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* PREFACE 

The Fourteenth Workshop on  Geothermal Reservoir Engineering was held at 
Stanford University on January 24-26, 1989. Although the domestic geothermal 
industry continues to suffer from depressed crude oil prices, world-wide 
geothermal activities continue to grow, and it is  becoming difficult to catalog 
them. This growth has placed burdens on consulting firms and increased 
demands for training of technical personnel. The Workshop Banquet speaker, Dr. 
Manfred Hockstein discussed worldwide geothermal training needs. Dr. Hockstein 
is Director of the Geothermal Institute at the University of Auckland. We deeply 
appreciate his contribution to the workshop. 

Attendance continued to be high with 130 registered participants. Seven foreign 
countries were represented: England, Iceland, Italy, New Zealand, Japan, Mexico 
and San Salvador. There were forty-six te a1 presentations at the Workshop. 
Three technical papers not presented are a! ntained in this Proceedings. In 
addition to these technical presentations or papers, introductory addresses were 
given by John E. Mock, U.S. Department of Energy; Warren D. Noteware, California 
Energy Commission; Vase1 W. Roberts, EPRI; and Stephen Pye, UNOCAL Geothermal. 
We appreciated their thoughts on the future prospects for geothermal energy and 
the importance of research in development of geothermal resources. 

The chairmen of the technical sessions made an important contribution to the 
workshop. Other than Stanford faculty members they included: Bo Bodvarsson, 
Tom Box, John Counsil, Bob Fournier, Mohinder Gulati, Eduardo Iglesias, Jim 
Lovekin, Pat Muffler & Jeff Tester. 

Geothermal Program faculty, staff 

- 



PROCEEDINGS, Fourteenth Workshop on Geothermal Reservoir bgineering 
Stanford Univcnity, Stanford. California, January 2626,1989 
SGP-TX-122 

ADVAHCES IN GEOTHERMAL RESEARCH 

John E. Mock 
Director, Geothermal Technology Division 

. 
a U.S. Department of Energy 

Washington, D.C.20585 

Gene V. Beeland 
Meridian Corporati on 
Alexandria, VA 22302 

ABSTRACT national laboratories, assures that adequate 
rights are retained to  accomplish government 

The accompl ishments of the various elements of purposes, and assures that the laboratories 
the  geothermal research and development serye as resources t o  industry rather than 
program of the Department o f  Energy during competitors. 
1988 are outlined. I t  i s  noted that research 
advances will help t o  place the geothermal 
industry i n  a better technical position to  
meet the challenges of an increased energy 
demand i n  the 199O's, as predicted by DOE. 
Recent federal technology transfer in i t ia t ives  
are identified and preliminary results of an 
analysis of a l l  energy sources i n  the U.S. 
vis-a-vis geothermal's ranking i n  the total  
energy resource base, the accessible resource 
base, and energy reserves are presented. 

Improvements have been made by the Department 
i n  recent years t o  reduce institutional 
barriers t o  the transfer of technology from 
the national laboratories; e.g., provisions 
have been made for more flexibil i ty for  
laboratory s ta f f  t o  consult for industry, and 
for class waivers for patents originating from 
user facll  ities and work-for-others agree- 
ments. A computer software policy t o  allow 
contractors t o  copyright and 1 icense software 
has been completed, and the Assistant Secret- 

T- I R A  F ary of Defense Programs is implementing, 
consistent w i t h  DOE'S national security 

Thank you for invitlng me t o  participate in responslbilities, a program for identifying 
the 1 4 t h  Annual Stanford University Geothermal technology transfer mechanisms and incentives 
Reservoir Engineering Workshop. 1 know of no tha t  accelerate commercia7 iration of defense 
more effective technology transfer forum than technologies. Undersecretary Donna F i  tzpat- 
th i s  one. I t  provides splendid support both rick recently Stated: "The Department 
t o  the general technology transfer mission o 

he Geothermal Technology Dfvision 

presence here indi 
technology transfer, 
i n  some of the 

public funds, supports the mfssions o f  the those Of a coal Plan t -  a l l  of 
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them emit less than 5 percent o f  the C 0 2  t ha t  
would be emitted by a coal p lant o f  the same 
capacity. Binary plants, o f  course, would 
release no gases i n t o  the atmosphere. 

We are now pursuing a pro ject  t o  gather 
detai led C02 data from speci f ic  geothermal 
plants, develop a scenario f o r  each Known 
Geothermal Resource Area (KGRA), project  CO 
emissions, and compare them w i th  fossi  
emissions. The study w i l l  then determine what 
the technology options would be i f  C02 
reductions were ever t o  be mandated a t  the 
state o r  federal l eve l  and whether R&D 
assistance would be needed t o  enhance avai l -  
able technologies o r  t o  develop new ones. 

f 

PROJECTFD POWER D E M M  

If, as the Department now bel ieves 1 i kely, 
power demand increases markedly i n  the 199O's, 
the geothermal industry does not need any 
environmental "hang-ups" t o  prevent i t  from 
par t ic ipat ing t o  the f u l l e s t  extent desirable. 
A new DOE report  e n t i t l e d  "United States 
Energy Pol icy - 1980-1988" f inds that  i f  power 
demand grows j u s t  2 percent annually, the 
nation w i l l  need about 100 GW o f  additional 
e l e c t r i c  generating capacity by the year 2000 
over that  current ly  under construction. This 
increase would be the equivalent o f  100 
nuclear power plants and an increase o f  one- 
s i x t h  o f  ex is t ing capacity. The f igure may be 
conservative, however, since demand projec- 
t ions based on the f i r s t  h a l f  o f  the 1980's 
suggest t ha t  during periods o f  economic 
growth, e l e c t r i c i t y  demand grows a t  about the 
same rate as economic output. Thus, i f  annual 
GNP growth i s  greater than 2 percent, it i s  
l i k e l y  that  e l e c t r i c i t y  demand growth w i l l  be 
higher. I n  1987, f o r  example, GNP grew by 3.3  
percent and e l e c t r i c i t y  demand was up 4.7 
percent. A f ind ing o f  the report  that  may be 
o f  even more i n te res t  t o  the geothermal 
community i s  t ha t  i t  i s  l i k e l y  that  every 
region o f  the country w i l l  need new generating 
capacity by the ear ly 1990's. 

If GTD technology objectives -- arr ived a t  
wi th  input from nearly a l l  sectors o f  the 
geothermal community -- are achieved, the 
geothermal industry w i l l  be i n  a bet ter  
technical pos i t ion t o  meet the challenges o f  
an increased power market i n  the next decade. 
To the extent that  space permits, I would l i k e  
t o  t e l l  you about some o f  GTD's accomplish- 
ments o f  l a s t  year which keep us on the road 
t o  object ive achievement. 

jiYDROTHERMAL RESEARCH 

Reservoir Technoloay 

Reservoir Analvsis - The emphasis o f  t h i s  task 
i n  1988 was on methods t o  replace cost ly  
d r i l l i n g  as the only means f o r  providing 
evidence tha t  a reservoir  i s  adequate t o  

support power generation f o r  the expected 1 i f e  
o f  a proposed p lant  -- i.e., t o  extend the 
information gained from one w e l l  t o  the f i e l d  
around it, thus reducing the number o f  wel ls 
needed f o r  t h i s  purpose. Specific accomplish- 
ments included the discovery that  borehole 
breakouts indicate varying stress direct ions 
i n  indiv idual  blocks o f  rock, inversfon codes 
f o r  in terpretat ion o f  borehole- to-borehol e and 
borehol e-to-surface r e s i s t i v i t y  surveys, and 
the Medicine Lake Volcano teleseism experi- t 

ment. 

The Medicine Lake work i n  1988 involved 
seismic tomographic data gathered a t  Medicine 
Lake i n  1986 by the U.S. Geological Survey and 
the Lawrence Berkeley National Laboratory. 
Derived from eight explosions i n  a 50 km area 
f r o m  the caldera, these geophysical resul ts  
provided one o f  the best data sets ye t  
achieved. The 1986 studies focused on using 
the data t o  measure delay times i n  the rocks: 
i n  the 1988 studies, more sophisticated 
in terpretat ion procedures were appl l ed  t o  the 
same data t o  t r y  t o  determine the saturation 
of the rocks. The resu l t s  t o  date are shown 
i n  Exhib i t  1. I n  t h i s  geological cross 
section, the horizontal l i nes  wi th  angled 
hatchures represent the previous ve loc i ty  
model from the seismic re f ract ion study: the 
high ve loc i t y  core o f  the volcano i s  shown 
(5.7 km/s, subsolidus dike and in t rus ion 
complex) ; the suspected magma chamber wi th  a t  
least  p a r t i a l  melt i n  the low-velocity, high 
attenuation body i n  the center o f  the caldera 
i s  ident i f ied;  and the area where steam i s  
believed t o  be present i s  indicated as 
"bo i l i ng  water." 

& ~ 1  o r a t i  on Technolooy - The exploration task 
i s  designed t o  develop techniques t o  locate 
and characterize geothermal resources i n  young 
s i 1  iceous volcanic environments, pa r t i cu la r l y  
i n  areas w i th  deep c i r cu la t i on  o f  ground- 
water. Gathering o f  the geological, geophysi - 
cal, and geochemical f i e l d  data, acquired by 
cost-sharing several deep heat f low holes wi th  
industry i n  the Cascades Range o f  the Paci f ic  
Northwest was completed i n  1988. The data 
w i l l  be integrated i n  reservoir  models which 
w i l l  serve as a too l  for locat ing geothermal 
resources hidden by deep movement o f  ground- 
water i n  the Cascades Range. 

Brine I n l e c t i o n  - The in jec t i on  task focuses 
on techniques t o  predic t  the in tens i ty  and 
t iming o f  the thermal, chemical, and hydro- 
l o g i c  e f fec ts  o f  i n jec t i on  i n  order t o  provide 
methods t o  reduce temperature and pressure 
d e g r a d a t i o n  i n  geothermal rese rvo i r s .  
Accomplishments i n  1988 included: 1) models - 
f o r  the in terpretat ion o f  in ject ion tests i n  
f ractured reservoirs, 2) techniques t o  use 
t racer  t e s t  resul ts  t o  design optimal in jec-  
t i o n  schemes, and 3) a dual permeability model 
t o  simulate f low i n  fractured rock wi th  
secondary porosity. These are a l l  techniques 
f o r  maintaining reservoir  pressure whi le 
avoiding thermal breakthrough t o  the producing 
zone. 

c 
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eothe rmal Technolouv Oru anizatioq - The GTO, field tests at The Geysers of a downhole air 
!he joint M)E/industry group that jointly turbine for directionally drilling geothermal 
funds technology development efforts that will wells gave promising results, and led to 
provide immediate benefits to the geothermal design modifications of the transmission 
industry in the areas of reservoir performance assembly, Temperature-resistant elastomer 
and energy conversion, began one prod t in FY materials were screened for suitability for 

geothermal field. GEO Operator Cor and the tectors. 
Unocal Geothermal Division are the industry 
participants. . Conversion Techno1 ouy 
alton Sea Sc ientific Drillina Task - The 

iesting facility was reconditioned in 1988, eat Cvc le Research - In 1988, supercritical 
and a successful 20-day production flow test !est$ of the Heat Cycle Research Facility with 
was conducted, with flow rates up to 700,000 the condenser at the near vertical position 
pounds/hour of hot 26OoC (SOOOF) brine. with the propane family of working fluids was 
Ancillary studies of brine chemistry, waste completed, as was Phase I of the relocation of 
disposal, and microseismic detection also were the HCRF from the Geothermal Test Facility at 
carried out. East Mesa, Californla, to the property of the 

nearby B.C. McCabe binary plant. The second 
phase of the relocation was initiated, 
including installation of a two-dimensional 
expansion nozzle and a reaction turbine. The 
application of the new Kalina concept to lost Circulation Control - RaD was undertaken geothermal power cycles was completed, and 

to develop a basic understanding of the two- 
phase (sol id/l iquid) flow phenomenon that ;:r;;:;;tt$*th a near 
dictates fracture plugging mechanics for 

- Major 1988 activities s i  ngl e -particle, high- temperature, and 
mu1 tip1 e constituent lost circulation materi - ting of advanced high- 

the plugging character- temperature 3OO0C (572OF) 1 ightweight cements 

temperature and pressure conditions tests of polymer-1 ined heat exchanger 
g; and completlon of an analysls of high- 

temperature elastomers for use in geothermal 1988 included the development of a concept for sealing applications. 
a core drilling system for deep thermal 
regimes, and, working with industry suppliers, dva rine he try - In 1988, the 

Of data calcite, and carbon dioxide was completed; the 
the string was model will now be expanded to additional 

c 1988 -- a microseismic study of Th Geysers use in the fabrication of drill pipe pro- 

In addi 
istics of hfgh-temperature lost circulation for well completions, which produced very 
Inaterials were measured under a range of promising results; initial steps for conduct- 

Of designs for insulated k e F C z d  b A n e  eq~il~~:iurn model for silica, 



GEOPRESSURFD-GEOTHERMAL 

Wel l  Ooerations 

The wel l  operations pro ject  involves f i e l d  
a c t i v i t i e s  t o  obtain information on reservoir  
performance under production conditions, 
surface handling systems, disposal w e l l  
i n j ec t i on  procedures, br ine chemistry and 
scale i n h i b i t o r  treatment, and automation. 
The Pleasant Bayou w e l l ,  located i n  Brator ia 
County, Texas, near Houston, was placed back 
i n  production i n  May 1988, a f t e r  being treated 
wi th  a scale i nh ib i t o r ,  and has been flowing 
a t  about 20,000 barrels per day. The Gladys 
McCall wel l  located i n  Cameron Parish, 
Louisiana, was subjected per iod ica l ly  t o  high 
r a t e  flow tests  a t  over 25,000 barre ls  per day 
o f  br ine f o r  over two years. It produced a 
t o t a l  o f  over 27 m i l l i o n  barrels o f  br ine and 
nearly 676 m i l l i o n  sc f  o f  methane, and was the 
subject o f  the breakthrough i n  geopressured 
scale i n h i b i t i o n  treatment. It was shut i n  
during October 1987, and i s  undergoing a long- 
term pressure build-up t e s t  t o  help i n  
understanding the dr ive mechanisms o f  geopres- 
sured reservoirs. The W i l l i s  Hul in  wel l  was 
d r i l l e d  i n  Vermilion Parish, Louisiana, as a 
commercial gas producer. It penetrated an 
unusually good geopressured zone a t  about 
20,000 feet, and when i t  was no longer 
operable as a gas well, DOE agreed t o  assume 
ownership from the Superior O i l  Co. Most o f  
the physical parameters o f  the Hul in well 
d i f f e r  from those o f  the experimental wel ls 
d r i l l e d  spec i f i ca l l y  f o r  geopressured br ine 
production, and it thus provides the oppor- 
tun i  t y  t o  f a c i l i t a t e  determination o f  dr ive 
mechanisms under another set o f  downhole 
conditions. I n  addition, the higher expected 
temperature and gas content make f l u i d  from 
the Hul in  wel l  substant ia l ly  more valuable per 
u n i t  volume than f l u i d  from the design wells. 
Annular pressures a t  the wellhead were 
monitored on a regular basis i n  1988, s i t e  
f a c i l i t i e s  were upgraded i n  preparation f o r  
workover ac t i v i t i es ,  and a safety evaluation 
of wel l  pressure buildup was performed. 

Seosc ience and E naineerina SuDoort 

The 1988 accomplishments o f  t h i s  pro ject  
included: 1) re f ined mapping o f  Pleasant 
Bayou reservoir  sandstone w i th in  the f a u l t  
block; 2) development o f  s impl i f ied geologic 
models; 3) continued analysis and interpreta- 
t i o n  o f  the mul t i ra te flow tests  o f  the Gladys 
McCall as wel l  as shut- in data; and 4) the 
conclusion tha t  environmental monitoring a t  
the Gladys McCall has not shown any detrimen- 
t a l  environmental e f fects  at t r ibutable t o  the 
long- term t e s t i n g  (microseismic, water 
qual i ty,  and subsidence). 

Fnerav Conversion 

The construction o f  a "hybrid" power conver- 
sion system designed t o  u t i l i z e  both geo- 
thermal heat and methane was begun i n  1988 a t  
the Pleasant Bayou well s i te ,  and a power 
generation experiment i s  scheduled t o  begin 
there ear ly  i n  1989. Flow test ing o f  the wel l  
has been resumed i n  preparation f o r  the 
experiment. . 
lj!awmu 
Fenton H i l l  Ooerations 

The focus o f  the Fenton H i l l  Operations 
pro ject  i n  1988 was preparing f o r  the upcoming 
Long-Term Flow Test (LTFT) o f  the Phase I1 
reservoir. This t e s t  is  a s ign i f icant  
milestone i n  hot dry rock research because o f  
the information i t  w i l l  provide on reservoir  
impedance, thermal drawdown, energy output, 
and water consumption. The s ign i f icant  1988 
accomplishment was completion o f  the repai r  o f  
the wel l  used t o  produce heated water f r o m  the 
man-made reservoir. The repai r  was ac- 
complished by r e d r i l l i n g  i n t o  the ex is t ing 
reservo i r  and sidetracking the wel l  around the 
damaged section. This work w i l l  enable 
optimum production during the LTFT o f  the 
reservo i r  scheduled t o  begin i n  1990. 

Accomplishments i n  1988 included a re-analysis 
o f  the micro-earthquakes resul t l n g  from the 
massive hydraul ic f ractur ing experiment o f  
1983 using improved mapping methods and 
i n i t i a t i o n  o f  a programming e f f o r t  toward 
automation. A prototype borehole televiewer 
was also completed, and the i n jec t i on  borehole 
was surveyed. 

I ana Val 1 ev Ooerat ions 

The key achievement o f  t h i s  project  i n  1988 
was f i n a l i z i n g  selection o f  an exploratory 
d r i l l  s i t e  i n  the Long Valley caldera i n  
Ca l i f o rn ia  which was approved by a WE review 
panel. Permits f o r  operation a t  the s i t e  were 
i n i t i a ted ,  and preliminary s i t e  work com- 
pleted. A science guide f o r  supporting 
s c i e n t i f i c  measurements i n  the exploratory 

by over s i x t y  researchers. 
wel l  was developed during a workshop attended 4 

c 
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kaboratorv and Enoin-win Sumort  o f  a l l  source 
that  geotherma 

Research continued i n  1988 on the energy 
extract ion and geochemistry/ materlals tasks. 
Advances were made i n  evaluating magma 
convection, overa l l  energy extract ion analy- 
sis, analysis o f  energy conversion systems, 
understanding thermal f ractur ing processes, 
examining the react ion o f  potent ia l  heat 
exchanger materials w i th  magmatic f lu ids,  
evaluating mass transport  near the heat 
exchanger, and co l l ec t i ng  laboratory data 
re la ted t o  potent ia l  hazards during d r i l l i n g .  

YHY CON TINU€ GEO THERMAL RID? 

A new study i n  preparation f o r  the Deputy 
Assistant Secretary f o r  Renewable Energy 
provides another ind icat ion o f  the importance 
o f  continuing geothermal R&D and achieving our 
objectives. I n  analyzing the energy sources 
i n  the U.S. and standardizing the de f i n i t i ons  

the preliminary f inding i s  
energy wi th in  s i x  kilometers 

o f  the earth's surface -- seven f o r  geopres- 
sured -- accounts f o r  42.7 percent o f  the U S .  
t o t a l  energy resource base, as shown I n  
Exhib i t  2. The t o t a l  resource base i s  defined 
as the t o t a l  physical ly avai lable energy-- 
i d e n t i f i e d  and undiscovered -- regardless of 
whether o r  not i t  can be p rac t i ca l l y  o r  
economically extracted. However, geothermal 
accounts f o r  only 4.4 percent o f  the U.S. 
accessible resource base -- the port ion o f  the 
resource base that  can be exploited wi th in  
known o r  developing technology -- and 3.8 
percent o f  U.S. energy reserves -- those 
port ions tha t  are economically recoverable 
m d e r  current conditions. With improved 
technology we can great ly  increase geo- 
thermal's por t ion o f  both the accessible 
resource base and the reserve category, making 
a s ign i f i can t  contr ibut ion t o  the nation's 
energy supply. 

EXHIBIT 1 

CROSS SECTION OF MEDICINE LAKE VOLCANO 
FROM SEISMIC TOMOGRAPHY 

Class Mountoin 

i 
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EXHIBIT 2* 
U. S. GEOTHERMAL RESOURCES 

1,505,408 255,910 

(42.7% of Total U.S. 
Energy Resource Base) 

22,588 3,840 247 42 

(4.4% of Total U.S. Accessible 
Energy Resource Base) 

(3.8% of Total US. 
Energy Reserves) 

Still subject to review by the U.S. Geological Survey. 

a The total resource as specified in USGS Circular 790, but modified by the National Academy of  
Sciences to include resources within 6 kilometers of the surface and with a heat value > Bo°C (except 
for hydrothermal, which is > 40OC). Geopressured resources are included to a depth o f  7 kiloiheters. 

The accessible resource as specified in USGS Circular 790, but modified by the Natfonal Academy of 
Sciences to include only accessible resources within 6 kilometers of the surface and > 80°C, except 
for hydrothermal resources which are > 40°C. Geopressured resources to a depth o f  7 kilometers are 
also included. 

The reserve as specified in USGS Circular 790, but modified by the NAS. In addition, low temperature 
(>40°C) hydrothermal 30-year resources form USGS Circular 892 are added tq the total. 

d Billion barrels of oil equivalent. 

- 6 -  
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FUTURE PROSPECTS FOR GEOTHERMAL ENERGY DEVELOPMENT IN CALIFORNIA 

Warren D. Noteware, c 

California Energy Commission 

I want to thank Paul Kruger for 
opportunity to address this workshop on 
the subject of geothermal energy 
development in California. 

When I was invited to spea 
conference, I gladly accep 
believe this type of interaction 
between all levels o f  government and 
industry organizations is. 
It is the application of your 
collective skills and reso 
makes the geothermal indus 
Therefore, any governmental or market 
action that affects the value or the contracts. The forecast in the draft 
contribution of geothermal energy to 
meeting the state's needs is of vital ~ 

interest. 

The Energy Commission is currently 
Preparing its biennial E&&.&&Y 
JteDort, This report will include a 

demand for electricity 
-, 12-, and 20-year 
report also will present 

issues in this, our seventh, 
w t r i c i t v  Penort, will be the 
forecast of generating capacity that 

final report shows that only 295 XW of 
geothermal energy are expected to come 
online between now and 1992. 

Foregoing any discussion of where the he future, the Energy 
industry has been or what it has 
accomplished, I would like to focus on 
the present and mention some new 
opportunities that you may not have 

Commission's forecast will directly 
affect the determination of the need 
for additional generation resources by 
the investor-owned utilities and thus 

potential market opportunities for 
geothermal industry. The 
ilability of future long-term power 
chase contracts during the next 
ht years wil1,be determined by a 
ding process adopted by the Public 
lities Commission. Under this plan, 
utilities will be allowed to build 

the Public Utilities Commission and the 
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cogeneration on a cost basis. 
Therefore, the industry must find ways 
to reduce exploration and production 
costs, or the contribution of 
geothermal to future generation 
additions in California may be limited. 
Further limiting future opportunities 
is the recent revelations about the 
long-term productivity of The Geysers 
steam resource and the decision by 
PGandE to shelve plans for 3 new plants 
in The Geysers. Up to this point, 
electrical energy from The Geysers was 
one of California's least expensive 
sources. 

The problem, though, with the PUC*s 
bidding process is that the least-cost 
technologies, which may likely be 
fossil-fueled facilities, will only 
exacerbate California's air quality 
problems, and may adversely affect the 
long-term security and costs of energy 
supplies in the state. 

However, it is California's inability 
to meet federal air quality attainment 
standards that is leading to ever- 
tightening constraints on the 
combustion of fossil-fuels. The most 
comprehensive are the proposals by the 
South Coast Air Quality Management 
District (SCAQMD). The most extreme 
provisions of the SCAQMD proposals may 
prohibit the combustion of fossil fuels 
within the basin, requiring complete 
electrification of all industrial, 
commercial, and transportation 
functions. This would have obvious 
implications regarding the need for 
new, nonpolluting generation sources. 
And, as the Energy Commission does not 
favor the export of pollution from 
nonattainment areas to attainment 
areas, greater preference would be 
given to clean sources. 

In addition, both the Energy Commission 
and the Public Utilities Commission are 
now being urged to incorporate the 
effects of nonprice externalities in 
their need determination process. 
Recently, the California Legislature 
passed Assembly Concurrent Resolution 
No. 
Commission and the Public Utilities 
Commission to take into account the 
benefits of nonprice factors when 
conducting our respective resource 
supply assessment and standard offer 
proceedings. This, of course, would 
place greater emphasis on noncombustion 
technologies such as geothermal energy. 
The resolution further requires the two 
commissions to inform the Legislature 
on or before December 1, 1989, on how 
these factors will be taken into 
account in our respective proceedings. 

160 which requests both the Energy 
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Although such regulatory actions would 
enhance the marketability of geothermal 
energy, your industry still may find 
strong competition from out-of-state 
power sources. 
uncertain future for geothermally- 
produced electrical energy, and the 
need for a stronger partnership between 
the state and federal government and 
the geothermal industry to focus 
limited research and development 
dollars into those areas that will make 
geothermal energy more competitive in 
the market place. From a government 
perspective, however, this goal must 
also be balanced by the need to develop 
,other new technologies that offer 
promise for the next century. 

In the last few years, the Energy 
Commission has begun new programs that 
are intended to address near-term 
market and environmental issues as well 
as long-term research and development . 
goals. we are strengthening our 
programs that provide endrgy end users 
with economic options to fossil fuels 
both for electric generation and 
thermal applications. We are providing 
cost sharing for projects that focus on 
longer-term research and development 
issues. We are providing assistance to 
California*s advanced energy technology 
companies in both domestic and foreign 
markets. And, we will be stepping up 
our efforts to ensure that environmen- 
tal factors are given stronger 
consideration in our regul-atoryactions. 

All this points to an 

Through our Geothermal Grant and Loan 
Program, the CEC is providing grants 
and loans as well as technical 
assistance to local governments for the 
exploration and development of the 
state's vast low- and moderate- 
temperature geothermal resources for 
direct-use applications. Given the 
uncertainties of the market for 
electrical energy in California, your 
industry must begin to consider this 
opportunity that, in the past, may not 
have been considered enough of a 
lucrative market for major private 
investment. 

The anergy potential from low- and 
moderate-temperature resources in 
California is substantial. And, 
despite the currently-depressed oil 
market, direct-use applications remain 
a reasonably good investment for many 
local governments and private 
developers. For example, many heating 
and air conditioning systems require 
electricity. The retail price for 
electricity has not been affected by 
the drop in oil prices as have natural 
gas and distillate oil prices. In 
fact, retail electricity prices have 

* 

L 



making the use of low- and 
mperature resources to 
ectrical en 

Several of these projects demonstrate 
technologies near to commercialization, 
while others focus on laboratory or 

arch and development of 

me these impediments 

research and field testing of a 

t transfer 

tor materials 
fticiencies in 
r generation systems. 

, ,resource exploration and development in the last three years relating to 
projects throughout the state. Many of geothermal energy technologies. We 
these projects have included strongly encourage applications from 
geochemical, geophysical, and this industry that will lead to 
hydrological analyses as well as improved and more cost effective 
temperature gradient, production, and exploration techniques and electrical 
injection well drilling. and thermal energy conversion 

processes. These types of improvements 

, the Energy 

ities to evaluate also conduc 



Since the Export Program began, the 
Energy Commission has conducted two 
reverse trade missions in which 
representatives from 31 countries were 
brought to California to meet with 
representatives from domestic 
geothermal and wind energy companies. 
These missions have resulted in 
equipment sales of $3.4 million. 
additional $70 million in power plant 
sales is under negotiation. 

Another issue that may indirectly 
affect the geothermal industry is 
global warming. 
involved in a comprehensive study to 
assess the implications of global 
warming on California. This multi- 
agency effort was initiated in response 
to the mounting scientific evidence 
pointing to global warming trends. 
The participants include other state 
agencies, the University of California 
as well as federal and private research 
groups. This work will culminate in a 
report to the California Legislature in 
June 1990. The report will focus on 
determining the potential magnitude of 
global warming impacts and provide 
recommendations that will help 
California prepare for any such 
eventuality. It also w i l l  recommend 
ways the state can participate in 
national and international efforts to 
slow global warming trends. The 
possibility of global warming could 
have implications in future power plant 
siting proceedings and strengthen the 
Energy Commission's policy actions 
regarding nonfossil-fuel technologies 
such as geothermal energy. 

A n  

The CEC is presently 

Already, the Energy Commission is 
incorporating global warming issues in 
its assessment of appropriate energy 
technologies. For example, many new 
alternative technologies which emit 
little or no carbon dioxide are being 
given priority in the Energy 
commission's gnerav peveloDment B-eEsas. 
This represents the first steps towards 
addressing the implications of the 
greenhouse effect in public policy 
decision hking. 

In closing, it is clear that your 
industry has been quite successful in 
developing this state's geothermal 
energy resources. But, as we enter the 
199Os, the industry is confronted with 
new challenges that may dictate its 
future. Today, I have briefly 
discussed some of the challenges facing 
the industry in California and some 
options available from the Energy 
Commission to assist you in meeting 
them. I look forward to working with 
you and to the continued development of 
this valuable energy resource. 

. 
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GXOTHIRHAL RHSEARCE AT E P R I  

V a s e 1  V. Roberta 

P l c c t r i c  Power Research I n s t i t u t e  
P a l o  A l t o ,  C a l i f o r n i a ,  9 4 3 0 3  

AEsl!luux 

The rules by which t h e  energy game is 
played have been changing s ince  1985 and 
may n o t  firm f o r  some t i m e .  This has  
a f f e c t e d  t h e  way i n  which geothermal is 
viewed within t h e  u t i l i t y  industry.  
n e t  result has been t o  downgrade t h e  
r e l a t i v e  importance of geothermal and 
geothermal RSD. 
the  downgrade are reviewed and the  content  
of EPRI'S Geothermal Program discussed. 

o ther  resource f o r  t h a t  matter, simply 
diminished. Furthermore, it w a s  not  c l e a r  
how geothermal would f i t  i n  a deregulated 
industry.  
enough t o  cause many u t i l i t i e s  t o  back of f  
and re-examine t h e i r  geothermal objec- 
f i v e s ,  o r  to i n d e f i n i t e l y  postpone them. 
In t h e  preva i l ing  economic environment 
a t t e n t i o n  turned to o t h e r  more pressing 
issues and R&D priorities sh i f ted .  
mary emphasis is being placed on coal and 
nuclear  generation technologies,  environ- 

A OaWLJwlLRD TREND mental i s sues ,  and s torage  system tech- 
nologies. Priorities f o r  renewable 

In 1982 many u t i l i t i e s  w i t h  access t o  . resources were lowered and technologies 
geothermal resources  viewed themselves as having regional  l i m i t a t i o n s ,  such as 
eventual ly  owning and operat ing geothermal geothermal were pushed to  the  bottom if  
power plants .  Those who were not  a l ready not  o f f  t h e  list en t i re ly .  
involved i n  developnent a t  The Geysers 
contemplated p a r t i c i p a t i o n  i n  t h e  develop- During t h i s  same time, federa l  emphasis on 
merit of  h o t  water resources. As it hap- energy research slowly eroded. Some i n  
pened, t h e  course o f  events  d i d  not  take  the  industry,  under t h e  circumstances, d i d  
t h e  expected path. Only two hot w a t e  not  f i n d  it d i f f i c u l t  to follow s u i t .  It 
p lan ts ,  Utah Power and Light 's  20 UWe 

ial .  For t h i s  

ss signaled by 

The sum of these  fac tors  w a s  
The 

Some of t h e  reasons for 

Ri- 

federa l  lead i n  

a t  Heber i n  Cal i fornia ,  were o or tunately,  one 
operated by electric u t i l i t i e s  

is i n  operat ion a 
h e r s  are owned an 
t h i r d  p a r t i e s  as 
AS a result, t h e  
rs d i d  not  increa  

o r i g i n a l l y  expected but  d e c l i  
f a c t ,  most have now withdrawn 
s i d e l i n e s  e i t h e r  as p o w e r  purchasers Or 
with no p a r t i c u l a r  i n t e r e s t ,  pending 

M y  upward t rend  that might be i n  t h e  
making is not  y e t  i n  s igh t .  Rowever, i n  
t r y i n g  t o  discern  f u t u r e  d i r e c t i o n  global 
i s s u e s  are l i k e l y  to play an important 

esy  gloom, and c e r t a i n l y  that 

t h e  world's appet i te  
i n  any expanding 
roblem can be COP- 

below $18 t o  $20/bbl. 
l i t t l e  need f o r  new generat ing capaci ty  
the  urgency for pursing geothetmal, or any 

Since t h e r e  w a s  pounded if a u t h o r i t a t i v e  est imates  are 
c o r r e c t  that t h e  uorld 's  supply of oil is 
j u s t  over 30 years. Even i f  one takes the 
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op t imis t i c  view and assumes twice a s  much, 
we have reached a poin t  i n  time where t h e  
end of t he  o i l  e r a  is more o r  l e s s  pre- 
dictable .  Aa it approaches p r i ce  gyra- 
t i o n s  could be severe. 

Consumption pressures  may be compouaded by 
environmental f ac to r s  such as acid r a i n  
and the  greenhouse e f f e c t .  
house e f f e c t  is taken t o  be r e a l  by t h e  
p o l i t i c a l  establishment, it could accel-  
e r a t e  the use of o i l ,  t h e  reason being 
t h a t  o i l  produces only 1601b of carbon 
dioxide per  mi l l ion  BTU's while coal  
produces about 2251b and gas about 
1261b. > h i s  simply suggests that the time 
is approaching when it may become neces- 
sary t o  consider o the r  options t h a t  might 
be avai lable .  For example, is it r e a l i s -  
t i c  t o  th ink  t h a t  a nuclear-biomass-solar- 
geothermal energy economy might be prac- 
t i c a l  i n  t h e  long run, and dramatically 
reduce the greenhouse gases a t  the  same 
time? Many obs tac les  l i e  i n  t h i s  path. 
Certainly,  t h e  resource base seems t o  be 
the re ,  p a r t i c u l a r l y  i f  t he  hot dry rock 
and magma resources a r e  a s  l a rge  a s  
thought. Cn t h e  o ther  hand, t h e  vested 
i n t e r e s t  i n  coal  technology is enormous 
and could not be rap id ly  changed. 
case,  t he re  is a need t o  develop a good 
understanding of t he  p o t e n t i a l  options and 
such considerations may d r ive  the  next 
upturn i n  geothermal deve lopen t .  

If t h e  green- 

I n  any 

1988 III WRspgCEIvE 

I n  1988 E P R I ' s  geothermal budget waa about 
$2.3 million. In 1989 it w i l l  be around 
$1.5 million. In order t o  f i t  within t h i s  
35 percent reduction t h e  scope of some 
p ro jec t s  had t o  be reduced and o the r s  
terminated. Before discussing the program 
content f o r  t h i s  year I want t o  mention 
th ree  p ro jec t s  that a r e  being phased out.  

The f i r s t  is ac tua l ly  a group of four 
p ro jec t s  r e l a t e d  t o  EPRf 's  e f f o r t s  t o  
develop technology f o r  upstream hydrogen 
s u l f i d e  removal from geothermal steam. 
m e  approach is based on the  r ebo i l e r  
concept. 
has been t o  s c a l e  the  technology from a 
10001b/h experimental un i t  t o  a 
200,00Olb/h conanercial type system 
designed f o r  use with geothermal f l u i d s  
having a noncondensable gas content of up 
t o  8 percent. 
t i o n  with the  Philippine National O i l  
Company and Pac i f i c  Gas 0 Elec t r i c  Com- 
pany, who did the  design s tudies .  
not poss ib le  t o  complete the  de t a i l ed  
design, however, most of t h e  engineering 
ana lyses  w e r e  completed. The reason f o r  
c a l l i n g  your a t t e n t i o n  t o  it is t h a t  
confidence was gained t h a t  t h e  design 
would function a s  expected and that it 

The primary e f f o r t  i n  t h i s  area 

This w a s  done i n  coopera- 

It was 

could be cos t  e f f e c t i v e  depending on the 
gas content i n  t h e  geothermal steam, in 
the  range of 3 t o  8 percent* One of the 
by-products of t h i s  e f f o r t  has been the  
developnent of techniques f o r  estimating 
hea t  t r a n s f e r  i n  condensers having high 
gas concentrations.  

The second p ro jec t  t h a t  should be men- 
t ioned is t h e  c r y s t a l l i z e r  e f f o r t .  
number of t e s t s  were run a t  Cerro Prieto 
t o  inves t iga t e  t h e  f e a s i b i l i t y  of removing 

/ s i l i c a  by p r e c i p i t a t i o n  and c r y s t a l  growth 
i n  a f l a s h  c r y s t a l l i z e r  vessel. 
r epor t  t h a t  t he  r e s u l t s  from this par-cu- 
l a r  set of tests were not very encourag- 
ing. 

The t h i r d  e f f o r t  being closed out is the  
Mobile QlemFstry Lab project .  
t h ing  that should be mentioned i n  r e l a t ion  
t o  t h i s  p ro jec t  is t h a t  an e f f o r t  is being 
made t o  preserve the data  accumulated wet 
t h e  l a s t  several  years  and to prepare it 
f o r  publication. 

A 

I must 

The one 

In 1989 the  program w i l l  pursue four 
projects .  
new. 
follows: 

Three a r e  continuing and one is 
me t h ree  continuing p ro jec t s  a r e  a s  

modular Binary Wellhead Power System 
Design 
Geothermal Information Series 
Trace Element Specification',  
Transport, and Distribution. 

mdular Binary wellhead Power s p s t a  
ksignr The ob jec t ive  of t h i s  e f f o r t  is 
t o  c rea t e  a s i n u l e  desiqn tha t  w i l l  have 
t h e  f l e x i b i l i t y - t o  perform over a wide 
range of geothermal f l u i d  temperatures and 
flows. Because of t h e  wide range, t h e  
capac i ty  of t he  system w i l l  be in the 
range of 2 t o  me, depending on the  exact 
conditions a t  the  wellhead. 'Ihe reasons 
f o r  pursuing t h i s  e f f o r t  i s  to f u l f i l l  a 
perceived need f o r  a small modular pover 
system that can s a t i s f y  the following 
appl icat ions:  

- F i r s t  u n i t  i n  new f i e l d s  - Development of small f i e l d s  - Developent  of lov  temperature 

- Staged developnent of l a rge r  

- Backfi l l  i n  e x i s t i n g  f i e l d s  

f i e l d s  

f i e l d s ,  and 

The design e f f o r t  is being done by the  
Pac i f i c  Gas h Electric Company. 
t h e  engineering analyses have been c o w  
p le t ed  and d e t a i l e d  process,  mechanical 
and c i v i l  design e f f o r t s  a r e  now under 
way. 

Most of 

me present  plan is t o  complete the 

. 
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design around mid-year. 

Gaothermal Infoma~-o= Series: The goal 
here is t o  capture and preserve some of 
t he  more v i t a l  lessons learned about 
geothermal developnent over t h e  pas t  - decade. Radian is t h e  general  c o n q a c t o r  
f o r  t h i s  e f f o r t .  The f i r s t  docment  w i l l  
be a s e t  of guidelines f o r  geothermal 
f l u i d  chemical sampling and analyses. 
This document is i n  t h e  f i n a l  s t ages  of 
preparation and should reach t h e  publ i sher  
i n  about two months. The next document i n  
t h i s  s e r i e s ,  a s  present ly  planned, w i l l  be 
a s e t  of guidel ines  f o r  power cycle selec- 
t ion.  A t h i r d  document w i l l  be s t a r t e d  
t h i s  year although t h e  f i n a l  choice of t he  
subject  matter has not ye t  been made. 

d 

cIl)GuRE 

In c los ing  th ree  po in t s  should be kept i n  
mind. F i r s t ,  the  energy market, except 
f o r  t he  remaining standard o f f e r  No.4'~ 
promises t o  be highly competitive. 
w i l l  be a challenge but,  geothermal can 
f i n d  a niche i n  t h a t  market. The second 
p o i n t  is that federal  energy pol icy  s e t s  
t h e  R&D pace and i f  t h e  downtrend is t o  be 
reversed, it must s t a r t  with policy.  The 
f i n a l  po in t  is t h a t  much of t h e  long-range 
research has been suf fered  i n  t he  pu r su i t  
of solut ions t o  near-term problems. It 
may be t i m e  t o  adopt a more proactive 
approach t o  R&D. 

It 

hace Elanent Transport and 
Mstr ibnt ion:  
p r o j e c t  is t o  develop a n a l y t i c a l  tech- 
niques f o r  es t imat ing  the  t ransport  and 
d i s t r i b u t i o n  of a r sen ic ,  boron, mercury 
and other  toxic  t r ace  elements i n  geo- 
thermal f l u i d  flow streams, based on 
fundamentals. This includes considera- 
t i ons .o f  t h e  me ta l l i c  o re s  most l i k e l y  t o  
be present  i n  geothermal r e se rvo i r  rock 
formations, t h e  s o l u b i l i t i e s  of such o r e s  
a t  reservoir  temperatures depending on t h e  
presence of o ther  mineral species,  a s  
appl icable ,  and t h e  spec ia t ion  and bulk 
q u a n t i t i e s  a s  t h e  temperatures and pres- 
su res  change when the  f l u i d  passes through 
the  power plant .  The p ro jec t  is studying 
both the  l i q u i d  and vapor streams with 
spec ia l  emphasis on steam and conden- 
sate .  The f i n a l  r epor t  on arsenic  is now 
avai lable .  A t  p resent  an e f f o r t i s  under- 
way t o  program t h e  techniques used f o r  
a r sen ic  on the  personal computer t o  s i m -  
p l i f y  t h e i r  use. 
w i l l  continue t h i s  year and is scheduled 
f o r  completion e a r l y  next year. 
is being done at  San Diego S t a t e  Univer- 

The approach used i n  t h i s  

The e f f o r t  on mercury 

This work 

s i t y .  

As previously mentioned, t h e  pres  
c a l l s  f o r  s t a r t i n g  one new projec 
1989. EPRI w i l l  p a r t i c i p a t e  With 
Hawaiian E lec t r i c  Company and t h e  Univer- 
s i t y  OE Hawaii a t  -no& i n  t h e  eva lua t ion  
of t he  geothermal resource i n  H a w a i i ,  one 
of t he  c r i t i c a l  pa ths  i n  H a w a i i ' s  deep sea  
cable program. Their plan f o r  t h  

ssment is t o  use a combinatio 
e x i s t i n g  wells,  s eve ra l  new 

geological and geophysic 

rogram. EPRI plans  t o  cofund 
t i c a l  por t ion  of t he  e f f o r t .  

e mobile chemistry labora 
c r y s t a l l i z e r  e q u i p e n t  w i l l  
t o  t he  p ro jec t  t o  aid in ge 
analyses and t o  study s i l i c a  removal. 
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C?! CAN KEEP CEO-L COUPETITI VE 

Stephen Pya 

Unocal Geothermal Division 
Unocal Corporation 

Los hgeles, California, 90017 

Pm p ROBLEMS : EXCESS ENERGY SUPPLY AND LO W 
ENERGY PRICES 

New geothermal projects face two problems, 
with the most serious being a low price for 
geothermal fuel. The other problem is an 
excess of electrical generating capacity in 
the Western United States, which makes any new 
generation plant difficult to promote. This 
should be a temporary problem, because it is 
the result of a supply/demand imbalance. 
However, since it affects our activities it is 
frustrating because we have no control. 
Hopefully this problem will decrease as a 
factor in our local market within the next 
decade. Since we cannot significantly impact the price 

we are paid for the product, we nust control 
Our most serious problem is the low fuel price costs if we are to compete in the current 
for geothermal. The price for all fuels has market. The geothermal industry may have an 
declined because of the current oversupply of advantage over fossil fuel competitors with 
fossi1,fuels (oil, gas, and coal) which are respect to reducing costs. Since the fossil 
the primary competitors for the electric fuel industry is quite mature relative to 
generation market. Other alternatives, geothermal, it is much farther out on the 
including hydro, nuclear, etc.. all have learning curve. Consequently, research 
problems. 
nuclear is out of favor, and other 
alternatives too expensive. Conse 
the near term (5-10 years) fossil 
remain the primary competition. W 
compete in this market. 

much will the consumer pay for a secura fuel 
supply with environmental advantages? 
absence of a legislated incentive for 

In the 

m a l  or disincentive for coapeting fuels 
reduce COz emissions by X%) I believe 
emiun will be too small to have a major 

influence on geothermal project economics. 

Current Price. 
lusion - -  We Must Be ComDetitive At The 

A -OD OF REDUCING COSTS 

Domestic hydro is fully developed, efforts in geothermal should increase 
efficiency proportionally more than similar 

1 require an all-out effort by the . 
cy through research which can be seen 
illingness to devote manpower and 

Unocal is committed to increasing 

.) 

I 

should be politic 
domestic energy s 
lower CO, emissio 
hazard. But, will the customer pay a big reactions. Research expenditures should be 
premium, a little premium, or no premium? How concentrated in these areas. 

ajor risk areas are reservoir 
nnance, injection and chemical 

, 

- 15- 



If capital expenditures (drilling and 
production system costs) and the time delay 
between investment and income could be 
reduced, we could sell geothermal fuel at a 
lower price. 
expenditures is well understood. Advancing 
the revenue stream closer to the investment 
reduces the interest cost, which may be 
substantial. Shortening the time delay 
requires that the development move rapidly. 
Inherent in an accelerated development program 
is the increased risk in relying on reservoir 
performance predictions, including the long 
term effect of injection. 

one approach' to accelerating income is to 
develop smaller increments of power over a 
longer time. 
transmission is available or if we could 
develop an inexpensive, long distance electric 
transmission system that fits this same 
incremental growth pattern. However, this is 
an area of research that is outside our normal 
business. 

The need to reduce capital 

This would be feasible if 

I am going to discuss some of the research 
areas on which Unocal is working. Where 
possible I will be specific, but in some cases 
the sensitivity will require that I just make 
general comments. 

We usually divide costs into finding, 
development, and operations, but it is easier 
to discuss research by the particular 
discipline - -  exploration, reservoir, 
drilling, design/construction, and production. 

Research success accomplishes either a 
reduction in actual costs (a drill bit that 
increases penetration rate) or a reduction in 
risk (an improved blow-out preventer rubber 
that reduces the risk of having a blow-out). 
The first is easier to measure than the 
second, but both are important. 

Emloration 

Research is aimed at identification of 
those areas with the most potential, 
at discovery of hidden systems and at 
methods to map the reservoir 
configuration. The work involves 
developing new methods or tools, as 
well as improving existing 
techniques. A n  example would be to 
develop seismic methods that are 
effective in mapping geothermal 
systems which are typically poor data 
zones. This involves technique, 
equipment and processing improvements. 

Reservofr 

Research in reservoir engineering 
centers on improving the ability to 
predict reservoir and well 
performance. It includes better 

reservoir simulation, reservoir 
definition and well test models. 
Determining the effects of injection 
with models and tracers also falls 
into this area. We not only do 
proprietary research in this area, but 
ue also do cooperative research 
through the Geothermal Technology 
Organization. GTO still needs other 
companies to join in the research 
effort. 

Drilline 

Drilling wells is one of the major 
costs in geothermal development. 
Research in drilling is aimed at 
reducing well costs, which also 
affects exploration since the drill 
bit is still the ultimate exploration 
tool. Unocal is currently 
participating in joint funded research 
in the Geothermal Drilling 
organization on air turbines, high 
temperature elastomers, and televiewer 
logging. We have also worked with 
selected suppliers on drilling fluids, 
bits, stabilizers. alloy materials, 
and drilling tool maintenance. Ue are 
continuing our research in cement 
degradation from temperature and CO2 
attack. 

and Construction 

Facility construction is the other 
major cost area in geothermal 
development. Research in this area is 
aimed at reducing construction costs 
or reducing maintenance costs. Proper 
materials of construction (corrosion 
resistant) fall into both categories, 
while designing to control scale fits 
into the maintenance cost area. 

Production 

Scale control, waste handling. 
chemical scale removal, HzS 
abatement, corrosion controls, and 
fluid injectability are some of the 
research projects in this area. 

Geothermal may be competitive with fossil 
fuels if we succeed in some key research 
efforts and are selective in the projects we 
choose to develop. 
individually solve all the problems. 
are, however, areas of research and 
development that are more suitable for 
cooperative effort and funding than for 
competitive, proprietary research. In the 
drilling area, these projects are typified by 
the Geothermal Drilling Organization 
projects. These are primarily developments 
that would normally be undertaken by the 
service sector, but the significant investment 

As companies, we cannot 
There . 

Ti 



requfred cannot be justified by the small 
geothermal market . 
In the production area, we need to work with 
the code committees to make sure we have 
realistic, safe design and operation 
standards. 
research necessary for any changes that would 
be specific to geothermal, and is particularly 
important as we vork with non-conventional 

fluids . 
In the reservoir area, we need to develop 
methods to characterize the reservoir geometry 
(i.e., fracture orientation, intensity, 
frequency, etc.). monitor thermal injection 
fronts, and predict the chemical behavior. 
Once chemical behavior can be predicted, 
research can concentrate on reducing the cost 
of solving these problems. The problems 
include precipitation/dissolution reactions 
during production and injection. including 
corrosion and problems related to gases. 

This will require doing thk 

- materials in an attempt to handle corrosive 

CONCLUSION: 

The geothermal industry has an abundance of 
talented people. If we support their ideas 
for solving our problems, and manage a 
successful research program. we can improve 
the competitive position of the industry. 

- 17- 



. 



