pe r  u n i t  a r ea )  that is 
not by o the r  fo rces  and is  ava i l ab le  t o  cause compaction. 
Equal t o  t o t a l  stress ,of t he  system minus pore pressure .  The term is 
confusing because of d i f f e r e n t  meanings i n  common usage. E f fec t ive  
stress is sometimes used t o  r e f e r  t o  t o t a l  stress including pore pres- 
sure .  

More t e c h n i c a l l y , i t  i s  t h e  stress or pressure  t h a t  is borne by and 
t ransmit ted through t h e  grain-to-grain contac ts  of a formation, and thus  
a f f e c t s  i ts  poros i ty  o r  void r a t i o  and o t h e r  physical  p rope r t i e s .  I n  
one-dimensional compression, e f f e c t i v e  stress is  t h e  weight (per  u n i t  
a r ea )  of sediments and moisture above the  water t a b l e  ( o r  hydros t a t i c  
head o f s  the  a q u i f e r ) ,  p lus  t h e  submerged weight (pe r  u n i t  a r ea )  of sedi-  
ments between t h e  water t a b l e  and t h e  spec i f i ed  depth,  p lus  o r  minus the  
seepage stress (hydrodynamic drag) produced by downward o r  upward com- 
ponents, r e spec t ive ly ,  of water movement through the  sa tu ra t ed  sediments 
above t h e  spec i f i ed  depth. Thus e f f e c t i v e  stress may be def ined as the  
a lgeb ra i c  sum,of the  two body stresses, g r a v i t a t i o n a l  stress and seepage 
stress. Ef fec t ive  stress-may a l s o  be def ined as t h e  d i f f e rence  between 
g e o s t a t i c  and n e u t r a l  stress. 

counteracted 

STRESS, PRECONSOLIDATION- The magnitude of the  previous or h i s t o r i c a l  
overburden load. Of great importance t o  comr>action s t u d i e s  as an ind i -  
ca t ion  of t he  maximum stkess ehcountered by t i e  s t ra ta .  Usually de te r -  
mined empir ica l ly  by breaks i n  t h e  s lope  of t he  void r a t i o  vs. log  pres- 
s u r e  curve f o r  t he  strata.  t h i s  
break i s  t h e  'v i rg in  region' and i n d i c a t e s  load magnitudes g r e a t e r  then 
those  t o  which t h e  specimen has  previously been subjected.  

Por t ion  of the  compression curve above 

STRESS, SEEPAGE- S t r e s s  c rea ted  by t h e  seepage fo rce ,  which i s  
t r ans fe r r ed  from t h e  water t o  t h e  porous medium by viscous f r i c t i o n .  
Seepage fo rce  i s  exerted i n  d i r e c t i o n  of flow. 

SURVEY=- A series of surveying o r  l eve l ing  s t a t i o n s  t h a t  have been 
interconnected i n  such a manner t h a t  closed loops-'or c i r c u i t s  have 
formed, o r  t h a t  are so arranged as t o  provide a check-on t h e  consis tency 
of t he  measured values .  

L' 

TRANSMISSIVITY-'The rate at which water o f .  t he  p r e v a i l i n g -  kinematic 
v i s c o s i t y  is t ransmit ted through a u n i t  width of t h e  aqu i f e r  under a 
u n i t  hydraul ic  .g rad ien t .  

L A  

-- VOID RATIO- Rat io  of voids volume t o  s o l i d s  volume. Analogous t o  
poros i ty  but  prefer red  by s o i l  s c i e n t i s t s  and rock mechanists. Impor- 
t a n t  f o r  compaction s tud ie s .  