PROCEEDINGS, Fourteenth Workshop on Geothermal Reservoir Engineering 
Stanford University, Stanford, California, January 24-26, 1989 
SCP-TR.122 

Pressure-Dependent Water Loss Prom a Hydraulically Stimulated 
-Region of Deep, Naturally Jointed Crystalline Rock 

Donald U. Brown and Uichael C. Pehler 

tos Alamos National Laboratory 
Los Alamos, NH 87544 

ABsTRAcr under long-term operating conditions. After 
reinflation, reservoir water loss results from 

The rate of water loss from a hydraulically two dominant mechanismst (1) flow of water out 
stimulated region of naturally jointed of the stimulated region through the natural 
crystalline rock is shown to be dependent on permeability of the surrounding rock, and (2) 
both the pressure and the pressure gradient. water storage within newly sti-mulated regions 
However, there is a threshold pressure above of rock at the boundaries of the reservoir. 
which the rate of water loss increases much To aid in understanding tran-sient reservoir 
more rapidly. Above this threshold pressure, behavior, one of the primary requirements for 
further growth and extension of the previously the LTFT is that the reser-voir volume remain 
stimulated region occurs due to additional constant, to allow accurate measurements of 
dilation and shear displacement of peripheral reservoir water loss, fluid volume, impedance, 
joints, as evidenced by greatly increased heat extraction, and power production 
microseismic activity at the boundaries of the throughout the test. 
region. Therefore, the increased water loss at 
pressures above this threshold pressure is Since one of these flow tests was essentially 
primarily due to fluid storage within the newly aseismic, while the other vas highly seismic, 
stimulated region, rather than to increased it is apparent that there exists sufficient 
permeability losses at the boundaries. data to estimate the maximum surface injection 

pressure that would preclude reservoir growth. 
Introduction In this context, reservoir growth is defined 

as the stimulation, through hydraulic pres- 
In conjunction with the Los Alamos National surization, of the joints bounding the previ- 
Laboratory's Hot Dry Rock (EDR) Geothermal ously created reservoir region, as determined 
Energy Project, two flow tests recently have from the occurrence of microseismic signals 
been conducted on the deeper Phase I1 HDR associated with the extension of the princi- 
reservoir at the on Hill test site in pal sets of shear joints which provide the 
north-central New co. These f low tests primary interconnecting flow paths within the 
have been performed at injection pressures 
varying from 24 UPa to 31 UPa,* and at rates of 

the one that has been found to best represent 

paper are as measured at the surface (i-e., rock is that of Gangi and Carlson (Gangi, 1978 
above hydrostatic). and 1981; Carlson and Gangi, 1985). Unlike 



. .  

the linear dependence of the modulus on pres- 
sure (i.e., stress) as determined from the 
joint deformation models of Goodman (1976), 
Greenwood and Williamson (1966), and Swan 
(1983), the deformation modulus of Gangi and 
Carlson asymptotes to a constant value at high 
confining stress. This limiting modulus be- 
havior, vhere the modulus for the cracked rock 
approaches that of the linearly elastic un- 
flawed rock at elevated stresses (of the order 
of 70 to 120 MPa), vould be expected to better 
represent the in situ behavior of typically 
discontinuous deep crystalline rock masses, 
and is in agreement with numerous laboratory 
measurements (e.g. Brace, 1965; and Walsh and 
Brace, 1973). Limited field measurements in 
our Phase I1 HDR reservoir at Fenton Hill sug- 
gest that the Gangi "bed-of-nails" model ade- 
quately represents the pressure-dependent per- 
meability of the microcracked and naturally 
jointed crystalline reservoir rock, at least 
for effective stresses in the range of 0 to 30 
HPa. This permeability model is (Gangi, 1978) 

k(P) = ko[l-(P/P,)m]3 (1) 

where P is the effective normal stress (total 
stress minus pore fluid pressure) across the 
joint, ko is the zero-pressure (i.e., zero- 
effective-stress) permeability, P, is the nor- 
mal stress at which the joints or microcracks 
are essentially closed, and m is a constant 
(O<m<l) which characterizes the joint surface 
asperity height distribution function. 

Other, more complicated models are available 
which allow the permeability to asymptote to a 
finite, but very small residual value at high 
stress. Although these models are possibly 
more appropriate over the full range of in 
situ stresses, they are not necessary for the 
anticipated stress conditions associated vith 
an EDR reservoir, where the main objectives 
are to model the reservoir flow behavior and 
the far-field permeable outflov, under condi- 
tions of moderate to low effective confining 
stress. 

The Gangi permeability model, Eq. 1, explicit- 
ly assumes the validity of the cubic la+ 
relating the joint permeability to the joint 
porosity for constant planar area joints. 
Theref ore 

+(PI = (P/P,)'l (2) 

where 4, is the equivalent zero-stress 
porosity. Witherspoon et al. (1980) report 
extensive measurements on fluid flow through 
artificial tensile fractures in granite, 
basalt, and marble which confirm the validity 
of the cubic law for fracture apertures down 
to 4 wa, normal stresses up to 20 MPa, and a 
range of flow rates that typically spans about 
5 decades. 

As an example of the applicability of the 
Gangi model, the stress-displacement behavior 
of a natural joint in crystalline rock has 
been selected from the literature. Figure 1 
shows the nonlinearly elastic deformation of a 

joint in a large block (0.3 m across) of Red 
granite as measured by Sun et al. (1985). 
Fitting the displacement form of Eq. 2 

w(P) = vo[l - (P/P,)'] (3) 

to the data shown in Pig. 1 for an assumed P, 
of 25 HPa gives 

W(P) - 0.2211 - (~/25)'~~'] (4 1 

vith a total joint closure of 0.22 mm at 25 
MPa. Table I compares the smoothed data from 
Fig. 1 to the displacements as calculated from 
Eq. 4. 

Table I 

Comparison of Measured and Calculated 
Joint Widths as a Function of Normal Stress 

Normal Stress Measured Joint Calculated Joint 
HPa Width, mm ,Width, (Eq.4) 

0 0.220 0.220 
2 0.132 0.131 
6 0.086 0.088 
10 0.062 0.062 
25 (assumed zero) 0.000 

Predicted Reservoir Peripheral Water Loss Rate 
vs. Pressure 

For the long-term operation of a pressurized 
EDR Geothermal reservoir, a very important 
parameter is the rate of water loss due to 
permeation at the boundaries of the pressure- 
dilated (i.e., stimulated) region. This water 
loss to the lower-pressure far-f ield region 
will most probably be through the intercon- 
nected microcrack fabric in the surrounding 
unstimulated rock. The fluid will permeate 
outwards, generally in a direction parallel to 
the least principal earth stress, and noma1 
to the longer axes of the ellipsoidal-shaped 
reservoir region. Therefore, the permeable 
outflow vi11 be controlled primarily by the 
intermediate earth stress. liowever, the 
unopened extensions of the joints comprising 
the HDR reservoir, if not completely filled 
vith secondary mineralization, may afford 
additional paths for water loss to the far 
field. 

Figure 2 shows the measured matrix permeabili- 
ty (heavy lines) as a function of effective 
confining stress (or pressure) for three 
representative core samples obtained from the 
Fenton Hill test site (Duffy, 1980). Note 
that we do not presently h o v  the relationship 

* Based on the Reynolds equation for laminar 
flov between two parallel plates separated 
by a distance v, where the flow rate, for a 
given pressure gradifnt and fluid viscosity, 
is proportional to w . 
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be tween the stress-relieved core sample 
permeabilities (which are seen to vary by 
almost an order of magnitude) the effec- 
tive in situ permeability for ctual rock 
mass with included joints. Po ial analy- 

? sis, the permeability curves of Fig. 2 were 
averaged (the dashed curve) and then fitted 
with an equation of the €orm of Eq. 1 

k(P) = 1.6 x 10-"[1 - (PI11 
(The units of pressure and permeifbility for 
the above equation are MPa and q , not bars 
and nanodarcies as shown in Fig. 2.)- 

To illustrate the influence of the pressure- 
dependence of permeability on reservoir water 
loss, the Darcy f low equation in its steady- 
state form was used for ease of computation 
and clarity of comparison 

where E is the mean permeability over the 
pressure range, 3 is the reservoir perimeter 
area (about 2x10 m'), u is viscosity, and 
A P / A L  is the overall pressure gradient at the 
boundary of the reservoir. 

Reasonable estimates for the mean peripheral 
reservoir permeability, for a range of HDR 
reservoir pressure levels, can be obtained 
from Eq. 5 by using the integral mean value 
theorem from calculus 

where P, and P, define the range of the 
effective stress variation at the boundary of 

Ueasured Water Losses for the Phase I1 
Reservoir 

Since completing the engineering of the Phase 
I1 reservoir in 1985, two significant flov 
tests have been conducted: the 30-day ICFT in 
mid 1986, and the 7-day flow test in December 
of 1987 called Experiment 2074. 

1. Experiment 2074, The damaged Phase I1 
reservoir production wellbore EE-2 at the 
Fenton Bill Rot Dry Rock site was sidetracked 
and redrilled in October and November of 1987, 
resulting in the new vellbore, EE-U. A 7-day 
flow test w a s  conducted to determine the 
post-drilling condition of EE-PA; the proper 
depth for a cemented liner to be installed in 
the open hole; the effect of redrilling on the 
Phase 11 reservoir flow paths; production 
temperatures, impedance and water loss; and to 
assess the need for reservoir stimulation 
through this nev wellbore. 

Fi 4 shows both the injection flov rate 
and the measured water loss during this brief 
flow test. As shown, the water loss after 
only 7 days had declined to 1.4 11s (22.5 

nd was still decreasing at a rate of 

extrapolating the decline trend shown in Fig. 
4, it appears probable that the reservoir 
water loss would have further declined to no 
more than 1.2 11s (19 gpm) in 3 more days (10 
days total). 

During the last 3 days of Experiment 2074, the . 
reservoir injection pressure was held constant 
at about 24 NPa (3480 psi) by slovly reducing 
the injection flow rate as shown in Fig. 4. 
Therefore, by using the above extrapolated 
water loss rate of 1.2 l/s at 24 MPa, one is 
able to apply a reasonable calibration factor 
to the normalized reservoir water loss rate 
curve shown in Fig. 3. 

0.13 l/s/day (2 gpm/day). BY 

It should be noted that Experiment 2074 was 
essentially an aseismic flow test, with no 
events large enough to be located. Eowever, 
numerous very small microseismic events were * 
detected at the close-in geophone located at a 

ularly numerous 
ays of pumping. 
of significant 

this flow test may be 
erent ways: either the 

reservoir w a s  inflated after only 7 
days of injection or, a pressure of 24 UPa is 
not sufficient to extend the reservoir by 

P, = 8, - PI 

(to 5 l/s during the last 6 days of the ICFT). * pressure stabilized at a level of about 27 NPa 
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(3900 psi) in 13 days, and during the second 
segment the injection pressure again 
stabilized at about 31 HPa (4500 psi) after an 
additional 12 days.* 

Figure 5 shovs both the injection pressure and 
vater loss rate profiles during the ICFT. The 
vater loss after 14 days (on 3 June) vas 2.3 
l/s (37 gpm) at a pressure of 27 HPa, and 
after 12 more days (on 14 June) vas about 5 
l/s (79 gpm) at a pressure of 31 HPa. As 
pointed out by Dash et al. (1988), the vater 
loss near the end of the ICFT vas excessive, 
and since it was accompanied by a significant 
amount of microseismic activity, suggested 
active reservoir grovth at an injection 
pressure of 31 HPa. Based on a re-analysis of 
the relevant ICPT data, ve further note that 
the Phase I1 reservoir vas also actively 
groving at an injection pressure of only 27 
HPa during the latter part of the initial 
lover-flow-rate segment. Table I1 compares 
the measured vater losses for the ICFT vith 
those predicted from Fig. 3, using the 
calibration factor determined from Experiment 
2074: a vater loss rate of 1.2 11s at 24 HPa 
after 10 days. As shovn in Table 11, the ICFT 
vater loss values do appear to be excessive, 
even at the lover 27 HPa pressure level. 

* Note: After the reservoir has been rein- 
flated, the pressure near the boundaries of 
the reservoir is assumed to be approximately 
equal to the injection pressure. 

t '  

Table I1 

Water Loss During the ICFT 
Comparison of the Measured and Predicted 

Date: 

First Second 
Segment Segment 
2 Hay 14 Uay 

Injection Pressure, HPa 27 31 
(taken as the 
reservoir pressure) 

Water loss rate, l/s 2.3 5.0 

Ratio of vater loss to 
that at 24 HPa 
(Experiment 2074): 

Observed , ICFT 1.9 4.2 

Predicted, Fig. 3 1.3 1.9 

(Also shown in Pig. 6 is .the injection 
pressure profile for correlation purposes.) 

Through 4 June during the first (lover) flov 
rate segment, 41 microseismic events vere 
recorded which vere sufficiently large to be 
adequately received at all three dovnhole 
stations and therefore reliably located. 
Figures 7 and 8 are plan and section vievs 
shoving the locations of these 41 events 
superimposed on maps of the aicroseismic event 
locations defining the previous Phase I1 
reservoir region, as initially formed during 
the Massive Eydraulic Fracturing Test in 
December 1983, and extended in mid-1985 during 
the high-pressure injection of Experiment 
2062. Even at an injection pressure of only 
27 HPa, it is readily apparent from these tvo 
figures that the reservoir vas expanding: 
generally to the east as shovn in Fig. 8, and 
in tvo discrete regions as shown in the 
epicenter plat (Pig. 7). The obvious conclu- 
sion is that an injection pressure of 27 HPa 
(3900 psi) is above the threshold pressure for 
active reservofitension. 

When the surface injection pressure vas 
increased to over 30 UPa on the afternoon of 
June 4 by increasing the pumping rate to 18 
l/s (6.8 BPH), there vas a resulting "burst" 
of microseismicity lasting for the next 37 
hours (Fig. 6). The onset of this petiod of 
very active reservoir seismicity is coincident 
vith a sudden and pronounced 7.9 l/s increase 
in the reservoir: vater loss rate as shovn in 
Pig. 5 (from 2.3 11s to 10.2 11s). Again, it 
is clear that the reservoir vas expanding -- 
and even more vigorously -- at this higher 
injection pressure. The subsequent peak in 
seismic activity on June 12 appears to 
represent an episodic extension of the Phase 
I1 reservoir. This additional period of very 
rapid reservoir expansion w a s  probably the 
direct result of the sudden -- but short-lived -- 24% increase in the injection flov rate, 
from 17.8 to 22 l/s, which vas accompanied by 
the observed pressure "spike" to 33.6 HPa 
(4870 psi) shovn in  Pig. 6. 

Figures 9 and 10 shov composite plan and 
section vievs of all the reliably located 
microseismic events during the entire 30-day 
ICFT. Again, it can be seen that there vas 
continuing reservoir grovth to the east in the 
general regions first stimulated at 27 HPa 
(refer to Figs. 7 and 8). Eovever, in 
composite, there is also considerable dovnvard 
grovth to the south and east, and a pronounced 
shallover extension to the south -- almost 600 
m away from the injection zone shovn in Pig. 
9 (solid line). 

Hicroseismic Activity During the ICFT One further point can be made from the seismic 
data and injection pressure data recorded 

As noted previously, the Phase 11 reservoir during the first 9 days of the ICFT. The two 
vas essentially aseismic during the 7-day early pressure pulses above 30 HPS s h o w  in 
Experiment 2074 flov test. In contrast, the Fig.,6, lasting for 28 hours on Hay 25 and 26, 
reservoir vas quite seismically active during and 12 hours on Hay 27 and 28, produced very 
the ICPT, even during the initial, lover-flov- different microseismic responses from the 
rate segment. This activity is shown in Fig. reservoir. The first -- and longer -- pulse, 
6, a plot of the cumulative number of resulting from an increase in the injection 
locatable microseismic events during the ICFT. rate to 18 Us, vas aseismic, in marked 
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contrast to the reservoir behavior during the Velocities in Crystalline Rocks," J- 
second flow rate segment. Bowever, the second Geophys. Res., 90, 8675-8684 (1985). -- and shorter -- pulse, again resulting from 
a short period of increased flow, produced 16 Dash, Z.V. (Ed.), R.G. Aguilar, B.R. Dennis, 
microseismic events. That the first pressure D.S. Dreesen, l4 .H.  Pehler, R.H. Hendron, 
pulse above 30 nPa was aseismic Hisao Ito. S.H. Kelkar, M.Y. 
suggests that the reservoir was not Halzahn, J.R. Uiller, E.D. nurphy, W.S. 
inflated at this time, even after 7 days of Phillips, S.B. Restine, P.U. Roberts, B.A. 
pumping. However, the onset of microseismic Robinson, and U.R.  Romero, Jr., "ICPP: An 
activity at 04:OO on Hay 28 (see Pig. 6) Initial Closed-loop Plow Test of the Fenton 
appears to mark the point where the reservoir Hill Phase 11 HDR Reservoir," Los Alamos 
first started to expand. By integrating the National Laboratory report LA-11498-HDR. Los 

28 nay (5,520 m ), and subtracting out an 
estimate for the far-field permeable flow loss Duffy, C.J., unpublished data, Los Alamos 
during these 8.5 days (920 111'). one can infef 
that it required approximately 4,600 m 
(1.2~10' gal) of water to reinflate the Phase Gangi, A.P., "Variation of Whole and Fractured 
I1 reservoir to about 27 HPa, the mean Rock Permeability with Confining Pressure," 
injection pressure during the previous 30 Int. J. Rock Hech. nin. Sci., 15., 249-257 
hours (assumed to be approximately equal to 1. 
the reservoir pressure after 8 da 
inflation). Gangi, A.P., "The Variation of Mechanical and 

Transport Properties of Cracked Rock with 
In reference to the lower-pressure Experiment Pressure," in Proceedings of the 22nd U.S. 
2074, the integral of the water loss profile Symposium on Rock Mechanics, Pub. 
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ABSTRACT 

The present study on the influence o f  high- 
ve loc i ty  e f fects  on the flow o f  hot-water 
through porous media was undertaken based 
upon the analysis o f  tests taken i n  the Cerro 
Pr ieto and East Mesa fields. These f ie lds pro- 
duce form a sedimentary formation of the'homo- 
geneous" (non-fractured) type. The study i s  
based on a numerical soT&ion t o  the rad ia l  
f low (isothermal) problem o f  hot-water consid- 
ering high-velocity flow. An expression f o r  
the ra te  dependent pseudo-skin e f f e c t  term i s  
derived. I t  i s  demonstrated through an inte- 
grat ion o f  the Forchheimer flow equation and 
the simulation o f  drawdown tests that  consider 
no skin damage that  t h i s  pseudo-skin is essen- 
t i a l l y  equal t o  the product Dw, where 0 i s  the 
turbulent term coef f ic ient  defined as Bk/2rr h 
It i s  also shown t h a t  the semilogarithmic sl8p 
o f  1.1513 character is t ic  o f  rad ia l  f low i s  ob- 
tained once a s tab i l ized high-velocity con- 

has been thoroughly reported i n  the 1 i tera- 
ture (Ramey, 1965; Wattenbarger and Ramey, 
1968; Energy Resources Conservation Board, 
1975). This e f fec t  has also been considered 
i n  two phase flow o f  o i l  and gas (Kadi, 1980). 
With regard t o  the flow through perforations, 
i t  has also been studied f o r  gas flow (Tarik, 
1984) and for two phase flow o f  o i l  and gas 

c t i on  rates comnonly 
encountered i n  geothermal 1 iquid-dominated 
wells, we suspected that  conditions were prop- 
e r  f o r  high-velocity e f fects  to  a f fec t  the 
t ransient pressure behavior o f  well tests. 
With t h i s  idea i n  mind, we analyzed test ing 
conditions fo r  the Cerro Prieto and East Mesa 
f ie lds and found that  t h i s  effect was present. 
These f i e l d s  produce from a sedimentary forma- 
t i o n  o f  the "homogeneous" (non-fractured) type. 

The purpose o f  t h i s  study i s  t o  present an 

*The author also associated wi th  I n s t i t u t o  

**The author also associated wi th  Pemex 

reservoir  f l u i d  f l o w  problem i s  ussually 
expressed i n  dimensionless form. The following 
groups have been defined by Ramey (1975) and 

Mexican0 del Petrdleo 
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Ramey and Gringarten (1975), where aw and 8, 
are u n i t  constants: 

Dimensionless pressure f o r  hot-water reser- 
voir f low (pD) 

kh(Pi-P(r,t)) 
PD(rD'tD)= gs, s c w B ~  (1) 

Dimensionless time ( to )  

(2) Btkt 
wtr; 

Dimensionless rad ia l  distance ( rD) 
r 

(3) 

If a consistent set  o f  un i t s  i s  used, then 
the constants w i l l  have a value equal t o  one. 
Table 1 (Samaniego and Cinco, 1982) shows some 
o f  the most used u n i t  systems and the corre- 
sponding values f o r  ow and Bt. 
Using the def in i t ions o f  the dimensionless 
groups given by Eqs. 1-3, the equation that 
describes the flow o f  hot-water, considering 
the e f fec t  o f  high-velocity f low i s  given by 
Eq. 4: 

(4) 

where 6 i s  the L.I.T. (laminar, i n e r t i a l  and 
turbu1ence)correction factor. I n  the deriva- 
t i o n  o f  t h i s  equation and i n  a l l  remaining 
equations o f  t h i s  section, a consistent set  
o f  un i ts  i s  assumed, resul t ing i n  values o f  
the parameters a and 8 equal t o  i n  and unity, 
respectively. Thys i s  j h  f o r  easiness i n  
the derivations, but for f i e l d  applications 
o f  the resul ts  o f  t h i s  study these u n i t  con- 
version constants are very convenient. 

The inner boundary condition considered i n  
t h i s  study i s  o f  constant mass rate a t  the 
w e l l ,  including the ef fects  o f  skin damage 
and isothermic wellbore storage: 

The external boundary condition i s  that  of 
an i n f i n i t e  reservoir: 

l i m  pD(rD,tD)=O (6) 

D 

The i n i t i a l  condition i s  o f  uniform pres- 
sure a t  the reference time tD=O: 

l i m  PD(rD,tD)'O S 1 trD < (7 )  

to- 0 

This completes the mathematical model solved 
numerically i n  t h i s  study. 

Next we present some additional mathematical 
aspects re la ted t o  the high-velocity f l o w  
effects. F i rs t ,  we w i l l  comnent on the way 
we handled Forchheimer's equation given by 
Eq. 8: 

dP 1.I 

d r  k 
- -  - vr+86vr2 

where 8 is the ve loc i t y  coeff ic ient .  This 
equation can be wr i t t en  i n  dimensionless 
form by means o f  the parameters defined by 
EQS. 1-3: 

r D  D r D  
dpD 

drD 
- = v  +gv2  

where v and 8 are a dimensionless ve loc i ty  
and a d%!ension?ess ve loc i ty  coef f ic ient  
defined by Eqs. 10 and 11, respectively: 

Eq. 9 i s  va l fd  f o r  f low i n  the formation 
outside the damaged region near the wellbore. 
Thus, f o r  f low i n  the damaqed region, Eq. 9 
can be written: 

where 8,~ i s  the dimensionless ve loc i ty  cvef- 
f i c i e n t  f o r  the damaged region, and k i s  
the permeabil ity r a t i o  given by Eq. 132' 

kS 
ksD= 

Last, we w i l l  present an expression f o r  the 
extra pressure drop caused by high-velocity 
effects. This, i n  other words, i s  the ra te  
dependent pseudo-skin due t o  high-velocity 
effects. From Eq. 9, the pressure gradient 

given as follows: 
caused by high-velocity f low (dpddrD)hvs i s  

It can be demonstrated that  f o r  rad ia l  flow, 
the dimensionless ve loc i ty  vrD can be eX- 
pressed as follows: 

1 
'rD = 5 

Then, Eq. 14 can be wr i t ten as: 

dpD = __ BD 
(-1 
drD hv r< 
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Integrat ing t h i s  equation: 
1 

'hv0 
(PD)hv = (1- -180 (17) 

I f  we want t o  express Eq. 17 i n  the conven- 
t ional  way used f o r  gas f low (Ramey, 1965); 
Wattenbarger and Ramey, 1968). we can get: 

where D i s  the turbulent term coe f f i c i en t  
defined as: 

6k 1 
D =- (1 - -1 (19) 

hvD 2 ~ r ~ h 1 . 1  r 

I f  a damaged region near the wellbore i s  
considered, Eq. 17 can be wr i t t en  as f o l -  
1 ows : 

n 1 1 

where r 
o f  the & a g e d  region. 

I n  the simulation o f  t ransient pressure t 
t o  be discussed l a t e r  i n  t h i s  paper, the 
ve loc i ty  coe f f i c i en t  was evaluated by means 
o f  the corre la t ion o f  Firoozabadi and Katz 
(1979). 

i s  the dimensionless outer radius 

FIELD EVIDENCE OF HIGH-VELOCITY FLOW 

It has been shown that  the extra dimension- 
less pressure drop caused by high-velocity 
effects, i n  the absence o f  formation damage, 
i s  given by Eq. 17. The resul ts  o f  our numer- 
i c a l  simulations, t o  be discussed i n  the next 
section, indicate that  the high-velocity 
radius r ranges between 33 and 110 f o r  
8 value@ o f  0.3 and l,,respeetively; conse- 
qEent1y f o r  pract ica l  purposes the l/r 
term may be neglected i n  the estimatioRVD o f  
the ra te  dependent pseudo-skin due t o  high- 

defined as: 

D 

12 Dw= 1.54084~ 10- 
rwhu 

F i r s t  we evaluate t h i s  parameter f o r  the 
data o f  well M-21A o f  Cerro Pr ie to taken 
from Rivera and Ramey (1977). The values 
o f  the parameters that  enter i n t o  Eq. 23 
are presented i n  Table 2. Evaluating Dw we 
obtain: 

Dw = 0.405 

Next calculations are shown f o r  wel l  M-109 o f  
Cerro Prieto. This well was chosen because 
i t s  character ist ic curve shown by Iglesias 
e t  a i .  (1983) ( t h e i r  Fig. 5.6) shows a non- 
l i nea r  relat ionship o f  mass flow ra te  (w) 
vs bottom-hole pressure (p ), indicat ing 
tha t  high-velocity effectsw$ay be influencing 
the performance o f  the well. The values o f  
the parameters that  enter i n t o  Eq. 23 are 
presented i n  Table 2. We obtain the following 
value f o r  Dw: 

I lw = 0.25 

Last we show calculations f o r  a well o f  the 
East Mesa f i e l d  (Witherspoon e t  al., 1978). 

the values o f  the parameters that  
nto Eq. 22 are shown i n  Table 2. 

Evaluating the pseudo-skin Dw we get: 

Dw * 0.14 

The motivation f o r  t h i s  l a s t  calculat ion 
came from reviewing the resul ts  o f  Morris 
e t  at. (1987) ( the i r  Fig. 9) f o r  well E.M. 
87-6, regarding a graph o f  pressure drawdown 
vs f low rate which shows s l i g h t  curvature 
and Reynolds nqmbers ( t h e i r  Table 7) that  

er  than unity, which i s  the ussually 
pon upper l i m i t  f o r  the v a l i d i t y  o f  
law (Muskat, 1937). 

Based on the above shown calculations and 

which an analyt ical  o r  a numerical solut ion 
are available i n  the l i terature.  A 
ens analysfs o f  r e s u l t  
ime ce discret izat ions 
a r t  r cases o f  no skin 
e l  1 rage, the numerlca 

t h i s  study were compared t o  that  o f  van 
Everdfngen and .Hunt (1949), difference 
o f  less than 0.2% was obtaipe 
that  included the skin damage 
storage, the comparison was wi th  the numer- 
i c a l  solutions presented by Wattenbarger and 
Ramey (1970), and essent ia l ly  we obtained 

cases 
el lbore 



ident ica l  results. The above mentioned com- 
parison with avai lable resul ts  i n  the l it- 
erature was acquired wi th  a 40 nodes space 
d iscret izat ion f o r  reD=2x10Y ; t h i s  reser- 
vo i r  external radius was large enough t o  
have i n f i n i t e  act ing behavior during the 
tes t  time. With regard t o  the t i m e  dis-  
cret izat ion,  45 time steps per log cycle 
o f  time were needed t o  obtain t h i s  compar- 
ison. For more de ta i l s  o f  the numerical 
model the reader i s  referred t o  the report  
o f  Vi l la lobos (1989). 

DISCUSSION OF RESULTS 

Based upon our discussion o f  the mathemat- 
i c a l  development section, i t  was found that  
high-velocity f low ef fects  are s t r i c t l y  
related t o  the dimensionless ve loc i ty  coef- 
f i c i e n t  8 (Eqs. 9 and 11). The evaluation 
o f  t h i s  parameter f o r  maximum producing 
conditions o f  a wel l  gives an upper l i m i t  
f o r  80 of one. 

We f i r s t  simulated drawdown tests f o r  
d i f ferent  values o f  the dimensionless 
ve loc i ty  coe f f i c i en t  Bo. The resul ts  f o r  
values o f  8 o f  0.3, 0.6 and 1 are shown 
i n  the semi?ogarithmic graph o f  pwD vs t 
o f  Fig. 1. We observe from these 
that a f t e r  the high-velocity f low region 
i s  stabil ized, a s t ra igh t  l i n e  i s  reached 
o f  slope equal t o  the conventional value 
o f  l i q u i d  flow o f  1.1513. This means, as 
a1 ready mentioned, that  a f t e r  stabi  1 i za t i on  
occurs, the pressure drop due t o  high-veloc- 
i t y  can be expressed as a rate-dependent 
pseudo-skin Dw. Thus, the dimensionless 
pressure drop may be expressed as follows: 

resuqts 

= +( lnt0+0.80907)+Dw PWD 
From the above discussion, i t  can be conclud- 
ed that  the formation conductivity kh can 
be accurately estimated even i f  the t e s t  
i s  under the influence o f  high-velocity flow. 

Next we consider the combined ef fects  o f  
formation damage and high-velocity flow. 
Constant f low ra te  cases were run f o r  values 
of B o f  1 that  corresponds t o  maximum condi- 
tionO and values o f  the skin factor s o f  -2, 
0, 5, 10 and 20. Fig. 2 shows the resul ts  o f  
these simulations. These data indicate that  
high-velocity f low i n  a composite reservoir  
does not a f f e c t  the t ransient behavior more 
than i n  a homogeneous reservoir. The ear ly  
t ransient f low i s  dominated by the region o f  
a l tered permeability near the well. Af ter  a 
t rans i t i on  period, a s t ra ight  l i n e  occurs whose 
slope i s  equal t o  the conventional value o f  
l i q u i d  flow o f  1.1513. This second st ra ight  
l i n e  i s  para l le l  t o  p ( 8  =O) solut ion o f  van 
Everdingen and Hurst '( 1849), bu t  i s  displaced 
by an amount equal t o  the apparent skin ef fect  
s'(Ramey, 1965) defined by 

s ' = s + D w  

We checked the resul ts o f  our simulations w i t h  
regard t o  the ra te  dependent pseudo-skin factor 
Dw that  resul ted from the computer runs and 
that  calculated from Eq. 20 and found an 
excellent agreement. 

The factor  that  the s t ra ight  l i n e  port ion o f  
the drawdown curve i s  para l le l  t o  p (8 =0) i s  
important. This means that  the condctvv i ty  
kh o f  the outer port ion o f  the f o m t i o n  can 
be determined accurately from a drawdown test. 
Thus, Eq. 23 can be extended t o  

= f ( lnt0+0.80907)+s+Dw PWD 
To calculate the skin factor s and the turbulent 
term coe f f i c i en t  0, the method o f  Ramey (1965) 
can be used. 

To complete the study we included i n  our 
simulations the e f fec t  of isothermic wellbore 
storage. Constant f low r a t e  cases were run a t  
values o f  80 o f  1 and o f  c of 10, lo2, l o3  and 
10'. Fig. 3 shows a semi108 graph o f  pwo vs to. 
We observe from these resul ts  .that the hot- 
water solutions that  consider high-velocity 
flow essent ia l ly  fo l low a para l le l  behavior 
wi th the l i q u i d  solut ion pD(80=0). 

The wellbore storage e f f e c t  was found t o  behave 
l i k e  l i q u i d  case solutions (van Everdingen and 
Hurst, 1949; Wattenbarger and Ramey. 1970). 
Wellbore storage has only a short-time e f fec t  
on the t ransient pressure behavior and has no 
e f f e c t  on the ul t imate slope o f  the semilog- 
arithmic drawdown curve. 

The l a s t  case considered with regard t o  
drawdown tests was one tha t  includes 
simultaneously the ef fects  o f  high-velocity 
flow, formation damage and wellbore storage. 
Constant f low ra te  cases were run f o r  values 
o f  s=5 and C =lo2, and values o f  8 of 0.3 
0.6 and 1. FPg. 4 shows the resuld! o f  these 
simulations. The conclusions reached from 
these resul ts  are essent ia l ly  those already 
made f o r  the cases o f  high-velocity f low 
affected e i ther  by formation damage (Fig. 2) 
or  wellbore storage (Fig. 3 ) .  I n  short, the 
formation conduct iv i ty can be estimated from 
the drawdown test. I n  addi t ion the skin factor 
s and the turbulent term coef f ic ient  D can be 
estimated by means o f  the method o f  Ramey 
(1965). 

We also investigated what effects high- 
ve loc i ty  f low would have on an analysis 
using the der ivat ive type curve o f  Bourdet 
e t  a l .  (1983). We found that  as the in tens i ty  
o f  high-velocity f low increases, the error i n  
the estimation o f  the formation parameters 
from the match point  data also increases. As 
expected, the maximum error  i s  found i n  the 
estimation o f  the skin factor, i n  some cases 
o f f  by 200 per cent. A s imi lar  f inding for 
rea l  gas flow has been reported by Berumen 
e t  a1 .( 1989). Fig. 5 shows an example o f  
der ivat ive type curves f o r  the case o f  Co=lOO, 
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s=5 and d i f ferent  values of 6 . Thus, i n  cases 
where high-velocity flow af feets  a test, 
resul ts  o f  type curve analysis are t o  be 
taken with caution. 

We looked ca re fu l l y  t o  the e f fec ts  o f  high- 
ve loc i ty  f low on the beginning o f  the semi- 
log s t ra ight  l ine.  As expected, i t  was 
found that  i t  was af fected by the in tens i ty  
of h igh-veloci ty f low represented by the 
parameter B . For pract ica l  producing 
conditions Pound i n  the f i e l d ,  i t  was found 
tha t  the s t a r t  o f  the semi-log s t ra igh t  l i n e  
can be predicted by the corre la t ion o f  Ramey 
e t  a l .  (1973) . provided tha t  the apparent 
skin e f f e c t  s '  i s  used instead o f  the skin 
factor  s. This time for the s t a r t  o f  the 
semi-log s t ra igh t  l i n e  is:  

tDbsl= CD(60+3.5s') 

o r  i n  term o f  rea l  variables (f 

tbsl = - * - (60i3.5 5')  

This study also considered the simulatlon 
o f  buildup tests under the influence of 
high-velocity flow. Fig. 6 presents a semi- 
logarithmic graph of simulated buildup curves 
for values o f  the parameter B o f  0.3, 0.6 
and 1. We see from these resuf ts  that  a f t e r  
the high-velocity f low ef fects  vanish i n  a 
short time. the builduo curv.? .ioi:s t:?e 
buildup solut ion for B PO. The shut-in time 
required t o  reach the gt ra ight  l i n e  port ion 
i s  approximately A t  = 10'. For pract ica l  a systematic study o f  t ransient pressure 
purposes, the de ted ina t l on  o f  the fornat ion 

Results of simulated buildup curves under the 
influence o f  combined ef fects  o f  high-velocity 
flow and isothermic wellbore storage are 
shown i n  Fig. 8. The values o f  the B and C 
parameters were the same as those of%he copre 
spondin drawdown tests already discussed 
(Fig. 38. The family o f  curves o f  t h i s  f igure 
i s  s imi lar  t o  buildup curves that  consider 
B 10. After  the e f fec t  o f  wellbore storage 
dQes out, the buildup solutions j o ins  the 
solut ion for C =O. Thus. the slope o f  the 
s t ra igh t  l i n e  l o r t i o n  i s  accurate provided 
the correct  s t ra ight  l i n e  port ion i s  chosen. 

Final ly,  the l a s t  case considered with regard 
t o  buildup tests i s  one that  includes 
simultaneously the ef fects  o f  high-velocity 
flow, formation damage and wellbore storage. 
The values o f  the S , s and C parameters were 
the same as those o! the corrkponding draw- 
down tests already d i m m e d  (?ig. 4). Fig. 9 
shows resul ts  of these tests. The conclusions 

those already made f o r  the cases o f  high- 

damage (Fig. 7) o r  wellbore storage (Fig. 8). 
I n  short. the formation conductivity can be 
estimated from the buildup tes t .  The skin 
factor  s and the turbulent term coe f f i c i en t  
D can be estimated f rom resul ts o f  bufldup 
analysis by means o f  the method o f  Ramey 
( 1965). 

CONCLUSIONS 

The main purpose o f  t h i s  work was t o  present 

analysis o f  l i q u i d  dominated wel ls producing 
a t  constant mass rate under the influence o f  

(26.a) 

E CB vsc  reached from these resul ts  are essent ia l ly  

B kh ve loc i t y  f low affected e i ther  by formation 
(26.b) 

f low a l t e r  the s 
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5. It was found that  the s t a r t  o f  the semi- 
log s t ra ight  l i n e  can be predicted b 
the correlat ion o f  Ramey e t  a1.(1973j9 
provided that  the apparent skin e f fec t  
s '  i s  used instead o f  the skin factor  5. 

NOMENCLATURE 

B= formation volume factor 
c = system t o t a l  compressibil i ty 
Ct= we1 lbore storage constant f o r  hot water 
CD= Dimensionless wellbore storage constant 

€ C b  sc 
Ohr& 

h= thickness 
k= permeabil ity 
p= pressure 
r =  rad ia l  distance 
s= van Everdingen and Hurst skin factor 
s a =  apparent skin factor, Eq. 24 
t =  time 
vr= rad ia l  ve loc i ty  
w= mass flow rate 
131 veloc i ty  coe f f i c i en t  
6= 

$= porosi ty 
I.I= v iscos i ty  
p= density 
Subscripts 
D= dimensionless 
hv= h i gh -veloc i ty  
s= damaged region 
t =  t o t a l  o r  time 
sc= standard conditions 
w= we1 1 bore 
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PROCEEDINGS, Fourteenth Workshop on Geothermal Rcservoir Engineerlog 
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COMPARISON OF PRESSURE TRANSIENT RESPONSE IN 
INTENSELY AND SPARSELY FRACTURED RESERVOIRS 

Johns, R.T. and Jalali-Yazdi, Y. 

Stanford University 

ABSTRACT 
A comprehensive analytical model is presented to 

study the pressure transient behavior of a naturally frac- 
tured reservoir with a continuous matrix block size dis- 
tribution. Geologically realistic probability density func- 
tions of matrix block size are used to represent reservoim 
of varying fracture intensity and varying degrees of frac- 
ture uniformity. Transient interporosity flow is assumed 
and interporosity skin is incorporated. 

Drawdown and interference pressure transient tests 
are investigated. The results show distinctions in the pres- 
sure response from intensely and sparsely fractured reser- 
voirs in the absence of interporosity skin. The pressure 
response in a nonunifomly fractured reservoir approaches 
that of a nonfractured (homogeneous) reservoir for the 
case of large matrix block size variability. Type curves are 
developed to estimate matrix block size variability and the 
degree of fracture intensity for drawdown and interference 
well tests. 

JNTRODUC TION 

Currently, matrix block size distribu 
a determinable parameter from pressure transient 

tests. Yet, the utility of determining matrix block size 
distributions is paramount since block size is one of the 

two phase flow, it 
recovery efficiency of the 

an also result due 
to variability in matrix block size and intersection angle. 

Slrbs 

R 
Skowed Cubes 

RhombohOdrll 
Rectmgular 

Parallelepipeds 

Rhombuses Skcwod 
RecLangulw 

ParallelrPioeds 

Random Fractures Bi-Oirectional 
or Joints Random fractures 

Figure 1: Idealizations of Typical Fracture Patterns 
seen in Nature. 

tures are calcite cemented or mineral filled which 
can restrict flow from the matrix blocks to the fractures. 

omenon can be included as interporosity skin. 
he distribution of fracture lengths commonly ob- 

served in outcrops are exponentially decaying (i.e. there 
are many short joint lengths and few large joint lengths). 
Figure 2 illustrates a probability density function con- 
structed from an outc . Abott quadrangle 

not considered and a pseudosteady 
state (PSS) interporosity flow assumption is commonly 
used. Cinco-Ley et a1 [5], however, used a discrete model 
of up to five different block sizes and demonstrated the 
transition zone is affected significantly while the late and 
early time responses are not. Both C iceLey  et of ,  and 

alistic explanation for the ob- 
r by introducing an interporos- 
Jalali-Yazdi [2) extended the 
Ley et ai to continuous prob- 

ability density functions of matrix block size. They con- 
sidered three probability density functions: Dirac delta, 
uniform, and bimodal. With an increase in the variance 
of the matrix block size distribution, they found features 
of a fractured reservoir response become less pronounced. 
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The function f (s )  embodies the reservoir parameters in- 
cluding the matrix block size distribution.. For transient 
interporosity flow in the presence of interporosity skin: 

dhD 9 

1 G t a n h ( @ ) P ( h D )  1-b 1 + SID@ad8(*) 
f ( s )  = w j  + wm 

(6) 

(7) 

where, 

- 4  
0 c 
Y 

;3 CI 

2 

t a ,  

0 The interporosity skin factor (SID) is a function of matrix 
block size distribution and, hence is ody constant when k 
is constant. A more realistic assumption is that the depth 
of skin damage (h,) is constant for all matrix block and 
hence, SID can be defined as: 

i o  0.2 0.4 0.6 0.8 1.0 1.2 
Dimensionless Lengtb ( h D )  

Figure 2: Construction of Probability Density Func- 
tion from Outcrop, Central Siem Nevadaa. 

(9) In this paper, a continuous probability density func- 
tion of matrix block sizes will be used. The objective is 
to show that drawdown and interference well testing can 
provide an indication of the degree of fracture intensity 
and the degree of uniformity of fracturing. 

THEOR Y AND SOLU TION 

The diffusivity equation for a double porosity reser- 
voir can be modified to include a random distribution of 
matrix block size by adding a source integral [2]: 

PROBABILITY DENSITY FUNCTIONS 

Prediction of the pressure response requires the 
type of matrix block size distribution be known or as- 
sumed. Once the PDF is selected, fracture intensity can 
then be inferred from pressure transient data. Two types 
of probability density functions are used to represent the 
variability of matrix block sizes. These types, exponential 
and linear (Figure 3), occur mast often as indicated in the 
geological literature. The Dirac delta (or uniform block 
size) and rectangular distribution are each subsets of the 
exponential and linear distributions. As fracture intensity 
increases, mean block size decreases and P(h) becomes 
skewed to the smaller block sizes. As fracture intensity 
decreases, the reverse is true. 

The exponential PDF is given br: 

The source integral in Equation 1 accounts for the 
flow contribution of the matrix to the fracture. It is as- 
sumed that fluid travels from the matrix to the fractures 
and to the wellbore. P(h) is the probability density func- 
tion (PDF)describing the likelihood of a certain matrix 
block size to exist and Q(h) is the flow contribution from 
that matrix block to the fracture. For transient inter- 
porosity flow and slab geometry: 

Q( h), therefore, takes into consideration the mode of inter- 
porosity flow and also the geometry of the matrix blocks. 

For a well producing at constant rate in an infinite 
reservoir, the interference solution in Laplace space is: 

where ‘a’ is the exponential eonstant. The linear distribu- 
tion function is: 

and for drawdown: 

where ‘m’ is the slope and ‘b’ is the vertical intercept of the 
Cartesian plot of P(hD) versus ho. Because a probability 
function must be positive. the slope must be in the range: 

Parameters is the Laplace variable related to dimension- 
less time ( t ~ )  and the Bessel function argument is: 

2 = fi. (5) (14) 
-2 2 

(1 - h r a ~ ) l  ‘ (1 - hrstio)2 ’ 



P(h D ) 1 fi = P(hD) 1 fi 
1 .o 

ratio 
h 1 .o 

ratio 

P(h ) 1 .i ~ p(hD) 1 , Rectangular , ~ 

D Dirac Delta 

Table 1: Functions f ( s )  for various PDF’s. 

1 .o IO 
, hratio 

1 .o ratio 

h D  hD 

Figure 3 Probability Density Functions. 

The intercept ‘b’ is given by: 

(15) 
1 - .5m t .5h$,i,, . b =  

1 - hmtm 

When ‘m’ is zero (linear) or ‘a’ is zero (exponen- 
tial), both probability density functions reduce to the rect- 
angular distribution: 

(16) 
1 

1 - hratio 
P(hD) = -, 

and when ‘m’ or ‘a’ approach infini 
to the Dirac delta function: 

10 100 loo0 loo00 kt05 l e 4 6  lei07 le48 
Dimensionless Time t~ 

igure 4: Exponential PDF: Varying ‘a’ with 
when h = H where H is the characteristic length of all = .I, A,,, = 10-7, Wm = .9. 
matrix blocks. The Dirac delta distribution describes frac- 

esponse is that of a rectangu- 
block sizes. Also, it is evident 
s a substantial degree of asym- 

turing becomes more 
derivative protiIe can 

ues of ‘a’ holding hrotto constant. For pasitively increasing indicates perfectly nonuniform fraeturing. 
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t 1 
0.1 LuJJJ ' cats ld  ' * 8 m * q d  ' LuuJ- 

IO 100 loo0 looa) l e 4 5  le& lem le+os 
Dimensionless Time t~ 

Figure 5 Rectangular PDF: Varying larat& for Geo- 
metric Mean X = wm = .9. 

Figure 5 illustrates the pressure response for vary- 
ing values of hratio with 'a' held constant. For h r a b  equal 
to zero, the response is similar to that of a homogenous 
reservoir. This occurs because there is an incessant grad- 
ual contribution from the matrix to the fractures. As long 
as fracturing is extremely nonuniform, the response will 
not exhibit the classical profile of a distinct transition zone 
separating early and late time response. For the rectan- 
gular PDF, a type curve can be developed for estimation 
of Urn, Amin, and hrab.  The type curve is generated using 
the following time domain solution of the wellbore pres- 
sure response: 

where F( t ~ )  is the time-dependent reservoir storativity: 

Equations 19 and 20 are obtained by applying the inver- 
sion technique of Najurieta and Schapery [17,15,14]. For 
the rectangular PDF, Equation 20 becomes: 

where y is the variable of integration and r is the matrix 
response time coefficient: 

and r,, is the response time coefficient of the most dor- 
mant or largest matrix block 

In general, the time domain approximation gives remark- 
ably good results (Figure 6). Using the difference between 
the extrapolated late time pressure response and the ob- 
served pressure, one obtains: 

The rype curve (Figure 7) is then generated by plotting 
the pressure difference AP versus & for a range of hroti. 
and wm values. 

The type curve demonstrates several key ideas. As 
matrix storativity predominates (increasing wm), h,t, af- 
fects the pressure response more significantly. The effect 
of an increasing h r a b  on the pressure response is great- 
est for lower values of hmc& ( e.g. the pressure response 
changes more significantly for hrab values from 0.1 to 0.5 
than from 0.5 to 1.0). Therefore, the larger the matrix 
block size variability, the more significantly the pressure 
response is affected. For hratio approaching one, the re 
sponse reverts to the uniformly fractured (uniform block 
size) case. 

An example of the effect of interporosity skin 
(SID,,,,,,) on the pressure transient response is shown in 
Figure 8. For small interporosity skin factors, a si&- 
cant change in the pressure derivative is seen, and thus, 
the effect of the matrix block size distribution is masked. 
The derivative profile becomes symmetric which is typical 
of the PSS response demonstrated by Warren and Root. 
As interporosity skin increases, the derivative profile shifts 
in time, giving apparent X values that are too small (more 
dormant). Thus, interpreting pressure transient tests via 
Warren and Root may give systematically lower estimates 
of X than actually exists in the reservoir. The fracture 
intensity will then be underestimated. 
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ON-INTERFERENCE mTIXrJG 

Braester[41 demonstrated that drawdown 
(or buildup) testing in naturally fractured reservoirs may 
not be influenced by matrix blocks significantly away from 
the wellbore. Interference testing, therefore, is preferred 
because the response is affected by matrix blocks between 
the active and observation web.  A simplified solution for 
interference testing in the absence of storage and wellbore 
skin is the line source solution: 

(25) 
KO(rDJs fC;T)  

a P D f  = 

For any'PDF distribution, it can be shown that 0 = 
Amin% is a correlating parameter [6,7]. For instance, us- 
ing the linear P D F  

" 
le-07 le46 l e a  0.ooo1 a001 0.01 0.1 1 10 

A 
+- 

Figure 7 Rectangular PDF: Drawdown Type Curve 
for tD > 100 and A,,, < lo-' for Varying h++, Amin, 

Wm - 

(26) 

Equation 25 can then be evaluated using the inverse 
Laplace transform relation: 

A type curve (Figure 9) is prepared using the uniform 
PDF case for a given w,. For each value of 6, is 
varied from zero to one. If hrah determined from the 
type curve is equal to one, the PDF type is Dirac delta 

, the parameter h,h 

" 

ar PDF and slab matrix block geometry. Type 
curves yield estimates of the parameter h,t, which Skin, hraho = .1, Ami,, 3: w, = .9. 
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Figure 9 Rectangular PDF: Interference Type Curve 
for Varying hrath, 6, with wm = .9. 

3 

describes the matrix block size variability or the 
degree of uniformity of fracturing. For h,t, a p  
proaching unity, the response approaches that of a 
uniformly fractured reservoir, while for hr4& ap- 
proaching zero, the response resembles that of a h e  
mogeneous reservoir. 

For naturally fractured reservoirs with interporosity 
skin, the matrix block size variability is not estimat- 
able. Fracture intensity may be underestimated if 
the Warren and Root interpretation is employed. 

POMENCLATURE 

a = exponential PDF constant 
b 
Cf = fracture total compressibility 
ern = matrix total compressibility 
CD = dimensionless wellbore storage 
P(h) = block size distribution function 
P(hD) = dimensionless block size distribution function 
f ( s )  = Laplace space function 
h = matrix block size characteristic length 

hD = dimensionless matrix block size length 
h l  = fracture thickness 
hmjn = minimum block size length 
hmar = maximum block size length 
hrotio = ratio of h,;, to h,,, 
ha = interporosity damaged zone thickness 
H = constant matrix block size 
kf = fracture permeability 
km = matrix permeability 
ks 

Ko(t )  

K l ( z )  

= intercept of linear PDF 

(Volume/Area) 

= interporosity damaged zone permeability 
= modified Bessel function, second kind, zero 

= modified Bessel function, second kind, first 
order 

order 
m = slope of linear PDF 
P D ~  = dimensionless fracture pressure 
PDm = dimensionless matrix pressure 
PD" = dimensionless wellbore pressure 
Pf = fracture fluid pressure 
Pi = initial reservoir pressure 
Pm = matrix fluid pressure 
PW = wellbore fluid pressure 
Q(h) 
r = radial coordinate 
TD = dimensionless radial coordinate 
f w  = wellbore radius 
8 = Laplace parameter 
SO 
S l D  
SlD,,, 

factor 
t = time 
t D  = dimensionless time 
7 
x 
Am4r 

Amin 

I 

~ m 4 ,  

P = viscosity 
c 

interface 
f D  

matrix interface 
41 = dimensionless fracture porosity 
9 m  = dimensionless matrix porosity 
Wf 
wm 
8 = dimensionless correlation parameter 

= flow contribution from matrix size 

= dimensionless wellbore skin &tor 
= dimensionless interporosity Skin &tor 
= minimum dimensionless interporosity skin 

= 1.781, exponential of Euler's constant 
= dimensionless interporosity flow coefIicient 
= maximum dimensionless interporosity BOW 

= minimum dimensionless interporosity flow 

I dimensionless matrix response time coefficient 
= maximum dimensionless matrix response time 

coefficient 

coefficient 

coefficient 

= coordinate normal to fracture-matrix 

= dimensionless coordinate normal to fracture- 

= dimensionless fracture storativity ratio 
= dimensionless matrix storativity ratio 

APPENDK 

The dimensionless boundary conditions and flow 
equations are: 
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(39) 

Wf = 1 - 0 ,  (40) 

(41) 

(42) 

P(hD) = hmarP(h) (43) 

h 
hmor 

i; 

hD = - 
c 

Other matrix block geometries can be included in 
the solution by changing the interporosity boundary con- 
ditions. After applying Laplace transforms to the flow 
equations and boundary conditions one obtains the soln- 
tions of Equations 3 and 4. 
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ABSTRACT 
The advent of small and portable microcomputers 

provides interesting new possibilities for the acquisition 
and analysis of well test data. In particular, there is a con- 
siderable saving in time if the data is t ransfed  directly 
(or remotely using a modem link) to the computer for 
scaling, filtering and plotting, In addition, since present 
day microcomputers have considerable processing power. 
it is possible to perform all of the inte 
same portable microcomputer. 

The advantages of doing this are 
ired analysis using automated techniques can provide good 
estimates from much shorter test data than is required for 
standard graphical analysis. Thus it is possible to analyze 
the test at the same time data is being collected, and to 
terminate the test when the data are sufficient for interpre- 
tation Examples given in the paper demonstrate that the 
well test can sometimes be shortened by an order of mag- 
Ntude in this way. The cost saving could thmfore easily 
pay for the computer itself. 

The advents of compact and powerful microcomput- 
ers. of computerized data acquisition and control, and of 

in the field of well test analysis. 

been obtained The results of such an approach can be 
obtained with smaller expendim on tool time and on per- 
soanel, and can achieve more reliable results with fewer 
errors, fewer misinterprctariolls and fewer "DO result" tests. 

paper describes the use of a microcomputer 
b mated interpretation program. The use of the 
computer permits much faster and more reliable well test 
results than have formerly been possible. 

next section of this paper describes the approach 
tomated interpretation system. The remaining 

secnons describe field applications using i t  

2. AUTOMATED INTERPRETAm,ON 

computerized analysis of well tests has beenlaround 
for some time, since early work by Earlougkr Pad- 
manabhan and Woo ', Tsang et al 3, Padmanabhan ', and 
McEdwards '. The basic principle of an automated match 
is the same as that of a manual analysis, in that data are 
matched to a "reservoir model" which is a fortcast of the 
pressure change during the test The rtservoir model 

ers makes it possible for a well test operator to simultane- model - many of which do not have solutions that are 
ously perform, monitor and interpret the well test, and to easily determinable in real space yet have rradily 
truncate the test when the desired degree of reliability has differentiabk forms when expressed in Laplace space. In 



addition Rosa and Home demonstrated the estimation 
and usc of confidence intervals as indicators of the relia- 
bility of the estimated parameter values. The confidence 
intervals an able to indicate whether the results arc non- 
unique, whether the chosen reservoir modcl is consistent 
with the observed data, and whether then arc sufficient 
data to adequately estimate a given parameter. AS an 
example, since permeability only govcrns the reservoir 
response aftcr wellbore storage effeas have died away, an 
attempt to estimate permeability by matching data that lies 
only in the wellbore storage response region of the data 
will result in a very wide confidence interval. That is, the 
estimated result may be calculated as 15md, wirh a plus or 
minus confidence interval of 20md This warns the opera- 
tor that the result is not significant (normally, a confidence 
interval of less than 10% of the parameter value is 
required for statistical significance). 

The work of Fosa and Home IS was extended by 
Guillot and Home to encompass cases in which flow 
rates during the test were not constant. This work demon- 
strated how the use of automated analysis can relax some 
of the restrictions p l a e  on well test design by the uadi- 
tional methods of analysis. Meunier, Kabir and Witmann ' 
and Kucuk and Ayestaran had formerly shown that the 
incorporation of the flow rate data gives rise to mon prr- 
cise interpretadon in that more information is included in 
the analysis, and complications such as variable wellbore 
storage effect can be easily circumvented. B a a  and 
Home lo and Home and Kucuk 'I demonstrated how these 
approaches could be used in very practical applications 
(thermal falloff and gas well tests. respectively). 

Finally, recent work in the same series by Barua, 
Horne, Gretnstadt and Lopez studied how the non- 
linear regression algorithms operate with the specific 
response funcrions characteristic of well test analysis. 
They were able to outline design criteria for the most 
solution efficient algorithm, and concluded that the 
Gauss-Marquardt l3 method was the most reliable except 
in instances when more than one reservoir parameter only 
weakly influenced the model response. In such cases it 
was shown that a variant of the Newton-Grccnstadt 
method (Greenstadt 14) was the test one to use. 

Other than the speed of obtaining an answer. and the 
quantitative determination of confidena intervals, 
automated analysis has other advantages over traditional 
methods. Rosa and Home showed that it is possible to 
obtain reliable estimates of reservoir parameters with much 
shorter tests. This is because the automated matching pro- 
cedure is able to estimate permeability and skin from the 
shape of the amsition region that lies between the 
storage-influenced region and the infinite-acting region 
The traditional approach using semilog analysis requires at 
least one and a half log cycles of data beyond the end of 
the storage-influenced region in order to identi@ the 
semilog straight line t h a ~  is truly characteristic of the per- 
meability and skin. Si- the automated proccdun is able 
to obtain the sumc answer without any semilog straight 
line at all, the test can be as much as ten times shorter 
than is necessary for standard analysis. This startling result 
is confirmed in the field example illustrated in the next 
section. 

Automated analysis is not without its disadvantages 
however, and these must be handled carefully if the 
method is to become widely useful. The principle 
difficulty of the approach is that it is an iterative method, 
and must converge on a solution from an initial guess at 
the answer. Although it has been found by earlier authors 
that automated analysis will converge even from estimates 

that arc one or even LWO orden of  magnitude distant from 
the true values, the convergence is successful only about 
90% of the time. depending on the quality of the data and 
the appropriateness of the rcscnroic model chosen by the 
engineer performing the analysis. Even though this 
sounds a reasonable succcss rate. it is not good enough for 
a program that is to be used confidently in evqday 
interpretation by users of varying experience and skill. 
Thm has to be a means by which the analysis sobare 
will ahvoys converge on the best possible answer. nLe 
most suitable way to do chis would be to provide an on- 
screen graphical analysis of the data prior 'to tfit automated 
analysis, so that the interpetation engineer can provide the 
algorithm with a reasonably good initial estimate of the 
unknown reservoir parametus. This has the added advan- 
tage that it allows the engineer to have a close look at the 
data in displays with which he or she is familiar, and 
facilitates the selection of an appropriate reservoir modcl. 

In the automated procedure. the program performs a 
non-linear regression match to the data, using the nservoir 
model selected by the user out of a menu of possible 
reservoir configurations. Most importantly. the autonmd 
match provides an answer that is free from subjective 
mors, bias or plain old human error. In addition, the pro- 
gram calculates approximate confidence intervals on the 
estimated answers. providing a quantirative impression of 
the validity of the values. Confidence intervals an made 
wider by noisy data, poor match, or iuappmpriare choice 
of reservoir model. 

The algoriF3 used for the automated match is the 
Gauss-Marquardt procedure, with added penalty func- 
tions as described by Bard Is. This algorithm is similar to 
the one used by Rosa and Home ', with a revised line 
search procedure based on the one proposed by Bard Is. In 
most cases .it converges in six or seven iterations. Depend- 
ing on the reservoir model, the required reservoir respomc 
function and its gradients with respect to the unknowns 
arc calcularcd either directly ( w h m  they exist in real 
space) or in Laplace space. 

3. FIELD EXAMPLE 
The field example illusqated here is based on an 

actual test performed in an*oil reservoir. It has been 
chosen here as an example since it shows a more exten- 
sive data set than is usually available in a geothermal well 
test. The actual test was performed continuously, not in 
two periods as is described here. In rhis discussion, the 
advantages of on-site microcomputer analysis (or remote 
analysis with modem transfer of the data) arc emphasized 
by describing the test as if it had actually been given a 
preliminary interpretation while the test was still in pro- 
gress. This was not actually done during the nal test; even 
though the analysis shown here proves rhat the test was 
unnecessarily long as a result. the benefit of the on-site 
analysis was not available at the time the test was per- 
formed. 

The test was a buildup a fm a long period of produc- 
tion, and is mated as if it wen simply a drawdown (with 
the flow rate reversed). This is standard practice when the 
drawdown period is long (or unkmwn) compared to the 
buildup period. 

Data measured for the well test arc listed in Table 1. 

Analysis after 15 hours: 
After 15 horn of measurements, the pnssun m- 

sient was as shown in Figures 1 (semilog) and 2 (log-log). 
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Table 1: Example Test Information 

Compressibility (/psi): 
Porosity (fraction): 
Viscosity (cp): 
Formation volume factor (RBISTB): 
Wellbore radius (feet): 
Formation thickness (feet): 
Initial reservoir pressure (pia): 
Flow rate before shut-in (STB/day): 
Producing time (hours): 

I 

.000005 . 

.3 
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Figure 1: Semilog plot of 15-hour data (including 
match to data). 
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It can be Seen that the data has not yet reached infinite- 
acting behavior, in that no semilog straight line has 
appeared and the log-log plot shows that the end of the 
storage period (unit slope straight line) is less than one- 
and-a-half log cycles from the end of the test. Thus there 
was not yet sufficient data for traditional semilog analysis 
of the test. Figures 3 and 4 confirm that all of the data lay 

Therefore the measwmen 

capable of matching reliably even in transition data, and 
Figure 1 shows a good match to the data plotted as a full 

line overlaying the data (which are plotted as aoses). 
Table 2 lists the results infemd by the software for this 
match, and the confidence intervals that axe to be p l e d  
on the estimates. Experience has shown us thar confidence 
intervals of less than 10% of the estimated values 
represent an acceptable matched solution Thus the esti- 
mates obtained from this first 15 hours of data are all 
within acceptable limits 

100 

10 

: 

1 

-.. 
0.1 1 10 loo 1000 1.d 

TUCd 

Figure 3: Typenvve match of 15-hour data, 

1 10 LOO 1000 1.d 
tole0 

Fi : Derivative plot of 15-hour data. 

198.6 3.76 1.89% 
1.94 0.168 8.67% 

ved from the subsequent interpretation of the 
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A good semilog straight line appears after about 60 hours. 
The steps of the interpretation using the automated well 
test analysis software are as follows: 
1. Using a graphical plot of the data, a stmight line is 

aligned rhrough the apparent semilog straight line 
region of the data, as in Figure 5. "he slope and 
position of this line allows the calculation of esti- 
mates for the permeability and the skin factor for the 
test. 
Another straight h e  is aligned with the unit slope 
straight line on the log-log ploq as in Figwe 2. The 
position of this line allows the calcularion of an esti- 
mate for the wellbore storage coefficient. 
Alternatively (or in addition), the data can be plotted 
over the a ropriatc type curve, such as the Gringar- 
ten et al ' type curve shown in Fi$urc 6 or the 
derivative type curve (Bourdet et a1 ) as in Figure 
7. Moving the data with respect to the type curve 
allows for another calculadon of the estimates for the 
reservoir parameters based on the pressure and time 
match points. 
The computer program is then used to perform the 
automated match, using the estimated parameter 
values as starting guesses. The automated procedure 
calculates the best possible match to the chosen 
reservoir model (in a least squares sense) and esti- 
mates the approximate confidence intervals to be 
associated with the answers. The final match can be 
compared to the original data as in Figures 8. 9 and 
also in Figure 1. 

2. 

3. 

4. 

r,llar-h..-utsala.M D l D t  
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Figure 5: Semilog plot of UH)-hour data (with correct 
straight line shown). 
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Figure 6 Type-curve match of 200-hour data. 
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Figure 7: Derivative plot of 200-hour data. 
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Figure 8 Best fit match to ZObhour data (semilog 
plot). 
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Figure 9: Best fit match to 200-hour data (log-log plot). 

The results of the match to dle m 2oohours of data 
arc summarized in Table 3. 

Table 3: Estimated Results for 200 hours of Data 

V W  -re f' * %  

Permeability (md) 199.9 0.140 0.07% 
Skin 1.99 ' 0.007 0.34% 
Storage (RBlpsi) 0.100 o.oooo5 0.05% 
Initial Pressure (psia) 20629 0.033 0.00% 
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Comparison of the two solutions: 
Comparison of Table 2 with Table 3 reveals that the 

automated procedure obtains the same answer using only 
the first t5 hours of the data, even though this data cannot 
be interpreted using Uaditional graphical methods. Thc 
shorter test tid results in Wider confidence intervals. but 
these are still within acceptable limits. This demonstrates 
that thc computerized analysis pcocedure has been able to 
accurately interpret the test, using less than one tenth of 
the data colleaed. Figure 10 shows the position of the 
semilog soaight line relative to the 15 hour test darn; 
clearIy it would be impossible to 'have inferred the posi- 
tion and slope of this l i i  using traditional methods. 

2000 L.SP 0.1 10 (00 

Figure 1 0  Semilog plot showing position of correct 
straight line in relation to S h o w  data. 

T U .  I r a  

4. APPLICATION TO MEXICAN GEOTHERMAL 
WELLS 

During this study, several field examples from Mexi- 
can geothermal fields were analyzed by this technique. 

Figure 11 shows an example of a test at C m  Rieto 
M-113 that is missing the early time data. and only barely 
reaches the infinite acting region o 

a- .-,e.- L .I._ . I... I. .-. I ". ... ". ., , .-, 
.I .I . .-.C . .- *I I 

I I 

analysis - even though acceptable estimates for the 
storage cocfflcient and skin factor cannot be obtained 
(since the early time data is all missing), it still possible to 
obtain thc resenroir permeability within dre criterion of 
acceptable confidence intervals. This is an example of the 
recovery of an interpretation from a set of welltest data 
that would be unlikely to be correctly analyzed by normal 
graphical "hand" methods. 

Table 4: Estimated Results for Cerro Prieto M-113 

te f 32% 

Permeability (md) 2.82 0.24 8.63% 
Skin 5.90 2.88 48.84% 
Storage (RWpsi) 0.036 0.016 45.04% 
Initial Ressurr (psia) 2674.4 176.56 6.60% 

In a second example, Figures 12 and 13 show two 
different interpretations for the same set of welltest data 
from well Lo8 A z u k  Az-17. m i l s  conccming the test 
arc described in the Appendix). Figure 12 indicates a 
good match to the finite conductivity fractun type m e ,  
and Figure 13 shows another good match (on a semilog 
plot) to a mmal infinite acting reservoir response wirh the 
late time interception of a boundary effect at a an inftmd 
boundary distance of 100 feu. 

1 

Figure 12: W d  test dah from Los Aarfteo Az-17- 
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REFERENCES Table 5: Estimated Results for Los Azufres Az-17 
(model 1) 

Vpdablc m e  f .% 

Permeability (ma) 7.306 0.811 11.1% 
Fracture length (ft) 108.70 14.30 13.16% 
Fracture conductivity 18.11 4.64 25.61% 

Table 6 Estimated Results for Los Azufres Az-17 
(model 2) 

V m e  te f f% 

Permeability (md) 12.99 2.48 19.11% 
Skin 4.10 0.12 2.90% 
Storage (RBIpsi) 0.00013 0.000005 3.79% 
Boundary distance (it) 101.25 0.47 0.46% 

Examination of the confidence intervals for the two cases 
(Table 5 and 6) reveals that the apparent "boundary" 
interpretation is entirely unreasonable. This is because the 
apparent "infinite acting" semilog suaight line is in fact 
part of the ear¶y time dam, and it is the second straight 
line that is correctly representative of the mervoir per- 
meability. In the absence of a unit slope straight line to 
recognize the end of the early time data region, this would 
have been difficult to realize in a normal manual analysis. 

This second example underlines one of the principle 
advantages of the automated technique. Confronted with 
two very rcasonabk looking graphical matches, there is no 
independent way to distinguish one interpretation from the 
other by eye. Examination of the confidence intervals 
immediately shows that there is a definite difference 
between them. It should be noted that the estimates of the 
permeability in the two cascs differ by almost an order of 
magnitude. 

It is worth noting here that the resolution of the 
ambiguity as to which model to choose really lies in con- 
sideration of the geological structure of the reservoir. For 
formations such as those found at Los Azufrcs. a fracture 
intersecting the well is a much more probable explanation 
than an impermeable boundary 100 feet away. So in this 
case, a decision based on the consideration of the 
confidence intervals gives the same conclusion as con- 
sideration of the local reservoir geology. 

5. CONCLUSIONS 
The use of microcomputers in well test analysis has 

resulted in considerable improvements both in the aquisi- 
tion and in the interpretation of data. These improvements 
can result .in much less expensive tests, since the computer 
can perform data collection and test conml much faster 
and with fewer people than manual recording. Measure- 
ments of multiple wells can be made as easily as measure- 
ments at a single well. In addition, the test can be 
analyzed by microcomputer, either at the site or at the 
home office if the data are telemetered from the measure- 
ments computer. Advances in interpretation made possible 
by the computerized automated analysis mean that the test 
need not be as long as is necessary for manual analysis. 

Microcomputers can also greatly improve the 
analysis of tests that have atready been performed under 
existing practise. The new capabilities of automated 
analysis makc it possible to obtain a result from a test that 
was previously too short for analysis. The automated 
interpretation of such a test saves the execution of a new 
replacement test. 
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Appendix - LQS Azufres Az-17 Test 
Well At-17 is located in the south zone of the Los 

Azufres Geothermal Field, Michoacan, Mexico, and was 
completed in February 1980 at a depth of 627 m . The cir- 
culation losses during the drilling process were registered 
between 613 and 627 m depth, at which depth it is 
presumed that the well intersected the Puentecillas Fault. 
Another important geological SUUCNC nearby the well is 
the Agua Ceniza Fault, located at the surface at a distance 
140 m east. These geological SUUC[WS have slopes with 
respect to surface of 82 and 84 & p e s  (Venegas et al."), 
respectively. The well was completed with a casing pipe 
of 0.2245 m in diameter from 0 to 560 m depth, and with 

a liner of 0.1778 m in diameter from 450 to 622 m depth. 
The slotted part of the liner goes from 561 to 622 m 
depth.In December 1980 the well produced a maximum 
steam flow rate kg/s. At that time. the produced steam had 
a little humidity, however it was gradually coming into the 
superheated region. Up to date, the mean specific enthalpy 
of the produced fluid is around 2800 kJkg at any well- 
head pressure. Based on the characteristics of this well, it 
was connected to a 5 MW nubogenerator unit in the 
second semester of 1982. Some scaling problems were 
detected in the turbine during the initial period of genera- 
tion, however those were comectcd. 

February 22, 1987 well As17 was taken out of the 
generation system in order to give maintenance to the W- 
bogenerator Unit Number 2 which was supported by fhis 
well almost without inyrmption since the second semester 
of 1982. In March of the same year, two tests were real- 
ized on this well: a production test to obtain the produc- 
tion output cwe; and a pressure buildup est to determine 
the formation parameten. A littie before the buildup test 
had started, simultaneous pressure and temperature Kuster 
logs were run to know the thermodynamic states of the 
fluid throughout the well. This information was also used 
to test the superheated steam well simulator developed by 
Upton in 1985. The pressure buildup test was canid out 
afm that producing at a constant steam !low rate of 9.81 
kgh during 144 h. This condition was achieved by using 

ce piate of 0.0508 a "k recupt ion  period used 
h and tfie pressure Kuster element was located at 

610 m depth 
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The Kirishima study began in 1984 with the 
completion by KED0 of two deep observation 
wells in the field. Pressure observations have 
been made using these wells as well M six other 
preexisting wells drilled by the field developer. 
Results obtained from the Kirishima study have 

. been summarized by Kitamura, et 41. (1988) and 
Maki, et  a / .  (1988s). The Sumikawa study 
started in 1985; as at Kirishima, two deep wells 
were first drilled for the purpose of pressure 
observations. Long-term pressure observations 
have been found to be very useful; at Kirishima, 
a total of eight observation wells have been 
instrumented and have recorded the response to 
a multi-year history of production and Weetion 
operations at the field on a year-round basis. 
The locations of the various K i r i s h i  wells are 
shown in Figure 3 and the character of the 
discharge/iqjection/observation history is indicated 

' in Figure 4. Results of pressure monitoring 
experiments at Sumikawa are discussed below. 

Modeling and Simulation 

Numerical reservoir simulation studies have been 
carried out to try to understand the reservoir 
mechanics in the selected geothermal fields (see, 

Figure 2. Locations of model geothermal fields. for example, Maki, et al., 1988a; 1988b). These 
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Figure 3. Map of the Kirishima geothermal field. 
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Figure 4. Kirishima pressure interference test 
schedule. 

studies were based upon available analyses of 
well-test  measu remen t s ,  geological  d a t a ,  
geophysical survey results and other pertinent 
infomation. Simulations of this type are carried 
out in an iterative manner, varying the values of 
the  var ious  unknown p a r a m e t e r s  in t h e  
mathematical model t o  maximize agreement 
between measurements and calculated results. 
These calculat ions a re  t ime-dependent  in 
character but are carried forward for long periods 
of time so that  a nearly steady natural-state 
representation is obtained. Adequate matches 
both for the (essentially steady) natural state of 
the system and for any documented transient 
behavior (such as long-term pressure transient 
testing and/or production history) are sought in 
this iterative procedure. 

Once an internally consistent model of t h e  
reservoir in its natural state has been obtained 
which represents the known facts about the 
reservoir, a series of calculat ions may be 
performed t o  es t imate  the  response of t h e  
reservoir to a variety of alternative development 
strategies. Sensitivity studies are also performed 
t o  evaluate the  reliabil i ty of t h e  result ing 

exploration studies in the general vicinity since 
1965. This early exploration program involved 

I 5, the 
nvesti 
the completion of five additional 

sistivity survey. The results of 
surveys made it clear tha t  Sumikawa was a 
promising field. A t  this  point,  MMC (in 
collaboration with MGC - Mitsubishi Gas 
Chemical Corporation) initiated a new exploration 

program which focused specifically on the  
Sumikawa field, and drilled the four deep 
“S-series” IS-1, S-2, S-3 and S-4) wells between 
1980 and 1984. Results of this drilling program 
indica ted  t h e  presence of a s u b s t a n t i a l  
underground two-phase flow region in the 
southern part of the field. 

As discussed above, Sumikawa was selected by 
NEDO as one of its “model” fields in 1985. 
K E D 0  drilled two additional wells in the area in 
1985-1986. Meanwhile, another related NEDO 
project was ca;ried out a t  Sumikawa which 
involved the completion of the deepest well in 
the field (well SN-7D; 2486 meters) in 1987. As 
a consequence of these exploratory programs, a 
reasonably self-consistent picture of the geology 
and hydrology of the reservoir at Sumikawa is 
emerging. The present understanding of the 
system has been summarized by Kubota (1988) 
and also by Pritchett ,  e t  of. (1989) a t  this 
Workshop. 

PRESSURE INTERFERENCE 
MEASUREMENTS AT SUMIKAWA 

As Figure 5 shows, extensive discharge tests were 
performed at Sumikawa in 1986 and again in 
1988. Although these tests were significantly 
shorter in duration than those at Kirishima, 
several interesting signals were recorded. Figure 
6 indicates the locations of the wells involved. 
The fvst test entailed the three-month discharge 
of deep well S-4 in the autumn of 1986; the 
separated liquid component was reinjected into 
nearby (relatively shallow) well S-2. Four shut- 
in observation wells (KY-1, KY-2, s-3 and 0-5T) 
were equipped with downhole capillary-tube 
pressure gauges. No signals attributable to the 
discharge test were observed in wells KY-2, S-3 
or O-ST, but a substantial response was detected 
in deep well KY-1, which lies about  one 
kilometer north of S-4 (see Figure 7). Analyses 
of this interference signil (Maki, et a/., 1988~; 
Pritchett, et al., 1989) suggest the presence of a 
deep permeable channel oriented north-south at 
Sumikawa. 

Figure 5. 
schedule. 

Sumikawa pressure interference test 
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Figure 6. Map of the Sumikawa geothermal area. 

experiments have been performed. In autumn 
1988, five wells (SA-1, SA-2, SA-4, S-4 a n d  
SN-ID were discharged at  various times and six 

were used for reinjection at  one time or another. 
Downhole pressure observations were made  in 
wel ls  S N - ? D ,  S -4 ,  S - 3 ,  K Y - 1  a n d  K Y - 2 .  
Analyses of the  most recent tests a r e  not yet  
complete; the  results will be published in t h e  
near future. 

MODELING STUDIES OF THE 
SUMIKAWA FIELD 

- wells 2SB-1, SB-2, SB-3, S-2, SN-8R and KY-2) 
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"SING-2" numerical reservoir simulator is being 
carried out t o  t ry  t o  understand the  Sumiksws 
field in the natural state. Preliminary work was 
restricted t o  a two-dimensional vertical-section 



\ 
of each model involved a n  extensive series of 
calculations to  attain adequate agreement between 
computational results and  field measurements .  
Sensitivity studies have been carried out t o  t ry  
to estimate the reliability of t he  computational 
model .  T h e  b e s t  m o d e l  d e v e l o p e d  so f a r  
reproduces observed temperatures and :pressures 
reasonably well; Figure 8 compares computed and 
measured pressures in the  central  area of t h e  
field. The computational model will be further 
refined in the future as more field da t a  become 
available. 
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permi ts  reservoir  s tud ie s  t o  proceed beyond 
calculations of the natural state; history-matching 
calculations of the production phase will also be 
attempted. These calculations will incorporate 
representations for the effects of the fault zones 
and of the C02 gas in the system. 

ACKNOWLEDGEMENTS 

T h i s  r e s e a r c h  w a s  p e r f o r m e d  as a p a r t  of 
NEDO’s “Geothermal Development  Promot ion  
Survey Project” which has been in progress since 
1980. T h e  project  is also subsidized by t h e  
Electric Power Generation Division of the Agency 
of Natural  Resources and  Energy, Ministry of 
International Trade and Industry. 

REFERENCES 

Kitamura, H., T. Ishido, S. Miyazaki, I. Abe and 
R. Nobumoto (1988). “KEDO’s Project on 
Geo the rma l  Reservoi r  Eng inee r ing  - A 
R e s e r v o i r  E n g i n e e r i n g  S t u d y  of t h e  
Kirishima Field, Japan,” Proceedings of the 
T h i r t e e n t h  W o r k s h o p  o n  G e o t h e r m a l  
Reservoir Engineering, Stanford University. 

Kubota, Y. (1988), “Natural Convection System 
at the Ohnuma-Sumikawa Geothermal Field, 
Northeast Japan,” Proceedings of the Tenth 
New Z e a l a n d  G e o t h e r m a l  W o r k s h o p ,  
University of Auckland, pp. 73-78. 

Maki, H., T. Ishido, I. Abe, R. Nobumoto and 
Y. Oikawa (1988a), “A Modeling Study of 
the Xatural State  of the  Kirishima Field,” 
Proceedings of the International Symposium 
o n  G e o t h e r m a l  E n e r g y  1 9 8 8 ,  
Kumamoto  Beppu,  Geo the rma l  Research  
Society of J apan, pp. 144-147. 

F igure  8. 
profiles in the Sumikawa field. 

Observed a n d  calculated p res su re  Maki, H., T. Ishido, Y. Kubota,  T. Maeda, K. 
Ariki and T. Nakai (1988b). ‘LA Modeling 
Study of the Natural State of the Sumikawa 





PROCEEDINGS, Fourteenth Workshop on Geothermal Reservoir Engineering 
Stanford University, Stanford, California, January 24-26, 1989 
SGP-TR-122 

H Y D R O L O G Y  OF THE S U M I K A W A  G E O T H E R M A L  P R O S P E C T ,  J A P A N  

J. W. P r i t c h e t t  and S. K. Garg 

La JoUa, California 92058-3630 
S-CUBED 

H. Maki 
New Energy and Industrial Technology Development Organizat ion 

Tokyo, J a p a n  

Y. K u b o t a  
Mitsubishi Metal Corporation 

Kazuno ,  Japan 

I N T R O D U C T I O N  

The Sumikawa geothermal field is located in the 
Hachimantai volcanic area in northern Honshu, 
Japan. Various investigations have been carried 
out in the  area in recent  years  t o  assess t h e  
su i t ab i l i t y  of t h e  field for e l e c t r i c a l  power  
production. This paper summarizes the principal 
characteristics of the  na tu ra l  f luid circulat ion 
system a t  Sumikawa and relates them to local 
geological structure. These features are deduced 
p r i m a r i l y  f r o m  s t a t i c  ( s h u t - i n )  p r e s s u r e  
determinations in wells in the field and from a 
limited amount of pressure-transient testing. I t  
is concluded tha t  extensive n a t u r a l  two-phase 
f low p r e v a i l s  a t  i n t e r m e d i a t e  d e p t h s  a t  
Sumikawa, and tha t  a very high permeabi l i ty  
zone is present below - 1 km depth  containing 
fluids with temperatures exceeding 300'C. This 
zone is a suitable target for fur ther  s tudy  and  
possible future development. 

G E O L O G I C A L  SETTING 

east-west cross-section corresponding to  l i e  A-A' 
in Figure 1. Figure 3 shows a similar north- 
s o u t h  s e c t i o n  (B-B'). T h e s e  s t r u c t u r a l  
interpretations are based almost exclusively upon 
drilling experience - the  only available seismic 
survey was far too regional in scope to be useful 
for local structural interpretation, and the results 
of a gravi ty  survey a re  difficult t o  i n t e rp re t  
owing t o  a lack of density contrast  among the  
various deep formations in the area. 

Extensive fau l t ing  has  rendered t h e  de ta i led  
geological  s t r u c t u r e  a t  Sumikawa s o m e w h a t  
obscure, but the abundance of drilling logs from 
the  various wells in the  area has  revealed a n  
underlying geological sequence which applies to 
most of the a rea  i l lustrated in Figure 1. In 
order of increasing depth, these are: 

"ST" Formation: Surfxcial andesitic tuffs, lavas 
a n d  p y r o c l a s t i c s  
of Recent origin (from Mt.  
Yake). 

sediments; Pleistocene 
t u f f s ,  s a n d s t o n e s ,  
siltstones and mudstones. 
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Figure I. 
cross-sections A-A‘ and B-B’. 

The Sumikawa/Ohnuma area, showing locations of wells, the Ohnuma power station, and 

evidence exists for significant permeability deep 
within the “BA” formation, however, so that it 
may be permissible to regard this layer as the 
“basement” from a hydrological standpoint. 
Further investigation is clearly needed to reveal 
the structure of the deepest parts of the field. 

UNDERGROUND TEMPERATURES 

A t  Sumikawa, underground temperatures are 
highest to the south and decline to the north 
and northwest. Figure 4 shows the estimated 
temperstures at sea level (- 700 - 1100 m depth) 
in the area, based mainly on temperature surveys 
in shut-in wells. The area depicted in Figure 4 
is the same as in Figure 1. The  highest 
temperature so far measured in the field is a t  
the bottom of well SA-2 (31f’C at  840 meters 
below sea level); this is also the southernmost 
deep well at Sumikawa. 

Tempera tu res  a re  significantly h igher  at  
Sumilrawa (near the S-series wells) than at the 
nearby operating Ohnuma borefield. On the 
whole,  t e m p e r a t u r e s  a p p e a r  t o  i n c r e a s e  
monotonically with depth; large-scale temperature 

inversions are not observed. Ishido, et ai. (1987) 
report the results of a self-potential survey in the 
area which shows a m i o r  positive anomaly in 
the neighborhood of the S-series wells, which is 
indicative of the presence of upwelling deep hot 
water in this vicinity. On the other hand, the 
relatively low temperatures encountered to  the 
north and west of t h e  Sumikawa field are 
consistent with interpretations by Kubota (1988) 
and by Maki, et of. (1988a) that these are areas 
in which cold water is flowing downward into 
the reservoir. Observed surface manifestations of 
hot-water upflow (hot springs) are generally 
located along a north-south axis lying between 
Sumikawa and Ohnuma - additional hot spring 
areas are  located farther north of the area 
illustrated in Figure 4 along the same axis. 

STATIC PRESSURE DISTRIBUTION 
Maki,ct d. (1988b) have examined the various 
downhole feedpoint presaure determinations 
available from wells in the Sumikawa/Ohnuma 
area in detail. Evidence from a series of 32 
shallow (80 heat-flow holes drilled 

not shown in Figure 1) 



Figure 4. Temperatures at sea-level elevation in 
the Sumikawa/Ohnuma area (adapted from 
Kubota, 1988). 

P (bars) = 62 - 0.0776 Z 

where Z is elevation, measured in meters with 
respect to sea level (meters ASL). The standard 
d e v i a t i o n  of t h i s  corre la t ion  f rom t h e  
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Figure 5. Static underground pressures in 
Sumikawa/Ohnuma area: influence of elevation 
and topography. 

underlying subhydrostatic region is clearly 
associated with two-phase flow. 

Below the “LS” caprock in the southern part of 
the system the two-phase (water-steam) flow zone 
extends a t  least as deep as + 350 m ASL. 
Note that the two-phase region could extend 
much deeper than this, since the presence of a 
hydrostatic gradient does not preclude two-phase 
behavior, but only indicates that liquid water is 
the dominant mobile phase. Closer t o  the 
caprock, however, the sub-hydrostatic gradient is 
i n d i c a t i v e  of h i g h  s t e a m  s a t u r a t i o n s .  
Confirmation is provided by drilling experience: 
well S-1 struck a permeable zone during drilling 
a t  - 450 meters d e p t h  (below t h e  “LS” 
formation) which discharged dry steam. Since 
temperatures increase to the south toward Mt. 
Yake, it is likely that the depth reached by the 
two-phase zone increases to the south. North of 
the S-series wells, however, the two-phase zone 
apparently disappears, as evidenced by lower 
temperatures. It is noteworthy that the “LS” 
caprock formation peters out to the north and 
east of the S-series wells. 

The substantial horizontal pressure gradients 
found in the “ST” formation above the lake 
sediments imply that the average permeability of 
these shallow volcanic rocks is relatively low. 
Furthermore,  the permeability of the lake 
sediment (“LS”) formation itself which separates 
the cold groundwater above from the hot two- 
phase zone below must be exceedingly low; a 
simple calculation shows t h a t  the  vertical  
permeability of this layer must be a great deal 
less than 0.05 millidarcv. On the other hand. 
the remarkable homogen&y of the deep pressure 
distribution is indicative of substantial horizontal 
communication 8t depth in the area south of the 
800 m ASL ground surface elevation contour. 
Laboratory tests have been carried out on cores 
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from all the mqjor formations; these indicate that 
the small-scale matrix permeabilities of these 
formations are all essentially zero, so that any 
large-scale permeability must be due to  the 
presence of ftactwes. 

PRESSURETRANSIENT RESULTS 

In 1986, s large-scale pressure-interference 
experiment was carried out at  Sumikawa. Deep 
well S-4 was discharged starting on September 2 
and subsequently was shut  in on 16:30 on 
November 3; the liquid fraction of the discharge 
was simultaneously reiqjected into nearby shallow 
well S-2. Four shut-in observation wells (O-ST, 
S-3, KY-1 and KY-2) were equipped with 
downhole pressure gauges of the capillary-tube 
type (the flowing wells were not instrumented, 
however). No signals attributable to  the S-4 
discharge were recorded in O-ST, KY-2 or S-3, 
but a clear and immediate response was observed 
in deep well KY-1, located 1.1 km north of S-4. 
The principal feedpoints for wells KY-1 and S 4  
both lie within the deep “AA” altered andesite) 
f o r m a t i o n ,  b e l o w  t h e  “ b l a c k  s h a l e ”  
mar ine /volcanic  complex a n d  above t h e  
granodiorite “BA” formation (see Figure 3). 

Maki, et ai. (1988c) have analyzed the pressure 
response of well KY-1 to  the S-4 discharge. 
These studies all involved using the  linear 
pressure-diffusivity equation; fluid properties 
assumed were those of water a t  250’C, and 
measured rock porosities and compressibilities 
were employed. Figure 6 shows the measured 
response in KY-1 to the discharge/shutin of S-4. 
The first step in the analysis was t o  try to  
match the measured signal using the classical 
lie-source technique. Optimizing the line-source 
(“radial flow” solution yielded, for the free 
parameters in ti! e analysis: 

Deya After 0000 on 1 August 1988 

Figure 6. 
to discharge test of well S4. 

Pressure interference in well KY-1 due 

. 

. 



H (formation thickness) 
kH (permeability-thickness) = 2.4 darcy-tneters 

providing a formation permeabi l i ty  of 11 
millidarcies (presumably of the “AA” formation). 
The match of this solution t o  the measured 
response was superficially good (solid line in 
Figure e), but i t  should be noted tha t  the 
computed buildup response is in relatively poor 
agreement. An even more serious problem is 
illustrated in Figure 7 which shows only the first 
few days of the  drawdown port ion of the  
response on an expanded scale: clearly, the line- 
source radial-flow solution fails to explain the 
extremely rapid response t o  S-4 discharge 
observed in well KY-1. . 

= 220 meters 

10s 
i 

1 32 34 36 

O8ya After 0O:OO on 1 Augurt 1986 
’“30 

Figure 7. Ear portion of reap t o  s-4 
discharge as measured in well KY-1. 
Several other flow models were then employe 
search of a better match with measuremen 
see Maki, 
following 
It  was a permeable horizo 
“channel ross-section area 

Cross-section 

Impermeable boundary 
position: 

Constant-pressure 
boundary position: 

Results from this model are shown in Figures 6 
and 7 as the broken lines. The fit is essentially 
exact, in view of the noise level in the measured 
signal. The above parameter values, moreover, 
a re  suppor ted  by independent ly-obtained 
information. In particular, the above model 
suggests the presence of a reservoir boundary 
about  1.4 km n o r t h  of well KY-1. This  
essentially corresponds t o  the location of the 
800 m ASL ground elevation contour which 
appears to represent a reservoir boundary based 
on static pressure evidence (see above). Figure 3 
shows a longitudinal (north-south) section 
through the channel, which presumably consists 
of the altered andesite (“AA”) formation. 
Evidently, the “MV” black-shale layer above and 
the “BA” granodiorites below serve as aquitards. 
In the neighborhood of well S-4, the channel 

rs to have a vertical thickness of about 
0.8 km, but thins somewhat to the north. 

1.44 km north of well 
KY-1 

9.86 km south of S-4 

Figure  2 also shows t h e  l a t e r a l  channel  
boundaries. T o  the west, t h e  channel is 
bounded by “BA” ranodiorite owing to  the 
presence of a fault fdownthrown to the east) 
associated with the graben boundary. To the 
east, the boundary consists of “MV” black shale, 
as evidenced by drilling logs from well SN-ID. 
Indeed, the cross-section area of the “AA” body 
containing well S-4 appears to be approximately 
0.5 square kilometers, in good agreement with 
the value obtained from the model. The only 
troubling implication of the model is that the 
southern constant-pressure boundary is located 

km south of well S-4. It is very 
ha t  the channel extends this far. 

owever, that  the analysis employed 
assumed linear single-phase fluid behavior in the 
channel. In reality, as noted above, it is  likely 
that a twwphase mixture is present at depth to 
the south of well S-4. The resulting increase in 

y would d 0 W  the transmission of 
pressure signals to the south. Approximate 
c a l c u l a t i o n s  i n d i c a t e  t h a t ,  u n d e r  t h e s e  
circumstances, the probable true position of the 

r n c o n  LI t a n  t - p r e s  s u r e  b o u n d  a r y 
onding to  a channel full of two-phase 
only a few hundred meters south of well 

impermeable northern barrier; to  
e n d s  a t  a c o n s t a n t - p r e s s u r e  meability inferred 
(representing the influence of a two-p millidarcies) would 

measurements and corn] ited pressures yielded: 

0.51 square kilometers understand how the large fluid storage capacity 
imDlie&by an effective channel cross section of 

Permeability 195 millidarcies 0.s‘ kmL Eould be provided by a single fracture. 



Furthermore, both wells were subjected to short- 
term cold-water injection testing after drilling. 
While these tests implied good permeability for 
well S-4, the apparent permeability for KY-1 is 
very low. If KY-1 intersects a large fracture 
(responsible for the observed pressure response), 
the cold-water iqjectivity should be good. 

We believe that a different interpretation is more 
likely. The observed high regional permeability 
is probably due to a series of large parallel 
north-south fractures in the “AA” formation. 
Superimposed upon this major fracture network 
is a second fracture network consisting of a very 
large number of relatively low-permeability minor 
fractures which are oriented in a more or less 
isotropic fashion. The major fractures serve to 
transmit pressure signals over long distances, but 
t h e  m i n o r  f r a c t u r e s  p r o v i d e  p r e s s u r e  
communication among the major fractures and 
between the major fractures and the wells. 
Evidently, while well S-4 is well-connected to the 
major fracture network, the coupling with KY-1 
is poor - sufficient to transmit pressure signals 
quickly from a nearby major fracture,  bu t  
insufficient to permit high fluid injection rates. 
Kubota (1988) notes that numerous regions of 
lost-circulation were encountered while drilling the 
southern (S-series) wells, but that farther north 
where temperatures are lower) the fractures I. requently appear  t o  be sealed with vein 

materials. Such self-sealing would presumably 
act mainly to inhibit flow in the minor fracture 
network, and may be responsible for the poor 
injectivity of well KY-1. 

CONCLUSIONS 

The Sumikawa field is a very promising prospect 
for future development for electrical power 
generation. Consideration is now being given to 
the construction of a power station of - 50 MW 
capacity. In view of the large deep volume 
within the “AA” formation characterized by both 
high permeabilities and high temperatures, such a 
development would appear to be well within the 
capacity of the reservoir. Additional exploration 
and testing is currently being carried out a t  
Sumikawa to further delineate the characteristics 
and capacity of the reservoir. 

I 
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simulate likely heat and mass transfer for such a fractun 
zone system. Another aim of this study was to investigate 
the conditions under 

ABSTRACX 
A conceptual model is presented which explains the likely 
heat and mass uansfer of the Fuzhou system in the natural 
and exuloited state. The model was extended to 7 km 

such a system can *e@ 
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TABLE 1: Diagram summarizing all parameters used for simulation of the natural 
state model described in the text. 
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TABLE 2 Diagram summarizing ammeters used for simulation of the production 

recharge blocks (covering the extendcd fracrure zone); all other values arc common 
to recharge and pFoduction quarter block model. 

state model described in the text, 9 alues and comments in italics refer to the end-on 
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EIATuBbl, STME M O D E L N S I  fracMt which transferred about 4.5 kgh of fluids per km 
with T = 67'C at the surface in the steady state model, 
values similar to those observed at Fuzhou. If one plots the temperature in the Q-aquifer versus 

distance from the fault trace, One finds that tmpWmS F~~ simulation, a modified SHAFT 79 propam 
dencase almost exponentially (Fig* 2). The plot shows no (Osullivan et al., 1983; Preuss a d  Sckocdkr, 1979) 
syst-tic diffmnce data from the and the was u s e  recharge was controlled by the verticd sector. Chloride data cited in Huang and Gofl(1986) ability of the top layers and by maintaining constant 
indicate an almost constant concentration of this r a d  at the free surface. To for granites 

sector. This, in implies that the shallow aquifer is low permability (0.5 was assigned to the surface 
overlain by rather impemable sediments- As will be lay= and outcropping granites and metamorphics, which shown later, the T-data plotted in Fig. 2 (based on homogenous infiltration for the whole - measurements in 1977) have already been affected by the 
production of fluids prior to 1977. Since only a small 
amount (a few kgls) of hot water was discharged by 
springs before 1970, it  an be i n f e d  that most Of the heat 

and through the walls of the fracture zone. Using data 
shown in Figs. 2 and 3, these losses were estimated to be 
at least 5 m, pointing to an Upflow rate Of 2 15 kgls Of 
fluids at 100 'C (at 500m depth). 
temperature is abu t  22'C. 

A plot of the temperatures in deep wells a 
versus distance from the fracture zone is shown in Fig. 3; 
again, an exponential decrease is indicated. The effect of 
the dip (abut  75' to the E) of the fracture zone has been 
eliminated by using reduced horizontal distances. For 
simulation, the effect of the dip was also neglected and a 
vertical fracture zone of equivalent width was used 

fracture zone (half width model). The presence of the 
vedcal permeability barrier perpendicular to the hcture 
zone (set Fig. I), which prevents mixing of fluids across 
the bank,  as indicated by different mean chloride values 
in each sector (Huang, 1983). allowed us to reduce the 
model further to a quarter block model. 

constituent in the fracture zone and the Q-aqUifer in each outcropping in some innet blocks (set fig. I), the same 

n e  approximate S a C t u R  of the steady state model is 

=fine the 
F~ the that the fracture zone 
had h e n  m a d  at time t 0, and that the t m p c r a m  

undisturbed terrestrial heat flow (initially 80 mW/m*), 
neglecting the heat-generating capacity of the granites 

urcc base and surface. The models were run 
state conditions were reached; observed 
in wells and natural heat loss were used as 

Was lost by conduction through the Shallow overburden shown in ~ i ~ .  4. A trial and mr method was used 
pemeabdity sm"e of the initial 

it was 
The and pressure field was that given by an inferred 

, 
matching paramctcrs, 

paramtters of one of the best fit mode,s which 

steady state tem ratures of this model are shown in Figs. 

a c h e d  after about t = 2 X 106 p The Significant cooling 
effeca at the r ~ ~ ~ u r c e  base (IaYe 11 in "able 1) have 
d ~ d b c d  mendY d m ~ h e r e  

inst&. The model was therefore reduced to one with a ~ x ~ t e l Y  the observed data an listed in Table 1; 

2 and 3. For & model, steady State conditions w m  sveq* with respect to the Plane Of 

al., 1988). 

the theoretical study of a fracture zone by Karsoy and 
Zcbib (1978). . .  In their model they had used a IOOm wide 
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Production of hot water from the Q-aquifer in the N sector 
started in the mid 1960s using shallow wells (av. yield 0.5 
to 2 kgls); deep wells were drilled to intersect the framae 
zone from 1970 onwards (lo of these wells have yields 
between 5-15 kgls). No detailed production history L 
known, and flow meters were only installed in 1984; no 
systematic monitoring of well pressures has been 
undertaken except for sporadic measurement of watcr 
levels in presumably low productivity wells. From 
interviews and sparse data in the 1985 report of the Fujian 
Team we constructed idealized abstraction scenarios for 
equivalent quarter blocks in the N and S sector which arc 
shown in Fig. 5; plotted also arc average pressure drops in 
the Qaquifer for the period 1977-1983. Only abstraction 
rates after 1984 arc well documented. 

It is obvious that, with the sparse data shown in Fig. 5, the 
pressure response of any realistic model cannot be fully 
tested, but the data provide some restraints which allowed 
revision of the natural state model. For this, it was 
assumed that the observed average pressure drop in the Q 
aquifer is the mean of most of the wells shown in Fig. 2 
which lie between 150 to 600m away from the fracture 
zone. Simulation of the pressure response was limited 
initially to the S sector where production comes almost 
entirely from the fracture zone. 

Using the inferred abstraction scenario for the S sector it 
was found that the natural state model responded with too 
large pressure drops, amounting, for example, to -1.5 to -5 
bars in the Qaquifer after only 8 years production (Le. 
1970 to 1978) whereas the reported average drop in 
pressure was no more than about 2 bars after 13 yrs 
production in the S sector (about half as high as that in the 
N sector). Obviously, the natural state model did not 
allow for sufficient recharge. 

A sensitivity analysis of various model parameters showed 
that each of the following Educed somewhat the pressure 
drop (in comparison with that of the natural state model): 

(a) increase in permeability of Q-aquifer to about 300 
mD and moderate increase in thickness of Q- 
aquifer. 

increase in permeability of granites in the blocks 
adjacent to the fracture zone by up to one order of 
magnitude; 

(c) addition of two end-on recharge blocks 
(dimension 3 x 10 x 7 km each) allowing for some 
crossflow and for higher iezo-metric levels in the 

Inclusion of (c) produced the interesting result that, by 
increasing the vertical permeability in the fracture zone of 
the outer block above a critical value, the fluid flow in the 
fractu~ zone in the "production" block (see Fig. 6) could 
be reversed (critical value in our case was 30 mD). The 
high pameability of fracture tones associated with naRKal 
convection must therefore be confined in axial direction. 

None of the three changes listed above was sufficient to 
produce a pressure response similar to that shown in Fig. 
5. All three modifications were then incorporated in the 
revised model shown in Fig. 6, with the additional 
modifications: 

(b) 

outermost blocks to sim UE te gross terrain effects. 

(d) reduction of heatilow at the bottom from 90 to 70 
mW/mz to reduce the rather high mqzawcs  in 
the fractm zone caused by (c); 

reduction of permeability with depth for the 
granites by up to half an order of magnitudq forthe 
same reason as described in (d). 

slight increase in thermal conductivity of the 
sedimentary c o v a  to reduce too high tempcratuzs 
in the Qaquifer caused by (c). 

(e) 

(0 

0 zoo 400 600 

Horizontal distance from feult tmce 4 n ) 

Fig. 2 Tempcram in Qaquifcr (5Om depth) plotted 
versus distance from median fault tract. Distances and 
temperatures were taken from Huang (2983). All 
temperatures were measured in 1977. Also shown arc 
theoretical temperatures of the natural state model (Table 1) 
and temperatures of the production model (Table 2) after 10 
years production (1980) in the S sector. 

c] S-Sector 

4) 0 N-Sector 

n TP- 

100 

60 

1 I I I I I 1'1 
0 200 400 600 

Uaduced horizontal distance from dipping leult plene 4 n 1 

Fig. 3: Tempcram at 4501x3 depth plotted m u s  rcduccd 
horizontal distance (is. horizontal distance between well 
and median fault plane for a 75' E-dipping plane at 4Hhn 
depth). Shown also arc the temperatures predicted by the 
natura3 state and the production model which axe almost the 

* 

same. 
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a-equiior . 

fracture ~ o n o  

/ 
Median fault Plane , 

/ a-equiror Fig. 4 Schematic diagram of n a n d  state, quartet block 
model (for details. set Table 1). Median f o u ~ t  plene Fracturo Zone 

Fig. 6 Schematic diagram of production stage, quarter 
block model (for details, see Table 2). 
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With these modifications we obtained a production modcl 
shown in Fig. 6 (parameters listed in Table 2) which, for 
distances between 200 and 6OOm away from the fracture 
zone, produces pressure drops (-2.5 to -3 ban) in the Q- 
aquifer which arc of the same order of magnitude as the 
observed mean value (about -2 bar). In addition, 
temperatures in the Q-aquifer were obtained for 1977 
which are somewhat closer to the observed data than those 
given by the steady state model (see Fig. 2). Using the 
abstraction scenario of the N sector, the model also 
reproduces higher pressure drops as observed in Qaquifer 
wells in the N sector but the computed values are 
significantly higher (up to 50%). Since the locality of 
wells for which piezomeaic level changes were observed 
arc not known, further refinement of the "production" 
model is not justified. An interesting finding is that the 
temperature at the bottom of the fracture zone (block F11 
in Fig. 6) is about 154'C. close to that indicated by the 
Na/K geothcrmomettr. 

SUMMARY 

Simulation of the Fuzhou geothermal system has shown 
that in the presence of a deep-reaching, highly permeable 
fracture zone, natural convection can be established, even 
within rocks with low overall permeability, such as 
granites. For a steady state system to develop, the size of 
the convection cell must be finite, and the axial extent of 
the highly permeable fracture zone must be l i i t ed  (about 
3 km in the case of the Fuzhou system). High 
temperatures in the fracture zone can be the result of the 
combination of any of the following parameters: high 
permeability and extended width of the fracture zone, 
higher heatflow at the resource base, significant horizontal 
pressure gradient between recharge blocks and fracture 
zone (Le. higher piezometric levels in the outer recharge 
blocks). By combining all t h m ,  we could simulate 
boiling point temperatures in the Q-aquifer using the 
"production" model shown in Table 2. This might explain 
why some wide fracture zone systems, like that of San 
Kamphaeng in Thailand (Hochstein et al., 1987). can 
discharge hot water at boiling point at the surface in the 
natural state. 

The study has also shown that, with respect to recharge 
characteristics under exploitation, the Fuzhou prospect is 
rather anomalous since dominant recharge is provided by 
a highly permeable, shallow aquifer. Analysis of the fluid 
flow of the "production" model indicates that about 98% 
of all produced fluids arc recharged after 10 years of 
production (about 55% from Q-aquifer and 43% Erom 
upflow in the fracture zone), which explains in part the 
rather small pressure drop resulting from the exploitation 
of such a small reservoir. Since most of this recharge 
enters the fracture zone at the top (ix. by downflow), a 
significant amount of heat can be extracted from the hot 
rocks inside the ! l a m  zone. In this case, the energy 
potential can be obtained from a simple stored heat 
calculation or by using the planar fracture assessment of 
Bodvarsson (1974). This assessment cannot be used foe 
fracture zone systems which arc not associated with a 
recharging shallow aquifer and which would exhibit 
significantly lower energy and mass flow potentials than 
the Fuzhou system. 

We would like to acknowledge the assistance of hfr Zhang 
Zhenguo (Milristry of Geology, Beijing) who provided 
selected data of the report compiled by the Fujian 
H~drogeological Tcam Ivprof. M.J. O'Sullivan assisted 
wth simulation of the initial models. A/Prof. S. Ehara 
received the Mitsubishi New Zealand Ltd. 1987 
Fellowship to undertake part of this study at the 
Geothermal Institute, University of Auckland. - 
At the proof stage we found that a map used originally for 
defming the width of the quarter block models contained a 
small scale cmx the actual width is about 2.5 km instead 
of 3 km used here. The scale of Fig. 1. however, is 
correct By proportional increase of permeability of all 
blocks, the same heat .and mass transfer pattern can be 
obtained as presented in this paper. 
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ABSTRACT tem (natural state), and on its basis 
concluded that a substantial 

we revise and expand our previous vap- vertical permeability contrast must 
liq model of the Los Azufres hydrother- exist between the vapor- and the li- 
mal system. We present data that delin- quid-dominated layer, the smaller per- 
eate the vertical distributions of the meability corresponding to the later. 
formation's thermal conductivity and Assuming a homogeneous vertical dis- 
bulk density. Both distributions dis- tribution of thermal conductivity we 
close a sharp change of formation prop- estimated permeability values and other 
erties at the boundary between the thermohydrological parameters of the 
liquid-dominated layer and the steam 
cap. This supports the inference of our 
previous work that a substantial per- this model was consistent with a 
meability contrast must exist between number of observations (downhole pres- 
the liquid- and vapor-dominated layers sures, stabilized temperatures, geothe- 
of the system. we present the observed rmometrical estimates, hydrother-mal 
vertical distribution of liquid satura- alteration as deduced from drill cutt- 
tion in the system as inferred from the ings, and the ranges of permeabi-lity 
chemical composition of reservoir flu- and thermal conductivity found in labo- 
ids and well logs; we use it, in addi- ratory measurements of drill cores), 
tion to the pressure profile, to calib- the reliability ef the estimates remai- 
rate the model's thermophysical parame- ned somewhat questionable because: (a )  
ters. Calibration against both observed only the observed vertical pressure 
profiles greatly improves the reliabil- profile was fitted in detail, and it is , 
ity of the model. The new model predi- known that pressure fitting alone may 
cts vertical pe 
about 0.1~10 l8 m 

tem. In addition to the d 
vertical permeability, th 
des estimates of the 
fluxes and of the relativ 
functions of the system 

1988a, 1988b) we 
otherma1 systems a 
gical conditions 
(The central, upfl 
systems is a sta 
liquid layer at 
dominated zone 
vapor-dominated cap). We also presented 
a vapliq model of the Los Azufres sys- 

and Arellano 1988a, 1988b) we assume a 
step distribution of vertical pemeabi- 
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lity, with the lower value correspond- 
ing to the liquid-dominated layer. ,At 
the base of the system there is hot 
compressed liquid that ascends isoenta- 
lpically (e.g,, White, 1967). Eventual- 
ly the compressed liquid reaches its 
boiling point and a ?-phase, liquid- 
dominated layer develops. This layer 
extends upwards until it is replaced by 
a vapor-dominated cap, starting at the 
permeability discontinuity. 

The model equations are given in Igle- 
sias and Arellano (1988a). They repres- 
ent 2-phase, steady-state conservation 
of mass, momentum and energy, and are 
complemented by appropriate constitu- 
tive equations. Heat flux Q and mass 
flux F are constants of the system. 
This set of equations is numerically 
solved. The present numerical code 
allows arbitrarily varying distribu- 
tions of thermal conductivity. 

LIQUID SATURATION PROFILE 

In-situ liquid saturations for 15 wells 
representative of ascending flow in the 
system were derived from 63 fluid samp- 
les (Table 1). A subset of these resu- 
lts appeared in Nieva et al. (1987). 

Table 1. Sampling for liquid saturation ............................... 
Well Samples Well Samples 

Az-5 9 Az-32 1 
Az-6 8 AZ-33 1 
Az-9 3 AZ-34 1 
Az-16AD 8 Az-35 1 
AZ-17 9 AZ-36 3 
Az-19 4 Az-37 1 
Az-22 5 Az-38 3 
AZ-28 6 

............................... 

Liquid saturations were computed with a 
method originally devised by Giggenbach 
(1980) and modified by Nieva et al. 
(1985). This modification was neces- 
sary to apply the method to wells with 
high concentrations of non-condensable 
gases in their total discharges. Brief- 
ly, liquid saturation is computed from 
the seeming distortion of the relative 
proportions of chemical species par- 
ticipating in the Fischer-Tropsch reac- 
tion in the reservoir. 

The method requires estimates of reser- 
voir temperature for each well (feed 
zone). The required temperature estima- 
tes were obtained from cation geother- 
mometers, temperature logs, pressure 
logs and 2-phase assumption, and ex- 
trapolation to zero flowrate at com- 
puted bottomhole conditions. These 
temperature estimates were independent 
from the results generated by the vap- 

liq model described in the preceding 
section. This prevents circular bias. 
The sensitivity of the computed liquid 
saturation to the assumed reservoir 
temperature is relatively mild, e.g., a 
temperahre error of f5.C typically 
results in a 5% variation in liquid 
Saturation. 

The locations of the feed zones were 
obtained from records of drilling fluid 
losses, temperature logs, pressure 
logs, well completions and lithologic 
column records. 

Figure 1 represents the resulting li- 
quid saturation profile, and the as- 
sociated uncertainties. 

FORMATION PROPERTIES 

As stated, previous work indicated that 
the vertical permeability distribution 
may be approximated by a step function 
with its discontinuity marking the 
location of the boundary between the 
liquid-dominated layer and the vapor- 
dominated cap. The corresponding per- 
meability values were estimated in this 
work by fitting model-generated profi- 
les to the observed pressure and liquid 
saturation profiles (see following 
section). 

2 

c 0 

3 
3 1000 
w 

0 
0 1 

LIQUID SATURATION 

Fig. 1. Observed distribution of liquid 
saturation in the central, upflowing 
part of the system. Numbers identiry 
wells. 
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Thermal conductivity was recently meas- 
ured In 16 drill cores from Los Azufres 
(Iglesias et al., 1987; Garcia et al., 
1988). Figure 2 presents these 
in terms of elevation. We dis 
distinct trends in the data. The eleva- 
tion of the boundary between both tre- 
nds is strikingly coincident with that 
at which the liquid-dominated layer 
turns into the vapor-dominated cap, as 
attested by the observed pressure prof- 
ile (Fig. 3). The upper trend of Fig.2 
has a linear correlation coefficient 
r-0.7988, with a confidence level (a) 
greater than 99.5%. For the lower trend 
the corresponding figures are r=- 
0.8617, CL>99.5%. Note that the discon- 
tinuity in thermal conductivity is 
clearly observable in well Az-3 (cores 
3-1, 3-4 and 3-5) and in well Az-26 
(cores 26-2 and 26-3). 

The percentage of total hydrothermal 
alteration of 20 drill cores from Los 
Azufres, which include the cores of the 
preceding paragraph, were also deter- 
mined recently (Iglesias et al., 1987). The hydrothermal alteration of the PRESSURE ( bar 1 
cores lying in the vapor-dominated 
layer correlates well (r-0.8075, Fig. 3. Fit to the observed distribu- 
CL>99.5%) with elevation, as illustra- tion of pressure in the central, upflo- 
ted in Fig. 4. No significant correla- wing part of the system. Numbers iden- 
tion of total alteration with elevation tify wells. 
was found for the cores in the liquid- 

Coincidently, thermal conductivity dominated zone. 
correlates well (rx0.9917, CL>99.5%) 

0 
0 too 200 

clearly substantiate the 
harp 'Change in formation 
ts at the boundary bet- 
and the vapor-domina- 
s Azufres, whatever its 
lated vertical permeab- 
is consistent with such 
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Fig. 4. Total hydrothermal alteration 
in the vapor-dominated layer. Numbers 
identify (well)-(core number). 
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Fig. 5. Correlation between thermal 
conductivity and total hydrothermal 
alteration in the vapor-dominated lay- 
er. Numbers identify (well)-(core num- 
ber). 

BULK DENSITY (g /an3  1 

Fig. 6. Vertical distribution of bun 
density, from dill cores. 

1988a, 1988b), by matching model profi- 
les to the observed pressure (Fig. 3) 
and liquid saturation (Fig. 1) profil- 
es. The main parameters thus estimated 
are Q, the net (vertical) heat flux; E', 
the net (vertical) mass flux; k ( z ) ,  the 
distribution of vertical permeability 
in terms of altitude z ;  kL and kv , the 
liquid and vapor relative permeabiliti- 
es; S and S , the liquid and vapor 
irredbgible #&rations; and p( z )  and 
S( z) , the pressure and liquid satura- 
tion vertical profiles, respectively. 

In this model we take as known input 
parameters p , the pressure at the 
boiling point of the system; z , the 
elevation of the boiling point; and 
K(z), the vertical distribution of 
thermal conductivity. The input parame- 
ters also include trial values of Q, 
and trial functions k ( z ) ,  and kL(S) 
and kV(S), where S is liquid satura- 
tion. 

The boiling point of the system is 
pg-8.6 MPa, and its elevation zg-1300 m 
a.s.1. (Iglesias et al., 1985). The 
variation of thermal conductivity 
along the liquid-dominated layer is 
small (Fig. 2). Thus a simple model is 
to set K=constant in the liquid-dmina- 
ted layer, and K linearly varying with 
Z ,  in the vapor-dominated cap, as in 
Fig. 2. Trial values for 0, k and 
k (the values of k(z) in thedf&id- &8 vapor-dominated layers respective- 

I 
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ly) were suggested by our previous work 
(Iglesias and Arellano, 1988a: 1988b). 
For the relative permeability functions 
we tried Corey- and X-type curves; only 
X-type curves resulted in reasonable 
matches of the observed pressure and 
liquid saturation profiles, 

Our best match for the model of the 
preceding paragraph is shown in Figs. 3 
and 7. The correspogging model paEnwE- 
ers are Q=gr4 w9] , Fx0.4 kgm s 
k =1.0x10 m-l!cLI k = 0 . 8 ~ 1 0 - ~ ~  m2: 
Kdown=l. 6 , up K =variable, 
Sdol%.20, S =O.OO. The m!&h to the 
pi'8ssure pgfile is excellent. The 
match to the liquid saturation profile 
looks promising but not quite satisfac- 
tory: the synthetic profile seems too 
low in the liquid-dominated layer. 
Despite this, it is interesting to note 
that the position of the nearly verti- 
cal line matching the liquid saturation 
of the vapor-dominated layer is totally 
determined by the value assigned to 
S lower (higher) values 
p&eter shift the nearly 
line to the left (right). 
interpret the approximately constant 
observed liquid saturation of the steam 
cap as resulting mainly from the forma- 
tion's irreducible liquid saturation. 
The value indicated for Q i s  consistent 
with that inferred from stabilized 
temperatures in the caprock (Iglesias 
et al., 1988a, 1988b). The small value 
obtained for F is qualitatively consis- 
tent with the mild (as compared with 
other geothermal fields) surface manif- 
estations, which consist exclusively of 
fumaroles. 

present model is consistent with a 
large body of multidisciplinary eviden- 
ce, including pressure, temperature and 

' I  I 
k I I 

c 
2 2000 
si 
a 
E 

0 
0 1 

LlOUlD SATURATION 

Fig. 7. Fit to the observed distribu- 
tion of lf~;t33. saturation, taking 
Kdown'l.6 Wm 
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Fig. 9. Conductive and convective com- 
ponents of t h e  heat f lux.  

d r i l l i n g  logs (used t o  def ine the  ob- 
served pressure and l i q u i d  sa tu ra t ion  
p r o f i l e s ) ,  s t a b i l i z e d  temperatures, 
discharge enthalpies ,  chemical composi- 
t i o n  of t o t a l  discharges ( v i a  t h e  in- 
ferred l i q u i d  sa tu ra t ions ) ,  ca t ion  
geothermometers, hydrothermal altera- 
t i o n  a s  deduced from d r i l l  cu t t i ngs  and 
cores [e.g., co r re l a t ions  of t o t a l  
hydrothermal a l t e r a t i o n  with thermal 
conductivity and with elevation; con- 
s is tency of t h e  3-D d i s t r i b u t i o n  of 
calcite deposit ion with t h e  inferred 2- 
phase l aye r s  ( I g l e s i a s  et  a l . ,  1986a)],  
and measurements of formation densi ty  
and thermal conductivity i n  d r i l l  cores 
( t h i s  paper).  Furthermore, t h e  permeab- 
i l i t y  values predicted by t h i s  model 
are consis tent  with t h e  laboratory 
measured matrix permeability of d r i l l  
coresl8 w8ich ranges frog l e  s than 
2x10 m t o  about 400x10 18 mE ( Ig l e -  
sias et  a l . ,  1986b). This ample m u l t i -  
d i s c ip l ina ry  consistency lends s t rong 
support t o  t h e  model. 

SUMMARY AND CONCLUSIONS 

This paper contr ibutes  previously un- 
published v e r t i c a l  d i s t r i b u t i o n s  of 
thermal conductivity,  formation bulk 
densi ty ,  and observed l i qu id  satura-  
t i o n ,  fo r  the cen t r a l ,  upwelling zone 
of t h e  Los Azufres geothermal system. 
These contr ibut ions were used t o  r e f i n e  
a previous model of t h e  system. 

The present model is strongly supported 
by ample mult idiscipl inary evidence. 

The observed v e r t i c a l  d i s t r ibu t ions  of 
formation propert ies ,  pressure and 
l i q u i d  sa tu ra t ion ,  and the  model resul- 
ts, consis tent ly  indicate  the  existence 
of a sharp change i n  formation proper- 
ties a t  the boundary between the li- 
quid-dominated l aye r  and the  vapor- 
dominated cap. Our model predicts  ver- 
t i ca l  _pgrmsability values of about 
0 . 1 ~ 1 0  m f o r  t h e  liqygd-gominated 
l a y e r  and of about 80x10 m f o r  t h e  
steam cap. The low permeability of t h e  
liquid-dominated l aye r  and t h e  exis- 
tence of the inferred permeability 
con t r a s t  appear as the  main reasons f o r  
t h e  vapliq characteristic displayed by 
t h i s  geothermal system. 

The model a l s o  indicates  that the ob- 
served l i q u i d  sa tu ra t ion  in the  steam 

'reflects the  formation's 
cap* i r reduc ble i i qu id  saturat ion S . The 
model furthermore indicates  %type 
r e l a t i v e  permeability functions and 
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ABSTRACT a t i o n  o f  t h e  w e l l s  samp led  i n  t h i s  
s t u d y  and t h e  t e m p e r a t u r e s  a t  a d e p t h  

T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  o f  1 8 3 0  m a r e  shown i n  F i g u r e  1. 
c h e m i c a l  a n d  i s o t o p i c  a n a l y s e s  o f  E a s e d  on t h e  t h e r m a l  d a t a ,  James e t  
g e o t h e r m a l  f l u i d s  and m i c r o t h e r m o m e t -  a t .  (1987)  c o n c l u d e d  t h a t  an u p w e l l -  
r i c  m e a s u r e m e n t s  on f l u i d  i n c l u s i o n s  i n g  c e n t e r  i s  l o c a t e d  n e a r  GTW 6, 
f r o m  t h e  Heber  g e o t h e r m a l  system. The w h i c h  h a s  a b o t t o m  h o l e  t e m p e r a t u r e  
c h e m i c a l  a n a l y s e s  i n d i c a t e  t h a t  t h e  199OC. They a l s o  c o n c l u d e d  t h a t  
r e s e r v o i r  f l u i d s  have s a l i n i t i e s  n e a r  i d  f l o w  i s  t o  t h e  n o r t h ,  t o w a r d s  
1 5 0 0 0  ppm t o t a l  d i s s o l v e d  s o l i d s  and t h e  p r o d u c i n g  w e l l s .  
l o w  g a s  c o n t e n t s .  S m a l l  b u t  c o n s i s -  
t e n t  d i f f e r e n c e s  i n  t h e  c o n c e n t r a t i o n s  
o f  t o t a l  C02, 8, L i ,  0-18, and d e u t -  
e r i u m  a r e  f o u n d  b e t w e e n  t h e  f l u i d s  
t h a t  f e e d  t h e  two  power  p l a n t s .  These 
d i f f e r e n c e s  may b e  d u e  t o  d i v e r g e n t  
p a t h s  o f  t h e  t h e r m a l  f l u i d s  as t h e y  
f l o w  f r o m  t h e  sou th .  

F 1  u i  d i n c l  u s  i o n  h o m o g e n i z a t i o n  
t e m p e r a t u r e s  a r e  s i m i l a r  t o  t h e  
p r e s e n t  t e m p e r a t u r e s  i n  a g r a d i e n t  
w e l l  n e a r  t h e  zone o f  u p f l o w  b u t  a r e  
g e n e r a l l y  l o w e r  i n  t h e  o t h e r  t w o  w e l l s  
s t u d i e d .  S a l i n i t i e s  d e t e r m i n e d  f r o m  
t h e  f r e e z i n g  measurements s u g g e s t  t h a t  
t h e  f l u i d s  c o n t a i n e d  w i t h i n  t h e  i n -  
c l u s i o n s  a r e  m i x t u r e s  o f  t h e  p r o d u c -  
t i o n  f l u i d s  a n d  o t h e r  l o w e r - s a l i n i t y  
w a t e r s .  

I N T R O D U C T I O N  

r e s e r v o i r  
f i e l  d h a v e  
and Wasser- 

d s t o n e s  f r o m  5 5 0  t o  1700 m, and 

FLUID CHEMISTRY 

i n s t a l l e d  c a p a c i t y  o f  119 MW f r o m  a 5 2  F l u i d s  f r o m  t h e  e a s t e r n  w e l l s  
MW d u a l  f l a s h  p l a n t  ( e a s t e r n  p r o d u c -  were  sampled d u r i n g  August  and Decem- 
t i o n  i s l a n d )  and a 67 MW b i n a r y  p l a n t  b e r ,  1987. The f l u i d s  were sampled 
( w e s t e r n  p r o d u c t i o n  i s l a n d ) .  The l o c -  p r i m a r i l y  f r o m  sample  p o r t s  on t o p  o f  
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t h e  f l o w - l i n e s  w i t h i n  t e n  f e e t  o f  t h e  
w e l l h e a d .  A l t h o u g h  f l o w  i n  t h e s e  
w e l l s  i s  t w o - p h a s e ,  t h e  phases  were  
f o u n d  t o  be s t r a t i f i e d  a t  t h e  p o s i t i o n  
o f  t h e  p o r t s .  S t r a t i f i c a t i o n  was 
c o n f i r m e d  by t h e  c h l o r i d e  c o n t e n t  and 
pH o f  f l u i d s  t a k e n  d u r i n g  v e r t i c a l  
t r a v e r s e s  t h r o u g h  t h e  p i p e  w i t h  a sam- 
p l i n g  probe.  The l i q u i d  samples  were 
t a k e n  w i t h  t h e  v e r t i c a l  p r o b e  n e a r  t h e  
b o t t o m  o f  h o r i z o n t a l  f l o w l i n e s ,  where 
t h e  c h l o r i d e  c o n t e n t s  a n d  pH w e r e  
h i g h e s t .  The g a s  s a m p l e s  were  t a k e n  
d i r e c t l y  f r o m  t h e  t o p  p o r t  u s i n g  a 
m i n i  - c y c l o n e  s e p a r a t o r .  C h e m i c a l  
a n a l y s e s  o f  t h e  s t e a m  c o n d e n s a t e s  
c o n s i s t e n t l y  showed  l e s s  t h a n  a few 
p p m  o f  C 1 ,  i n d i c a t i n g  t h a t  g o o d  
s e p a r a t i o n s  o f  b r i n e  and  s team were  
ach ieved .  

F l u i d s  f r o m  t h e  w e s t e r n  p r o d u c t i o n  
i s l a n d  were sampled d u r i n g  e i g h t - h o u r  
f l o w  t e s t s  i n  December, 1987. Samples 
w e r e  t a k e n  e v e r y  t w o  h o u r s  f r o m  t h e  
w e i r b o x  a n d  a l s o  a t  t h e  end o f  each 
t e s t  p e r i o d  u s i n g  a m i n i - c y c l o n e  
s e p a r a t o r .  

The c h e m i c a l  c o m p o s i t i o n s  of  t h e  
f l u i d s  p r i o r  t o  b o i l i n g  were  r e c o n -  
s t r u c t e d  f r o m  t h e  g a s  a n d  l i q u i d  
a n a l y s e s  u s i n g  s team f r a c t i o n  v a l u e s  
d e r i v e d  f r o m  measured downho le  temp- 
e r a t u r e s  ( e a s t e r n  w e l l s )  o r  w e l l h e a d  
t e m p e r a t u r e s  ( w e s t e r n  w e l l s ) .  The  
recombined a n a l y s e s  a r e  shown i n  T a b l e  
1. E x a m i n a t i o n  o f  T a b l e  1 shows t h a t  
w h i l e  t h e  c o n c e n t r a t i o n s  o f  Na, K, and 
C1 i n  a l l  o f  t h e  f l u i d s  sampled a r e  
v e r y  s i m i l a r ,  c o n c e n t r a t i o n s  of  S O 4 ,  
t h e  m i n o r  e l e m e n t s ,  t o t a l  C02, 0-18, 
a n d  d e u t e r i u m  d i s p l a y  s m a l l  b u t  
c o n s i s t e n t  d i f f e r e n c e s  be tween t h e  two  
p r o d u c t i o n  i s l a n d s .  

The d i f f e r e n c e s  i n  t h e  c o n c e n t r a -  
t i o n s  o f  t h e  m i n o r  e l e m e n t s  be tween 
t h e  t w o  p r o d u c t i o n  i s l a n d s ,  p a r t -  
i c u l a r l y  w i t h  r e s p e c t  t o  B, L i s  and 
t h e  s t a b l e  i s o t o p e s ,  i n d i c a t e  t h a t  t h e  
w e s t e r n  f l u i d  has m ixed  w i t h  a s m a l l  
amount o f  l o w e r - t e m p e r a t u r e  f l u i d  ( s e e  
T a b l e  1 and F i g .  2 ) .  I n  g e n e r a l ,  l o w  
t e m p e r a t u r e  f l u i d s  e x h i b i t  l o w e r  B and 
L i s  and l o w e r  i s o t o p e  v a l u e s .  

F i g u r e s  3 a  a n d  3 b  s h o w  t h e  
v a r i a t i o n  o f  SO4 a n d  t o t a l  C02 w i t h  
r e s p e c t  t o  Ca. B e c a u s e  c a l c i t e  
s c a l i n g  r e s u l t s  i n  a l o s s  o f  one mo le  
o f  t o t a l  C02 p e r  mo le  o f  Cas t o t a l  C02 
i s  p l o t t e d  t o  p r e s e r v e  t h e  
r e l a t i o n s h i p  be tween t h e s e  components.  
It can be seen t h a t  Ca v a r i e s  d i r e c t l y  
w i t h  SO4, b u t  i n v e r s e l y  w i t h  t o t a l  
C02. F o r  a f l u i d  i n  e q u i l i b r i u m  w i t h  
a n h y d r i t e  and  c a l c i t e ,  Ca, S O 4 ,  and 
t o t a l  C02 w i l l  i n c r e a s e  as t h e  temper -  
a t u r e  o f  t h e  f l u i d  d e c r e a s e s .  The 

p o s i t i v e  c o r r e l a t i o n  o f  Ca w i t h  SO4 
a n d  t h e  h i g h e r  c o n c e n t r a t i o n s  o f  
t h e s e  e l e m e n t s  i n  t h e  w e s t e r n  f l u i d s  
s u g g e s t  t h a t  t h e  w e s t e r n  f l u i d s  have 
e q u i  1 i b r a t e d  w i t h  a n h y d r i t e  a t  a 
s l i g h t l y  l o w e r  t e m p e r a t u r e  t h a n  t h e  
e a s t e r n  f l u i d s .  

F i g u r e  2. I s o t o p i c  c o m p o s i t i o n s  o f  
t h e  H e b e r  g e o t h e r m a l  f l u i d s .  The 
c o m p o s i t i o n s  a r e  c o r r e c t e d  f o r  s team 
l o s s .  The m e t e o r i c  w a t e r  l i n e  i s  t o  
t h e  l e f t  o f  t h e  Heber  c o m p o s i t i o n s .  
W e l l s  f e e d i n g  t h e  e a s t e r n  p r o d u c t i o n  
i s l a n d  a r e  shown w i t h  s t a r s  and t h o s e  
f e e d i n g  t h e  w e s t e r n  p r o d u c t i o n  i s l a n d  
a r e  shown w i t h  squares .  

The i n v e r s e  c o r r e l a t i o n  be tween 
C a  a n d  t o t a l  C02 i m p l i e s  a mass -  
a c t i o n  r e l a t i o n s h i p ,  w h e r e  a n  
i n c r e a s e  i n  t o t a l  C02 r e s u l t s  i n  a 
d e c r e a s e  i n  Ca. As shown i n  F i g u r e  
3b, t h i s  r e l a t i o n s h i p  i s  w e l l  d e f i n e d  
f o r  t h e  e a s t e r n  f l u i d s .  The i n v e r s e  
c o r  r e 1  a t  i o n  b e t w e e n  t h e s e  s p e c i e s  
t h u s  i m p l i e s  t h a t  t h e  e l e v a t e d  l e v e l s  
o f  C02 f o u n d  i n  t h e  e a s t e r n  f l u i d s  
r e s u l t e d  f r o m  e i t h e r  t h e  a d d i t i o n  o f  
C02 o r  m i x i n g  w i t h  a C O 2 - e n r i c h e d  
f l u i d .  

T h e  d i f f e r e n c e s  i n  c h e m i s t r y  
b e t w e e n  t h e  e a s t e r n  a n d  w e s t e r n  
f l u i d s  c a n n o t  b e  a t t r i b u t e d  t o  t h e  
d e p t h  o f  p r o d u c t i o n  because t h e  w e l l s  
a l l  d r a w  f r o m  s i m i l a r  dep ths .  How- 
e v e r ,  t h e  w e l l s  do p r o d u c e  f r o m  d i f -  
f e r e n t  p o r t i o n s  o f  t h e  f i e l d .  F i g u r e  
1 shows t h a t  t h e  t h e r m a l  c o n t o u r s  a t  
1829 m a r e  e l o n g a t e d  a l o n g  t h e  f a u l t  
t h a t  i n t e r s e c t s  t h e  e a s t e r n  w e l l s .  
T h u s  t h e  t h e r m a l  f l u i d  t r a v e l i n g  
n o r t h w a r d  f r o m  t h e  v i c i n i t y  o f  GTW 6 
may  d i v e r g e  p h y s i c a l  l y  and c h e m i c a l l y  
p r i o r  t o  r e a c h i n g  t h e  w e s t e r n  and 
e a s t e r n  w e l l s .  

- a2 - 



I 

T A B L E  1. P r e f l a s h  c h e m i c a l  c o m p o s i t i o n s  o f  f l u i d s  f r o m  t h e  H e b e r  g e o t h e r m a l  
f i e l d .  C h e m i c a l  c o n c e n t r a t i o n s  a r e  i n  p a r t s  p e r  m i l l i o n ,  i s o t o p i c  c o n c e n t r a t i o n s  
a r e  i n  p e r  m i  1 ,  a n d  g e o t h e r m o m e t e r  t e m p e r a t u r e s  ( F o u r n i e r  and T r u e s d e l l , l 9 7 3 ;  
F o u r n i e r ,  1981) a r e  i n  d e g r e e s  C .  NA = not a n a l y z e d  and A C  = a i r  c o n t a m i n a t i o n .  
Gas  a n a l y s e s  w e r e  p e r f o r m e d  by Thermochem, I n c . ,  c h e m i c a l  a n a l y s e s  by UURI, and 
i s o t o p i c  a n a l y s e s  by SMU. A l k .  = t o t a l  a l k a l i n i t y  as  HC03. 

WELL OAT& Na K Ca UP 5102 B LF St Ba - 
5 Qec-87 4019 333 750 1.76 237 4.12 6.64 40.6 4.39 

9 Dee-87 4060 332 717 2.05 243 4.17 6.75 41.1 4.64 

11 Dcc-87 4242 354 655 2.81 221 4.25 6.92 45.4 4.22 
12 Dec-87 4261 349 736 2.42 232 4.35 7.17 42.7 4.42 

14 Dec-87 4091 327 687 2.72 210 4.30 6.91 4 2 . 6  4.20 
16 Dec-87 4 1 4 7  311 617 3.42 207 4.82 7.90 46.0 4.73 

101 Dec-87 3967 366 836 2.72 2 0 7  3.75 6.04  36.9 4.16 
102 Dec-87 3925 347 816 4.83 208 3.64 5.67 35.7  3.83 
103 bcc-87 3766 303 843 1.17 220 3.41 5 .30  37.7  3.55 
100 Dec-87 3840 338 810 1,79 206 3.60 5.53  35 .5  3.78 
105 Dee-87 3683 333 830 1.88 212 3.47 5.38 34.0 3.77 
106 Dec-87 3907 359 794 1.60 212 3.67 5.84 35.3 3.95 
107 Dcc-87 3746 281 985 1.54 233 3.15 4.31 35.1 3 .55  
108 Dec-87 3908 329 839 1.19 249 3.59 5.47 36.6 4.30 

6 Dee-87 4034 340 747 2.12 224 4.12 6.62 (40.3 4.19 

10 Aug-87 4012 342 686 1.96 230 4.02 6.57  39.8 4.05 

13 Aug-87 0140 324 565 2.31 275 4.83 7.89 45.2 6-96 

110 Aug-87 3792 318 709 2.28 248 3.56 5.21 32.3 4.04 

Qtz Na-K-Ca Ltq. Steam 
MLL umi ALK. Cl F SO4 TDS Ceoth. Ceoth. Fract .  Fract. 

5 5.66 30.6 7758 2.04 65.9 13243 192 195 0.93 0.07 
6 5.67 31.6 7738 2.79 63.2 13226 188 196 0.93 0.07 

10 5.53  30.4 7746 2.30 73.7 13136 179 198 0.92 0.08 
I1 6.10 30.1 7835 1-82 62.9 13410 187 198 0.91 0.09 
12 5.70 30.6 7866 2.02 64.4 1359) 190 196 0.92 0.08 

14 5.89 31.3 7801 2.03 59.3 13260 183 194 0.92 0.08 

IO1 3 .51  28.2 8105 2.22 77.8 13632 182 200 0.86 0.10 
102 4.78 31.6 7667 2.16 74.0 13111 183 198 0.90 0.10 

9 5.67 30.2 7815 2.01 64.0 13312 194 195 0.91 0.09 

13 6.9% 30.0 7625 3.49 59.7 13299 203 193 0.92 0.08 

16 7.15 33.9 7758 2.20 5 5 . 0  13195 182 193 0.92 0.08  

198 0.99 0.11 
200 0.91 0.09 
186 0.86 0.09 
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F i g u r e  3 .  V a r i a t i o n  O f S O ,  and t o t a l  C O P  (HCO3 + CO2 i n  T a b l e  1 )  w i t h  Ca i n  r h e  
Heber geo the rma l  f l u i d s .  N o t e  t h a t  t h e  e a s t e r n  p r o d u c t i o n  w e l l s  p r e c i p i t a t e  
c a l c i t e  i n  t h e  w e l l b o r e .  F o r  an e x p l a n a t i o n  o f  symbols  see f i g u r e  2. 

FLUID INCLUSION RESULTS 

C a l c i t e  v e i n s  w e r e  s a m p l e d  f o r  
f l u i d  i n c l u s i o n s  f r o m  w e l l s  GTW 3, GTW 
5 ,  and GTW 6 ( F i g .  1 ) .  Ve ins  r a n g i n g  
up  t o  2 mm i n  t h i c k n e s s  a r e  common 
w i t h i n  t h e  s h a l e s  be low d e p t h s  o f  760 
m i n  t h e s e  w e l l s .  

A l l  t h e  f l u i d  i n c l u s i o n s  examined 
i n  t h i s  s t u d y  w e r e  l i q u i d - r i c h  and 
c o n t a i n e d  a s m a l l  v a p o r  b u b b l e  t h a t  
o c c u p i e d  a b o u t  1 5 %  o f  t h e  i n c l u s i o n  
v o l u m e  a t  room t e m p e r a t u r e .  Most  o f  
t h e  i n c l u s i o n s  s t u d i e d  a r e  secondary  
o r  p s u e d o s e c o n d a r y ,  o c c u r r i n g  a l o n g  
s h o r t ,  h e a l e d  f r a c t u r e s  w i t h i n  t h e  
i n t e r i o r s  o f  t h e  c r y s t a l s .  

F l u i d  i n c l u s i o n  h e a t i n g  a n d  
f r e e z i n g  measurements were  made u s i n g  
a F l u i d  I n c .  h e a t i n g / f r e e z i n g  system. 
A-ll m e a s u r e m e n t s  w e r e  made i n  d u p l -  
i c a t e .  R e p l i c a t e  m e a s u r e m e n t s  were 
w i t h i n  0.2OC. Most o f  t h e  i n c l u s i o n s  
had maximum d i m e n s i o n s  i n  t h e  range  o f  
2 t o  15 m i c r o n s .  No e v i d e n c e  o f  a gas 
phase o t h e r  t h a n  w a t e r  o r  o f  d a u g h t e r  
m i n e r a l s  w e r e  f o u n d  i n  any  o f  t h e  
i n c l u s i o n s .  

The h o m o g e n i z a t i o n  t e m p e r a t u r e s  o f  
t h e  f l u i d  i n c l u s i o n s  f r o m  t h e  t h r e e  
w e l l s  a r e  p l o t t e d  a g a i n s t  d e p t h  i n  
F i g u r e s  4a t h r o u g h  4c. F o r  compar i son ,  
t h e  measured downho le  t e m p e r a t u r e s  a r e  
a l s o  shown. F i g u r e s  4b and 4c show 
t h a t  t h e  h o m o g e n i z a t i o n  t e m p e r a t u r e s  
of  i n c l u s i o n s  i n  w e l l s  GTW 5 and 6 a r e  
s i m i l a r  and range  f r o m  130° t o  202OC. 
H i g h e r  t e m p e r a t u r e s ,  r e a c h i n g  244OC 
a r e  r e c o r d e d  i n  f l u i d  i n c l u s i o n s  f r o m  
GTW 3 .  

I n  many o f  t h e  c a l c i t e  c r y s t a l s  
e x a m i n e d ,  t w o  b r  t h r e e  d i s t i n c t  

g e n e r a t i o n s  o f  i n c l u s i o n s  c a n  be 
d i s t i n g u i s h e d  on t h e  b a s i s  o f  t h e i r  
homo g e n  i t a t  i on  t e m p e r a t u r e s .  F o r  
e x a m p l e ,  a t  1 8 2 0  m i n  GTW 5, t h r e e  
d i s t i n c t  g e n e r a t i o n s  a r e  p r e s e n t .  
These  a r e  d e f i n e d  by  h o m o g e n i z a t i o n  
t e m p e r a t u r e s  r a n g i n g  f r o m  1 3 5 0 -  
1 4 0 O C ,  1 6 0 0 - 1 6 5 O C  a n d  180OC.  
H o w e v e r ,  n o  c r o s s - c u t t i n g  r e l a t -  
i o n s h i p s  were  obse rved  w h i c h  c o u l d  be 
u s e d  t o  e s t a b l i s h  t h e  r e l a t i v e  ages 
o f  t h e  d i f f e r e n t  s e t s  o f  i n c l u s i o n s .  
B r o w n e  ( 1 9 7 7 )  a l s o  r e c o g n i z e d  t w o  
d i s t i n c t  t h e r m a l  e p i s o d e s  i n  h i s  
s t u d y  o f  H o l t z  1 ( r e f e r  t o  F ig .  1 f o r  
1 o c a t  i on) .  

I c e - m e 1  t i n g  t e m p e r a t u r e s  range  
f r o m  -0.3O t o  -0.7OC i n  GTW 3, O.Oo 
t o  -0.8OC i n  GTW 5, and O . O o  t o -  
0.6OC i n  GTW 6. F o r  r e f e r e n c e  a 
f r e e z i n g  p o i n t  d e p r e s s i o n  o f  0.8OC 
c o r r e s p o n d s  t o  a s a l i n i t y  o f  1.4 
e q u i v a l e n t  w e i g h t  p e r c e n t  N a C l  
( P o t t e r  e t .  a l . ,  1 9 7 8 ) .  No s y s -  
t e m a t i c  d i f f e r e n c e s  i n  i c e - m e l t i n g  
t e m p e r a t u r e s  were  a p p a r e n t  w i t h  r e s p -  
e c t  t o  d e p t h  o r  h o m o g e n i z a t i o n  
t e m p e r a t u r e .  

E v i d e n c e  f o r  t h e  f o r m a t i o n  o f  
C O P  c l a t h r a t e  d u r i n g  f r e e z i n g  was 
o b s e r v e d  i n  i n c l u s i o n s  f r o m  a d e p t h  
o f  1072 m i n  GTW 3 .  These i n c l u s i o n s  
d i s p l a y e d  m e l t i n g  t e m p e r a t u r e s  o f  
+0.6OC, and i n i t i a l  f r e e z i n g  tempera-  
t u r e s  n e a r  -3OOC. No o t h e r  examples 
o f  C 0 2 - e n r i c h e d  f l u i d s  were observed.  

DISCUSSION 

The r e s u l t s  o f  o u r  chemica l  and 
f l u i d  i n c l u s i o n  s t u d i e s  can be com- 
b i n e d  w i t h  t h e  g e o l o g i c  s t u d i e s  o f  
James e t  a l .  (1987)  and t h e  m o d e l i n g  
s t u d y  o f  L ippmann and Bovardsson 
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F i g u r e  4. F l u i d  i n c l u s i o n  h o m o g e n i z a t i o n  t e m p e r a t u r e s  and measured t e m p e r a t u r e s  
i n  t h e r m a l  g r a d i e n t  w e l l s  GTW 3 ,  5 ,  and 6. The f l u i d  i n c l u s i o n  t e m p e r a t u r e s  a r e  
shown by  s q u a r e s  and t h e  measured t e m p e r a t u r e s  by s o l i d  l i n e s .  

( 1 9 8 5 )  t o  r e f i n e  t h e  e x i s t l n g  h y d r o -  i n g  f l u l d s  w e r e  d i l u t e d  by  l o w e r -  
g e o c h e m i c a l  mode l  o f  t h e  g e o t h e r m a l  s a l i n i t y  w a t e r s .  T h e  m a x i m u m  
system. The p r i m a r y  f e a t u r e s  o f  t h e s e  s a l i n i t i e s  o f  t h e  f l u i d  i n c l u s i o n s  
p r e v i o u s  s t u d i e s  a r e  t h e  p r e s e n c e  o f  a r e  s i m i l a r  t o  t h e  15000 ppm TOS 
an u p f l o w  zone l o c a t e d  t o  t h e  s o u t h  o f  c o n t e n t s  o f  p r o d u c e d  f l u i d s .  
GTW 6 ,  a n o r t h w a r d - t r e n d i n g  t h e r m a l  However ,  t h e  i d  i n c l u s i o n s  a l s o  
p lume t h a t  f e e d s  t h e  p r o d u c t i o n  w e l l s ,  r e c o r d  s a l  i n i  t h a t  range  downward 
and some r e c h a r g e  t h r o u g h  t h e  c a p p i n g  t o  l e s s  t h a n  1700 ppm, i n d i c a t i n g  
c l a y s .  t h a t  s i g n i f i c a n t  m i  x i  ng has  o c c u r r e d .  

t h e  s o u r c e  o f  t h e  t h e r m a l  
GTW 5, and t h a t  p e r m e a b i l i t  
5 have been reduced  s i n c e  t h  
o n s  formed. 

The s a l i n i t i e s  o f  t h e  f l u i d  i n -  
c l u s i o n s  d e m o n s t r a t e  t h a t  t h e  u p w e l l -  
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CONCLUSIONS 

T h e  f l u i d s  p r o d u c e d  a t  t h e  t w o  
p r o d u c t i o n  i s l a n d s  a r e  s l i g h t l y  
d i f f e r e n t  i n  c h e m i s t r y .  The c h e m i c a l  
c o m p o s i t i o n s  i n d i c a t e  t h a t  t h e  f l u i d s  
w h i c h  f e e d  t h e  w e s t e r n  b i n a r y  p l a n t  
may have m ixed  w i t h  a n o t h e r  f l u i d  and 
c o o l e d  s l i g h t l y  w i t h  r e s p e c t  t o  t h o s e  
t h a t  f e e d  t h e  e a s t e r n  d u a l  f l a s h  
p l a n t .  

O u r  f l u i d  i n c l u s i o n  s t u d i e s  a r e  
c o n s i s t e n t  w i t h  t h e  g e o l o g i c  model of  
James e t  a t .  ( 1 9 8 7 ) ,  w h i c h  i n d i c a t e s  
t h a t  t h e  u p w e l l i n g  c e n t e r  i s  l o c a t e d  
i n  t h e  s o u t h e r n  p a r t  o f  t h e  f i e l d .  A 
c o m p a r i s o n  o f  t h e  measured and f l u i d  
i n c l u s i o n  t e m p e r a t u r e s  s u g g e s t s  t h a t  
t h e  r o c k s  i n  GTW 5 a r e  c o o l i n g .  I n  
c o n t r a s t ,  t h e  measured t e m p e r a t u r e s  i n  
GTW 6 a r e  n e a r  t h e  h i g h e s t  t empera -  
t u r e s  r e c o r d e d  b y  t h e  f l u i d  i n c l u -  
s i o n s .  

C h e m i c a l  a n a l y s e s  o f  t h e  e a s t e r n  
p r o d u c t i o n  f l u i d s  i n d i c a t e  t h a t  t h e y  
a r e  e n r i c h e d  i n  C02 r e l a t i v e  t o  t h e  
w e s t e r n  f l u i d s .  C 0 2 - e n r i c h e d  f l u i d s  
a r e  a l s o  p r e s e r v e d  - i n  f l u i d  i n c l u s i o n s  
i n  GTW 3, b u t  were  n o t  o b s e r v e d  i n  GTW 
5 o r  6. These r e l a t i o n s h i p s  s u g g e s t  
t h a t  t h e  excess  C O 2  i s  l o c a l l y  d e r i v -  
ed. 
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intersected few aquifers, all of them small, the biggest 
at 600 m and 700 m depth This well has never been put 
~tOPrOdUCti0~ 

ABSTRACT 
The Hvith6lar geothermal field is a part of the IGafla 
geothermal area in north-eastern Iceland It has been - 
exploited since 1984 for electrical production. Three 
wells have been drilled in the field to depths of 1200 - 
1968 m. The two producers (KJ-21 and KJ-22) have a 
total flow capacity of 60 kg/s, sufficient for generation 
of 14 MW,. The reservoir pressure in the field has 
declined by about 15 bar since 1982. 

A two-dimensional model of the natural state of the 
reservoir has been developed The model is a vertical 
cross section. The physical processes considered 
include mass transport, conductive and convective heat 
transfer, boiling, and condensation. The model 
adequately matches all relevant data from the field 
The natural flow of hot fluids through the reservoir is 
estimated to be somewhat less than 10 kg/s. ?be 
natural state model was calibrated against the 
production history of the field, and three Merent 
future production schemes were evaluated At current 
production rates, the field is expected to last no more 
than another decade. 

INTRODUCTION 

on et al, on and 
09,1984). a depth 

m; its main aquifers are at depths of around 975 
and at 630 m. This well yielded a totat of about 40 

with W o  coming from the upper aquifer and 40% 
the lower. Well KJ-22 was directionaily drilled to 

1877 m, corresponding to 1740 m in vertical depth. Tbe 
bottom of the well is 540 m to the west of the wellhead 

intersects several aquifers, the 
m, 960 m, and 127Om depth, and 

yields a total discharge of 20 kg/s, 40% of which coma 
from the upper aquifers and 6090 from the lowest. Well 
KJ-23, which was drilled to a depth of 1968 m, 

of well KJ-23 (1968 m) was 235°C. A fault separates 
KJ-23 from the upper part of KI-P and from all of 
KI-21, andacts as abarrierbetyeenthewek Since 
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KJ-22 is directionally drilled, it crosses this barrier at 
around 900 m depth (figure 2). A pressure drop of 65 
bar across the fault was recorded. 

, 

KRAFU - H V ~ T H ~ L A R  

?he computer program SHAFT19 (Pruess and 
Schroeder, 1980) was used for the simulation In this 
program, flow through a porous medium is assumed 
Several simulation studies have been performed on 
Icelandic high-enthalpy geothermal fields using this 
assumption, with good results (Biibvarsson, 1987, 
BBdvarsson et at, 1984 and 1986), even though the flow 
in Krafla and other high-enthalpy areas in Iceland is 
primarily through fractures and the storage is mostly in 
the rock matrix. The program furthermore assumes the 
reservoir fluid to be pure water, and the effects of gases 
and dissolved minerals are neglected This should be a 
reasonable approximation because the gas and mineral 
content of the HvIthdaar reservoir fluid is low. 

A two-dimensional model for the natural state of the 
Hvlth6lar system is presented below. Field data from 
all three wells was used to develop the modeL 

CONCEHUL MODEL 
AU the available information on the field was used to 
construct the conceptual modeL The undisturbed 
formation temperature is shown in figure 3. The 
temperature is similar at all the wells, though slightly 
higher at well KJ-21 in the depth range 600 - 1200 m. 
The highest temperature is about 250°C at wells KJ-22 
and KJ-23, and 270°C at well KI-21. The temperature at 
wells KJ-22 and €3-23 falls to 190°C at 1400 m, where it 
increases again. 

The estimated undisturbed inital pressure is shown in 
figure 4. The initial pressure is estimated to be 65 bar 
higher at well W-21 than at well KJ-23. lhir pressure 
Merence is probably due to a barrier (fault/dyk) 
between these wells. 
The temperature inversion and pressure distriition 
suggest that hot water is flowing towards the west on 
top of colder water. Well KI-21 arid the upptr aquifers 
in well KJ-22 tap fluid from a reservoir east of well KJ- 
21. The lower aquifers in well KT-22 (below lo00 m) 
and the aquifers in well KI-23 are fed by a colder 
reservoir, which is probably connected to a north-south 
fissure swarm. "his fissure swarm could be connected 
to the Krafla-Leirbotnar p o t h e d  resuyoir 
(BiiBvarsson et at, 1984). 
Drin cuttings from the three wells suggest a horizontal 
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layering of basalts, hyalcclastites, and vertical or heat flux of 
inclined intrusions. At the top there is about a 200 m 
thick layer, consisting primarily of fresh basaltic lavas, 
which are higbly permeable and porous. Below it, 
extending to about 500 m depth, comes altered 
hyaloclastite with low porosity and permeability. This 
layer acts as a cap on the geothermal system. The next 
500 m are primarily composed of more porous and 
permeable basalt breccias. Most of the aquifers are 
located in this layer. Below about loo0 m depth 
intrusions become more numerous and the permeability 
of the basaft decreases. Few aquifers are found below 
loo0 rn depth. 

THE COMPUTER MODEL 
The wells are clustered together and therefore provide 
limited information on the lateral distriiution of 
pressure and other parameters. The vertical structure 
in the geology and temperature is h o w  but Over a 
short lateral distance. Because of the limited lateral 
spread of the data, a twdimensional model, Le. a 
vertical cross section, was chosen. The cross section 
cuts the well field from WNW to ESE (figure 1). ?his 
way the model is close to being perpendicular to one of 

the east. If the direction of the cross section had been Name Temperature Pressure 

* to the bottom unit was assruned 
This value is the same as that used for Krafla- 
Leirbotnar (BbBvarsson, et al, 1984), but is an order of 
magnitude too high for HVith6lar. This has little effect 
on the results of the shulation, except that it could 
accelerate the creation of two-phase condition. 

E l e m ~ ~ s :  valucsof 

. Horironralpmneabwmpenneabw 

T*le2 Boundary Iltxb. the main strike directions but parallel’to the flow from 

at a right angle to the one chosen, very limited lateral (“c) (bar4 
and vertical changes would have been observed in the voL 5.2 1.0 
pressure and temperature data, and the model would ~ 0 ~ 2  85.0 , 23.60 

inflow to the system and other parameters. VOL 4 121.2 55.90 
therefore have been less appropriate for correlating the VOL 3 105.0 41.50 

VOL 5 u7.9 70.70 
168.8 97.30 In figure 2 the wells are projected onto the cross voL6 

geological structure of the geothermal system, the cross 
section was divided into five different geological units, 
each with Werent reservoir parameters. These Units 
were further divided into smaller elements with 



were assumed in the system at the beginning of the 
simulation. An upflow zone, recharged by the boundary 
node VOL 8, is assumed east of well KT-21. 
The porosity and permeability in the different Units 
were then changed along with the recharge rate in the 
upflow zone until a match with the initial temperature 
and pressure was reached In the "best" model, near 
steady-state conditions were reached in about 900 years. 
At this point the changes in temperature and pressure 
everphere in the system were less than 05°C and 05 
bar, respectively, over 30 years. 
Figures 5 and 6 show the natural state temperature and 
pressure distriiutions in the cross section, and figures 7 
and 8 the calculated temperature and pressure profiles, 
for wells KT-21 and €3-23. 

c c ; y ! y q  

KRAfLA - HViTH6LAR 
M tamP8rdtun&dn&hon 

I 

F i p m  5. calculated tempenatam? diriribution h 

By adjusting the permeability in the barrier (MIS), a 
pressure difference of 65 bar across the barrier could 
be obtained, in agreement with well measurements. In 
order to match the lower temperatures below 800 m. 
the upflow was directed along the east edge of the cross 
section by assigning a higher vertical than horizontal 
permeability to these elements. l'his is reasonable in 
view of the fracture/fault nature of the system. 
In the "best" model the fluid turned out to be two-phase 
in the top layer of BRE from the barrier (MIS) to the 
east edge. In the upflow zone, two-pbase conditions 
occurred in the BRE elements but not in the BAS 
elements. In the actual system it is not known whether 
the fluid was two-phase at 600 m depth in well KJ-21 
prior to production, but is considered unlikely. The 
fluid at that depth was, however, expected to be at the 
boiline ternmature. It should be noted that the 
presence of twephase conditions in the model will 
&fluem the production predictions. 

Kmfla-H~ldrdLrr system 

PRODUCTION 
The production histories for wells KJ-21 and KT-p 
from October 19, 1982, when KJ-21 was put iata 
production, and until the end of 1987, are shown in 
figures 9 and 10, respectively. Wen €3-22 was not put 
into production until August 19, 1983, but the same 
time scale is used for both wells. The "best" model was 
calibrated against the production data Ihe end 
product of the natural state model was used as the 
initial condition for this caliimion. 
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F i p  9. Well KI-21. pmducdon MtoT. 

To simulate the production, several sink were added to 
the model, approximately where the aquifers are 
located in the wells. In this way the pressure drawdown 
in the reservoir was simulated. Figure 11 shows the 
calculated pressure at 750 m depth in well KJ-21 and 
the corresponding measured pressures at 700 m and 800 
m. In the simulation the production from each sink was 
varied until the "best" match was found The results 
indicate that just over 60% of the total output comes 
from the upper asuifer a! 600 m depth in well KJ-21 
and the rest from the lower one at 975 m depth. The 
elements ERE 5 and BRE 25 indicate these two 

comes from the upper, hotter aquifers (ERE 4) and 
6090 from the lowest (BAS 2). 

aquifers. In well a-22 about 40% of the total output 

70 1 I I 

1 I I 
0 2 4 8 - 

lime (years) 

Fi' 11. c2dak.d and m e a n c r e d ~ s m  in rwu Kr-21. 

The caliiration against the production data indicated 
that the required lateral thickness for this twe 
dimensional model to sustain the production was of the 
order of 500 m. Furthermore, the natural recharge to 
the hot reservoir was estimated to be about 10 kg/s of 
fluid at 300°C 
As can be seen from figure 11, the calculated pressure 
response matches the observed one rather well. The 
applicability of the two-dimensional natural state model 

tion studies of this system is, however, limited 
llowiug reasons. The model is just two- 

dimensional, and the grid blocks are large. The third 
dimension, north-south, is kept constant, which means 
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PREDICTION 
After obtaining the "best" model and dirating it 
against the production history, it was employed to 
predict pressure and temperature changes in the future. 
It should be kept in mind that this model is rather 
rudimentary, and therefore gives only a general idea 
about the system's response to further production. 
Three cases were examined. 

1. Same production scheme as is mently employed 
at Hvfth6lar. Well KT-21 produces 40 kg/s (60% 
from 600 m and 40% from 975 m) nine months a 
year. The well is shut in during the months of 
June, July and August. Well KJ-22 produces 20 
kg/s (40% from 600 m and 60% from 1100 m), 
and is shut in two weeks for every one it is in 
production. Well KJ-22 is also shut in during the 
months of June, July and August. 

2 Same as case 1 except the wells are not shut in 
during the summer months, ie. constant 
production during the whole year. 

3. The lower aquifer in well €3-22 is closed of€, and 
it is assumed that the upper aquifer produces 8 
kg/s for the whole year. Production from well 
KJ-21 is the same as in case 1. 

Figures l2 - 14 show these three cases. For cases 2 and 
3 the pressure drops so rapidly in the upper aquifer in 
well KJ-21 that production from the well stops after 
about a year, 275 days in case 2, and 473 days in case 3. 
Production from the system can be maintained much 
longer, however, under the present scheme (rest for 
three months a year). It appears that some kind of 
equilibrium is reached after about seven years, in late 
1994. The pressure at the upper aquifer is then rather 
low or about 20 bar. In these dculations, the total flow 
is kept constant, and the increasing steam fraction of 
the fluid mixture is ignored. 'Ibis could mean that less 
total flow is required for the same energy output from 
the well. Under real-life conditions the energy 
production can be constant, while the total fIuid 
production declines. This would mean that the pressure 
drop at the welIs is less than that calculated here, over 
the same period of time. 
Temperature changes are small in all cases, at the most 
around 16°C at the upper aquifer in weU KJ-21 for case 
1. Temperature equilibrium is reached when the wells 
have dried up and only steam is produced. 

I 
0 
?! 
a 4 0  

30 

CONCLUSIONS 
A simple two-dimensional model of the Krafla- 
Hvlth6lar geothermal system was developed, one which 
can simulate the pressure and temperature dismiution 
in its natural state. This model was calibrated against 
the production history of the system, and employed to 
make rough predictions for future production. 
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In the model, 60% of the fhid produced from well Iu- 
21 is from the upper aquifer (600 m) and about 40% 
from the lower (975 m). About 40% are produced from 
the upper aquifers in well KJ-22 and 6090 from the 
loWest. 

Natural recharge into the hot reservoir is estimated to 
be about 10 kg/s of 300°C fiuids. 
The system is rather small, probably somewhere 
between 0.3 and 0.5 Ian3, which could correspond to 500 
m in a north-south direction, a thickness of 500 - lo00 
m (at a depth of 500 lS00 m), and lo00 m in an east- 
west direction. 
Under the current production scheme the system is 
predicted to last ten additional years, at the most. 

FUTURE WORK 
It has been recommecded to the power plant operators 
(Landsvirkjun) that the model should be modified and 
the third dimension included. 'Ihe recommendations 
are: 

1. Modify the current two-dimensional model to 
obtain a better fit to the field data 

2 Add the third dimension, and thereby allow for 
directionally dependent inflow to the producing 
wells, as well as changes in their enthalpy and 
flow. 

3. Include well-by-well simulation or refine the grid 
to match better the characteristics of individual 
wells. 

4:' Make new predictions for the Krafla-Hvith6lar 

We would like to thank hdsvirhun (The National 

. OS-84008/JHD-02 B (in 
n, H., Gubmundsson, k, and S 

Icelandic). 

Bbbvarsson, G. S., Rues, IC.,Stefhsson V. and 
Elfasson, E. T., 1984 'Ihe Ktafla Geothermal 
Field, I c e M  2 The Natural State of the 
System. Water Resources Research, Vol 20, No 

IC., Ste&nson V, 
SteingrimsSon B., Bj6rnsson S., Guananson A& 
and Gunnlaugsson E., 1986: Natural State Model 
of the Nesjavellir Geothermal Field, Iceland. 
Proceedings, Eleventh Workshop on Geothermal 
Resmi r  Engineering Stanford University, 
Stanford Californh DD. 109-115. 

BcMvarsson, G. S.,1987: Ilkanrehingar f jrk 
jardhitakerfi Nesjavalla L 'Ihe Nesjavellir 
Geothermal Field, Iceland. Repared for The 
Reykjavik Municipal Heating senrice, Reykjavik 
Iceland 

Gudmundsson, k,Steingrlmsson, B., Fridleifsson, G. 
6, Tryggvason, H. and Sigurdsson, 6, 1982: 

fr4 293 m til 1200 m. OS82119/JHD-35 B, (in 

Steingrfmssos B. S, Siteinsson, 
D., Gudmundsson, G., FMleifsson, G. 6., 
Tryggvason H. and Sigurdsson, 6,1983: Krafla, 

567m til 1877m. OS-83071/JHD-22 B (in 
Icelandic). 

Rues, K.,Schroeder, R. C, 1980. !ZJAFI79 User's 
Manual. LBL10861 Lawrence Berkeley 
Laboratory, Berkeley, W o m i a ,  U S A  

SteingrimsSon, B. S.,Armammn H. and 

Icrafla, hola Iu-21. Born vinnsluhluta hOlUnnar, 

hola €322 Born vinnsluhluta horn, fid 





PROCEEDINGS, Fourteenth Workshop on Geothermal Reservoir Engineering 
Stanford University, Stanford, California, January 24-26, 1989 
SCP.TR.122 

EVALUATION OF RESERVOIR MODEL PREDICTIONS 
FOR THE OLKARIA EAST GEOTHERMAL FIELD, KENYA 

G. S. Bodvanson,* K. Rucss,* C. Haukwa$ and S. B. OjiamboS 

*Earth Sciences Division 

- 

$Kenya Power Company Ltd. 
Lawrence Berkeley Laboratory Electricity House 

1 Cyclotron Road Harambee Avenue 
Berkeley, California 94720 Nairobi, KENYA 

ABSTRACT 

In 1984 a detailed thne-dimensional well-by-well model 
was developed for the Olkaria geothermal field in Kenya. 
The model was calibrated against the production history 
of the field over the period 1977 through 1983, using 
porosities and permeabilities as adjustable parameters. 
During this p~riod two 15-MWe Units WCE put on-Yie at 
Okark the third 15 MWe Unit commenced operation in 
March 1985. The numerical model was used to predict 
the performance of the Olkaria wells and these predic- 
tions have been compared with the observed well 
behavior for the period 1984 to 1987. In general. the 
model predictions show satisfactory agreement with the 
observed well behavior, especially for those wells that 
had production histories exceeding two years. The 
predicted steam ram for most of the wells were accurate 
to within 1 kgls for the period considered and the steam 
rate decline was well predicted by the model. Some possib 
di&nnces between the observed and predicted total flow 
rates and enthalpies of individual wells wen seen, espe- 
cially in those .wells with large enthalpy variation or 
unoRhodox inmaes in total flow rate. The model also 
predicted that 3 make-up wells would be nctded by the 
end of 1987, which is consistent with the observed 

1992. In order to aid in the development of the geother- 
mal development at Olkaria, a series of numerical simu- 
lation studies have been carried OUL 

study was conducted in 1980 with the objective 
of evaluating if fluid production should be limited to the 
rather thin vapor zone (about 100 m thick), or if &e long 
term reservoir performince would improve with corn- 
bind production from the vapor zone and the underlying 

phase zone (Bodvarsson et al., 1982). The second 
ation study addressed the eficcts of adding a sccond 

M W ,  Unit on the long-term reservoir perf on^^^^. 
ally in 1984, a detailed three-dimensional model of 

the Olkaria East field was developed, which represented 
all wells individually. This model was calibrated against 
the existing flow rate and enthalpy histones of all wells 
for the period 1977-1983. The model results indicatcd 
that power generation of 45 MW, at O W  East was 

cant flow rate declines were observed in many 
, as well as considerable enthalpy changes- This 

during this period in tcnns 
of all wells. This paper 
nsional model of OUraria 

m e  and the bottom two layers (250 and 500 m 
resenting the underlying two-phase liquid- 
zone. These vertical dimensions and number 

series wells (west of the Olkaria Hill). A decision has 
been made to continue development in Olkaria Northeast 
with a 60 M W e  power plant, planned to be commenced in 

reservoir and the major feed zones of the wells. The 
areal discretization of the model allows for individual 
grid block representation of all wells (Fig. 2) and extends 
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Figure 1. Locations of exploration wells and 0-a East production wells. 

XBL 893-123 

Figure 2. Areal view of grid used in the numerical model. 

over an area of some 9 Irmz. -use of the two-phase 
conditions in the reservoir, this assumed areal extent of 
the reservoir is sufiiciently large for the system to act as if 
it is infinite. 

The three-dimensional model-was calibrated against the 
flow rate and enthalpy histories of al l  wells. using reser- 
voir porosities and ptnntabities and productivity 
indices of the wells w e n  used as adjustable parameters. 
As an example, Figuxc 3 shows the history match for well 
11. The hismy match yielded average ptrmcabiliaes of 
7.5 md and 4.0 xnd in the steam zone and the underlying 
liquiddominated zone, respectively. This corresponds to 
an average well transmissivity of about 3.5 Dm @arty- 
meters) which is similar to the average aansmiSsiVity 

. 

d e e d e d  from S h 0 r t - m  well Oests. 

Following the history match, performance prtdictions 
wm made. that indicated that power generation in 
excess of 45 M W ,  would be possible for 30 yean at 
O h i a  East It was recommended that the well spacing 
of future wells should exceed ulo m (11 wells per h2) 
due to large interference of the prtscnt wells (average 
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~ Well I 1  MW, Unit in 1981, the second one in 1982 and the third 
one in 1985). The average steam rate of the wells (Fig. 
5) also shows large variations during the early flow test- 

tested. A significant increase in the average steam rate 
for the wells is Seen b 1982. refluxing the fact that the 

those feeding Unit 1. The considerable decline in the 
average steam rate since 1985 is due to production h m  

s u n  decline and well output decline. Table 1 gives a 

ing wells for Units 1 and 2. Many of these wells show 
considerable flow rate decline (1.5 to 4.0 kgh) and an 
accompanied enthalpy rise (100-200 kJkg). It is rather 
interesting that the efkcts for most wells arc felt vcry 
quickly after tk start-up of Unit 3 (generally ltss than 1 
month) in spite of the two-phase conditions of the rem- 
voir. It is probable that this is due to single-phase vapor 
conditions in the expanding vapor m e ,  which allows 
rapid anal propagation of pressure changes. 

The average enthalpy of the produced fluids (Fig. 6) 
shows that most of the wells produce high enthalpy ffuids 
averaging about 1800 kJ/kg during the flow testing period 
(1975-1981). After Unit 1 came on-line in 1981. the 
average enthalpy increased rapidly to about 2200 kJkg 
due to the expanding vapor zone and well interference. 
This a n d  continued when Units 2 and 3 commenced so 
that in 1987 the average enthalpy was near 2500 Ukg, or 

ing, as wells with diffwent production capacities were 

wells feeding Unit 2 831: in general better produca~ than 

wells feeding unit 3. with the associattd reservoir pres- 

summary of the effec*l of the unit 3 start-up on produc- 

;;f c 
W 
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I 

LL 

L 

2 
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x a ~  893-724 

F i p  3. History match with flowrates and enhlpies 
for well 11 during the period 1977 through 
1983. 

close to that of same steam (= 2800 Wkg). 

It is Of intenst (0 evaluate how well the h- 
dimensional model predicted the performance of the 
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Table 1. Effeds of Unit 3 wells coming on-line on the performance of other Olkaria East wells. 

Flow rate Enthalpy Steam rate Comments Well 
change change efian$e 

( W W  @&) 

2 0 0 0 

5 0 0 0 

6 0 0 0 

7 ? ? ? masked by well 8 

10 1.5 200 0 small lag time (layer 3 well) 

11 2.0 0 1.0 small lag time (layer 3 well) 

12 3.5 200 2.5 

0 13 (0.5) (2001 
14 0 0 0 

15 0 0 0 layer 3 well 

16 4.0 100 3.0 small lag time (layer 3 well) 
17 1.5 150 1 .o Smalllagtime 

19 0 0 0 laycr3well 

small lag time (layer 2-3 well) 

6-month lag time (layer 2 well) 

18 2.0 150 0.5 small lag time (layer 3 well) 

Time (years) 

XBL 893-727 
Figure 6. Average enthalpy of the produced fluids 

versus t h e .  

into the model, computing their performances during the 
four years and comparing the results with the obsemd 
data. Figures 7 and 8 give these comparisons for wells 10 
and 11. respectively. The predicted flow rate and 
enthalpy behavior of well 10 agrees very well with that 
observed even to the extent that the late time rapid rise in 
enthalpy and decline in total flow rate is predicted. In the 
case of well 11 the predictions of the flow rate and 
enthalpy a n d s  are d e r  poor, as the model overpredicts 

Well 10 
I i I I i I I I Y I  

0 -1 + e  W 

1 :  . 

XBL 193-721 

Figurc 7. Comparison between predicted and observed 
flowrates and enthalpies (1984-1987) for 
well 10. 

enthalpies by up to 500 H/kg and Underprtdicts the total . 
flow rate by some 2 kgls. However, it is most impartant 
that the steam rate at the separators is adequately 
predicted, as this controls how soon replacement w e b  
arc needtd. Figurc 9 shows that in spite of the rather 
poor enthalpy and flow rate predictions for well 11. the 
steam rate predictions are reasonably good 

In general, the model predicted adequately the steam 
rates and their decline for about 75% of the wells. For 
wells which had very short production history the model 
calibration was not sufkicnt to allow for rrliable wcll 
performance prtdictions. A& some of the wells showed 
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Figure 8. 
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Comparison between predicted and observed flowrates and enthalpies (1984-1987) for well 11. 



very unorthodox behavior during the period 1984-1987. 
including large flow rate increases with little enthalpy 
changes. This typc of behavior can only be explained by 
temporal permeability changes, which arc not included in 
the modcl. 

The best evaluation of the model performance is to com- 

with that observed. This is a direct masun of how accu- 
rately the model predicted the number of replacement 
wells needed during the period 1984-1987, which is very 
important from the standpoint of the plant operation and 
the economics of the project. It turned out that the 
predicted decline in the total steam rate agreed very well 
with that observed, so that the model prediction of 3 
make-up wells needed by the end of 1987 was correct. 

pad the overall predicted steam rate decline of a l l  wells 

Another test of the model concerned the relative contri- 
butions of the fccd zones of the wells. Before the modcl 
was developed in 1984. the Kenya Power Company 
(1984) estimated the relative contributions of rhc various 
well feed zones using geochemical data Oabk 2). These 
estimated relative contributions wen used as initial 
"guesses" in the model development during the iteratiVt 
history matching. Howevtr. these estimates had to be 
modititd during the histcry matching, primarily because 
of the observed enthalpy transients. For many of the 
wells the enthalpies rose fmn 1500.1800 W/kg to over 
2300 Wkg over a period of a year to a few years. This 
behavior is clearly incwSistent with majdv of flow 
coming from steam zone feeds, but results from localiztd 
boiling around the feed zones in the liquiddomhatd 
zone. 

F 

Table 2. Relative contributions of different feeds for Olkaria East wells, based on estimates from the ffowhg 
pressure surveys, the numerical model, and geoche~cal data 

Well Zone Ressure surveys Numerical Model KPC (1984) 
Flow Enthalpy Flow Enthalpy Fbm 
(%I W W  wfw t'k) 

Steam 
4 Upperliquid 

Lower liquid 

30 2800 18 2800 
70 1500 82 1500 

90 
10 

Steam 
9 Upperliquid 

Lower liquid 100 2435 100 2400 

50 

50 

Steam ? 

Lower liquid ? 
1 1  Upper liquid 

28 2840 

72 I930 

60 

40 

Steam 26 2800 32 2830 
13 Upper liquid 74 1640 68 2390 

Lower liquid 

90 
10 

Steam 65 2800 66 2830 

Lower liquid 
14 Upper liquid 35 2485 34 2150 

30 
70 

Stern 35 2800 26 2840 20 

Lower liquid 65 2150 74 2800 80 
15 Upper liquid 

Steam 16 2800 5 2840 

Lower liquid 84 2520 95 2330 
16 Upper liquid 

20 

80 

Steam 6 2800 31 2840 
17 Upper liquid 0 12 2800 

Lower liquid 94 2000 57 2730 

33 
33 
33 



Table 2. Continued. 

18 
Stem 29 

Lower liquid 61 
Upper liquid 0 

2800 

2600 

11 
10 
79 

2840 
2800 
2540 

10 
10 
80 

Stem 
19 Upper liquid 

Lowerliquid lo00 2300 100 2470 100 

Stem 45 2800 
20 Upperliquid 0 8 2590 \ z  

Lower liquid 55 2480 92 2160 75 

Stem 29 2800 29 2850 80 

Lower liquid 
21 Upper liquid 71 2550 71 1800 20 

Stem 19 2800 20 2850 90 

Lower liquid 0 80 2000 10 
22 Upper liquid 81 2450 

Stem 54 2800 38 2800 90 

Lower liquid 0 62 2220 10 
23 Upperliquid 4s 2220 

Stem 20 
24 Upper liquid 0 25 2000 10 

Lower liquid 100 2200 75 2i80 70 
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Note also the high en wells, but the BVCT- 

(= 7.5 ad) and the pth, indicating a large 
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Figure 10. Analysis of a flowing pressure survey for well 16. 

recharge from the high-porosity matrix blocks to the fmc- 
tures: At early time fracture e&cts dominate as localized 
fluid depletion is occurring near the wells. The rapid rise 
in enthalpy of many of the 0- wells at early produc- 
tion rimes is controlled by the low fracture porosity (the 
volume fraction occupied by the fractures) and the com- 
plex fractunlmatrix interactions. This early rise in fluid 
enthalpy can only be represented in our porous d u m  
model by small porosities near the wells. which most 
likely will lead to conservative performance predictions. 

After significant fluid production has taken place the 
enthalpy of the produced fluids is controlled by the 

enthalpy of fluids recharging the wellfield. At this time 
the e m  of fractures arc not as important, except of 
course in locations where colder fluids arc migrating 
from outer regions to the reservoir. In the present simula- 
tion, data arc available for a 10-year period and we 
believe that currently the enthalpies of most wells illt 
controlled by fluids recharging the wellfield. It was 
found during the history match iterations that porosities 
of 2% in the liquid zones outside the wellfield caused 
fluids with high enthalpy to recharge the wellfield, and 
consequently the enthalpies of the producing wells were 

enthalpy of fluids recharging the wellfield. In the earlier 
too high. The 4% porosity s e e d  to provide the propCr 
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history match simulations (Bodvarsson et al., 1987a) the 
production period was too short to allow reliable esti- 
mates of the porosity of the recharge zones to be made. 

Figure 11 shows, as an example, the porosity and per- 
meability distribution in the lower liquid zone. The 
figure shows that a rather wide range of porosities (1- 
10%) and permeabilities (1->15 md) arc n&d to match 
the data. In general, high permcabities arc needed close 
to the best producers (cg. wells 12, 15 and 16) and low 
porosities close to those wells that showed large enthalpy 
increases during the early production period. It is ack- 
nowledged that the porosity and ptrmcability distribution 
shown in Figure 11 is by no means unique, as other 
(probably similar) distributions would also yield reason- 
able history matches for all wells. 

PERFORMANCE PREDICTIONS 

The updated numerical model shows that the effects of 
Unit 3 on the well flow rates and enthalpies have sub- 
sided, and new quasi-steady conditions have been 
reached in the system. It is estimated that four replace- 
ment wells need to be drilled to bring the plant up to 
maximum capacity (48 MW,; the rated capacity is 45 
MW,). Figure 12 shows the predicted plant outputs until 
the end of 1991, assuming that these replacement wells 
will be drilled and connected The first replacement well 
is assumed to be on-line by the end of 1989 and the last 
one by the end of 1990. The model predicts that the plant 
output wil l  gradually decline to 38 MW, before the first 
replacement well comes on-line. The model was used to 
investigate various alternatives for future development of 
Olkaria East including effects of reinjecting the waste 
water. 
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ABSTRACT 

Well mine operations were performed in eight of the 
geothermal wells at AhuachapAn. A series of him 
temperature insttuments, including temperaturekabbit, 
caliper, fluid veWitynemperatureEprassure (STP) and ffuld 
sampler were deployed in each well. The caliper tool was 
used primarily to determine the possible chemical deposil 
b o i  in the casing or Hner, and in one well to investigate a 
suspected break in the casing. 

STP bgs were obtained form sk of the eight wells at varkos 
fbw rates ranging from 30 to 70 kg's. A static STP log was 
also run with the wells shut in to prwlde data to be used in the 
thermodynamic analysis of several productbn wells. 

determlne whether the production declines auld be 
attributed to individual well damage, reduction in the central 
resentair pressure or a combiiatbn of these and other 
factors. The well besing data could improve existing reservoir 
models of the Ahuachapan field. Studies of the data win 
provide input for an integrated resemir engineering 
investigation that will culminate in the design and 
implementatbn of an effedive spent brine reinjeclbn 

The AhuactIapztn field operatbns incfuded downhole 
measurements in three productbn wellr AH-1 , AH-32, and 
AH-20. AH-1 was a Qood produdbn well W e d  near the 
center of the geothermal field (Fig 2). AH32 was dr&d in the 

INTRODUCTION 

The Ahuachan geothermal field is located in the northwest 
sectton of El Salvador about 120 km from San !%vador (see 
Fig. 1). The fbst geothermal electric power power generating 
plant in Central America came on-line in 1975 in Ahwchapan. 
The generating capadty grew fmm an initial 30 megawatts 
(MW) to 95 MW in a sk year perbd. Over 40 walk have been 
drilled in the Ahuachapan field. The high quality geothermal 
resource at one time produced 42% of the electrical power 
used in El Salvador. in recen! years. however, productivity of 
generated power has dropped primarlly due to declining well 
production. 

. 

objectives in maklng downhole measurements with the high- 
temperature bggiw tools developed at Los Alamos were to 

Fig. 2. schematic map of the A h u m  oeothermal 
Field, showlng well bcatbns. 
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soothern most sectlon of the exploration area and AH-20, a 
damaged wen, was W e d  just east of the power plant. The 
well comletbn schedule for.the three wells is given in Table 
1. 

Table 1 
well Completion Schedule 

Well Number AH-1 AH42 AH-20 
Casing ske ,nun 244.5 244.5 340. 
Liner size, mm none 193.7 244.5 
Openhole 
dhmeter JlUIl 222.3 215.9 n/a 

Bonom of 
6 7  490 449 - 470 423 

casino 
Topoftinefrn- 

Bottom of hole, m 1195 1504 853 
Bottom of aner, m - 1500 850 

193.7 mm (7618 In.), 216 mm (8-3/4 In.) 244.5 nun (9-5/8 in.). 
340 mm (1 3- in. 

Produalon well AH-1 

The first well. AH-1. was bcated near the base compound at 
well AH-6. A relathrely me cleared area surrounded this well 
made it the best place to fig up the logging aqulpment for the 
first time at AhuafAapIn. It was necessary to go through this 
procedure, taking the tlme to explain and demonstrate each 
step in order to train the CEL operators on safe field 
procedures. Information regarding the produdbn of AH4 
included the reported water level at 525 m, the main 
produaiin zone at 554 m and a maximum temperature of 
225%. The maximum flow rate was 54Ws with a f low i i  
wellhead pressure of 5.9 kg/cm2 (0.4 psi). The shut in 
pressure could build up to 3543 kg'cn? (248 psi). 

A temperature survey was nm in AH-1 from the surface to 100 
m. The tempemre tool had the ring gage or mfabbii. 
attached to provlde clearance information regarding this 
wellbore prior to depbying the more expenshm downhole 
instruments. The tenperature bg, run with the well shut In 
(static), shows the water level or liquid to vapor Merface at 
590 m Fig. 3. The casing in AH-1 was cemented in to a depth 
of 457 m from the surface. The wellbore was open hole from 
there to 1195 m. Maximum temperature measured was 
231OC. 

The combination fluid veloci  
(spinner)Remperatur~~essure Instrument can provide the 
data necessary to investigate the thermodynamic behavbr of 

FQ. 3. statlc temperaturelrabba survey, well AH-1. 

the geothermal well. Mass fkw rates can be cakutated 
knowing the fluid dens&, Row area and fluld vebdty. Ruid 
densities can be determined if  the t e m p e w s .  pressures 
andmporqualitlesareknown Vaporqwlitycanbe 
calarlated assuming no total heat bss (entha)py) thmugtrwd 
the borehole us'hg the value of enthalpy at the liquid 
interface. 

The SIP mi was run in AH9 aarting at adepth of 100 mand 
bggingtheweUto1100m ThefirstsurvaywasrunWanthe 
well shut-in (static) to wide for WsW calibratbn 
Information for the pressure and spimr transduce= A 
second log was run with the well tbwing at afpfoxhateb 
30k~'s. The temperahue data from this survey shows that the 
Mporto Iicp~id Merface is at 600 m (Fig. 4) whkb agmswilh 
pressure (based on temperature) intersection pbtted in Fi.5. 

awm I-I 

Fig. 4. STP temperature suney, well AH-1,30 kgs fbw. 

FQ. 5. Pressure data and saturatbn pre-, well AH-1. 
30 kds fkw. 

The spinner output in Hertz vs depth is pbtted in Fig 6. A 
problem with the tfigger level in the electronic counter tha! 
measures spinner frequency inhibited the data acquisii 
between the depths from 280 m to 410 m h the vapor mgbn 
of the wall. This pbt does hdlcate major produaion zone 
around 500 m and 580 m 

. 
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Fig. 6. STP spinner survey, well AK1.30 k@s flow. 

The fluid velocity is obtained by subtracting the tool velocity or 
lcgging rate trom the indicated spinner values. The spinner or 
velocity transducer is normally calibrated for each log. This in- 
situ calibration is determined from the spinner data and the 
tool velocity (time vs depth data) in the liiid region of the well 
during the static sunray. The proportbnality constant used for 
the spinner for this series of kgs was 0.0318 W s M .  The 
mass flow rates were calculated as a fundbn of depth and the 
results are shown in Fi~.7. The average mass flow in the 

Fig. 9. Calculated fbw rate, well AH-1,58 k@s flow. 

' O b !  
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Slnca AH-20 was In the Wued status andcold water was StfU 
being punped down the well, RO pressure bdc was required 
durlng the logging operatbns. The temperature/raMit tool 
was depbyed to adepth @ 827 m where It set down 23 m 
above the bottom of the liner. The temperature (Fig. 11) 
clearly shows the cold water interface and the area where fluid 
is b a v m  the wellbore. This data also indicates mat this 
interface can move up and down the wellbore when the 
pmps are turned on or off for short perbds. 

Dpw 1.1 

Fa. 11. Temperatuwrabbi! survey, *ell AH-20. 

The STP bg confirms the evidence of the fluid leaving the 
wellbore at 420 m as ahown by the STP temperature data FQ. 
12 and the spinner output data FQ. 13. 

DtPTU I.) 

Fig. 12. STP temperature survey, well AH-20. 

The 3-arm caliper toolwasdeployedto 800 m and the the well 
logged up to the surface. There is evidence of chemical buii 
up in liner bebw 100 m (which may account forthe set down 
of the temperahrrelrabbit at 826 m) and some arwnd the 
bwer part of the casing. There am no indkatbnsof abreakIn 
either the casing string or the slotted liner (Fa. 14). It appears 
that the fluid is lea* nearthe casing shoe could 
indlcate a bad cement zone. 

Productlon Well AH-32 

AH-32was agood produabnwen with a reported mass fbw 
rate of 70 Ws.. Maxlrmm temperature was 241% and the 
well head pressure shut-in was 2285.6 kaIcfn2 (160 psi). 
There were several produdion zones with kcatbns estimated 

Oam LDJ 

Fig. 13. STP spinner survey, well AH-20. 
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t 
Fig. 14. Three ann caliper survey, well AH-= 

at 775 m (M phase fbw). 800 m, 1000, and 1400 m The 
major production zones were reported to be at the 1000 m 
and 1400 m depth. 

The first temperature log was started In the weltunderfbwing 
conditions.' The temperaturekabbit tool was bwered in the 
casing to 50 m and stopped at this depth while the flowline 
was openedto allow a fbw rate of45 Ws.. The toot wasthen 
run in the well until a set down a! 470 m stoppedthe tool. The 
tool would not enter the slotted liner under the flow 
conditions and the well had to be shut in. The tenperahrre 
log was tam to adepth of 1450 munder staticconditions and 
back up the hole to the surface. There were no obstructions 
encountered in AH-32 other than the top of the liner. 
Maximumtemperature measuredwas 241%. The Sann 
caliper tool was run in AH-32undershut In (static) flow 
conditions. The arms were deployed a! 1400 m and the 
caliper survey logged to the surface. The top of the linerwas 
!agged at465 m. No evldence of chemical builduphtheweU 
was observed in the data (Fa. 15). 

Difficulties were encountered when running the STP tool In 
AH-32. The higtwrpressure at the wellhead at aninitiaJnoW 
rate of 45 kg/s and the Ught welght of the tool (36.3 kg , or60 
b) prevented the tool from entering the well. The tool, 
therefore, was depbyed to a depth of 200 m with the welt 
shut in. The well was again opened to a Row rate of 45 IC@ 
and the tool desended to 470 m were it would not enter the 

* 

sbtted liner.  he fbw rate was then decreased to 20 kgs and 
the STP log run from 480 to 1450 mat this bwerfknv rate. 



IS00 
DEPTH (.I 

Fig. 15. Three arm caliper survey, well AH-32 a 

m w  (.I 

Fig. 18. Vapor qualii, well AH-32,20 Ws fbw. 

The liquid to vapor Interface was measured at 840 m as shown 
by both the STP temperature data (Fa. 16) and the n m ~ ~ r e d  
and saturatbn pressures ablated at temperature (Fig. 17). 
The measured pressures above the liquid surface are bwer 
than the saturatbn pressures which means the vapor was in 
the superheated region. Using the pressure and temperature 
data and assuming no heat loss in the two phase region the 

The output of the fluid vebcity transducer (spinner) is pbtled 
in Fg. 19. A proportionality constant for the spinner can be 
determined from the data obtained in the liquid region of the 
well. The spinner output In Hem for both the bg in and the 
bg out is proportional to the fluid velocity PIUS the to01 
velocity. Tool velocities am calculated from the time and 
depth data recorded during the kgging operation. The 
proponbnality constant for the spinner in AH-32 was 
calarlated to be 0.0739 mlsltiz. Notice the negative 
frequency counted during the bg out in the liquid region 
which means the inpellars were rotating in a reverse directbn 
coming out of the hole. Them was very little fluid flow a any up 
the well below 980 m. 

0 

no. 1s. STP spinner survey, weU M 9 2 , 2 0  Ws flow- 

Knowing the vebcitfes and themodynamic properties of the 
fbwiw fluid .mass fbw ratescan be caladated. In the case of 
M-32 alofthe data forthe fbwing logwas taken in the 
sbfled Uner below the casing. In uds case the diameter of the 
open hole mid be applicable to cakulate the mass flow rate 
krt since this diameter throughout the open hole is not weU 
defined the calculated mass fbw rates am quite erratic. Usw 
a constant 215.9 mm (8.5 In.) diameter for the open hole is 
not 8 good assumptbn. A second STP bg was run from 500 
mtn 1200 mat afbw rate of 45 Ws. The data fromthe 
tenperaturn data (Fig. 20) and the measured pressure and 
calculated satumbn pressure (Fii. 21) show the liquid to 
vapor Interlace at 860 m. The vapor above the 860 m depth is 
in the superheat regbn. Vapor qualii for this second W I  ~ i g .  17. Measured and saturation pressures, well AJ-I-32.20 

kg/s flow. 
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bg is plotted in Fig. 22. The spinner data again shows a major 
production tone starting at 980 m kR there is l i i  evidence 
of production zones bebw this depth (Fig. 23). 

0 0 0  a00 1000 1100 
DCPTU 19) 

Fig. 20. STP temperature suwey, weU AH-32,45 kg/s fbw. 

I OW IS00 

Fig. 21. Measured and saturation pressures, well AH-32.45 
kg/s flow. 

nwm 1-1 

Flg. 23 STP spinner m e y .  well H. 45 kgfs Bow. 

Athid flowing logwas started at500 mwittlthe well open to 
60 Ws. The spinner was worldng fine M 2 broken 
centraliirs on the tool prevented it from going down the wen 
and the bgwas terminated. 

CONCLUSIONS 

The maximum tenperature in the geothermal wens in the 
Ahuachapiln field approached 250OC. Wellhead pressures 
were reported b be as high as4285 kglcn? (300 psi1 and fbw 
rates reached 70 kg/s. The downhole instruments and 
assodated equipment were capable of continuous and 
repeated performance in this severe geothermal 
environment. The wellhead pmssures in some wells were, 
however, higher than initlally anticipated and caused 
problems when first starting the bgglng tools downhole. Thls 
was especially m e  for the lighter STP tooL Although a new 
impeller design was implemented during the later phases of 
the Ahuacfiapan operations, it was evident that more mass 
must be added to the STP sonde. A sub had been &signed 
that will easily be assembled in the field between the cable 
head and the uphole end of the tool. This subassembly will 
add about 54 kg (120 Ibs) of mass. These iqmvements will 

entire wellbore under maximum fbw conditions. 

The him temperature STP and %ann caliper tools can provide 
all of the data necessary to detemdne the thenncdynamic fluid 
properties of the productbn wens when wellbore condabns 
are applicable. For the thermodynarmc . analysktobe 
meaningful, it is necessary that the d i i t e r s  of the 
completed wen sedbns of casing. liners and open hole be 
known. There mus! also be a kpk3 to vapor Merface that is 
well defined with the liquid region of sutfident depth to 
provide the %sW calibratbn of the respective downhole 
transducers. 

Non-prpducing wells can result from welbm damage durlng 
the drilling and well completion operations or from bng tern 
effects. Non-producing wens may also be the result d the 
well m b n  in the field. The m r e  of such wells are mt wen 
known especially when they occur in the vicinity of !pod 
producers. The k g g i  systems used in the Ahoachwb 
operations often provide Information that can result in 
appropriate analysis and intelpretation. 
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ABSTRACT 

Deep dc resistivity surveying has been performed at the 
Ahuachm Geothermal Field in wHem El Salvador. The 
field lies on the north base of the volcanic range t h l  funs the 
length of the country and is the site of a significant active 
geothermal powerplant. The technical purpose of the 
surveying was to assess the geophysical properties of the 
geothermal regime amund the existing field. The survey was 
carried out as a colinear dipoiedpole survey using dipole 
spacings of 500m and 1000m, and dipole separations of up to 
fourteen dipole lengths. Results included (1) the observation 
that the geothermal reservoir was not eadily detectable due to 
surface lithologic changes and extensive cultural effects, (2) 
the hydrothermally altered areas are readily reccgnked by their 
low resisthrities, (3) kcal lithologies appear to be mappable 
based on their b situ resistivities, (4) the greater field logistical 
convenience of the shorter 500m dipole spacings is negated 
by the Increase in topographic effects, and (5) 1( appropriate 
dipole separations am used, there Is no need to tun surveys of 
both 500 and lo00 meter dipole spacings to gather shalbw 
and deep information. 

INTRODUCTION 

A deep resistivity geophysical Survey was 
Alarachap&I geothermal field (AGF), the site Oi a 90 megaw 
powerplant, in western El Salvador between November 1987 

LOCATION 

The AGF, as shown In Fie. 1, is located at the westemend of 8 
Salvador immediately north of a chain of volcanic mcumains 
that run the length of El Salvador. Sue elevation is 
approximately 800 meters. The mountains to the south rise to 
approximately 1800 meters. None of the volcanoes is active 
but soma are young enough to have well defined crate= The 
geothermal field is named after the nearby town of 
AhuachapaninthestateofAhuachepan. 

Ftg. 1. Locaf-lon map of the Ahuachapi4n Geothermal Field, 0 

1. identifying and mapplng the relevant physical properties 

geothermal and recharge potential in that area. 
performed with only the 500m spacing, U pdequate cunsnt Is 
in]ect& info the ~m&. In situations where adequate 
current is not achievable, m e r  dipole spadngs rmrst be used 

- 111 - 



Previous resistivity work performed by CEL included 
Sdrkrmbrger array vertical eiedrical soundii (VESs) in a 
grid covering the Ahuach8piln area and extending to the 
northeast towards Turin. This grid is outlined in Fig. 2. 
0u;ilitatlve and quantitative data comparisons between the 
dlpoledlpoie amy work and the VESs are quite good. The 
dlpoledipole data, because of Instrumental design. albwed 
deeper penetration with minimal interference from 
electromagnetic (EM) response, whereas the VES data, 
because of instrumental design limitations, appeared to suffer 
from EM response at the larger spacings. The data for the 
larger current-electrode spacings for the VESs were 
qualitatively corrected for the EM response but the qUantiathre 
interpretation for those spacings was still questbnable. 

Fii. 2. Location map of tines 1 and 2 for the dipole-dipole dc 
resistivity program of 1987-1988. 

Survey Program 

The survey consisted of four lines, three of which wem 
oriented due eastwest. approximately parallel to each other. 
and eight kilometers bng. These lines were one-half kibmeter 
apart and located so that they would conned the known amaof 
the AGF to the Chipjlapa area by aossing the southwestern 
comer of the grid of existing VES data. This would then 
extend the resistway Momtion to the swth of the grid. The 
fourth llne (Line 1) was oriented approximately N25W 0 that it 
would cross the western end of the VES grid, cross the 
established limits of the AGF, and extend to the south over the 
mountains. 

Data Presentation 

Dipole4pole data am Qeneally presented in pseudosection 
format. This rneth~! of data presentatbn displays the 
cdlected data in a manner such that the horizontal scale is 
lineardlstance and is scaled in unitsof dipole length and the 
vertical scale is in units of dipole separation and may be either 

linear or kgalimk The veftkal axis is positive downrrard. 
Although the appearance is that of a geologic section. we must 
emphasize that the kcation of the pbtted points is not 
necessarily representative of depth. 
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Topog~phic  Modellng 

The effects of topography on a resistivity w e y  am well 
known. These effects are due mostly to two causes: lackof 
collinearity of the four electrodes represented by any given 
data point. and compression or elrpansbn of the 
equipotenttals observed on the e m s  surface related to the 
transmitting dipole. 

For the work herein, the method of Schwarz4ristoffel 
conformal transformation was used to approxime the 
topographic effects. This method allows the topography abng 
thesuNey U n e t o b e m o d e l e d a s P Y w e r e a ~ n s b n a l  
structure. In the case of Une 1, where it crosses the Hoyo de 
Cuajuste crater, there are severe topographic effects and they 
are not twodimerrsknat However, the 2-0 model results give 
a qwliathre idea of the Wends and magnitudes of effects 
anticipated from the modeled shudures. 

Topographic effects are determined by the severity of the 
topography relathre to the dipole size. At Ahuachapan. 
topographiceffedsweremaxknumwheretheEneaossedthe 
highest elevatbn and the Cuajuste crater, FMges produce an 
imease of the observed apparent resistivities, h this case with 
1000m dipoles, up to fifty percent greater than a flat surface. 
Valleys, or flanks of was, reduce the obsetvad apparent 
resistivities, approximately twemy-five percent less using 
1000m dipoles. In spite of the @e topographic effeds 
present, the general patterns present in the uncorrected loo0 
meter apparent resistivity pseudosection were still present 
after removing the topographic effects q e s t i n g  that 
lithologic changes occurred sympathetically wah the 
topography. Prior to geobgic modeling. the modeled 2-0 
tomraphii effects were subtram from the observed field 
data. 

Geologlc modeling 

Modeling of apparent resistivity due to complex earth 
structures is more computationally intensive than the 
topographic modeling. For this work, 2-0 geobgk models 
using a finite element agprithm were used to approximate the 
observed data. The fiiiteelement routine used is a 
commerdallyaMilableprogram 

Drilling has shown that the AGF resmir is limited in I a t d  
extent and therefore three-dimensional. Nevertheless. 2-0 
approximations are the most readily available and should 
wfflce to gulde the interpretatbn of the obsenred daia. 
Physlcal property values for the model were based on repofted 
laboratory-measured physical properties performed by CEL 
and estimated physical properties from short-bgole-spacing 
field data. The laborawry resistfvDty measurements were made 
fora frequency range of 5 to 1O.OOO &and three pressures of 
100.500. and lo00 psi. The laboratory results show resenroir 
fo&s (andesite andbrecda) to have true resistivities hthe 
range of 5 to 50 ohmmeters, whewas overlying bdls and h a s  
range from 10 to 1000 ohmmeters. The reported trends of 
increasing restitivay with decreasing frequency am 
acknowledged, but eMapolatbn to dc is not pludent as 
induced polarizatbn effects am also inferred to be present h 
the laboratory data. The inverse relationship of resistivity WtUI 
pressure at the bwer frequencies is also adurowledged. This 
would only tend to decrease the observed apparent 



resisthrities in the fleld data. Mhough there appearblo be a 
tendency for the tufts and Was to be of moderate to’hiih twe 
resistivity, hydrothermal alteration of any of the lithologies 
present wili produce bw resfstivities. 

JNTERPRETATION 

LINE 1 (8 P 1oOOm) 

Observed values ranged from 2.3 to 250 ohm-meters. In 
general, the apparent resWvitfes fall into two groups, bw (2 to 
20 ohmmeters) and moderate (20 to 200 ohm-meters). The 
bw values correlate with the surface expression of 
hydmthefmally-altered Utholoqies and with deeper stratifled 
lithologies, most likely those of the andesites and saturated 
agglomerates in the kwer auatemafy San Salvador Formation. 
There is no evidence In the resistivity data that older lithologies 
such as the Plbcene Balsam0 Formation were detected. The 
moderate apparent resistivities correlate with the shalbwer 
tuffs and iavas where they appear to formcap-rcdc and in the 
high-topographic-relief area where the survey line crosses the 
mountains. 

Line 1 (a=l000m) data are shown in bgarithmic pseudosectbn 
in Fig. 3. increased data density was desired h the immediate 
vicinity of the AGF, 80 the received data were coliected with 
halfdipole moves for the transmitter resulting in double density 
coverage. The portion of the AGF crossed by the line is 
between stations 2 and 3. Blank spaces ccarrring beneath 
dipoles 4-5 and 6-7 Indicate unreliable or unreadable data. 

A quatititathre Investigation of the data in Fig. 3 indicates 
considerable variatbn in the near-sufface apparent 
resistivities. me bwest values (3.8 ohm-meters) for the 
shallowest dataoccur at station Swhichwas W e d  m n g  
fumaroles. Low values also occur at the AGF (5.5 ohmmeters) 
and next to Cem Btanco (another hydmthermally altered area) 
at statlon 6 (4.0 ohmmeters). In me highdensity portbn of the 
pseudosection these b w  apparent resistivities are flanked by 
sliihtly higher values ranging from 5 to 17 ohmmeters. 

Moderate-valued near-surface appare 
the extreme northern and southern ends of the line and 
midwa 

is in acuktvated area Generally, shallow data are artiliciaqr bur 
due to the increased soil moisture content typical of cufthrated 
areas. Consequently, the slightly-hiiher-valued shallow data 
seen in thls area demonstrate that the bwer-valued shallow 
data seen elsewhere are not due solely to surface mdshrre. 
The moderate-valued apparent resistivities o a x r ~  in the 
southem end of the line are inthe areaof outcrop and hQh 
topographic relief. Therefore, they would be expected to be 
higher-valued than data in h e r ,  cultfvated mas. The 
significance of the very kw values meRioned previousty k that 
they occur where extensive hydrothermal afteratbn Is quite 
evident at surface. Wth increasing depth (presue), 
saturatbn, and temperature. the true resistivities should 
decrease considerably. Therefore it is expeQed tha! bwer 
apparent resistilties should appear for mer dipole 
separations, espectally in the vicinity of the Qeothermal field 
where extensive hydrothermal alteration has taken ptace. 

Of particular interest is the moderately-valued shallw data 
between stations 3 and 4, These data are fiafdced by kwer 
values. Therefore, this W, moderately-resisthre area 
probably represents a near-surface, relatively unaiIered 
lithologic Modc that may be representattve of caprodc material 
The bkdc is likely 100 to 200 meters thick and pernaps up to a 
kibmeter M e  in the dlrectbn of the survey line and is 
restridad to the area between stations 3 and 4. 

st values OcQlr immediately beneath this b c a l i  
near-surface, moderately-res&Uve block. Model data show that 
the bw closure for the 3 ohmmeter contour is a constNctive 
interference phenomenon and that more representative true 
resistivities would be around 5 to 10 ohm-meters. The 
interference phenomenon resub from the h e r  near-wtace 
resistivities which modeling suggests to be around 5 ohm- 
meters or less. 

WM increasing dwle separation the apparent reslsthrlties 
appear to increase (for exarrple, between stations 4 and 5) 
perhaps suggesting a deep, resistive medurn The presence 

tha! surtace resistivities also bmease to the south which, as 
already indiied, will produce constructive interference for the 

of 8 deep reSisthre or layer k UnfeSOlvable due to the fact 

meters for 1000 meter dipole spacinq. 
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The gradient brdlcated in the contoured data between statbns 
6 and 7 suggests a lithologic change occurrhg on the north 
sbpe of the mountains. This gadlent bcatkn coincides with 
the contact between the Laguna Verde volcanics and the 
central graben pyrodastrcs. The moderately resistive material 
likely represents the unaltered Laguna Verde mountain- 
building volcanics. This is supported by the constancy of the 
shallower apparent resistivities to the south of the gradient that 
suggest the lithology remains the same within the vicinity of the 
sunrey he. 

Geologlc modal 

A geologic model for Une 1 is presented In Fig. 4. This model 
is based on the lo00 meter drpole data. Four media of 
different We resistivities were used to generate the model: 
medium 1 (100 ohmmeters); medium 2 (10 ohm-meters): 
medium 3 (500 ohmmeters); and medium 4 (5 ohmmeters). In 
theknmediatevidnitydtheAGFor4.medial,2,and4am 
relevant for the purpose of defining resenroir characteristics. 

Model medlum 1 (100 n-m) 

Medium 1 is intended to represent the unaltered (or only 
panially altered) surface pymks&s and lava of younger San 
Sahrador age. The moderate resistivity of 100 ohmmeters 
suggests Ilmied hyr$aulic permeability and @xd potential for 
caprock formation Medium 1 is vertically limited to the upper 
600 meters. Laterally, medium 1 is modeled at the north end of 
the Ine. between stations 5 and 9, and in the previously- 
discussed isolated bbdc between stations 3 and 4. In general, 
the base of medium 1 corresponds to the contact between 
reservoir lithologies and overlying lithologies. The depth to 
this contact in well AH-12 is reported at 550 meters, whereas in 
weils AH-1 and AH-20 the depth is 450 to 500 meters. In an 
area of variaMe iithology this is considered g o d  agreement. 

Model medlum 2 (lo a-m) 

Medium 2 represents kwer resistivity material ocarning from 
300 meters to depth (greater than 1000 meters) and forming a 
vertical "plume' between stations 3 to 5. This plume-lika 
vertical extension of lower resistiviiies corresponds very well 
with the shallow depths to high temperatures between stations 
3 and 4. The northem extent or contact of the plume-like tow 
resistivitiesocaas at station3 and is coincidentwith avertical 

fault. To the south, the plume-like feature contaus kwer 
reslstlvity material (medium 4) at statbn 5 beneath the SoCcBr- 
field funmoles. Two lesser bbcks of medium 2 are modeled at 
surface near station 7 to the south and W e e n  stations 1 and 
2 to the nom. These lesser bbcks are regarded as being 
transitional material, probably less aflered, between media 4 
and 1. The thickness of these bkt&s is 100 meters. which 
corresponds well with the known auuvhl thidoress. 

Modal m e d l w  3 (500 a-m) 

Medium 3 represents a high r e s W i  medium occuning to the 
south of aation 7 and corresponding to the aforementioned 
Laguna Verde wlcanics of the high plateau in the vkinity of 
Apaneca b g h  resisrfvity data am available in that area rn 
suggest that the Laguna Verde volcanics overlie mora 
conducthre lithologies represented by medium 2 Although 
medium 2 shows continuity from the AGF to approximately 
statkn9, there is nothing else hthe elec!dtAdatato SuppOR 
continuity for the thermal characteristics. Nevertheless, this 
area should not be disregarded for future geothermal potential. 

Model medlum 4 (5 n-m) 

Medium 4 is intended to represent extensive hydmthermal 
aeration regardless of lithology. The dose association of the 
kw apparantresistivitleswiththe fwnarokaaivayandsurface 
alteration suggest that these low resistiviies am likely a result 
of hlgh porosity and hiah clay content. Hydraulic permeability 
is probably higher than the less altered Uthologies in @e of 
the increase in day conterct 

Although no medium 4 Is presented in the modal bebw 600 
meters, a simple trade-off exists from the modeling swdpoii 
Consider the large, inegular blodc of medium 4 beneath 
Jtations 2 to3. By removing some oftha! bbdc of medium 4 
and placing It bebw 600 meters in the same general area would 
produce similar model results. This exemplifies the inherent 
non-uniqueness of any modeling procedure. The choice of 
not modeling medium 4 beneath 600 meters was made to 
determine the resolvability of a conductive deep body with this 
particular data set. In this h ~ ~ ,  a deep body of only 
moderate resistivity contrast with the ovedyii material is very 
difficult to detect, because of the complexity of the overlving 
gm-. On the other hand, in an ama of less surface 
complexity such as extensive cap- and minimal surface 

. 

Fig. 4. Twodimensional geo-electric model for Line 1 based on topographic corrected apparent 
resisuvi data using a finite element program. 
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alteratbn, a deep condudhfe body should be readily 
mappable. 9 r r l  

meter dipole Spacings as bng as; 1. SMlow data are OOlleCted 
for the larger dipole spacings, or 2. deeper data are CQUeded 
for the shorter dlpole spacings. The oriQinal work plan was 

LINE 1 (a I: m m )  oriented towards using the lo00 meter dipole data for deep 
investigatkn and the 500 meter dipole data for shalbwer 
controL The field work performed at AGF shows that both 
sbatbns may be satisfied with a single dipole spacing, if 
appropriate dipole separatbns are used. 

Fbule5showsthedata(orIlnel (a-500m). Asmightbe 
expected from the lo00 meter dipole data, the observed 
reSWVitieS m e  from 1.8 to 250 ohmmeters. To be as 
compatible as possible, data were co~eaed for dipole 
separations ranging from 0 2  to 14. Within the accuracy of the 
method, the 1000 meter and 500 meter pseudosections are 
vely similar. The same pattern exists for the two sections and 
consequently the same intelpretatbn wwld apply. The 
differences that are observed a~ not significant enough to 
W eang changes. 

This simihity of results illustrates hrro important points. First, 
there is probabty no need to collect data at both 1000 and 500 

Topcgfaphic effects for the shorter dipole spacing are 
considerably larger and more complex. Fmre 6 shows the 
modeled topographic effects in the vicinity of the Cuajuste 
crater. In this case the We effects may increase the amrent 
resistivtties by upto looo/1, whereas the valley effects deaease 
apparent resistMties by approxlmely 50%. These extremes 
In topographlc conedkns suggest that the logistical 
advantage of shorter dipole sizes may be offset by more 
complex topographic effects in the resultant data. 

1 2 3 4 7 e 9 10 KM 11 

DC resist ivity pseudosection, Line I (a=SOOm), AGF, El Salvador 

Fig. 5. Pseudosection of Une 1 showing the apparent ft3SistMtieS 
meters for 500 meter dipole spacing. 

Fig. 6. Logaithmic pseudoseCIion of topographic effects on 1 cJue to the lllcwntains south of the 
site for 500 meter dipole spacings. 
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UNE 2 (a = 10oom) 

Line 2 is oriented approximately east-west and crosses Line 1 
roughly 250 meters north of statbn 4. The point of 
intersedon on Line 2 is approximately 250 meters west of 
statbn 6 (see Fig. 2). Apparent resisthraies ranged frwn 3.4 to 
105 ohmte rs .  With only a few exceptions, the entire 
pseudoseubn shows resistivitles less than 20 ohmmeters, 
however, the general pattern of kw-to-high apparent 

of pattern would be desirable for twodImnsional modelkrg If 
the features appeared parallel. They do not mar parallel and 
do demonstrate the threedimensbnality of the area. 

The apparent resistivity data are presented in Fig. 7. The 
b e s t  near-surface resistivities occur at statbn 4 near the 
Agua Shuca I t rmles.  The kw apparent resistivities appear 
to extend to station 5, located just east of the Rlo Los Ausoles. 
Higher resistivities are encountered at station 7 and are 
suggestive of the Wued moderate resistivity bbck occurring 
on Line 1 between stations 3 and 4. There does not appear to 
be a direct annectbn between these two bcalized resistive 
bkcks. A! surface, another kw resistivity area occurs to the 
east arpund station 10 wh& is reasonabJy dose to the 
Cuyanausul fumaroles. These near-surface, apparent 
resistivity lows further support the previous observation that 
they are assodated with extremely altered lithologies. 

Topographic correctbns were not determined for Line 2. The 
eastern end of the line encountered moderate topographic 
relief but the la& of severe relief and the nonortho~~nal two- 
dimensionality of the topooraphy encountered minimized the 
necessity and usefulness of topographic correctbns, in this 
instance. 

reslstlvitles isswrprislngly similartotha! of Line 1. The shaamy 

The most salient feature of Una 2 is the presence of an 
apparent resisthrity low beneath statbns 4 to 6. It is most Rely 
that this feature Is related to the aforementbned 
hydmthennalty-altered lithologies. ms feature is quite similar 
to the apparent resistivity low OCQlnha on Line 1 beneath 
sta!bns 2 to 4 in the immediatevlcinay of the AGF. 
Interestingly, both wells AH% and AH-9 (which bracket Line 2 
between statlons 4 and 5) are nonproductive. The geologic 
kgs indlcate that the more permeable agglomerates are 
missing in these two holes but the temperature kgs hdicate 
that relathrely high tenperatures are stiil present. 

The consistent values of 10 to 15 ohnr-meters is suggestive of 
an elevated thermal environment between statbns 7 and 11. 
The lack of shallow, more resistive material that could s e m  as 
caprodcissomewtratofadrawbadcbutmsormd!thatthe 
area should be disregarded. Ns m a  lies between the 
Chipilapa and Cuyanausul surface expressions. 

The deeper appearing kcaazed highs and lows in the apparent 
resistivities are likely the result of interference effecfs from 
surface features. 

UNE 2 (a = 5oom) 

As with Line 1, the shorter dipole data display apattern quite 
similar to that of the lager dipoles. Apparent resistivities 
w e d  from 3.3 to 127 ohm-meten. Dflerencw in the 
observed values do not just-iry any change in*kterpretation of 
the larger dipole pseudo-section. The similarily of the 500 and 
1000 meter dipole data on both lines indicates that suffiient 
informatbn is available with only one dipole spacing 1 the 
appropriate dipole separations are used. 

’ 

7 8 9 10 

DC resist ivity pseudosection, Line 2 (a= l O O O m ) ,  ACF, El Salvador 

Fig. 7. Pseudosedbn of Line 2 showing me apparent resistivities bgarlthmically contoured h ohm- 
meters for 1000 meter dipole spacing. 
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SUMMARY 

The apparent resistivi data collected for Unes 1 and 2 a! the 
AGF display a three-dimensional complex caologic picture. 
TwodlmensbMl modeling demonstrates that known 
lithologies may be identifilled (where unaltered) by a limited 
range of redahfitled Reservoir rocks have interpreted true 
reslsthritles of less than 10 ohmmeters. Younger overlying 
rocks range from 20 to 200+ ohmmeters. Both of these 
lithologies may be hydrothermally aItered to have reslstivitles 
below 5 ohmmeters. 

The known reservoir at the AGF does not appear to have a 
sufficiently diagnostic electrlcaf signature to stand out relattve 
to the lnterterence effects of the near-sutface altered 
lithologies and possible cultural effects. It Is not unusual for a 
fracture-flow hydraulic regime to shmnf little or no electrical 
resistivity contrast with the country rodt. One of the results d a 
magnetotelluric survey performed previously indicated that the 
reservoir was a high-resistivity body relative to the country rock. 
These relatively-high resistivity characteriaics are not Seen in 
either the VES's or dipoledpole dc data. 

The severe topography encountered on Line 1 does not pose 
an interpretatbnal problem with lo00 meter dipole data as bng 
as it is taken into account. The 500 meter dipole data suffer 
more from the topography krt should not be left out of 
consideration for Mure work because the shorter dipoles have 
other logistical advantages. 
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ABSTRACT transformation (boiling) in response to suitable changes 
in temperature or pressure. The vapor phase need not be 

This paper presents a conceptual and numerical model of geometrically Connected to a contiguous body of vapor. 
multiphase flow in fractures. The void space of real This is in COnOaSt to two-component tw0-P- Systems. 
rough-walled rock fractures is conceptualized as a two- where the phase cornmsition in a region can only change 
dimensional heterogeneous porous medium. character- if an invading phase can access the region thrwgh a con- 
&d by aperture as a function of position in the fracture tinuous flow path. h addition to issues Of phase occu- 
plane. Portions of a fracture are occupied by wetting and pancy, phase mobilities rn also -rent in single- 
non-wetting phase, respectively. according to local capil- , component tw~-phasc system. Through a thermo- 
lary pressure and accessibility criteria. Phase occupancy dynamic analysis, Verma (1986) showed that vapor bub- 
and permeability are derived by assuming a parallel-plate bles cannot get mapped at pori throats in concumnt 
approximation for suitably small subregions in the frac- vapor-liquid flow, while under suitable capillary pressure 
ture plane. Wetting and non-wetting phase relative per- conditions the non-wetting phase in a twwompontnt 
meabilities are calculated by numerically simulating sin- System m y  get Wped 
gle phase flows separately in the wetted and non-wetted 
pore spaces. Illustrative examples indicate that relative Given b e  wi& occmnce and practical impo~tana of 
permeabilities depend sensitively on the nature and range multiphase flows in fractures, it is surprising &at very lit- 
of spatial comlation between apertures. tle quantitative information on such flows is available. 

Experimental work has demonstrated multiphase flow 
INTRODUCTION effects in fractures (Barton, 19772; Bawden and Roegiers. 

1985), but we arc not aware of any measurements of frac- 
Most high-temperature geothermal re 

flacms. Stan- 

viable rates only if they intercept sueent ly  permeable 
fracture zones. Multiphase flow in fractures also occurs 

e 

was a lack of credible models for 
consisting of at least two components. (Oil and natural 
gas themselves may contain many diffennt components 
or chemical species). Singlecomponen 
tems may behave rather differently th 
component counterparts. For example, 
phase can evolve inside a body of liquid water by phase 

s with -huouslY 
varying apertures @mussen, 1987). Newly &%lo@ 
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imaging techniques (Gentier, 1986; pyrak-Nolte et al.. 
1987; Hakami, 1988) have led to the conceptualization of 
fractures as two-dimensional heterogeneous porous 
media, with flow taking place in intersecting channels of 
varying aperture (Tsang and Tsang, 1987; Wang et al., 
1988; Montazcr et al., 1988). These emerging concepts 
open the way for new theoretical approaches to multi- 
phase flow in fractures. 

TWO-DIMENSIONAL POROUS MEDIA 

In the hydrologic literature fractures have often been 
idealized as the void space enclosed between two parallel 
plates. "Real" rock fractures, however, have rough sur- 
faces with numerous contact points. Recent observations 
indicate that the topography of fracture walls may have 
fractal structure (Brown and Scholz, 1985; Wang et al., 
1988). In this paper we focus on "small" fractures in hard 
rock, with apmures typicalIy in the submillimeter range, 
as opposed to fracture zones which consist of a layer of 
highly permeable material sandwiched between rock of 
low permeability. Fracture zones may have widths of 
order 0.1 to 1 m and have a three-dimensional pore struc- 
ture. In contrast, the small fractures considered hen con- 
sist of the void space enclosed between two impermeable 
surfaces, which in a topological sense constitutes a two- 
dimensional porous medium. Quantitatively this can be 
described by specifying the two boundary surfaces, 
q = q(x,y) for i = 1, 2. Alternatively. one can specify 
the midplane z = (q + z2)n and the local aperture b(x,y) 
= 22 - 21. For simplicity we assume fractures to be 
planar in the following (z = const); however, this 
assumption is made only for convenience and is not 
necessary for our model. The important property of the 
fracture model developed here is the two-dimensional 
nature of the pore space. 

D 

Several dierent techniques have been used to experi- 
mentally characterize apertures of rough-walled frac- 
tures, including linear profilometer scans (e.g. Gtntier, 
1986). two-dimensional imaging from replicas of the 
pore space made by injection of Woods' metal or epoxy 
resins (Pyrak-Nolte et al.. 1987; Gale, 1987; Gtntier et 
al., 1989). and application of fluid drops of known 
volume (Hakami, 1988). Di&nnt scales of spatial corn- 
lation among apertures have been noted experimentally 
(Gentier, 1986). In various instances fracture apertures 
have been found to follow a skewed distribution well 
approximated by a log-normal distribution (Gentier, 
1986; Gale, 1987; Hakami, 1988). Figures 1 and 2 show 
examples of fracture pore spaces simulated by computer 
(see below). 

Adopting a finite spatial resolution Ax x Ay results in a 
discmired representation of fracture apcrmrts. with 
average apermrt being bj in the element (q-Mz. 

the calculations reported below we use a 20 x 20 gnd to 
discntize a 4omm x 4Omm portion of a fracture plane, so 

xi + yj - A y L  yj + Ayn) Of the fracture PI=: In 

that Ax = Ay = 2mm (Figures 3 and 4). For convenience, 
we will use a shonhand notation (ij) for an element of 
the fracture plane. DiscIttized representations of frac- 
ture apertures can be generated from continuous distribu- 
tions' through stochastic techniques, or they can be 
directly obtained from laboratory specimen by digitizing 
pore space images into a finite number of "pixels". 

In the present study, wc use pstatistical methods to 
generate discrttized aperture distributiom in the fracture 
plane. In most &s we use a lognormal dismbution of 
apertures with an exponential spatial covariance. The 
aperture generation code COVAR ( W i i  and El-Kadi, 
1986) was awd5ed to allow for anisoUopic covariance. 
The input parameters to the aperture generation code are 
log bo, G, and 3Ly. which denote. nspeCtively, the 
mean and standard deviation of the lognormal dismbu- 
tion, and the spatial m l a t i o n  lengths in x and y dircc- 
tions. 

Figures 1 and 2 show stochastic realizationS of lop- 
a p e m  distributions in a fracture plane with d i6xnt  
length and anisoaopy of spatial correlation. The parame- 
ters for these distributions arc given in Table 1, and the 
discrttized countcrpans arc shown in Figures 3 and 4. 

RELATIVE PERMEABILITY MODEL 

It is welI established that for sin&-phasc flow the ptr- 
meability of a parallel-plate fracture of aperture b is 
given by 

b2 
. 12 

k = -  

This permcability is present over a flow sheet of width b 
so that, when nonnaliztd to a unit thickness perpcndicu- 
lax to the fracture, the average permeability is 

(2) 
- b3 k=- 

12 

whence thc ttrm "cubic law" for this relationship. In 
two-phase conditions, the capillary pnssurc between 
wetting and non-wetting phases is given by 

2y- cosa 
b Pc = (3) 

where y is the surface tension between wetting and non- 
wetting phases, and a is the contact angle between the 
wetting phase meniscus and the fracture wall. We adopt 
the convention of taking Pc > 0. and we assume that the 
contact angle for water-vapor (or wetting-nonwetting 
phase) is 0. 

n 

t 

The crucial wncept  developed in this paper can now be 
stated as follows: As far as multiphas flow Propemes 
arc concerned, a rough-walled fracture with position- 
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dependent aperture is assumed y like a ~ C ~ S ~ ~ ~ O N S  
parallel-plate fracture with the same average aperture 
(Brow, 1987). Thus, a fracm element with aperture 
bij has a single-phase permeability b8/12, and its phase 

~n d r  implement the pw 
necessary five be ~ s ~ s s i v i t y  m e n  

&e it is 

* occupancy is govern4 by the local capillary presswe elements of e n t  aperture. Consider a "comtion" 
Pij 2@,j. In 'Q~asistatic" conditions Of IOW pressure (flow antact) betwen two elements wih a p -  
gradients (low capillary number). when both wetting and 
non-wetting phase have access to the frilcm clement 
(ij). it W i l l  Contain Wetting phase if Pc < Pij, nOn-WCtthg 
phase if Pc > Pi. Note that this assumption ignores possi- 

m s  b, and b, respectively (Figun 5). Neglecting 
non-kear flow e&ts at the j m c m ,  the total pressa 
drop b e m n  n and m can & expressed as 

.. 

(4) 
ble e5xts from wetting phase which may be held by Pn -Pm = (Pn - Pi) + (Pi -Pm) 
s m a l l - s ~ a l ~  rot@ttSS or by adso~tivt  forces in the walls 
of fractuxc elements the bulk of which would be drained =Fmn P [ x+D,] &An kBAm (Pruess et al., 1988). M i n d  coatings may also play a 
role in complicating phase occupanc 
(N.G.W. cook, private communication). 

Our procedure for 
relative permeabilities can now be described as 
(1) Obtain a discntizcd representation bij of frac 

apertws for a finite rectangular do&, either by 
generating a stochastic realition of a suitable 
apermre distribution, or by directly digitizing an 
image of the porc space (see Figures 3 and 4). 

(2) Define a cutoff-aperture b,, cornsponding to a 
capillary pressure Pc = ab,, and occupy all apcr- 
tuns smaller than be with wetting phase, a l l  larger 
apertures with non-wetting phase. (This occupancy 
rule ignores global accessibitity criteria which may 
be very important in two-component flow; it is 

s, = 1 - S w )  COrZt 
lary presswe Pc by 

Here Pi denotes the pressure at the interface, Fm is the 
mass flow rate, p is fluid viscosity, p is density, and 
Dn. k,,. A,, arc nodal distance, permeability. and cross- 
sectional area for flow in fracture element n, respectively 
(likewise for element m). Introducing an effective per- 
meability k;rm and connection area A,, the pressure 
drop can also be written Bs 

(5) Pn - Pm = F, g Dn+% 
P LA,, 

Equating the expressions (4) and (5). and inserihg for 
flow area A, = b, x Ay, similarly for A,, and using Eq. 
(1) for permeability. We obtain 

pressure curves. 

steady state. From the numerical simulation we obtain 
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the total steady-state flow rate F the fracm 
between boundaries separated by a distance L and held at 
a pressure di&rcnce of A€? A straightforward applica- 
tion of Darcy's law gives the following urpnssion for 
effective permeabitity 

The permeability in Eq. (8) is normalized to a cross- 
sectional area A, which we take to be 1m2; i.e., it is 
assumed that the modeled f racm segment is embedded 
in a cross-sectional arc8 of I x I m2. 

RESULTS AND DISCUSSION 

The accuracy of the numerical simulation procedure was 
verified by comparison with computations using an elcc- 
tric resistor analog. Simulations were then performed for 
a number of discretized nalizations of l o g n d  and 
normal ape- distributions with di&rent mean values 
and spatial cornlation lengths. Figures 6 and 7 show 
results for wetting and nonwetting phase relative per- 
meabilities, respectively, for the two apertrat distribu- 
tions of Figures 3 and 4 (parameters as given in Table I). 
The &rent data points in Figurts 6 and 7 cornspond to 
&&rent cutoff apertures bc. 

Before discussing the simulation results presented in Fig- 
ures 6 and 7 it should be emphasized that these art to be 
considend a first rough illustration of the trends, due to 
various approximations and idealizations involved they 
arc not expected to provide a quantitatively valid evalua- 
tion of f racm relative permeabilities. The test calcula- 
tions performed so far indicate that relative permeability 
predictions depend sensitively on the details of spatial 
cornlation between a p c m s ;  a realistic description of 
these codations is n q u k d  before quantitatively useful 
results can be obtained. Other limitations arise from the 
stochastic nature of the apenun distributions; calcula- 
tions for a reasonably large number of realizations would 
be needed beforc firm conclusions can be drawn. The 
rather coarse discretization (20x20) of the fracm 
plane and the five-point finite diffennce scheme used 
here result in grid orientation errors (Forsythe and 
Wasow, 1960; Yanosik and McCracken, 1979). By ns- 
tricting flow connections to the four nearest neighbors 
with a shared interface, the five-point scheme will pro- 
duce an overestimate of flow interference between 
phases. 

The most remarkable feature of the relative permeability 
curves shown in Figure 6 is the appamt strong interfer- 
ence betwcen the phases: Immobile nonwetting phase 
saturation is extremely large, about 84%. and a saturation 
"windovt' in which both phases would be mobile is virtu- 
ally non-existent. This contrasts with the behavior shown 
in Figure 7, whm immobile nonwetting saturation is a 
m m  modest (although still large) 51.5% and there is a 
considerable range of saturations over which both phases 

can flow simultaneously. In our calculations so far wc 
have generally found that a significant window of two- 
phase mobiliv exists only for anisotropic apernuc disui- 
butions. with considerably larger spatial correlation 
length in the direction of flow than perpendicular to it. 

Our wetting phase relative paneabilities appear to be 
generally similar to experimental results for (rime- 
dimensional) porous media (osoba et d., 1951; Johnson 
et al., 1959; Brooks and Corcy, 1964). while non-wetting 
phase relative pcrmeabilities ~ z t  predicted to drop off 
rather rapidly with increasing wetting phase satmation 

This can be understood from the c h d t i c s  of the 

tively small apertures and a small number of large aper- 
tures. In the absence of long-range spatial correlatim 
between apemnes (see Figure 1). a contiguous flow path 
for nonwetting phase can only be maintained when in 
addition to all  the large aperturts also some of the 
smaller apemnes contain nonwetting phase. In other 
words, a relatively largc nonweteing phase saturation is 
required before nonwetting p h  can flow. 

Phase intcrfmnct is generally mngcr  in twe 
dimensional than in three-dimensional porous media. 
because there arc fewer alternative routes for bypassing 
inaccessible ports. (In percolation theory parlance, two- 
dimensional mcdia have a smaller coordination number). 
Anisompic spatial canelation. with larger correlation 
length in the direction of flow, tends to segxegate the 
smalI apcmvc and the Iargc apermre pathways (set Fig- 
ure 2). This diminishes phase interference and broadens 
the saturation window for two-phase mobility (Figure 7). 
The sudden jump in non-wetting phase relative pennca- 
bility at Sw = 48.5% occurs because of a single port 
throat located near x = 0.5, y = 0.3 (set Figures 2 and 4). 

At the present time there ~ T C  no reliable observational 
data with which our predictions for fracture relative per- 
meabilities can be compared. However, Ehnt is some 
evidence from fractured geothermal reservoirs which 
suggests that the sum of liquid and vapor relative .per- 
meabilities is close to I over the entire range of sam- 
tions (Grant, 1977; Pruess et aL, 1983.1984; Bodvarsson 
et al.. 1987). Such behavior is not necessarily in 
disagreement with our 6ndings; in fact, it is srraightfor- 
ward to identify geometric characterstics of fracMt 
apemrn distributions that would lessen or completely 
eliminate interference between phases and thmby give 
rise to larger wetting and nonwetting phase nlative per- 
meabilities at intermediate satllrations. 

For example, it is quite conceivable that fmctlnts corn- 
monly have certain long-range spatial correlations 
between apertures. These could be provided by channels 
or rivulets formed by mechanical erosion or mineral dis- 
solution processes. Another possibility is that field- 
determined relative permeabilities could pertain to an 
aggregate response of several fracnnes of di&rcnt mag- 
nitude, with wetting phase flowing in the smaller frat- 

- 

lognormal distribution. in which tha  wc m y  rtIa- 

t 



tures. nonwetting phase in the larger ones. Under such 
conditions of segregated flow the sum of wetting and 
nonwetting phase relative permeabilities w@dd be near I 
at all levels of saturation. 

In addition to geometric c teristics of the fracnnt 
pore space, there is a purely thermodynamic effect that 
could enhance‘nonwetting phase permeability in single- 
component two-phase flow. As was shown by Verma 
(1986). phase uansfoxmation effects will prevent vapor 
bubbles from getting trapped at pore throats in concurrent 
vapor-liquid flow. Verma’s analysis indicates that phase 
change processes will in effect enable vapor flow to take 
place even if there is no contiguous flow path for the 
vapor phase. This effect would generally enhance 
nonwetting phase relative pmneability in shgle- 
component two-phase systems (a volatile fluid and its 
vapor) in comparison to 

CONCLUDING REMARKS 

We have developed a 
ting and nonwetting phase relative permeabilities in real 
rough-walled rbck fracruns. Our method utilizes a quan- 
titative description of the fracture pore space in tern of 
an aperture distribution. which can be obtained either 
through direct laboratory measurements on fracture 
specimens, or by means of stochastic computer-generated 
realizations of mathematical distribution functions. The 
crucial concept used in our method is that the capillary 
and permeability properties of a fracnnt can be approxi- 

. mated by a parallel-plate model locally. This is a 
hypothesis which n q u k s  

v 

First applications of the method involved computer simu- 
lation of flow in fractures with synthetic ( l o g n d )  

erture distributions. It was found that interference 
tween phases is generally strong. The sum of wetting 

and nonwetting phase relative permeabilities is much less 

’ 

ties is close to 1 at a l l  saturations. We suggest that this 
feature may be due to the indicated phase transformation 
effects rather &ah due to fracm flow, as has often been 
assumed in the geothermal literam. All else being 
qual, the sum of wetting and nonwetting phase relative 
permeabilities at intermediate saturations should be 
smaller in fracruns than in three-dimensional porous 
media, because of the reduced possibility for bypassing 

The relative permeability functions shown in Figures 6 
and 7 were obtained for highly idealized apercure distri- 
butions. with no explicit allowance for phase change 
e k t s  in vapor-liquid flow. They arc not expected to 
give a realistic outlook on relative permeabilities in frac- 
tured geothermal reservoirs. Work is continuing to apply 
the method developed in this paper to conditions and 
paramem of practical interest. 
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” 
a Point, Finite Difftnnce Reservoir Simulator for Realistic 

* a  
h, - 0.2 xy - 0.2 

1 .o 7 .L 

0.E 0.8 

0.E 
0.6 . 

tions 

case1 carc2l 

tneanapcm~~ (crm) 81.8 81.8 
standarddeviation 0.43 0.43 
x-spatial correlation 0.20 0.60 
y-spatial correlation 0.20 0.20 

1 

A, = 0.2 \ = 0.2 

0,4 

0 2  

0.c 
0.0 0.2 0.4 0.6 0.8 1.0 

X 0.0 02 0.4 0.8 0.8 1 .o 0 0  

X Figure 3. A 20 x 20 discretized version of the fracture 
Figure 1. Contour diagram of a lognormal apemn dis- apemres shown in F i p  1. Lighter shading 
a-ibution in a fractun plane with isotropic spatial cornla- cornsponds to larger ape-. 
tion (Case 1, Table 1). 

tropic spatialcorrelation (Case 2, Table I). apertures shown in Fig- 2. 
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Figure 5. Schematic of a connection between two k- 
turc elements, looking down onto the fracture plane (top), 
and giving an elevation view (bottom). 
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Fim 7. Simulated wetting and nonwetting phase rela- 
tive permeabilities for the l~gnarmal ape& distribution 

cornlation. 
Figure 6. Simulated wetang and nonwetting phase rela- of Figures and with long-range anisotropic 
tive permeabilities for the lognormal aperture distribution 
og Figures 1 and 3. 
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The R i s e  and F a l l  o f  Chlor ide i n  L a r d e r e l l o  Steam 

. 
A.H. Truesde l l ' ,  F.  D'Amore', and J.R. H a i z l i p '  

& ' U.S. Geological  Survey, Menlo Park, Cal i f .  
' I n t .  f n s t .  for Geothermal Research, P isa ,  I t a l y  ' CEO Operator  Corp., San Mateo, C a l i f .  

ABSTRACT from t h r e e  L a r d e r e l l o  w e l l s  h red i n  
low concent ra t ions  (0-5 ppm) when' f i r s t  analy- 
zed i n  1963 and increased u n t i l  a t  least 1977, 
reaching 22 ppm i n  steam from one w e l l .  

S i g n i f i c a n t  amounts o f  C 1  appeared i n  steam 
from upflow zones o f  L a r d e r e l l o  i n  t h e  e a r l y  
1960s. The genera l  p a t t e r n  of  C 1  concentra-  
t i o n  includes:  a r a p i d  rise, a more or less 
cons tan t  p l a t e a u  (co inc ident  wi th  a low, 
s t a b i l i z e d  flow r a t e ) ,  and r a p i d  decrease  
g e n e r a l l y  a f t e r  1980. 
wi th  a genera l  decrease  i n  pressure  throughout 
t h e  f i e l d  presumably due t o  t h e  disappearance 
o f  l i q u i d  i n  t h e  two-phase, vapor-dominated 
r e s e r v o i r .  The p l a t e a u  may be r e l a t e d  t o  t h e  
d i s t a n c e  from c e n t e r s  o f  upflow and inhomoge- 
n e i t i e s  i n  t h e  temperature  and chemistry of  
deep br ine.  
t h e  s t a r t  of l i q u i d  i n t r o d u c t i o n  from r e i n j e c -  
t i o n  and d r i l l i n g  l o s s e s  and p a r t i c u l a r l y  wi th  
t h e  t i m e  o f  breakthrough o f  steam formed from 
i n j e c t e d  water. This  h i s t o r y  sugges ts  t h a t  
when l i q u i d  was exhausted i n  some areas and 
p r e s s u r e  dropped, o t h e r  areas s u f f e r e d  accel- 
e r a t e d  b o i l i n g  and d r i e d  o u t  as w e l l ,  a l lowing  
high-Cl steam formed from b o i l i n g  o f  deep 
b r i n e  t o  move upward t o  reach t h e  wells. 
i n t r o d u c t i o n  o f  l i q u i d  a f t e r  1980 reversed t h e  
process .  A similar s i t u a t i o n  may be occurr ing  
now a t  The Geysers, C a l i f o r n i a .  

The rise c o r r e l a t e s  

The decrease  i s  c o r r e l a t e d  wi th  

The 

NTRODUCCION 

Chloride i n  steam from Lardere l lo  was 

d ame 

I 00 0 
. m 0  

0 5-10 
1-5  
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A Serrartano 0 
8 C a s t e l n u o v o m  

re 1. Chloride concent ra t ions  i n  
erello steam from D'Amore e t  a1. (1977). 

t o  be l i m i t e d  t o  r e a c t i o n  o f  
ca. D'Amore and Truesde l l  (1979) considered 
C 1  i n  steam t o  i n d i c a t e  b o i l i n g  o f  a deep, 
high-C1 b r i n e  and pointed out  t h a t  C1  i n  steam 

l i m i t e d  t o  superheated steam wi th  a dry  path-  
way from t h e  b o i l i n g  br ine .  
o f  C 1  i n  Lardere l lo  steam w a s  b r i e f l y  d e s c r i b -  

The occurrence 

- 131 - 



ed by Truesde l l  e t  a l .  (1988) but  w i l l  be 
discussed here  a t  g r e a t e r  length ,  and t h e  
reasons f o r  i ts rap id  rise and ( a f t e r  1980) 
f a l l  w i l l  be considered i n  r e l a t i o n  to  
r e s e r v o i r  processes. 

OBSERVED CL IN LARDERELLO STEAM 

Chloride i n  steam w a s  no t  r o u t i n e l y  analyzed 
a t  Lardere l lo  before  1963. 
steam from wells showing h igh  cor ros ion  was 
analyzed f o r  C1,  as w e l l  as Na+, Si02, and 
o t h e r  n o n v o l a t i l e  s a l t s ,  which i n d i c a t e  e n t r y  
of  l i q u i d  from t h e  reservoir. The l o w  va lues  
f o r  C 1  found i n  t h e  f i r s t  f ie ldwide  ana lyses  
suggest  t h a t  C 1  w a s  below d e t e c t i o n  (<1 ppm) 
i n  most wells before  1960. Of 45 w e l l s  f o r  
which w e  have d e t a i l e d  chemistry,  C 1  when 
f i r s t  measured ( i n  1963 f o r  most wells, up t o  
1982 f o r  newer wells) was below d e t e c t i o n  i n  
14 w e l l s ,  1-2 ppm i n  15 wells, 2-5 ppm i n  7 
wells, 5-15 ppm i n  6 w e l l s ,  and >15 ppm i n  
3 wells. 

Earlier, only  

Thi r teen  w e l l s  loca ted  i n  d i f f e r e n t  zones 
of  Lardere l lo  were chosen f o r  d e t a i l e d  s tudy  
(Fig. 2). 
conten ts  and temperature (Table 1) t y p i c a l  of 
wells considered t o  be  i n  upflow zones on t h e  
basis o f  r e l a t i v e l y  high C 1  and B and rela- 
t i v e l y  low Co;! and NH3 i n  produced steam 
(D'Amore and Truesde l l ,  1979). Changes i n  C 1  

These wells have a range o f  C 1  

0 -- 
Figure 2. 
re i n j e c t  i o n  wells. 

Locations o f  w e l l s  s t u d i e d  and 

concent ra t ion  wi th  t i m e  f o r  t h e s e  w e l l s  are 
shown i n  Figures  3-5. The p a t t e r n s  shown are 
similar. C 1  concent ra t ion  s t a r t  low (below 
5 ppm for 5 wells, below a t o u t  15 ppm f o r  a l l  
b u t  2 wells) and i n c r e a s e  rap id ly ,  reaching a 
more or less broad p l a t e a u  from 7-10 years  
a f t e r  t h e  f i r s t  measurement u n t i l  1980 t o  
1983. 
decrease  i n  C l ,  which was temporary f o r  some 
w e l l s ,  and cont inued f o r  o t h e r s  a t  l e a s t  
through 1985-1986, which is t h e  l i m i t  o f  o u r  
da ta .  Other  data f o r  t h e s e  wells are s h m  
i n  Table 2, inc luding  t y p i c a l  gas  ana lyses  
and reservoir temperatures  ca lcu la ted  from 
wellhead phys ica l  data and from g a s  
g e o t h e r m m t e r s .  

A f t e r  1980 most wells showed a sharp 

45 

40 

E 
m, 3s 
m, 

6 30 
0 

0 

u 

2 25 

c 
r 20 

15 

10 

S 

0 
60 65 70 75 80 9s 90 

year 

Figure  3. Chlor ide concent ra t ions  i n  steam 
from c e n t r a l  I a r d e t e l l o  wells (L56, pluses ;  
L57, squares;  L80, circles; LL52, crosses; 
Fab, t r i a n g l e s ;  SP1, diamonds). The earlier 
arrow i n d i c a t e s  t h e  start o f  i n j e c t i o n .  The 
l a t e r  arrow i n d i c a t e s  t h e  breakthrough o f  
steam vaporized from t h i s  water. 
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Figure  4. 
from western L a r d e r e l l o  w e l l s  (VClO, circles; 
Ql , t r i a n g l e s ;  42, squares ,  Punt, diamonds). 
The arrow i n d i c a t e s  t h e  s t a r t  o f  in jec t ion .  

Chlor ide concent ra t ions  i n  steam 
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Figure 5. Chloride concent ra t ions  i n  steam 
from nor thern  L a r d e r e l l o  wells (Gl, circles; 
66 ,  squares ;  G9, t r i a n g l e s ) .  

Data i n  D ' h r e  and Truesde l l  (1979) and 
D'Amore and Pruess  (1986) suggest  t h a t ,  f o r  
w e l l s  i n  t h e  c e n t r a l  zone of  L a r d e r e l l o  
d r i l l e d  before  1950, t h e  appearance o f  C 1  i n  
steam (ext rapola ted  t o  z e r o  ppm) correlates 
wi th  t h e  s t a b i l i z a t i o n  o f  steam flow a t  10-202 
of  i n i t i a l  values .  For t h e s e  ear l ier  w e l l s  
t h e  time of c h l o r i d e  a p p e a r h c e  seems t o  be 
about 1957. 

INDICATIONS OF RESERVOIR DRYING AT LARDERELLO 

The accepted model f o r  vapordominated 
geothermal systems ( a f t e r  mite e t  al., 1971) 
c o n s i s t s  of a l iqu id-sa tura ted  condensate 
zone, a vapordominated two-fluid-phase zone, 
and a deep b o i l i n g  br ine.  In  t h e  n a t u r a l  
s ta te ,  steam produced from t h e  b o i l i n g  b r i n e  
flows upward i n  t h e  vapor-dominated zone 
along l a r g e  f r a c t u r e s  and c o n d u i t s ,  and 
condensate flows downward on s u r f a c e s  and 
discont inuous small f r a c t u r e s  t o  r e p l e n i s h  
t h e  deep br ine.  Although deep temperatures  
(>35OoC) have been measured a t  Lardere l lo  
(Cappet t i  e t  al . ,  19851, t h e  deep b r i n e  h a s  
never  been s a t i s f a c t o r i l y  sampled; however i t  
must e x i s t  t o  provide upflowing steam t o  
maintain system temperatures  and h e a t  flow. 

I n  t h e  n a t u r a l  s ta te  t h e  vapordominated 
r e s e r v o i r  a t  L a r d e r e l l o  was d r i e r  t h a n  t h a t  
a t  The Geysers ( 1  w t  2 o f  t o t a l  f l u i d  a t  
Lardere l lo  compared w i t h  5% a t  The Geysers, 
Nathenson and Muffler ,  1975 us ing  methods 

75) and e x t e n s i v e  product ion 
as d r i e d  it f u r t h e r .  The product ion o f  

super-heated steam from wells i 
L a r d e r e l l o  i n d i c a t e s  complete d 

r e s e r v o i r  ne 
b u t  does no t 
dominated reservoir 

were n e a r  32-35 a t a  and 235-24OoCl 

e x p l o i t e d  zones o f  L a r d e r e l l o  dropped r a p i d l y  
( F e r r a r a  e t  al . ,  1970; C e l a t i  e t  al., 1976). 

Early shal low w e l l s  i n  c e n t r a l  Lardere l lo  
showed lover p r e s s u r e s  (30 sea) probably 
r e s u l t i n g  from n a t u r a l  discharge. 
p ressures  i n  t h e  t o p  o f  t h e  r e s e r v o i r  i n  t h e  
c e n t r a l  Lardere l lo  and Castelnuovo zones had 
dec l ined  t o  10 a ta ,  and by 1952 t h e  e n t i r e  
L a r d e r e l l o  and Castelnuovo zones showed 
similar l o w  pressures .  
i n  t h e ' r e s e r v o i r  t o p  were near  5 ata. 

By 1943 

I n  1975 pressures  

Although pressures  dropped r a p i d l y  i n  
response to  product ion,  temperatures i n  t h e  
vapor-dominated zone changed very little. 
The wells s tud ied  by D'Amore and Truesde l l  
(1979, 1980) showed n e a r l y  cons tan t  wellhead 
and reservoir temperatures  a f t e r  t h e  end o f  
product ion from vaporized n e a r - v e l l  l iqu id .  
Decl ining pressures  wi th  near-constant temper- 
a t u r e  r e s u l t  i n  dry ing  o f  t h e  r e s e r v o i r  and 
superheat ing of  steam. 
from pressure  d e c l i n e  and steam superheat ing 
a r e ,  however, l i m i t e d  t o  t h e  upper p a r t  o f  
t h e  vapor-dominated zone where most wells 
have t h e i r  main steam e n t r i e s .  Processes 
occurr ing  deeper  i n  t h e  vapordominated zone, 
p a r t i c u l a r l y  near  t h e  deep br ine ,  would not  

I n d i c a t i o n s  o f  drying 

a l e d  by t h e s e  observat ions.  

Calcu la t ions  by H a i z l i p  and Truesde l l  (1988) 
show t h a t  t h e  product ion and t r a n s p o r t  of HC1 
i n  geothermal systems r e q u i r e  t h e  b o i l i n g  o f  
high-C1 (or l o r p H )  b r i n e  a t  temperatures  
above 3OO0C and t h e  e x i s t e n c e  o f  d r y  pathways 
through zones of  lower temperature. The o n l y  
p a r t  of t h e  system where C1-containing steam 
could be generated is t h e  deep brine because 
s u f f i c i e n t l y  high temperatures  and C 1  conten ts  
o f  l i q u i d s  are found only  there .  
i n c r e a s e  o f  C1 i n  L a r d e r e l l o  steam is u n l i k e l y  
t o  have r e s u l t e d  from changes i n  t h e  deep 
b r i n e  such as a sudden i n c r e a s e  i n  b r i n e  
s a l i n i t y ,  a c i d i t y ,  or temperature. 

The rap id  

The d r y i n g  

high-Cl steam from wells w i t h i n  i n t e n s e l y  
ones (e.g., c e n t r a l  110, 
i n  nearby wells (e.8 to , 
icates dry ing  o f  t h e s e  p a r t s  o f  
ir w i t h i n  a s h o r t  , t i m e  period. 
l y  r e s u l t e d  from pressure  equal i -  
lateral t r a n s f e r  of steam. With 

h igher ,  flows t o  t h e  d r y  zone. The la te ra l  
f low accelerates t h e  dry ing  o f  wetter p a r t s  
and they eventua l ly  dry. 
condui t s  t o  t h e  b o i l i n g  b r i n e  are d t y ,  pres- 
s u r e s  drop and steam i n  t h e s e  condui t s  becomes 

As soon as steam 
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superheated. The pressure drop increases 
boi l ing  of  deep br ine  and the  now dry  conduits 
no longer scrub C1  from steam boiled o f f  t he  
brine. C l  contained i n  deep steam i s  now ab le  
t o  reach the  wel l s  and does so a t  about t he  
same t i m e  throughout t he  connected volume. 

The appearance of C 1  i n  widely separated 
a reas  a t  t he  same time might r e s u l t  instead 
from s imi l a r  explo i ta t ion  h i s t o r i e s  with 
drying of these a reas  occuring coincidentally.  
However, explo i ta t ion  h i s t o r i e s  a t  Larderello 
a r e  not the  same. Intense modern explo i ta t ion  
of c e n t r a l  Larderello began about 1950 with 
many wel l s  d r i l l e d  e a r l i e r .  
flow reached 2500 t / h  (Ses t in i ,  1970). This 
was two times the  flow from e a r l i e r  producing 
wells. Some of our study wells from the  cen- 
t r a l  Larderello a rea  s t a r t e d  production e a r l y  
(Fab, 1941; L57, 1949; L56, 1950; and L80, 
1951) and some l a t e r  (SP1, 1963 and L152, 
1976). Other zones were developed l a t e r .  
Gabbro was produced a f t e r  1960 (Gl, 1962; G6, 
1964; and G9, 1966). The western a rea  was 
producing l e s s  than 600 t / h  before 1957 and 
only reached 1000 t / h  i n  1962. 
also s t a r t e d  production r e l a t i v e l y  late (VClO, 
1963; Q l ,  1967; 42, 1972; and Punt, 1971). 

In 1951 t o t a l  

Our examples 

Given t h i s  uneven h i s to ry  of exp lo i t a t ion  it 
seems unlikely t h a t  coincidence produced the  
s imi l a r i t y  of ch lor ide  appearance and increase 
between, for example, t he  Gabbro wells devel- 
oped i n  the  mid-1960s and Fab, L56 and L80 
developed from 1940-1950. The d is tance  from 
c e n t r a l  Larderello t o  Gabbro i s  3-4 km, so 
l a t e r a l  flow is acceptable. La tera l  flow t o  
Larderello was i n  f a c t  indicated i n  the  study 
by Brigham and Neri (1979) of the  Gabbro zone. 
The d is tance  from c e n t r a l  Larderello t o  Q l  and 
42 i s  9-10 km and l a t e r a l  flow i s  l e s s  l i ke ly .  
The s imi l a r i t y  of the  ch lor ide  curves of these 
wel l s  t o  those f o r  Larderello wells i s  less 
marked. However, these wells do not show 
evidence of a long period of production of 
low-Cl steam, ind ica t ing  tha t  somehow there  
was l e s s  ava i lab le  l i qu id  i n  the  vapor- 
dominated reservoi r ,  perhaps through vapori- 
za t ion  and l a t e r a l  flow t o  o the r  zones. 

Gradual increase of C 1  over a period of 
7-10 years suggests t h a t  l o r C l  steam 
generated from boi l ing  of  condensate mixes 
with an increasing f r ac t ion  of deep, high-Cl 
steam. The mixing occurs a f t e r  1 o r C l  steam 
has  become superheated by passage through dry 
zones.. Conduits from the  br ine  t o  the  zone 
of mixing and from the re  t o  the  sur face  a r e  
dry  but l i qu id  water s t i l l  i s  present fu r the r  
from the  wel l s  (and possibly i n  nearby matrix 
blocks) t o  provide l o r C l  steam. Apparently 
the  proportion of deep steam increases u n t i l  
almost a l l  steam was from deep boi l ing  br ine  
and the  C 1  contents of produced steam 
s t ab i l i ze s .  

The plateau i n  C 1  contents,  which d i f f e r s  
i n  concentration i n  d i f f e ren t .we l l s  and 
d i f f e ren t  zones, may r e f l e c t  the  equilibrium 
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concentrations of HC1 boiled from br ines  of 
d i f f e r e n t  temperature, pH, or C1 content. 
The ca lcu la t ions  of Haizlip and Truesdell 
(1988) show t h a t  100 ppm HC1 could o r ig ina t e  
from bo i l ing  a t  350% of br ine  with 20,000 ppm 
C 1  ( l i k e  seawater) and pH near  5 or with 
100,000 ppm C l  and pH near 6. 
l i k e l y  buffered by f e l d s p a r q i c a  reactions t o  
values near 6 so t he  more concentrated br ines  
a r e  indicated. A t  3OO0C only 10 ppm C1 would 
be generated from these brines,  suggesting 
higher temperatures i n  agreement with deep 
dr i l l -ho le  r e su l t s .  

Variations of  CL concentrations with t i m e  

pU i s  most 

(e.g., Figs. 3-51 suggest t h a t  drying of much 
of c e n t r a l  Larderello and p a r t s  of western 
Larderello occurred i n  1955-1960 and t h a t  
drying of  p a r t s  of  t he  northern zone occurred 
i n  1960-1965. 
1970 (SP1 i n  Fig. 3) show moderately high 
i n i t i a l  C l  and  rap id  increase suggesting a 
small amount of  i n i t i a l  low-cl steam from near 
wellbore l i qu id  t h a t  was quickly exhausted. 
Within these zones there  i s  apparently rapid 
l a t e r a l  steam flow and high l a t e r a l  permeabil- 
i t y .  
could ind ica te  d e t a i l s  of connectivity between 
w e l l s  within zones and i n  interzone areas.  

THE EFFECT OF WATER INJECTION AND DRILLING 
WATER LOSS 

Wells s t a r t i n g  production a f t e r  

More de t a i l ed  examination of steam C 1  

Drying of l a rge  p a r t s  of t he  Larderello 
reservoi r  has resu l ted  i n  low steam flow and 
e l e c t r i c i t y  production with l a rge  amounts of  
heat l e f t  i n  t he  reservoir.  This addi t iona l  
hea t  may be exploited through in j ec t ion  of 
addi t iona l  water t o  increase pressure and 
steam flow (Cappetti  e t ' a l . ,  1982). 

Water was introduced i n t o  t h e  Larderello 
reservoi r  both as in jec ted  condensate from 
cooling towers and also from l o s t  c i r cu la t ion  
during d r i l l i n g  of new w e l l s .  
changes i n  C1  t o  these events i s  complicated 
because r e in j ec t ion  and new d r i l l i n g  were p a r t  
of a program f o r  the  rejuvenation of t h e  
Larderello f i e l d  and both s t a r t e d  a t  about 
t he  same time (Cappetti  e t  a l . ,  1982; Bcrtrami 
e t  a l . ,  1985). The wel l s  chosen for study are 
away from areas  of  na tu ra l  recharge and vater 
introduced by t h i s  means is not a considera- 
t ion.  We have shown on Figures 3 and 4 
approximate t i m e s  o f  t he  s t a r t  of i n j ec t ion  
of cooling tower condensate and, f o r  t h e '  
c e n t r a l  a rea ,  t h e  time when breakthrough o f  
steam generated from'injected condensate was 
detected i so top ica l ly  (D'Amore e t  al . ,  1987). 

Relating 

Although exact timing of l iqu id  introduction 
i s  not ava i lab le ,  the  general  correspondence 
of sudden decrease i n  steam C1 contents with 
l i qu id  in j ec t ion  and, f o r  t h e  c e n t r a l  zone, 
with breakthrough of  steam from in jec ted  
l iqu id  a r e  i n  reasonable agreement. 
suggest t h a t  introduction of  l i qu id  produced 
the  C1  decrease through the  ac t ion  of newly 
generated Z o r C l  steam and l iqu id  i t s e l f .  

The d a t a  



Mixing of new 1 o r C l  steam may explain the  
da ta  f o r  some w e l l s  i n  which the  decrease was 
small or temporary, perhaps r e su l t i ng  from a 
shor t  period of water introduction (as from 
nearby d r i l l i ng ) .  

\ Wells with la rge ,  permanent ( a t  lease: t o  
1986) decreases i n  C 1  a r e  apparently a f fec ted  
not only by the  introduction of l o w 4 1  steam 
but a l s o  of l i qu id  t h a t  scrubbed C 1  from deep 

The mechanism of l i qu id  introduction 
i s  suggested by the  simulations of  Calore e t  
e l .  (19861, which indicated t h a t  in jec ted  
l iqu id  moves mostly v e r t i c a l l y  downward unless 
i t  encounters lower permeabili ty t h a t  causes 
l a t e r a l  spreading. A t  Larderello t h i s  l a t e r a l  
spreading of l i qu id  would be expected t o  occur 
a t  t he  bottom of the  two-phase vapordominated 
reservoi r  where increased permeability from 
mineral so lu t ion  by downward-flowing conden- 
s a t e  gives way t o  decreased permeabili ty from 
mineral p rec ip i t a t ion  by bo i l ing  brine.  
(Pruess e t  a l .  (1987) also suggest decreased 
permeability a t  t h i s  location.)  I f  t h e  
cont ras t  i n  permeability is s u f f i c i e n t l y  
g rea t ,  l i qu id  could be ca r r i ed  t o  some 
d is tance  from i t s  source. Direct introduction 
of l i qu id  would scrub C 1  from deep steam and 
e l imina te  superheating a t  l e a s t  loca l ly .  
After t he  steam l e f t  the  l i qu id  it  might again 
become superheated, but i t  would no longer 
have a supply of HCl .  
produced steam ttfus depends on the  quant i ty  
and loca t ion  of  introduced l i qu id  and also on 
d e t a i l s  of l a t e r a l  and v e r t i c a l  permeabili ty 
within the  reservoi r .  Quantitative study of 
t he  C 1  da t a  along with d e t a i l s  of i n j ec t ion  
and d r i l l i n g  and of o the r  r e se rvo i r  observa- 
t ions ( in te r fe rence  f o r  example) could provide 
information about reservoi r  s t ruc tu re  a t  t he  
bottom of t h e  vapordominated 20 

The behavior o €  C 1  i n  

' 

it processes sugges 
rde re l lo  steam a r e  

i l l u s t r a t e d  by Figure 6. 
telescoped i n  time and space showing on t h  

This cartoon is 

a tu re s  a r e  not shown but must include a rela- 

t i v e l y  s teep  gradient between the  pa r t  of t he  
brine t h a t  is i n i t i a l l y  above 35OoC and the  
25OoC vapordominated reservoir.  The high-Cl 
steam mixes i n  the  dr ied  zone with l o r C l  
steam (from l a t e r a l  flow) and flows t o  the 
w e l l .  
w e l l  bottom i s  e n t i r e l y  dry and l o r C l  steam 
t h a t  w a s  once sa tura ted  has become superheated 
before mixing. Thus, no scrubbing of  ch lor ide  
occurs and t h e  well  produces more o r  l e s s  d i l -  
uted high-C1 steam. Before the  dr ied  zone 
encountered the  deep brine,  Cl i n  steam from 
the  br ine  would have been scrubbed by conden- 
s a t e  i n  the  r e se rvo i r  and would have cont r i -  
buted steam but not Cl t o  t he  production. 

The path from the  boi l ing  br ine  t o  t h e  

Htsh-CI - 3S5C 

Figure 6. 
influencing ch lor ide  concentrations i n  steam. 

Cartoon of  reservoi r  processes 

On the  r i g h t  s ide  of the cartoon is  shown a 
plume of  l i qu id  (and sa tura ted  steam) from an 
i n j ec t ion  w e l l  o r  c i r cu la t ion  l o s t  during 
d r i l l i n g .  Saturated steam from vaporization 
of l i qu id  cont r ibu tes  t o  the  mixture of high- 

l i t y  a t  t he  base of  t he  
apordominated r e se rvo i r  above t h e  lorperme-  

o r ig ina l  br ine  in t e r f ace  (a t  the  
f t he  cartoon). This l i qu id  water h a s  
ountered the  dr ied  zone and i s  about 

When t h i s  happens steam from 
t o  overtake the  high-Cl steam r i s i n g  from t h e  
boi l ing  brine.  
t he  high-C1 br ine  w i l l  become sa tura ted  and C 1  
w i l l  be scrubbed i n t o  the  l iquid.  

1 contents. I f  t h e  

k l l  of these  proces- 
these processes 

oms of most w e l l s  at 
t t h a t  none of t h e  

physical charac ter is  t i c s  of t he  produced 
stea? would ind ica te  t h e i r  occurrence. 
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FURTHER IMPLICATIONS OF THE MODEL 

The general  drying of the  Larderello 
reservoi r  indicated by the  appearance of  C 1  
i n  produced steam has fu r the r  implications 
f o r  t he  exp lo i t a t ion  of the  f i e l d  and explains 
some observations t h a t  were poorly understood. 
A negative implication i s  t h a t  f o r  much of  t he  
f i e l d  (where high s t ab i l i zed  C 1  concentrations 
occurred) t he  supply of  s tored  l i qu id  i n  the  
condensate and vapordominated zones of  t h e  
reservoi r  has been exhausted. 
o f  t h i s  stored l i qu id  provided t h e  e a r l y  high 
flows of low-temperature steam described by 
D'Amore and Truesdell  (1979). A more p o s i t i v e  
implication is t h a t  t he  s t ab i l i zed  flow of 
wel l s  with high C 1  comes from t h e  boi l ing  of  a 
deep brine. 
expected t o  be a more s t a b l e  source than 
evaporation of l i qu id  i n  e i t h e r  t he  r e l a t i v e l y  
t h i n  condensate zone or t he  o r i g i n a l l y  r a the r  
dry  vapor-dominated zone. 
t he  long-term increase i n  average steam 
temperature a t  Larderello i s  simply the  r e s u l t  
of progressive drying of low-temperature 
sources of steam and possibly by t h e i r  
replacement by higher temperature steam from 

The evaporation 

Boiling of  deep br ine  might be 

Using t h i s  model 
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Average Steam (ppm) 
Well Max. Steam Depth Period C 1  H3BO3 NH3 

Temp., ('C) (m) 

V C l O  260 >1600 
Q1 250 X O O O  

PUNT 250 >lo00 

LA57 248 '500 
SPl 2 50 >loo0 
LA56 237 -500 
FAB 240 '600 
G 1  242 >loo0 
G6 250 100 
G9 237 ' 9 8 0  
LA152 245 >lo00 

42 255 >too0 

LA80 240 aoa 

1976-84 LS-CL 335t29 
1970-84 30% 430SO 
1977-84 7 2 q  487S4  
1973-85 37% 35236  
1970-83 39% 344Q6 
1970-83 3 7 9  33032  
1973-86 36s 340210 
1973-83 1 2 9  25795  
19 76-83 8 9  199PO 
1977-84 1921 27637  
1973-84 1 0 9  20696  
1978-85 9 9  21lt32 
1976-84 40% 362S7 

130210 
116t18 
90 3 

103 t16 
125 27 
118tl7 
1 0 9 t l l  
141217 
240tlO 
168t12 
2 0 9 9 7  
19027 
100210 

Table 2. Typical Steam Chemistry f o r  Wells from Table 1 

es) tCH2S) t(R2) 

(1980, 6 th  Stanford Res. Eng. Workshop). 
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A FLUID FLOW MODEL OF THE COS0 GEOTHERMAL SYSTEM: 
DATA FROM PRODUCTION FLUIDS AND FLUID INCLUSIONS 
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1. University of Utah Research Institute 
2. California Energy Company, Inc. 

3. Thermochem, Inc. 

ABSTRACT system at Coso. This investigation is 
Part of an ongoing study being per- 

Cos0 is one of several high-tempe- formed through an agreement betwen 
rature geothermal systems associated California Energy Company and the Earth 
with recent volcanic activity in the Science Laboratory Division/university 
Basin and Range province. Within this of Utah Research Institute. 
fracture-dominatedsystem, temperatnres The Cos0 geothermal field is loc- 
as high as 34QnC have been measured at ated at the western edge of the Basin depths of less than 2.5 km* ('3emical and Range province on the China Lake analyses of the Production fluids show Naval weapons Center in Inyo County, CA 

(Fig. 1) - The thermal area is assoc- that steep gradients in the salinities, 
gas concentrations, and temperatures iated with a series of Pliocene to 
occur within the reservoir. Salinities Pleistocene rhyolite domes which trend 
and coz contents range from 1-05 * * %  north-south through the Cos0 Range. 
TDS and 0.95 w t . %  COz in the 
Part of the field to 0.3' w t * %  Southern The geothemal system is localized 

and along discrete zones of fracture per- 
0.06 w t . %  C02 in the north and east. meability in the underlying crystalline Fluid data have been used metamorphic basement. Surface manifes- 
to the and tations of the system include fumaroles 
temperatures of the reservoir outside and acid-sulfate springs in the north- 
the production zones. Homogenization ern and eastern portions of the field temperatures of the fluid inclusions at Devil's Kitchen and coso Hot Spr- 
ranged from 328" to less than 100°C. ings. 
Ice- and clathrate-meJting temperatures To date, California Energy Company, 
indicate that the fluids have salini- as operator for the Cog0 Geothermal 

in depth from 400 to 2500 m and 10 core 
holes ranging from 600 to 1300 m in 

ties UP to 1.4 equivalent w t * %  NaCl and Project, has completed 66 wells ranging 

travels outward toward 
east . 

inclusion data can be combined to de- Figure 1. Location map of the Cos0 
velop a detailed hydrogeochemical model 
of the fracture-dominated geothermal 

geothermal system. 
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CHEMISTRY OF THE PRODUCTION FLUIDS 

Collection of gas and liquid Sam- 
ples from the production wells has been 
an important component of the develop- 
ment program at Coso. The data base 
discussed in this paper includes chemi- 
cal analyses from 27 wells drilled 
throughout the field. Samples from 
these wells were collected using a 
mini -cyclone separator. 

Many of the production wells d i s -  
play a greater measured enthalpy than 
that predicted by the chemical geother- 
mometers. These differences in ent- 
halpy appear to be caused by a 

I 6 

Fluid Inclusions CHS = Coso Hot Springs 
0 Fumeroles 4500-PPm , lKibmc* , 
20 Section Numbers 

Figure 2. Plan map of the Cos0 geother- 
mal field showing well locations and 
calculated C1 concentrations of reser- 
voir fluids. 

combination of boiling around the well- 
bbre (excess enthalpy) and the addition 
of steam from the reservoir (excFss 
steam). However, because the discharge 
enthalpies were not measured for every 
well at the time of sampling, quartz 
adiabatic- boiling geothermometer temp- 
eratures have been used for consisten- 
cy to estimate the composition of the 
reservoir from the fluid samples. More 
detailed reconstructions of the reser- 
voir chemistries are in progress. 
Table 1 presents representative com- 
positions of the reservoir fluids cal- 
culated by this method. 

The fluid compositions define steep 
gradients in salinities, gas concentra- 
tions, and temperatures across the 
reservoir. Figure 2 is a plan map of 
the field contoured with respect to the 
calculated C1 contents of the reservoir 
fluids. Wells that define the high- 
chlorinity region in the southern part 
of the field all produce from depths 
greater than 1525 m. In contrast, 
wells drilled outside the 3500 ppm 
contour produce from shallower depths. 
The corresponding salinities range from 
1.05 w t . %  TDS in the south to 0.37 wt.% 
TDS in the north. 

c 

Figure 3. COz concentrations in produc- 
tion fluids. See Fig. 2 for explana- 
t ion. 

Variations in Cot, shown in Figure 
3, mimic the C1 variations with the 
exception of the C02 depression in the 
north. 6as depletion in the north may 
be caused by boiling, as indicated by 
the occurrence of fumaroles in this 
area. 

The relationship between the Na/K 
geothermometertemperatures (Truesdell, 
1976) and the C1 contents of the recal- 
culated fluids is shown in Figure 4 .  
Because the Na/K geothermometer is a 
logarithmic function of the concentra- 
tions of these elements, mixtures of 
different temperature endmembers that 
have not chemically reequilibrated will 
define a curve that is concave downward 
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Table 1. Representitive analyses of production fluids from the 
Cos0 geothermal system. Concentrations are are in ppm and are 
restored to pre-flash conditions based on the silica 
geothermometer temperatures. Quartz = quartz geothermometer 
temperatures (Fournier and Potter, 1982)  in deg C , Na/K = Na/K 
geothermometer temperatures (Truesdell, 1 9 7 5 ) .  

Well 52-7 77-7 24-20 33-19 72-19 73-19 

Date 2 / 8 8  1 / 8 7  1 / 8 8  6 /88  9/86 
Na 1480 1 7 3 1  1949 2801 2850 
K 206 324 390 700 927 
C a  1 1 . 4  2 5 . 3  9 . 0  36 .8  75 .0  
Mg 0 . 1 8  < 0.16  0 . 2 1  < 0 . 1 0  < 0 . 3 5  
S io2 423 463 549 700 7 1 1  
B 6 3  67 64 113  1 1 9  
Li 10.9 1 5 . 1  18.4 36 .3  45.3 
Sr - 2.43 2 .58  1 .42  0.77 2.79 
c1 2329 304 1 3301 5122 5729 
F 3.20 N.A. N.A. 2.25 1 . 9 1  
HC03 95 .5  40.4 98.6 30.2 23 .3  
so0 49.9  37 .2  41.4 11.6 5 .0  
TDS 4615 5709 6355 9573 10468 
Quartz 240 249 268 307 3 LO 
NA/K 226 267 277 313 363 
Total Gas 2477 1428 4678 9842 7967 
e02 2449 1 4  12 4644 9545 7786 
H2S 1 4 . 3  15 .0  20 .9  , 188.8 159.5 
NH 3 0.472 0 . 4 7 3  0.530 0.694 3.776 
Ar 0.181 0.012 0 . 0 3 8  1 .569  0.059 
N2 9 . 6 5  1 . 1 4  9 . 0  94.02 9.19 
CH4 0.444 0 . 0 9 3  0 . 7 3  4.004 1.118 
H2 0 .038  0 .043  0.04 1 . 8 5 9  1 .077  

5 /87  
1934 

552 
3 6 . 6  

< 0 . 1 5  
66 1 

6 1  
29.9 
2 .08  
3763 
1 . 4 9  
31.4 

5 . 5  
7048 

296 
337 

9389 
9224 

141.7  
0 .547  
0 . 1 0 3  
1 8 . 8 5  
1 .989  
0 .568  
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on a Cl-enthalpy plot. The degree of 
curvature increases as the salinity of 
the diluting fluid decreases. Equi- 
libration to the mixture temperature 
results in a straight-line relationship 
between the geothermometer values and 
the C1 concentrations. The linear 
trend shown in Figure 4 indicates that 
the fluids at Cos0 are related by mix- 
ing, and that they have reequilibrated 
after mixing. The high-temperature 
end-members are produced from wells in 
section 19, and have Na/K geothermo- 
meter temperatures of 362°C and C1 
contents of approximately 6000 ppm. 
Although it is not possible to deter- 
mine uniquely the temperature of the 
diluting fluid from the C1- enthalpy 
relationships, the data suggest that it 
is not much lower than about 140nC. 

Comparison of chemical analyses 
from individual wells sampled at dif- 
ferent times indicates that part of the 
scatter in Figure 4 results from local 
mixing of the reservoir fluids. The 
repeat analyses indicate that SO, con- 
tents of the fluids can vary as much 
as 100% and that increasing SO, corre- 
lates with decreasing geothermometer 
temperatures and increasing calcite 
scaling and total S content. In con- 
trast, the C1 content shows no syste- 
matic correlation with SO, concentra- 
tion. Thus, the observed compositional 
variations may be the result of mixing 
between reservoir fluids of different 
temperature but similar C1 concentra- 
tions, with the cooler fluids enriched 
in Ca, HCO,, and SO. due to esuilibra- 
tion with calcite and anhydriie. 
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Figure 4. Enthalpy-C1 relationships of 
the production fluids. 

FLUID INCLUSIONS 

Fluid inclusions from 12 thermal 
gradient and production wells were 
studied to better characterize the 
composition of the reservoir fluids. 
Microthermometric measurements were 
made on approximately 1200 two-phase, 
liquid-rich inclusions in quartz, cal- 

cite, and anhydrite. The majority of 
the inclusions studied were secondary 
or pseudosecondary in origin and 3 to 
10 microns in size. Although the temp- 
erature and salinity relationships 
discussed below indicate that most of 
these inclusions are related to the 
present geothermal system, a few inclu- 
sions found in quartz and anhydrite 
recorded salinities in excess of 6 
equivalent w t . %  NaCl. Such high salin- 
ity fluids are unlikely to be related 
to the present thermal system, and 
therefore these data were not included 
in Figures Sa-c. 

Vapor-rich inclusions are found 
throughout the field but are most com- 
mon in the upper several hundred meters 
of the northern and eastern wells. The 
presence of vapor-rich inclusions is 
significant because they provide evi- 
dence of boiling within the reservoir. 
Unfortunately, it was not possible to 
make reliable microthermometric mea- 
surements on them because of their 
small size (less than 10 microns). 

Homogenization temperatures (Th) of 
the fluid inclusions ranged from 328" 
to less than IOO'C. The data are gro- 
uped in Figures Sa-c according to the 
locations of the wells. Wells drilled 
in the southern part of the field are 
located in sections 17 through 20. The 
northern wells are in sections 7 and 8, 
while eastern wells are located in 
sections 9 and 16. Figure Sa shows 
that fluid inclusions in the upper 1200 
m of the southern wells define conduc- 
tive gradients but plot close to the 
boiling point curve at greater depths. 
In contrast , the thermal profiles in 
the shallow portions of the northern 
and eastern wells follow boiling point 
curves (Figs. 5b and c). 

Ice-melting temperatures (Twice) 
of the inclusions range from 0.0" to - 
2.8"C. These data are summarized in 
Figure 6. The plot shows that, in 
general, the apparent salinity of the 
inclusion fluids increases with increa- 
sing Th. Many individual samples, 
however, display large variations in 
Tm-ice but relatively little variation 
in Th. For example, Tm-ice of secon- 
-dary fluid inclusions in quartz from 
372 m in well 41-8 ranged from -2.2" to 
-0.4"C whereas the corresponding homog- 
enization temperatures varied by only 
7'C (236" to 243OC). Hedenquist and. 
Henley (1985) described similar rela- 
tionships from the Broadlands geother- 
mal system and suggested that varia- 
tions in Twice of individual samples 
could be due to differences in the gas 
contents of the inclusions. 

If the assumption is made that the 
gas is primarily composed of CO., as is 
the case at Coso, then the gas con- 
tents of the inclusions can be esti- 
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mated from the range in their freezing- 
point depressions. For the example 
given above, the C02 content would be 
4.5 w t . % .  This value is obviously too 
high, because clathrate begins to form 
at 3.7 w t . % ,  and the freezing tempera- 
ture would be positive. Thus, the 
artificially high concentration calcu- 
lated by this method is at least in 
part due to natural variations in the 
salinities of the fluids (see Fig. 2). 

A few of the inclusions from the 
eastern and northern wells have posi- 
tive melting temperatures, which ranged 
from +0.3" to +1.9@C. Even though it 
was not possible to identify optically 
the last solid phase to melt in these 
inclusions because its refractive index 
is similar to that of the liquid, the 
observations described above suggest 
that the positive temperatures repre- 
sent the melting of C02 clathrate. A 
minimum estimate of the C02 contents of 
these inclusions can be obtained by 
combining the decomposition curve of 
clathrate in pure water (Rozzo et al., 
1975) with Henry's Law relationships 
and the' Th values of the inclusions. 
These calculations yield Cot contents 

For comparison with the fluid in- 
clusion data, the freezing point depr- 
essions of the production fluids were 
calculated using a procedure similar to 
that of Hedenquist and Henley (1985). 
The data are shown in Figure 6 along 
with the fluid inc1usio.i measurements. 
It can be seen from this figure that 
the salinities and temperatures of the 
production fluids are a subset of the 
fluid inclusion values. The geographic 

L 

up to 4.5 W t . S .  

trends found in the production data are 
also evident from the fluid inclusion 
data. Fluids from the southern wells 
are the most saline, while those in the 
east and north have the lowest salin- 
ities. The vertical spike defined by 
the northern wells in Figure 6 reflects 
the high gas contents of the fluids 
trapped at shallow depths. These wells 
lie along the same zone as the gas- 
depleted production fluids, implying 
that the higher gas contents of the 
inclusion fluids reflects condensation 
of steam and gas released from the 
deeper fluids during boilincr. 

The least diluted fluid is cont- 
ained in fluid inclusions sampled at a 
depth of 1859 m In Well 72-19, which is 
located in the southern part of the 
field. Fluid inclusions from this 
depth have an average Th of 322%. The 
Tm-ice Of these inclusions ranged from 
-0 .6" to -1.6-C with the majority being 
-0.8"C. We infer from these data that 
the inclusion fluid has an apparent 
salinity of 1.4 equivalent w t . %  NaC1, 
arid a maximum CO, content of 2.4 wt.%. 
These values are slightly higher than 
the production fluids from this well, 
which have a salinity of 1.05 w t . %  TDS 
and a COz content of 0.95 w t . % .  Al- 
though the higher apparent salinities 
of the fluid inclusions from well 72- 
19 may represent a more saline parent 
fluid than is found in the production 
zones, the higher gas contents of the 
inclusions are probably the result of 
gas transfer and enrichment due to 
boiling. Gas enrichment is likely 
since the majority of the highest-temp- 
erature inclusions have the lowest gas 
contents. 
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Th ('a 
Figure 6. Th-Tm diagram summarizing the 
fluid inclusion and production fluid 
data. 

CONCLUSIONS 

Exploration and production drilling 
within the Cos0 geothermal system has 
Drovided an unusually complete suite of 
fluid and rock samples for chemical and 
petrologic studies. In this paper, we 
have combined chemical analyses of the 
production fluids with the results of 
fluid inclusion measurements to develop 
a detailed hydrogeochemical model of 
this dynamic geothermal system. This 
model defines a plume of hot water that 
originates deep in the southern part of 
the field and then migrates to the 
north and east through the fractured 
crystalline basement rocks. 

As the .deep reservoir fluid moves 
laterally and vertically away from the 
center of upwelling, it is progress- 
ively diluted by low-salinity water. 
Both the fluid inclusion and enthalpy- 
C1 data indicate that the diluting 
fluid has a temperature between 120" 
and 140°C. Estimates of the high-temp- 
erature endmember range from 322" to 
3 6 0°C . 

The pattern of fluid movement ap- 
pears to be controlled by decreasing 
depth to permeable rocks north and east 
of section 19. Variations in permea- 
bility with depth are reflected in the 
abundance of veins and the widespread 
evidence of boiling at shallow depths 
in the north compared to the south. 

Evidence for boiling includes C02 
depletions of the fluids; vapor-rich 
inclusions, and fumarolic activity. In 
addition, C02 enrichments in fluid 
inclusions indicate that steam and gas 
have been added to some of the geother- 
mal fluids. 

The close correspondence of produc- 
tion fluid chemistry and fluid inclu- 
sion data demonstrates that these meth- 
ods, used in conjunction, can provide 
detailed models of geothermal systems. 

In contrast, neither the chemical nor 
the fluid inclusion studies indepen- 
dently yields a hydrogeochemical model 
that adequately describes this reser- 
voir. 
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ABSTRACT ow and injection tests (Ishido et al.. 1983; Sill. 
1983a). Although these voltages are close to the typi- 
cal SP noise level of f 5 mV, the voltage anomalies 
over a large multi-well geothermal field would be 
many tims larger. 

Repetitive self-potential (SP) s COm- 
, em 

Prieto and East Mesa, ten years after the original sur- 
pleted over two producing ge 

veys gave us an unprecedented oppormnity to see 
whether SP changes over the fields are dated to pns- 
sure gradients associated with massive fluid move- 
ments; is., production, injection and natural recharge. 
A strong cornlation between SP and production was 
observed at Cmo Prieto whcrc the anomaly position 
has shifted eastward, and w h m  we w m  able to 
model the new anomaly on the basis of actual produc- 
tion rates and the hydrogmlogy. On the other hand, 
we w e n  unable to explain the East Mesa anomalies 

An unprecedented Oppormnity to study producb- 
related SP effects occrvrcd recently when we obtained 
SP dam sets over two producing geothermal fields, 
East Mesa and Qrro Prieto. SP surveys had been run 
over both fields ten years earlier (Corwin et al., 1978; 
Coxwin et al., 1981). and thus it was also hoped that 
the repeat s u ~ c y s  would show changes corrtlative to 
changes in production activities. East Mesa and Cerro 
Net0 an a fontmate choice of fields for comparative 
studies because they shaxc a few common geological 

deltaic sediments of the Salton Trough and both sys- 
tems have b a n  under increasing development and 

dicate that the main mechanism i 

near individual geothermal production 
and injection wells being tested show that changes of 
5 to 10 mV occur as the wells are subjected to short- 

With minor exceptions both East Mesa SmW wtn 
carried out using the fixed reftrcnce technique in 
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which one elecaode remains fixed at a base and is 
Connected to the multimeter via a very long wire. In 
this mode of operation, multiple base stations wm 
requid (14 for the 1987 survey), and loop e m  
were distributed to help minimhe cumulative mors. 
In 1987, a 100-m station separation was used. These 
data are higher in resolution and better in quality than 
the 1978 data for which a 200-m station separation 
was used 

Data acquisition techniques used at Cem Prieto con- 
sisted of both the 6x4 reference and the less dcsir- 
able "leapfrog" technique in which both electrodes 
move in an alternating fashion along the survey line. 
The 1978 Cerro Rieto survey was conducted almost 
entirely using the reference elecaode technique and 
station separations of 100 to 350 m. Due to the 
increased cultural activity and loss of easy access to 
some areas, the 1988 survey was done entirely using 
the leapfrog method with a 100-m measuring dipole 
(Roddguez, 1988). The leapfrog mode is highly sus- 
ceptible to cumulative random e m  along a line. 
Errors at line crossing points wen distributed around 
loops to help minimize th is  problem 

The corrtcttd voltages were all  then smootficd by 
means of a 5-point moving average to help remove 
small voltage perturbations due to various noise 
sources. that is telluric noise. man-made electrical 
noise. and background geologic noise due to point-to- 
point variations in soil moisture and chemistry. This 
is a low-pass iiltering operation which preserves the 
long spatial wavelengths in the data, but which 
changes individd readings up to 20-30 mV. The 
smoothed data sets wen then hand contoured. Both 
new SP contour maps display more detail than the ori- 
ginal maps. This is due to the closer station spacing 
used in the two recent surveys, and additional (fill-in) 
survey lines. Such differences make direct comparis- 
ons of the results difficult. Another consideration 
when comparing repeat surveys, particularly those at 
Cerm Prieto, is the difference in background voltage 
levels. This difference may be due simply to the 
choice of refennce station. 

CERRO PRETO RESULTS 

The initial SP survey was conducted in late 1977 and 
early 1978 when prcduction was limited to the shal- 
low a re:sc~oir. At that tim approximately 12 wells 
wen producing 750 t ~ ~ e S / h r  (-0 Us) from a 
rese~ok region 1.0 to 1.4 km below the surface. 
Steam separated at the wellheads was delivered to the 
original 75 MWe plant (Units I and II of the CPI 
plant). The SP contours (Fig. 1) showed a dipolar 
anomaly, peak-to-peak voltage of 160 mV. whose axis 
a n &  N-S and was centered over the original pro- 
duction area (Corwin et al., 1978; Fitterman and 
Corwin. 1982). The dipolar anomaly may be 
explained in terms of fluid recharge by waters ascend- 

ing through the sandy gap of the otherwise ixnpmm- 
able 0 Shale unit CHalfman et I, 1986a). 

ThC second SP survey was carried out by Jorgc 
Roddguez B a h e ~  of CFE in March 1988. At that 

increased to 620 MWe with the expansion of tht 81 
plant and the addition of two new 220 MWe plants 
(CPII and CPm), that went on line in 19864987. 
Most sttam for the three plants was provided by brine 
from d e e p  reservoir regions Qdmarily the fl reser- 
voir) located east of the original production area 
(Halfman et d, 198% 1986b). Brine reinjtction has 
been insignificant. Not uncxpcctedly, the 1988 survey 
(Fig. 2) reveals. that the SP anomaly has changal. 
Among the more signScant changes are the fbllow- 
ing: 

(1) the dipolar anomaly is less clear* 

(2) the steepest SP gradients have shifted eastward a 
distance of over 2 km to a position that appears 

Fault H m e  (Halfman et al, 1986b). 

(3) the voltage amplitude variations have increased 
up to 20% along SOM lines. 

time the installed electric generating capacity had . 

to comlate with the surfact projection d the 

INTERPRETATION OF THE CERRO PRIETO DATA 

To determine whether the 1988 SP data are, in fact, 
production related, we attempted to nametically model 
the SP using known production data for the m t h  of 

the SYS~CXII, and the subsurfact gtophysical paramt- 
ters. either measured directly (electrical xcsistivity and 
temperature) or inferred from reservoir models @cr- 
meability). Thus far, we have focussed our ancntion 
on a single northwest-southeast trending protile, Line 
E-E'. for which there is a lithofacies cross-scCtion and 
a recently updated model of geothermal fluid flow 
(Halfman et aL. 1986b). In addition, the pmae is 
roughly normal to the steepest SP gradients and it 
crosses an area of significant geothermal pmduction 
F i p  3 shows the simplified lithofacies section, witb 
the interpreted geothermal fluid fiow parterns, and the 
geothermal production intervals. Northwest of Fault 
H production is from 2 2  km, the upthrown si& of the 
p reservoir in Sand unit 2. Southean of the Fault H 
production comes mainly from a depth of 26 to 2 8  
km in the downthrown Sand 2 unit Temperatures m 
the p rescmoir arc 320-350OC. Less is known about 
the deeper y reservoir (unit K) and so it has been 
excluded from this study. 

the SUWCYS, the hydrogeologiC-lithOfaCiCS model fOr 

TO calculate the surface SP along E-E' wc 
used a program SPXCPL written by Si and Killpack 
(1982) and modified for easier use at LBL A com- 
plete discussion of the basis for these calculations is 
beyond the scope of this paper (see for example Nour- 
behecht, 1963; Sill, 1983b). so it shall s&Xcc to say 
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ig. 1. The 1977-78 Cem Riec SP contour map. 



Fig. 3. Simplified lithofacies section for the north- 
south Line E-E' (after Halfman et al., 1986b). Also 
shown is the SP voltage prof& plottcd against the 
subsurface temperature and temperature gradient at 
1800 m depth. 

that SPXCPL solves separately for the electric poten- 
tials in the earth subject to a distribution of pressurt 
(flow or electrokinetic) sources and thermal (ther- 

flow problem by explicitly modeling both the primary 
flow (fluid flux, heat flux) and the induced secondary 

m~electric) SOWCCS. SPXCPL solves the 2-D COUplCd 

electric potentials that arise from the primary flows 
(Onsager. 1931). 

Figure 4 shows the flow model txnmumd and used, 
and Table 1A lists the parameters for the model The 
two large negative flow sour~~s (n and lV) 8ccount 
for actual well production from the upthrown and 

during March 1988. The positive tlow sources simu- 
downthrown sides of the p Itscrvoir. resptctively, 

late rrcharge effects. 

We werc able to obtain a rtasonable fit to the 
observed SP anomaly after relatively few iterations 
(Fig. 5). Electrical resistivity values m rtasonably 
well constrained by surface and m l l h  surveys and 
so these wen not varied. Unit pamcabilities had to 
be reduced by about half the values used by Halfman 
et al. (1986a). and rhc values for rhe dcctrokinctic 
coupling coefficient, a critical parameter in the model- 
ing exercise, were taken from tables of representative 
values for sands and shales. 

We found that the location and magnituck of nxharge 
sources is essential for fitting the SP anomaly. The' 
SP low in 
requires both shallow lateral fluid flow in Unit 2 and 
deeper lateral recharge in the 2 Sand unit Erom the 
southeast The fit improved after we eliminated 
recharge sou~ct I, simulating deq 2 Sand nxharge 
from the northwest. The fit improved mort after we 
eliminated source V which simulatts d e q  vertical 
recharge to the p nservoir. This C~LM as a bit of a 
surprise because it contradicts the hydrogeologic 
model showing a deep source of fluid ascending the H 

and y reservoirs. It must be pointed out that the SP is 
not conclusive evidence for the presence or absence of 
recharge. First, the SP calculations m highly model 
specific and nonunique. Second, the final modcl is 
also highly dependent on the choice of prof& to be 
fitted and data accuxacy along that profile. However. 
these numerical tests clearly point out the sensitivity 
of SP surface voltages to rcchargc sources. 

the southeast part of the smny area 

fault (Halfman et al.. 1986b) and feeding both the p 

Table 1A Unit Parameters for Cerro Prieto SP Model: Pressure Sources 

Electrical Electrokinetic 
cedogic Resistivity Permeability Coupling 

Unit Designation (ohm-m) (md) - Coeff. (mV/atm) 

1 2 10 
2 20 50 
3 6 10 
4 0.5 50 
5 Shale 0 6 05 
6 Sand Z 3 50 
7 10 5 

5 
20 
5 

50 
5 

100 
5 
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Fig. 4. Two-dimensional hydrologic flow model used 
to model SP effects at C m  Prieto. 

s e t  how much the ta was affected by thcr- 
moelectric currents, we next calculated the voltages 
due to a distribution of thermal sources. A reasonable 
fit to the subsurface temperature distribution was 
obtained by using 70 sou~ces, each 0.25 x 106 Watts, 
in the region outlined in Figure 6, and the rock ther- 
mal parameters shown in Table 1B. Although a 
clostr fit to subsurface temperatures could have been 
achieved, modeling was ttrminated when it became 
apparent that the peak thermoelectric voltage at the 
surface is less than 4 mV, and less than the noise 
level of the field data. 

ncharm (60. 61 and 62 
numkk). 'Horizontal disrance =solution is 200 m. 

3 

fig. 6. Twodhcnsional thermal model for Cem 
Meto used to C d & k  thermoelectric SP voltages. 
Seventy point sources, 0.25 x lo6w each WCIE used, 
but produce only a broad negative anomaly of c 4 
mV (peak). The solid isotherm lines an calculateQ 
the dashed line is m e a s d  

EAST MESA RESULTS 

978 Ean Mesa SP survey (Fig. 7) was con- 
ducted after several wells had been drilled and tested 
by Republic Geothmnal, U.S. Bunau of Reclamation 
(Bum), and Magma Power Company, but prior to 
largescale, continuous geothexmal productioh A 
broad dipolar anomaly (90 mV peak-to-peak) was 
&led by using charge separations dong duet stee- 
ply dipping pairs of plancs; two that run northwesterly 
through Section 6 (T. 16 S., R 17 E.), roughly 
between the B u m  and Republic wells (cornin et aL, 

wae found D correlate 
suspected faults, corwin 
conditions dong faults 

tagcs. However, known sub- 
surface tempemture and ptcsslne gradient and 
estimated electrokinetic and thermoelectric coupling 
coefficients for the rocks aJl seemed far too low to 

tion, the 1987 data appear 
relatively unaltend and unaffected by production 
activities (Fig. 8). &ca& of the higher data density, 

most in the Jouthem pan of Section 30. wae produc- 
ing approximactly 500 us for the onnesa I (30 M w  



Table 1B. Unit Parameters for Cerm Prieto SP Model: Thermal Sources 

Electrical Thermal Thermoelectric 
Ceologic Resistivity Conductivity Coupling Coeff. 

Unit Designation (ohmm) (Wlm*°C) (mV/OC) 

1 2 2 0.05 
2 20 2 0.10 
3 6 2 0.30 
4 0.5 2 0.10 
5 Shale 0 6 1.8 0.30 
6 Sand Z 3 2 0.10 
7 10 25 1.00 

gross) plant ~nothcr Seven production weas in see- 
tions 5 and 6 were in the last stages of testing prior to 
the start-up of thc ormesa II (20 Mw gross) plant 
Geothermal fluids art produced from depths of 1.2 to 
2.1 km and arc injected into offset wells at depths of 
0.9 to 1.5 km. 

In view of the amount of fluid produced and injected 
(the prcssuxe sources), thc SP amplitude variations 81t 
small. A few of the discrete anomalies seem to be 
non-geothermal in origin. For example, a new 50 mV 
low around well 18-28 is probably due to oxidizing 
well casing, and the persistent 20 mV low at the west 
end of Line D may be due to a pump m o m  along the 
East Highline Canal. Small highs adjacent to the East 
Highline Canal may be due to fluid Icakagc. other 
small discrete anomalits do seem to cornlate with 
geothexmal activities. In parricular, notice that a the 
original 60 mV high in the southwest comer of the 
survey arca has bccome a complex pattcm of 30 mV 
highs to 20 mV lows. The E-W trending low running 

E' 

4 

+ 32.45' N 

llJ*IS'W 

Fig. 7. The 1978 East Mesa SP contour map. 

through Sections 7 and 8 cOrrtfates with injection 
wells 46-7,46-7B. and 84-7, whilc the adjacent high 
on the south comlates with production WelIS 48-7, 
48-7A. 48-7B and 88-7. This correlation is illusuatcd 
in Figure 9 which shows the smoothed SP data for 
Line A a south-to-nonh profile, passing through 

injection well 847,700 m apart 
~evctal wells, including production well 88-7 and 

The observed SP anomaly could be fined in only a 
very rough way to this production-injection doublet 
A pair of 300 Us sources at 800 m depth yielded the 

IS . - I -  a@ . 
Fig. 8. The 1987 East Mesa SP contour map. 
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for the assumed pressure source strcng-s, but the 
steep gradients in the observed SP curve shape indi- 
cate shallower source cumnts. We cannot match the 
seep gradients unless we bring both pressure s o m s  
closer to the surface and, at the same time, reduce thc 
thickness of the clay caprock layer, layer 1. As rhm 
is no justification for this model, we arc la! to con- 
clude that the data cannot be explained by a well 
doublet alone. Mmovcr, as we learned lam, actual 
source depths an: deeper and source I is only about 30 
Us (T'. " i c h s  and J. Tennison, pcrsonai communi- 
cations, 1989). Thus, the true doubla a n d y  should 
have a very small  peak amplitude and a broader dip- 
lar voltage form 

Comparing the general appcarancts of both data sets 
again, we also sce that the broad dipole negative of 
the 1978 data has been replaced by a m w  
northwest-trending 30 mV low. This interesting 
feature also correlates with one of the normal faults 
(down-to-the-west) inferred from drill hole 'data and 

Fig. 9. SP modcl for the south end of East Mesa Line the heat flow a n d y  fl' Hinrichs, p e d  com- 
A (north-south). mun., 1986). A cross-section normal to anomaly 

strike and through several ORMAT wells is shown in 
observed VOlWeS. Paramem listed in F i p  10. The gradients of the observed SP a n d y  
Table 2A and 2B. TO get the MYmmeW in the sp indicate a so- at a depth of around 600 m, the 
curve one can alter source strengths and source approximate depth of the contact between the low per- 
depths. Alternatively, as shown in Figure 9, we meability clay cap and the underlying reservoir rocks 
also introduce a boundary between the two wells ( m y  Ct d., 1979; Goyal and Kass~y, 1981). HOW- 

urce at this depth can explain the anomaly. 
sourcc at or below the contact, and which 
the appmpriatc subsurface tcmperaturts 
a small (4 mv) positive SP. A prtssurt 

L 

**Goyal and Kassoy, 1981; Rhey et al., 1979 
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Fig. 10. SP modcl for a section though the -30 mV 
anomaly at East Mesa. 

source with of magnitude 17 Us. as calculated by 
Goyal and Kassoy (1981) to get the right energy bal- 
ance for the hydrothermal system, gives the proper 
(negative) voltage, but generates only a weak SP 
effect of about 1 mV at the surface. Either our model 
and m e 1  parameters arc in error, or as Corwin et aL 
(1981) concluded. a mort significant SP mechanism 
exists. It has been suggested that fluid leakage into 
the clay cap may be mating an elecmhemical 
potential. 
CONCLUSIONS 

SP resurveys over the East Mesa and Cmo Prieto 
geothermal fields show a number of differences f h m  
surveys made 10 years earlier. Part of the differences 
can be attributable to better data quality and higher 
data density of the recent surveys. However, it seems 
particularly evident that the shift in the ctm Prieto 
anomaly can be explained by production-recharge 
differences. At the h of the initial survey in 1978 
production for the CPI plant c 8 ~  from the shallow a 
reservoir with thermal fluid recharge ascending a 
"sandy gap" in the othcxwisc impcrmtable Shale 0 
unit. At the time of the resurvey in 1988, production 
has been gnatly cxpanckd to the east with most fluids 
productd from the k o e r  6 rtstrvoir and thermal 

By way of contrast, we had no succtss in f i e g  the 
East Mesa SP to produftion-related effects. East 
Mesa data reveal a complex assorrment of smalI (20 
to 30 mv) positives and negatives. A few of these 
ccnrrlate to man-made sourccs (e.& R Q X  naction of 
a well casing and pumps) or to non-geothtrmal fluid 
flow (e.g., leakage from the East Highlim canal). 
Attempts to model individual SP anomabs - using 
production-injection well doublets, natural COavcctivt 
flow and thermal sources gave anomalies nit6 tbe 
wrong sign, that were too small in amplitude md/or 
toobroad. outmodelsmaybeinaccurate *bntthff t  
also could be another source of SP voltage. As evi- 
denced by the appamt shallow nature of SP snmxs 
at East Mesa, it is possible that the anomalies ~n 
elecaochemical and result from thupal fluid leakage 
guided by faults that penetrate tht clay caprock. It 

chemistry (i.e., Speciation) and rock chcmisq, tht 
East Mesa system u not as effective at causing 
streaming potentials as Ceno Prieto. 

In spite of our difficulties in modeling the East Mesa 
data, we have shown that when an acclpatt 

hydrogeologic model, well produccion dara, ami sub- 
surface rock parameters arc available, carefully made 
repetitive SP surveys may be able to help undnstand 
and estimate fluid recharge in the system. 

also seems that for Icasons of tclqmmc fluid 
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ABSTRACT dominated systems (see Table 1). It i s  
d i f f i c u l t ,  however, t o  determine which, i f  

Steam f rac t i ons  can be ca lcu la ted  v i a  an any, of these react ions are v a l i d  f o r  any 
empir ical  method using the  steam f r a c t i o n  given select ion o f  produced steam samples. For 
model condi t ions developed by e a r l i e r  example, Arnorsson (1985) has found tha t  the  
researchers (eg Giggenbach, 1980; Fischer-Tropsch reac t ion  (Reaction 7, Table 1) 
O'Amore e t  a l ,  1982). The on ly  exception i s  i s  no t  i n  equ i l ib r ium i n  a l l  geothermal waters 
t h a t  p r i o r  knowledge of t h e  react ions over 200°C and y e t  t h i s  react ion has been 
c o n t r o l l i n g  the  gas composition of t he  widely incorporated i n  previous steam f rac t i on  
reservo i r  f 1 u i  d i s  not required. Two ca lcu la t ions  (Table 1). Likewise, where 
techniques, one graphical  and the  other mu l t i p le  generations o f  secondary minerals are 
numerical, o f  ca l cu la t i ng  steam f rac t i ons  by present, i t  i s  not always evident which are 
t h i s  new method are presented and t h e i r  c o n t r o l l i n g  the  f l u i d  gas composition. 
respect ive performances are assessed. The 
advantages and l i m i t a t i o n s  o f  t he  new. method D'Amore and Pruess (1986) have recent ly  found 
compared w i th  previous steam f r a c t i o n  t h a t  t h e  current ca l cu la t i on  methods do not 
ca l cu la t i on  methods are discussed. produce cor rec t  steam f rac t i ons  unless a l l  

f l u i d s  derived from production s i t e s  feeding a 
we l l  have the  same chemical composition f i e  

I they are derived from the  same f l u i d  type; INTRODUCTION 
McCartney and Ha i t l i p ,  t h i s  volume). I n  t h i s  I n  recent years numerous inves t iga t ions  have paper we introduce an empir ical  steam fract ion 

geochemistry as a reservo i r  evaluat ion t o o l  Over previous methods in that it does not for vapour-dominated geothermal e knowledge o f  t he  react ions con t ro l l i ng  i n t e r e s t  has centred upon the  c a l c u l a t i o  as composition of f l u ids  in vapour- 
t e d  reservoirs. Instead, i t  u t i l i s e s  steam f rac t i ons  (y) from wellhead s te  
ew condi t ion imposed by D'Amore and ompositions due t o  t h e i r  poss ib le  use 

est imat ion o f  reservo i r  f l u i d  reserves. The Pruess (op cited). The new also 
ously i n  tha t  i t  
eam analyses as 

We discuss the  
ns o f  the new' 

been directed towards the Of gas ca l cu la t i on  technique which has an advantage 

5 AND HOLE RATIO 

l i k e l y  react ions a t  equ i l ib r ium i n  vapour- 



I '  

TABLE 1 EQUILIBRIUM REACTIONS USED I N  
PREVIOUS STEAM FRACTION CALCULATIONS 

YNN NHJ 3Nz + ~ H Z  Ref 1 

Y C N l  3C + ~ N H J  = 3CH, + 2Nz Ref 1 

YCN2 C + BHz Ref 1 

3Nz + CH, 

YCN3 C + JN2 + HZ Ref 1 

NH3 + CH, 

YH (a)  Hz0 = HZ + $02 Ref 1 

(b) CH. + 2Ho0 = COz + 4th 

YS (a) HIS = H2 + BSz Ref 1 
(b) CH, + 2Hz0 = COz + 4Hz 

YHC CH, + 2Hz0 = COS + 4Hz Ref 3 
( 2  YFT) 

YSC 10Hz0 + CH, + 6FeSz = 
2Fe30, + 12HzS + COz Ref 3 

COS + HZ = CO + HzO Refs 5,6 
yC 

ycz CH, + 3coz = 4CO + 2H20 Ref 5 

YHSH FerO. + 6HzS = Refs 6,7 
(YSHC in 
Ref 6) 2H2 + 3FcSz + 4H20 

Y HSC Fe3O,+ 6HzS + COz + 2Hz = Ref 7 
3FeSz + 6HzO t CH, 

Ref 1 
Ref 2 
Ref 3 
Ref 4 
Ref 5 
Ref 6 
Ref 7 

D'Amore e t  a1 (1983) 
D '  Amore and Gianel 1 i ( 1984) 
D'Amore e t  a1 (1982) 
D'Amre and Celat i  (1983) 
Bertrami e t  a1 (1985) . 
D'Amre e t  a1 (1987) 
D' Amore and Truesdell (1985) 

4 Whilst the l i q u i d  may b o i l  and be 
transferred as steam along wi th  the 
o r ig ina l  vapour, there i s  no mass gain or  
loss during transport from the reservoir t o  
the wellhead. 

5 The gases do not re-equi l ibrate e i ther  
chemically o r  between phases a t  any stage 
between the production s i t e  and the 
wellhead. 

6 A l l  f l u i d s  derived from production s i tes 
feeding a well have the same chemical - 
composition. 

A fur ther  condition o f  current methods i s  that  
the simple mixing model o f  Equation 1 i s  
obeyed. 

cs = cv.y + C1.(1-y) (1) 

Our new model conditions only d i f f e r  from 
those above i n  tha t  condition 2 i s  ignored. 

The d i s t r i bu t i on  o f  gases between the 
reservoir  l i q u i d  and vapour phases can be 
described by the p a r t i t i o n  coeff ic ient :  

B = Cv/C1 (21 

P a r t i t i o n  coef f ic ients  are temperature 
dependent and can generally be described by 
equations such as (see D'Amore and Truesdell, 
1986 f o r  a review): 

Log B = a + bT (3 )  

For gases normally analysed i n  steam from 
vapour-dominated geothermal systems, the order 
o f  a f f i n i t y  f o r  the vapour phase ( i e  the order 
of decreasing d i s t r i bu t i on  coef f ic ient )  i s :  

Nz > Hz > CH, > COz > H2S > "3 

The p a r t i t i o n  Coefficients o f  each o f  these 
gases are i n  excess o f  un i t y  below the 
c r i t i c a l  temperature, but decline as 
temperature increases. From Equations 1 and 2 
i t  i s  evident that  these gases favour the 
vapour phase and tha t  as the steam f ract ion 
increases, so w i l l  the gas concentrations i n  
produced steam samples given our model 
conditions. 

Produced steam gas data sets which sat isfy our 
model conditions display a d i s t i nc t i ve  
d i s t r i bu t i on  on graphs depicting mole r a t i o  
(A/B)  against A, B or  C concentration (see 
Figure 1, where A, B and C are gaseous 
species). Curves such as those i n  Figure 1' 
are generated through the use of Equations 1 
and 2 f o r  a l l  gases, and by knowing the 
reservoiar temperature and vapour (or l i q u i d )  
composition. The shape o f  the data curves i s  
determined by the p a r t i t i o n  coefficients of 
the gases (and therefore the reservoir 
temperature) involved on the graph. The 
species which are more soluble i n  the l i q u i d  
phase and have a lower p a r t i t i o n  coef f ic ient  
are enriched i n  produced steam which has a 
lower steam f rac t i on  and, therefore, a lower 
gas concentration. Mole ra t i os  tend t o  be 
more constant a t  higher steam fract ions 
because most o f  the gas resides i n  the vapour 
phase; high d i l u t i o n  wi th  vaporised l i q u i d  i s  
usually required before the mole ra t i os  i n  the 
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FIGURE I EXAMPLE MOOEL OATA TRENDS. CURVES UERf GENERATED USING 
EWATIONS 1 AND 2. GIVEN C, AN0 8, WITH y AS A VARIABLE 

steam change s ign i f i can t l y  . Thus, t he  
pos i t i on  o f  data along t h e  curves i s  
determined by the  steam f r a c t i o n  o f  t he  
produced steam sample. Data sa t i s f y ing  the  
model are also sens i t i ve  t o  the  vapour (and 
l i q u i d )  phase gas concentrat ions and mole 
r a t i o s  which determine the  pos i t i on  o f  the  
curves r e l a t i v e  t o  the  x and y axes, 
respect ively.  

CALCULATION OF STEAM FRACTIONS USING A MANUAL 
FITTING TECHNIQUE 

Steam gas mole r a t i o  data, whic v iden t l y  
sens i t i ve  t o  the  steam f r a c t i o n  of a produced 
steam sample and the  vapour ( o r  l i q u i d )  phase 
composition o f  t he  reservo i r  f l u i d ,  can be 
useful  i n  two ways when displayed on graphs 
such as t h a t  i n  Figure 1. F i r s t l y ,  they may 
be used t o  i d e n t i f y  data which p o t e n t i a l l y  
s a t i s f y  t h e  model condi t ions described above. 
For example, examinatlon o f  data on such 
graphs w i l l  i nd i ca te  which samples, and which 
gas analyses o f  those samples, f o l l ow  

c ted  by the  model 

Secondly, i f  the  data appears 
model condit ions, and an estimate o f  reservo i r  

' ca lcu la te  one steam f r a c t i o n  f o r  each gas 
analysed i n  each sample. These steam fract ions 
can be used t o  determine the  average steam 

f r a c t i o n  f o r  the  sample and er ro rs  on each. 
Evidently, the  method also provides an 
estimate o f  the  reservo i r  vapour (and l i q u i d )  
composition. 

This method i s  tedious and prone t o  bias so we 
have developed an automated minimisation 
technique f o r  the  ca lcu la t ion  of steam 
f rac t i ons  based on s im i la r  p r i nc ip les  t o  those 
o f  t he  manual f i t t i n g  method. 

CALCULATION OF STEAM FRACTIONS USING A 
MINIMISATION TECHNIQUE 

The minimisation technique a1 so produces 
estimates o f  t he  steam f r a c t i o n  f o r  each 
sample and the reservo i r  vapour composition, 
but does so through the  so lu t ion  o f  a set of 
simultaneous equations (one f o r  each gas of 
every sample 1 : 

csij = c,, . yj + CVi (l-yj)/BilTjl + Eij (4)  

A l l  the  samples need t o  be analysed f o r  the  
same gases and the  minimum necessary f o r  the  
ca lcu la t ion  i s  two gases. 

It i s  also assumed t h a t  the  temperatures of 
a l l  samples (Tj) are the  same and t h i s  
constant temperature must be provided as an 
input  t o  the  algorithm. 

I f  B values are large o r  y i s  close t o  1, the  
equations reduce to:  

C s i j  c v i  y j  E i j  ( 5 )  

I n  such cases it w i l l  be impossible t o  
mate the  values o f  Cvi o r  y j  since any 
t i o n  (yj, Cvi 1 w i l l  be indist inguishab' le 

from the  so lu t ion  (y./R, Cvi.R) where R i s  any 
constant. This 

J 

o f  sampl i nglana ly t i ca l  e r ro r  
found from the  analysis 
P a r t i a l  d i f f e r e  
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and 

\ 

For any set o f  yj,Cvi that  minimise 5 ,  we must 
have dS/dyj = 0 f o r  a l l  j and dS/dCvi = 0 f o r  
a l l  i. Given estimates o f  the steam fractions 
yjK-l. we can use Equation 7 t o  derive new 
estimates o f  the vapour concentrations CviK. 
S i m i l a r l y  we can use the CviK i n  Equation 8 t o  
derive new steam fract ion estimates y We 
have expanded Equations 7 and 8 i n t o  e x p l i c i t  
equations for y j  and Cvi, these are 
Equations 9 and 10. 

j '  

(9) 

(10) 

The calculat ion follows -..e following 
procedure: 

a Set a l l  i n i t i a l  estimates y.0 t o  0.5 f o r  
J 

a l l  j. Set the i t e r a t i o n  count k t o  0. 

TABLE 2 TEST CASES USED i N  MOOELLING 

b Increment k. 

c Calculate CViK from Equation 9. 

d Calculate y.K from Equation 10. 

e If the r e l a t i v e  change i n  any parameter C,, 
J 

o r  y i s  greater than a given tolerance (eg 
1%) go back t o  step b. 

A t  t h i s  point  we have derived estimates y K 
and CviK, however because o f  the ill 
conditioned nature o f  the equations (41, we 
now rescale the y.K by a common factor  R such 
that  S(yj /R,CviKl*R) i s  a minimum. If the 
computed factor  R i s  not close t o  1 t i e  wi th in 
0.0051, we now go back t o  step b. Otherwise 
the algorithm has converged, t yp i ca l l y  t h i s  
rescal ing occurs between two and f i v e  times 
before convergence. 

A number o f  numerical t e s t  cases were examined 
t o  evaluate the performance o f  the method 
(Table 21. Dummy sample analyses were 
generated using Equation 11. The 
sampling/analytical errors were set t o  10% RSD 
for each gas. The y .  were randomly selected 
from a uniform d is t r ibut ion.  The vapour 
concentration was as shown i n  Table 3. 
Oifferent sets o f  samples were generated for 
each t e s t  case. 

5 

J 

J 

(11) 

sD Mean Z SO of X 
No o f  Samples Y range Temperature Gases Used Mean Error  E r r o r  Er ror  

1 
2 
3 

4 
5 

6 
7 
8 

9 
10 
11 

12 
13 
14 

15 
16 
17 

50 
50 
50 

50 
50 

10 
10 
10 

25 
25 
25 

25 
25 
25 

10 
10 
10 

0- 1 
0- 1 
0-1 

0- 1 
0- 1 

0-1 
0- 1 
0- 1 

0-0.2 
0-0.2 
0-0.2 

0.8-1 .O 
0.8-1 .O 
0.8-1 .O 

0-0.2 
0-0.2 
0-0.2 

240 
240 
240 

220 
260 

240 
240 
240 

240 
240 
240 

240 
240 
240 

240 
240 
240 

A1 1 
NHJ ,HI 
H2 ,CH, 

A1 1 
A1 1 

A1 1 
NHJ .H2 
H2 ,CH, 

A1 1 
NHJ , Hz 
Hz ,CH, 

A1 1 
NHJ ,HZ 
H2 ,CH, 

A1 1 
NHJ ,H2 
H2 ,CH, 

0.02 0.07 
-0.02 0.07 
-0.06 0.33 

-0.10 0.08 
+0.12 0.11 

0.02 0.16 
0.06 0.17 
No convergence 

0.01 0.02 
0.03 0.04 
No convergence 

0.65 0.41 
No convergence 
No convergence 

0.00 0.02 
0.05 0.20 
No convergence 

5 14 
-5 17 

-12 57 

-20 10 
26 15 

10 34 
18 43 

14 23 
44 53 

-1 1 55 

7 24 



TABLE 3 RESERVOIR VAPOUR COMPOSITION* 

cot 3.6469 
Hz S 0.3234 
NH3 0.1756 
Nz 0.1019 
CH, 0.9303 
Hz 1.0363 

* Calculated from Truesdell  
e t  a1 (19871 (Central and 
West Geysers medium sample, 
Table 1) assuming y=0.5 

~~ 

S ix  gases were used i n  the  ca lcu la t ions  (COS, 
HIS, "3, CH,, H t )  and p a r t i t i o n  coe f f i c i en ts  
were determined from the  equations o f  D'  Amore 
and Truesdell  I 1986 1. The temperature was 
general ly set  t o  240°C except i n  cases 4 and 
5. For each t e s t  case the  percentage e r ro r  
between the  o r i g i n a l  and estimated steam 
f rac t i ons  have been ca lcu la ted  (Table 2)*. 

RESULTS 

The t e s t  cases produced the  fo l low ing  resu l ts .  

1 The p r inc ipa l  e r ro rs  are re la ted  t o  the 
sca l ing  o f  the  y values. 

2 As ind ica ted  ea r l i e r ,  the  method f a i l s  
where e i t h e r  steam f rac t i ons  o r  p a r t i t i o n  
c o e f f i c i e n t s  are high (Figure 3). 

steam f r a c t i o n  samples (Figure 2 ) .  

0 0.5 1 
Estimated steam fraction. 

FIGURE 3 TEST CASE 3 : RELATION BENEEN M TRUE AN0 CALCULATED 
S l W  FRACTIONS. OfFFERUlT SWOLS REPRESENT DIFFEREHl 
DATA SnS. DASHED LINES ARE 'BEST-FIT' LIN€S 

3 Reasonable resu l t s  are achieved when a) a t  
l eas t  one gas used i n  the  ca lcu la t ion  has a 
low p a r t i t i o n  c o e f f i c i e n t  (eg "3); b) the  
spread i n  sample gas concentrations (and 
steam f rac t i ons )  i s  large and c )  low steam 
f r a c t i o n  samples are present (eg Figure 4). 
I n  t e s t  case 1 85% o f  t he  calculated steam 
f rac t i ons  are w i t h i n  20% o f  the  input 
values (eg Figure 2). 

: REUTXW B N O I  THE TRUE AN0 CAlxUuTED 
IONS. DIFFERENT SYUBOLS REPRESENT DIFFEROIT 

M T A  SETS. DASHED LINES AR€ 'BEST-FIT' LINES 
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4 The accuracy and prec is ion  of the  method 
increases w i th  the  number of samples. 

5 Where the  input  temperature i s  over- 
estimated so are the  steam fract ions.  Steam 
f rac t i ons  are correspondingly under- 
estimated when the  input  temperature i s  
lower than t h a t  o f  the  reservoir .  

We examined the  t e s t  case mole r a t i o  data and 
the  corresponding vapour l i q u i d  mixing l i n e s  
generated v i a  the  ca lcu la ted  vapour 
composition and Equations 1 and 2. I n  each 
case the  f i t  o f  the  mixing l i n e  t o  the  mole 
r a t i o  data was as good as t h a t  expected from 
hand- f i t t i ng  (Figure 5). Indeed the  
l i m i t a t i o n s  o f  t he  minimisation method and the 
idea l  condi t ions f o r  i t s  use are those 
an t ic ipa ted  when using the  manual f i t t i n g  
method. Mole r a t i o  data ev ident ly  provides an 
independent check on the  re1 i abi 1 i ty  of the  
steam f rac t i ons  calculated by the  minimi sat ion 
technique. 

1 
I 

1 
5 

__#-:..:-i 
I 
I 

FIGURE 5 W L E  Cf THE RELATION B E l "  TlE MINIMISATION DERIVED 
YAPCUR-LIQUID MIXING LINE AND A EST M T A  SET 

DISCUSSION 

The p r inc ipa l  advantages o f  t he  above 
empir ical  methods compared w i th  e x i s t i n g  steam 
f r a c t i o n  ca lcu la t ion  techniques are a) no 
informat ion concerning the  reservo i r  react ions 
are required, and b )  the  data upon which the  
new methods are most l i k e l y  t o  be successful 
can be r e a d i l y  i den t i f i ed .  It should be noted 
however, t ha t  a good co r re la t i on  between the  
mixing l i n e  and sample data on ly  indicates 
t h a t #  the  data could be produced under the  
condi t ions defined by the  model. We are 
cu r ren t l y  inves t iga t ing  the  processes and 
condi t ions which may mimic the  mole r a t i o  
trends produced by the  steam f r a c t i o n  model, 
but  ac tua l l y  produce erroneous steam f r a c t i o n  
values. 

A t  t h i s  stage, the  disadvantages o f  the  
technique might be perceived as being the  
r e l a t i v e l y  s t r ingent  data requirements, t he  
accuracy and prec is ion  o f  t he  calculated steam 
fract ions and the  need t o  know the  reservo i r  
temperature. Although few l o c a l i t i e s  produce 
the  type of data required by the  ca lcu la t ion  
method, i t  may be appplied t o  the  U n i t  15 area 

a t  The Geysers (McCartney and Haizl ip, t h i s  
volume; McCartney and Haizl ip,  1989). 

The precis ions quoted e a r l i e r  include the  
sampling/analyt ical e r r o r  associated w i th  the  
data, and as such may be acceptable f o r  
ce r ta in  appl icat ions. On the  other hand, the  
ca lcu la ted  empir ical  steam f rac t i ons  could be 
compared w i th  those calculated by ex i s t i ng  
methods t o  help determine which reactions are 
tndeed c o n t r o l l i n g  gas compositions i n  the  
reservo i r  f l u i d .  More precise steam f rac t ions  
could then be calculated using ex i s t i ng  
methods incorporat ing these reactions. It i s  
hoped t h a t  t he  accuracy and precis ion may also 
be improved by refinement o f  our current 
numerical technique. 

More accurate steam f rac t i ons  depend on 
knowing the  reservo i r  temperature a t  which the  
reservo i r  vapour and l i q u i d  equi l ibrated. 
Whi lst  endeavours should be made t o  use other 
informat ion t o  co r rec t l y  estimate the  
reservo i r  temperature, i t  i s  evident t h a t  even 
e r ro rs  i n  the  calculated steam f rac t ions  of 
+/- 2OoC do not s i g n i f i c a n t l y  a f fec t  t he  
estimates o f  t he  steam f rac t i ons  when the  
ove ra l l  accuracy and prec is ion  o f  t h e  method 
are considered. 

CONCLUSIONS 

We have presented two empir ical  methods f o r  
ca l cu la t i ng  steam f rac t i ons  o f  steam samples 
from vapour dominated systems. The methods 
r e l y  on the  assumption t h a t  t he  steam i s  being 
produced from a s ing le  f l u i d  type, however 
assumptions concerning reac t ion  e q u i l i b r i a  are 
not required. Steam gas mole r a t i o  data may 
be used t o  i d e n t i f y  samples t o  which the  
methods may be applied, and t o  check the  
accuracy o f  the  calculated steam fract ions.  

ACKNOMLEDGEMENTS 

We thank Geoscience Limited, a wholly owned 
subsidiary o f  Geothermal Resources 
In te rna t iona l ,  Inc, f o r  permission t o  publ ish 
t h i s  paper. We are indebted t o  J Ha iz l i p  f o r  
her discussion and support o f  our work and t o  
Drs A S Batchelor and R H Cur t i s  who provided 
he lp fu l  reviews o f  our paper. We are gra te fu l  
f o r  the  help i n  producing the paper provided 
by P Davies and J Pearson. It was t h e  work of 
D r s  F D'Amore and A H Truesdell  who i n i t i a t e d  
our i n t e r e s t  i n  steam f r a c t i o n  calculat ions. 

NOMENCLATURE 

a,b Constants i n  Equation 3 
6 Gas p a r t i t i o n  c o e f f i c i e n t  

Cl 

C, 

Concentration o f  gas i n  reservo i r  l i q u i d  
(moles/1000 moles HzO) 
Concentration o f  gas i n  produced steam 
(moles/1000 moles HzO) 



C" 

Y 

'i j 
ei j 

Concentration o f  gas i n  reservo i r  vapour 
(moles/1000 moles Hz0) 
Sampling/analytical e r r o r  i n  sample j 
f o r  gas i 
Gas i dent i f i er  
Sample i dent i f i e r  
I t e r a t i o n  count i n  numerical scheme 
Number o f  gases analysed 
Number o f  samples 
Reservoir temperature estimate ("C) 
Steam f r a c t i o n  
Estimate o f  sampling/analyt ical e r ro r  
Gaussian random var iab le  
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THE HYDROGEOLOGIC-GEOCHEMICAL MODEL OF CERRO PRIETO REVISlTED 

M .  J. Lippmnn,* A. H. Truesdell, f A. Maiibn M..S and S. E. Halfman,* 
*Lawrence Berkeley Labramy 

Berkeley, CA 94720 
W.S. Geological Survey 
Menlo park, CA 94025 

$Comisibn Federal de Ekctricidad 
Mexicali. BC, Mexico 

ABSTRACT 

As the exploitation of the Cmo Prieto, Mexico. geothcr- 
mal field continues, there is increasing evidence that the 
hydrogeologic model developed by Halfman et al. (1984, 
1986) presents the basic featuns controlling the move- 
ment of geothermal fluids in the system. At the present 
time the total installed capacity at Cem Prieto is 620 
MWe rtquiring the production of more than 10~00 
tonnes/hr of a brine-steam miXttm. This significant rate 
of fluid production has resulted in changes in reservoir 
thermodynamic conditions and in the chemisny of the 
produced fluids. 

After reviewing the hydrogeologic-geochemical model of 
Cem Rieto, some of the changes observed in the field 
due to its exploitation art discussed and interpnted on 
the basis of the model. 

INTRODUCTION to penerrate layer Z 

The Cem Rieto field has been ext 
Comisibn Federal de Electricidad 

The Halfman et al. natural &ace model shows that in the 
Cem Prieto system there is circulation of g e o t h d  
fluids generally from east to wcst. Hot (about 350'0 
fluids enter the system from the east-southeast. and art 
discharged in the area of surface manifestations located 
west of the wellfield Figs. 1 and 2). The geothermal 
fluids seem to ascend from depth through the SE-dipping. 
normal fault I€ (?he results of recent isotope and self- 
potential surveys have given further evidences of fluid 
movement through this fauls Stallard, et al., 1987; Gold- 
stein et al., this volume). 

As the hot fluids flow up fault H, they end to move 
laterally into the mort pmneable layers (Figs. 2 and 3). 
An unknown amount recharges the deepest reservoir 
identified so far (gamma resc~oir); it corresponds to 
layer K found below 3300 m depth (Fig. 3). The bulk of 

stward movtment of the gwthcnnal fluids has an 
boaom of the less 

northeast. In the region of well M-10A (Fig. 2) a 

given by Lippmann and Ma3611 
of this paper is to review g e d y  

stem area of the field). 

over the Cem Prieto field (Goldstein et at, this volume). 
As the hot fluids ascend through the gap, boiling occurs. 

importance of lithology and faults in controlling fluid Cir- 
dation. 

shown in the west-ctntral part of Figure 2 Under natural 
state conditions the westward movement of hot fluids in 
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I CERA0 PRlETO 
GEOTHERMAL FIELD O 

Figure 1. 
\ 

Cem, Rieto. Depth (in meten) to the top of the Sand Unit 2 (set Fig. 2). The m w s  indicate the direc- 
tion of g c o t h d  fluid flow away from fault H. The fault zone is shown at the beta reservoir lwei 
(hm Halfman et d. 1986) 

Figure 2. Southwest-northeast geologic cross section of the Cem, Prim field showing schematically the lithology 
and the flow of geothermal fluids (h Halfman et al., 1984) 

the alpha reservoir continues sotnewhat west of the nor- 
mal fault L However, most of the fluids flow up this 
fault ('Fig. 2). reaching a shallower aquifer where miXing 
occurs with colder ground waters. Some of the hotter 
fluids leak to the surfact west of the wellfield. 

The important control of fault H on the recharge of 
g e o t h d  fluids to the Cem Rieto system is made evi- 
dent by the high production rate~ being observed in wells 
with open intervals within, or near the fault zone. As an 
exarnple, Figm 4 illustrates the excellent production 
characteristics of well M-147; the initial enthaIpies of the 

- 164- 



A 2  
SL 

Fault H d  e \- 
Xg 064407i 

Figure 3. Northwest-southeast cross section of 
tern (after Halfman et al., 1986) 

to wellfield showing geothermal fluid flow pat- 

_i 

- 165 - 



produced fluids exceeded 2000 lcltkg. The high produc- 
tion rates, enthalpies and wellhead pressures recorded in 
M-147 have led Mercado and Bermejo (1987) to postu- 
late that it is fed by a fracture connected to a steam 
chamber located below the producing reservoir., We do 
not necessarily agree with their hypothesis of a deep 
steam chamk, we consider that the behavior of M-147 
is related to its proximity to fault H through which hot 
compressed liquid recharges the system 

NATURAL STATE GEOCHEMICAL MODEL 

The original tcmpcraturcs and sources of the Cem Rieto 
field reservoir fluids, as well as the processes active in the 
system mainly after the start of fluid production, have 
been discussed in several papers and summarized by 
Truesdell et al. (1984b) and Truesdell(1988). 

Initial hydrogeologic models of the Cem Prieto field 
werc mainly developed on the basis of geochemical 
infomtion (e.g., Mercado, 1976). Later models, like the 
one discussed above, had to show the "subsurface plumb- 
ing" inferred from the interpretation of the chemistry of 
the initially produced fl uids. Thus, there is general a m -  
mcnt between the natural state circulation models 
developed for Cem Prieto by geologists. reservoir 
engineers and geochemists. 

Geochemical studies established the origin of the geoth- 
ermal brines as mixtures of Colorado River water and 
marine hypersaline brine contained in the deltaic sedi- 
ments of the Mexicali Valley (Fig. 5). These studies also 
showed that N2 and Ar originate from the atmosphere. 
m, H2S. HC, 'He and NH3 from thermal metamor- 
phism of sediments, and a minor amount of 3He from 
magmatic sources. 

EXPLOITATION HISTORY OF CERRO PRIETO 

Before the initial 37.5 MWe unit began opuating in April 
1973, long-term production tests of wells completed in 
the alpha reservoir had k n  carried out. Vcry lit& data 
arc available for this early period. However, starting in 
1973 careful rrcards have been kept on the rate of p m  
duction and on the chemistry of the produced fluids. 

The present installed electrical generating capacity at 
Cem Rieto is 620 W e .  Initiany the total capacity at 
the field grew slowly, but in 1986-87 it expanded sub- 
stantially. as indicated in Table 1. Accordingly, the rate 
of fluid production has signiticantly incnased Fig. 6). 
To date only small-scale reinjection tests have been car- 
ried out; all  the separated brine is being disposed into a 
evaporation pond located west of the wellfield Fig. 1). 
Recently, the pond has been expanded to cover an area of 
about 16 km2 (Mercado and Bermejo, 1988). 

Table 1 

Installed electrical generating capacity at Cmo Rieto 

Date Total installed capacity ( W e )  
April 1973 375 
October 1973 75 
January 1979 1125 
March 1979 150 
November 1981 180 
January 1986 400 
September 1986 510 
June 1987 620 

t M 

Egun 5. Schematic diagram of the geology and fluid flow across the Mex id  Valley (from Halfman et aL, 1986). 
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F i p  6. Total annual fluid production at Cem Rieto. 

Due to the large fluid extraction rate, significant changes 
have been observed in the reservoirs and production 
wells. The bulk of available infonnation on reservoir 
changes is on the alpha reservoir, the first one to be 
exploited. Even though fluid production from the beta 
reservoir began in the late 1970% only a few studies have 
dealt with the changes occurring in this reservoir. There 
axe no data on the evolution, if any, of the gamma rescr- 
vok only a few wells (e.g.. M-112) arc producing from 
it. 

For administrative purposes the present wellfield has 
been divided into thret areas: CPI (Cem Rieto I), west 
of the railroad track, CPII, the southeastern art% and 
CPIII, the northeastem area. 

Response of the alpha reservoir to production 

As indicated earlier 

1973 and 1980 most of the fluids produced at Cerro 
came from this, the shallowest (1o00-15OOm 
hot water aquifer. Exploitation of th 
ntinues but on a smaller scale as a 

ells and an incrcas 

temperatures indicate initial W i g  around some wells 
(Janik et al.. 1982; Nehring and D’Amore, 1984; Tmes- 
dell et al., 1984% 1989). With time, these boiling zones 

tend to expand and stabilize; the history of well M-31 
illustrates havior (Fig. 7). This type of well 
response can be sirnulared by a radially symmetric sys- 
tem showing a constant pressure boundary at a given dis- 
tance from the well (Fig. 8). Boiiig has deposited large 
amounts of quartz and calcite in the near-well region 
resulting in flow declines. sometimes leading to the loss 
of wells (l’hesdcll et al.. 1984a) 

As the alpha reservoir is bounded beiow by low ptrmta- 
bility rocks, and above and to the west by an interface of 
colder waters (Fig. 9). pressure drawdown results in cold 
recharge from the west and/or through fault L Fig. 2) 
that breaches the overlying shale layer. Once in the 
reservoir, the cooler waters tend to sweep the hot waters 
as they move toward the producing wells (Grant et al., 
1984; Truesdell and Lippmann, 1986). Because of their 
location near the natural recharge - or in less 
exploited parts of the field, some of the alpha wells never 
developed a boiling zone (e.& M-42 Grant et al., 1984). 

Fault L, which under natural state conditions allowed the 
upward leakage of geothermal fluids, now acts as conduit 
to the downward flow of colder groundwater into the 
reservoir. The evolution of the chemistry of the fluids 
produced by wells completed in the alpha reservoir 
clearly indicates the importance of this fault in the cold- 
water recharge of this aquifer (Truesdell and Lippmann, 
1986; Stallard et al, 1987). 

Responst of the beta reservoir to production 

The beta reservoir is oEkially considered to have been 
discovered in 1974 in the eastern part of thc field with the 
drilling of well M-53. It was not until her smdiw by 
Halfman et al. (1984) that it became evident that some 
earlier wells in the southern region of CPI had partially 
penetrated this reservoir (e.g., M-51 completed in 1972). 
The beta reservoir extends over most of the Cem F’rieto 
field. It is found below about 1600 m depth. deepening 

h e  late 1970s in the southwestem (ii., southern QPI) and 
southeastern (i.e., 8 I i )  regions of the field, it i n m e d  
markedly with the completion of the detper E-wells in 

available; a similar situation could exist along the 
southeastern edge of the field. 
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M-31 
A 

Figure 7. Chemical and enthalpy tan- history of well M-31. ( b m  Truesdell et al, 19%) 

380 I I I 1 I I I 1 1 I I I 
t#J = 10% 
k = 2 0 m d  

340 Po-90bars 

B.H.T. -F----__ 1 
240 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Time (years) 
XBL 892.7472 

Figure 8. Numerically simulated enthalpy and bottomhole tcmpawm (B.H.T.) for a radially symmetric system 
with a constant pressure and temperature boundary. 

Most beta wells show high production rates and tempera- 
tures initially. The enthalpy of the produced fluids tends 
to increase immediately due to reservoir boiling (in&- 
cated by excess steam). Evidences of boiling in the beta 
reservoir have been reporred by Semprini and Krugcr 
(1984). Stallard et al. (1987). de Le6n Vivar (1988). and 
Truesdtll et al. (1989). 

may be also due to minnal deposition in and around the 
well because of reservoir boiling. especially in BlIi (a 
mort careful analysis of downhole data is needed). On 
the other hand, the precipitation of silica in the wellbores 
and/or wellhead separators is a significant problem in the 
southeasten! region of the field (Bn). This indicates that 
in this region reservoir boiling is not yet extensive. 
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Schematic Geothermal Fluid 
Flow Model for Cerro Prieto 

W E 

€ 

0 
8 

Colder Ow 
Fault H 

OW 
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1 \ 
? 

(Natural state condiriw) 

I 

Colder OW 
3 Hot Fluids + ?  1 % Produaionzones 

(During explo i in)  

XBL 891-7427 

Figure 9. Schematic fluid flow model for Ctm, Rieto. 

the western edge of the field (A cold water swcep similar 
to the one occurring in the alpha reservoir; Tmesdell et 
d, 1989). 

There is a remarkable spatial amelation between the 
boiling zone in the beta reservoir and the location of fault 
H. Semprini and ffiger (1984) and Stallard et al.(1987) 
have shown boiling zones that generally agnt with the 
position of this fault. More striking is the comspondence 
between de Lebn Vivar's (1988) distribution of wells 
showing reservoir boiling and Halfman et d ' s  (1986) 
trace of the fault H at reservoir level (Fig. 10). Thm is 
clear evidence that the boiling beta wells are located near 
the fault zone or in the upthrown block of fault H. A 
simplified modcl of the beta reservoir simulating its 
natural recharge and response to production Fig. ll), 
shows that because of relative elevation, location of pro- 
ducing areas, and restricted recharge, the boiling in this 
reservoir tends to start in the upthrown block of the fault. 

Figure l l a  shows a schematic two-dimensional (x - z 
plane), one-meter thick (y axis) numerical simulation 
model of the Cem Keto beta reservoir systtm. Zone 1 
cornspond approximately to BI and CPII, and Zone 2 to 
BE Figure l l b  describes the assumed conditions that 
were used to compute the preexploitation mass flow and 
temperawe distributions. No heat and mass transfer was 
allowed between the reservoirs and surrounding forma- 
tions. LBL's MULKOM code (PNess, 1988) was uscd in 
the calculations. 

For these particular conditions, 87.5 % of the recharged 
water flows into the upthrown Zone 1; only 125% into 
Zone 2. The computed temperatures arc quite uniform 



under these "natural state" conditions, varying between 
342 and 350 "C; no boiling is observed. 

Figure l l c  describes the exploitation conditions that 
wen assumed for the model. The system is produced at a 
total rate 40 times the ~ R v a l  recharge, while the hot 
(350 "C) recharge is assumtd to be 10 times the natural 
value because of pressun drawdown. Figure l l d  shows 
the temperature distribution and location of the boiling 
zone in the system after three years of production. The 
e&cts of lateral cold-water recharge arc reflected by the 
isotherms; thermal fronts arc advancing coward the pro- 
ducing areas. but have not yet reached them. The boiling 
is restricted to the upthrown block near the fault since 

P,TConst-* 
20 MPP 

this particular region is isolated from the recharge arcas. 

The model shows that the W i g  zone collapses with 
time because of increasing system recharge and cooling. 
Note that at 3 years (Fig. lld) the total recharge slightly 
exceeds total production. 

a) SchematicWel 
of the Beta Reservoir 

Even though models like the one described in Figures 9 
and 11 arc very schematic, they can reproduce some of 
the behavior of the beta reservoir. These simple models 
may be used to outline a productiodinjection program at 
Cem Meto that could reduce the boiling and induced 
cold water recharge. and the related reservoir plugging 
andcooling. 

t s P.TComt- 0 

20 MPa 
200% 

W E 

Conditions 
Pm&cHan 
0.16 kglZrm 

*LdassFbw 

0.014kglym b) Pre-ExploiWon Conditions 
20 MPa Almost Uniform (342-35OoC) 
200% 

P.TConst -. Reservoir Temperatures 

Ii 

4 P.TComt- 
223MPa 

2WC 

U.WP II I 'L 

. 

*BL Is3-74n7 

Figure 11. (a) Schematic vemcal cross-sectional flow model of the Ceno Prieto beta reservoir system. 
(b) Reexploitation (initial) flow and ttmperanrn conditions. 
(c) Assumed exploitation regime. 
(d) Temperanve distribution, fluid fi ows and location of boiling zone after 3 years of pmductioa 
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CONCLUSIONS 

We 6nd a surprisingly clear control of fluid circulation in 
the Cerro Prieto field by faults and lithology. The simple 
geothermal fluid flow model given in Figure 9, describes 

fluids in the system, as well as the recharge that results 
from pressure drawdown due to exploitation. 

It was shown that simple models can explain the behavior 
of individual wells and large regions of the Cem Prieto 
geothermal system. Development of a restrvoir 
management plan for this highly-productive field requires 
more detailed numerical simulations. This effon is being 
carried out in parallel by CFE and LBL scientists who are 
studying the system using three-dimensional numerical 
models that are quite sophisticated. The basic under- 
standing of geothermal field processes obtained h m  
from analyzing simplified models is providing valuable 
guidance in the development of more detailed numerical 
simulation models of Cem Prieto. 

/ - in very general terms the natural state ciqulation of hot 
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ANOMALOUS BEHAVIOUR OF HYDROGEN IN STEM FROM VAPOUR-DOMINATED 
a QOTHERHAL SYSTEMS 

R A McCartney' , J R Haizl ip'  

Geoscience Limited, Falmouth Business Park, Bickland Water Road, 
Falmouth, Cornwall, T R l l  4SZ, UK. 

'GEO Operator Corporation, 1825 South Grant Street, Sui te 900, 
San Mateo, Ca l i f o rn ia  94402, USA 

ABSTRACT contrast, t h i s  present study presents some 
resu l t s  from a major inves t iga t ion  o f  steam 

The r a t i o s  o f  gases i n  d ry  steam produced from gas data co l lec ted  by GEO Operator Corporation 
the  vapour-dom rese rvo i r  o f  the  Unit 15 (GEOOC) from Unit 15 a t  The Geysers 
steam f i e l d  e Geysers i n  Northern (Figure 1 ) .  The data were evaluated by 
Ca l i fo rn ia ,  US be explained by a model Geoscience Limited and GEOOC, both wholly 
incorporat ing m i  Xing between o r i g i n a l  owned subsidari  es of Geothermal Resources 
reservo i r  vapour and vapori sed reservo i r  In te rna t iona l  Inc. This inves t iga t ion  has 
1 i qui d. However, hydrogen analyses are produced a conceptual model of the  area 
anomalous i n  t h a t  they are apparently enriched invo lv ing  the  production o f  steam from a 
i n  the  produced steam compared w i th  l eve l s  mixture o f  both vaporised l i q u i d  and vapour* 
predicted by t h i s  model. This enrichment sources (McCartney and Haizl ip,  1989). Some 
appears t o  be caused p r i m a r i l y  by f lu id - rock  anomalies t o  the  model e x i s t  although the  most 
in te rac t ions  dur ing b o i l i n g  i n  the  reservoir ,  evident involves hydrogen which appears t o  be 
although we l l  casing corrosion react ions enriched i n  steam produced from low gas steam 
dur ing production are a l so  contr ibutary.  
Hydrogen enrichment also appears t o  be present 
i n  the  northwestern area o f  The Geysers and a t  
the  vapour-domi nated geothermal systems o f  
Larderel l o ,  I t a l y ,  suggesting i t s  occurrence 
may be widespread. The ca l cu la t i on  and 
in te rp re ta t i on  o f  steam f rac t ions  and water- 
rock i n te rac t i on  models could be s i g n i f i c a n t l y  
affected by t h i s  hydrogen enrichment 
phenomenon. 

INTRODUCTION 

i t  can be used where the  f l u i d  i s  a mixture 
o f  vaporised l i q u i d  and 'vapour' 1. a general model f o r  t he  f i e l d  has been 

proposed (Truesdell  e t  a l ,  1987). I n  
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wel ls. Unpublished data from the  northwestern 
area o f  The Geysers, and o f  bubl ished data 
from Larderel lo (D'Amore e t  a l ,  1983, 19871, 
i nd i ca te  tha t  t h i s  might be a widespread 
phenomenon. 

The purpose o f  t h i s  paper i s  t o  present the  
evidence f o r  hydrogen enrichment i n  steam 
produced from low gas we l ls  a t  The Geysers and 
Larderel lo, examine t h e  possible causes o f  
t h i s  anomalous behaviour, and o f f e r  an 
explanation f o r  t h e  observations. As hydrogen 
i s  commonly used i n  the  ca lcu la t ion  o f  
reservo i r  temperatures and steam fract ions,  
the  impl icat ions o f  hydrogen enrichment t o  
such ca lcu la t ions  are also discussed. 

EVIDENCE FOR THE ANOHALOUS BEHAVIOUR OF 
HYDROGEN AT UNIT 15 

Truesdell  e t  a1 (1987) noted t h a t  the  t o t a l  
gas concentrations i n  steam from The Geysers 
range from approximately 150 t o  65 000 ppmw. 
The general order o f  dominancy i n  the  gas 
phase i s :  

COz > H: > CH, > NHJ ,HIS > Nz 

COZ i s  t y p i c a l l y  50-70 mole percent of t he  dry 
gas w h i l s t  the proport ion o f  hydrogen usua l ly  
ranges from 10 t o  20 mole percent. A t  
Un i t  15, a s im i la r  order o f  gas dominancy i s  
present w i th  steam t o t a l  gas concentrations 
ranging from approximately 1000 t o  
15 000 ppmw. A l l  gas concentrat ions increase 
w i t h  increases i n  COZ concentration. The 
average proport ions o f  COZ and HZ are 
approximately 60 and 16 mole percent i n  the  
dry  gas, respect ively.  

McCartney and H a i z l i p  (1989) selected 290 
steam samples, which had been co l lec ted  from 
Un i t  15 we l ls  between 1979 and 1988, f o r  
examination. These were co l lec ted  under 
condi t ions o f  f u l l ,  s tab le  production f l ow  and 
are bel ieved t o  be f r e e  o f  s i g n i f i c a n t  a i r  
contamination as a l l  samples contained less 
than 5 mole percent NZ i n  the  dry  gas. Their  
i n te rp re ta t i on  suggests t h a t  a number o f  we1 1s 
from a geographical ly def ined area a t  Un i t  15 
(Figure 1) der ive t h e i r  steam from a single, 
two-phase, f l u i d  type* under s im i la r  reservo i r  
condit ions. 

The d i s t r i b u t i o n  o f  a gaseous const i tuent 
between a l i q u i d  and a vapour phase can be 
described through the  use o f  a laboratory 
derived d i s t r i b u t i o n  c o e f f i c i e n t  (Bi, where i 
i s  a gaseous cons t i tuent )  which i s  t he  r a t i o  
o f  the  gas m o l a l i t y  i n  the  vapour phase t o  the  
gas m o l a l i t y  i n  the  l i q u i d  phase. I n  terms of 

* A f l u i d  type may be single- o r  two-phase 
and i s  defined as one which has a d i s t i n c t  
and i d e n t i f i a b l e  chemical composition. 
Where both l i q u i d  and vapour f rac t ions  are 
present, both are assumed t o  be i n  chemical 
and phase equ i l ib r ium i n  the  reservoir .  

the  const i tuents normally analysed i n  produced 
, steam, the  order o f  a f f i n i t y  f o r  the  vapour 

phase based on d i s t r i b u t i o n  coe f f i c i en ts  a t  
temperatures observed a t  The Geysers and 
Larderel lo (-240-260°C) i s  (see D'Amore and 
Truesdell, 1986, f o r  a summary; Ha iz l i p  and 
Truesdell, 1988): 

Nz > Hz > CH, > COz > HzS > HC1 > NHJ >> HJBOJ 

where, NZ i s  the  l eas t  'soluble '  gas and only 
H ~ B O J  has a d i s t r i b u t i o n  coe f f i c i en t  less than 
u n i t y  ( i e  p a r t i t i o n s  p re fe ren t i a l l y  i n t o  the  
l i q u i d  phase). 

Given t h a t  (a) the  s ing le  f l u i d  type i s  
produced from the  reservo i r  as steam, (b) no 
mass loss occurs through condensation between 
the  production source and the  wellhead, ( c l  no 
gas-gas o r  water-rock i n te rac t i on  occurs 
du r in  o r  a f t e r  b o i l i n g  o f  the  l i q u i d  phase, 
and !dl the  gases obey t h e i r  d i s t r i b u t i o n  
coef f i c ien ts ,  t he  change i n  gas composition 
w i t h  change i n  f r a c t i o n  o f  produced steam 
derived from vaporised l i q u i d  i s  

-qua l i t a t i ve l y ,  i f  not quant i tat ively,  
predictable. As the  proport ion o f  vaporised 
1 i qui d increases, gas concentrations decrease, 
and the  f r a c t i o n  o f  t he  more l i q u i d  soluble 
gases increases i n  the  produced steam phase. 
As an example, because BCH, i s  greater than 
BHzS, the  HzSKH, mole r a t i o  o f  steam i s  
higher a t  lower gas concentrations where the  
f r a c t i o n  o f  vaporised l i q u i d  i n  the  produced 
steam i s  dominant over the  f r a c t i o n  of 
o r i g i n a l  vapour. Single f l u i d  type wel ls a t  
Un i t  15 show such a t rend (Figure 2) which can 
be explained by assuming mixing between 
vaporised l i q u i d  and o r i g i n a l  vapour 
(Equation 1; a f t e r  D'Amore e t  a i ,  1982) given 
the  above condit ions. 

cS  C v  .Y + C1.(1-y) (1) 

where, C, = Concentration o f  gas i n  
produced steam (moles/1000 
moles HzO) 
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Cv = Concentration o f  gas i n  
reservo i r  vapour (moles/1000 
moles HzO) 

C1 = Concentration o f  gas i n  
reservo i r  1 i q u i d  (moles/1000 
moles HzO) . 

y = Frac t ion  of produced steam 
which i s  reservo i r  vapour 

Cy, HzS, COZ and NH3 data appear t o  support 
t he  proposed Un i t  15 model bu t  Hz data do not. 
This can be i l l u s t r a t e d  by the  va r ia t i on  i n  
H2/CH. mole r a t i o s  and COz concentrat ions f o r  
s ing le  f l u i d  type samples a t  Un i t  15 
(Figure 3 ) .  Whilst t he  d i s t r i b u t i o n  c o e f f i -  
c i en ts  p red ic t  an almost constant Hz/CH, r a t i o  
dur ing b o i l i n g h i x i n g ,  t he  f i e l d  data 
ind ica tes  t h a t  HZ i s  r e l a t i v e l y  enriched i n  
the  low gas we l ls  and possibly also i n  the  
higher gas we l l s  ( t he  HZ enrichment may not be 
la rge  enough t o  take the  Hz/CH, r a t i o  out o f  
t he  range o f  t he  e r r o r  bars i n  the  higher gas 
wel ls) .  A l l  o ther gas r a t i o s  invo lv ing  H2 
show the  same anomaly. Although we r e a l i s e  
t h a t  t he  anomaly cou ld  be caused by r e l a t i v e  
deplet ions i n  a l l  t h e  other gases we th ink  
t h a t  t h e i r  strong co r re la t i on  w i th  the  
l iquid-vapour mixing model makes i t  more 
l i k e l y  t h a t  on ly  hydrogen i s  enriched. I n  the  
fo l lowing sect ion we examine the  possible 
causes o f  t h i s  e f f e c t  on the  s ing le  f l u i d  type 
wells. 

..- 

i :  

VARIATION Q LE RATIO Y 
UNIT 1s STEM SOLID 
MIXING lwDEL FIT TH~OUGH SINGLE FLUID SOURCE SMPLEJ 
(240'C SOLID CIRCLES). OPEN CIRCLES REPRESENT W L E s  
fRW &3toruLarS YEUS (SEE TEXT). yy(PLES I N  AREA A ARE 
BELIEVED TO BE AFFECTED BY COHOEN 

INTERPRETATION 

i s  i n  the  region 30-60 ( i e  s i m i l a r  t o  tha t  o f  
HzS) as opposed t o  597 a t  240"C, the  s ing le  

f l u i d  data are c lose ly  f i t t e d  by the above 
model. Although var ia t ions  i n  calculated 
p a r t i t i o n  coeff ic ients e x i s t  between 

u l t s ,  they are not large 
Hz d i s t r i b u t i o n  coe f f i c i en ts  

as low as 30-60 a t  240°C. Likewise, tempera- 
t u r e  var ia t ions  which may occur i n  the 
reservo i r  a5 a r e s u l t  o f  b o i l i n g  cannot 
explain the  HZ enrichment i f  a l l  gases are i n  
phase equil ibr ium. This i s  because the  order 
of d i s t r i b u t i o n  coeff ic ients noted above i s  
maintained across the  range o f  i n te res t  ( i e  
170-240°C). 

Condensation 

The low gas we l ls  general ly produce steam a t  
low flow ra tes  which may make them prone t o  
wellbore condensation. I f  condensation occurs 
between the  reservo i r  steam production s i t e  
and the  wellhead sampling point, a l l  gases 
w i  11 become concentrated i n  the steam phase 
and the  proport ion o f  less  l i q u i d  soluble 
gases i n  the  produced steam w i l l  increase as 
long as a l l  t he  gases obey t h e i r  d i s t r i b u t i o n  
coef f i c ien ts .  Thus, i t  i s  possible t h a t  the HZ 
enrichment over Cy could r e s u l t  from 
condensation o f  steam which o r i g i n a l l y  had a 
gas content much lower than t h a t  observed. 
However, simulat ions o f  Raleigh-type 
condensation ( a f t e r  D'Amore and Truesdell, 
1979) i nd i ca te  tha t  t h i s  process i s  un l i ke l y  
t o  exp la in  the  Ht data. Even s t a r t i n g  with 
gas concentrations less than 1 ppmw t o t a l  gas, 
and condensing more than 99.9% steam causes an 
i n s i g n i f i c a n t  increase i n  the  Hz/CH. mole 
r a t i o .  

Boi l ing/mixing condi t ions 

As long as the  model c r i t e r i a  discussed above 
are obeyed, and only a s ing le  f l u i d  type i s  
present, var ia t ions  i n  the  b o i l i n g  o r  mixing 
condi t ions i n  the  reservo i r  do not a f fec t  the  
overa l l  r a t i o s  o f  gases observed a t  d i f f e r e n t  
COZ concentrations. For example, consider the  
case where (a) steam (vapour o r  a vapour/ 
vaporised l i q u i d  mixture) i s  continuously 

i s  case, as the  Droport ion of 
quid increases r e i a t i v e  

vapour i n  the  produced 
the  more l i q u i d  soluble gases w i l l  
appear enriched r e l a t i v e  t o  the  less  l i qu id -  
soluble aases, and vice-versa. - 

Dhases. Likewise he found tha t  each gas was 
a f fec ted  t o  a d i f f e r e n t  extent suggesting tha t  



the rates o f  t ransfer vary between gases. This 
e f fec t  might extend t o  other processes and 
provides a possible mechanism o f  Hz enrichment 
i n  the steam phase. For example, given the 
condensation model discussed above, if HI 
entered the condensate a t  a slower ra te  than 
CH, then the Hz/CH, r a t i o  i n  the remaining 
steam phase would increase t o  a greater extent 
than suggested by our previous calculations. 
However, fur ther  calculations indicated tha t  
even i f  H t  does not enter the condensate a t  
a l l ,  the Hz/CH, mole r a t i o  i n  the steam phase 
increases only s l i gh t l y ,  pr imar i ly  because o f  
the poor s o l u b i l i t y  o f  CH, i n  the l i q u i d  
phase. Thus, slow HZ uptake by the l i q u i d  
phase during condensation could not have 
induced the observed HI trend. 

HZ might leave the l i q u i d  phase a t  a slower 
r a t e  than other gases during b o i l i n g  such that  
the remaining l iquid,  when completely 
vapoarised, produces low gas steam anomalously 
enriched i n  Hz. Although t h i s  process might 
occur we do not. favour i t  as a cause of HI- 
enrichment. . Conceptually, any l i q u i d  which 
s ta r t s  b o i l i n g  w i l l  continue t o  do so u n t i l  i t  
i s  a l l  vaporised. The presence o f  super- 
heating i n  wel ls from t h i s  area shows that  
t h i s  has happened. Likewise, steam irom a 
number o f  s i t es  i n  d i f f e ren t  states o f  bo i l i ng  
w i l l  probably supply a well. Linking t h i s  
conceptual model wi th  the gas k inet ics  hypo- 
thesi  s would suggest that  hydrogen-enriched 
and -depleted steam w i l l  enter each well a t  
the same time. This i s  inconsistent wi th  the 
f a c t  that  low gas wel ls have produced only 
Hz-enriched steam f o r  a t  least  nine years. 

F1 u i d  inhomgenei t i e s  
Inhomogeneities might ex i s t  i n  the HZ 
composition o f  the reservoir  f l u i d  wh i l s t  the 
COz, HzS and CH, compositions remain 
homogenous. For example, t h i s  could be caused 
through mineralogical var iat ions or through 
mixing with unequil ibrated reinjected f lu ids;  
there i s  no evidence f o r  natural recharge at  
Uni t  15 (GEOOC, unpublished data). 

Wells affected by re in ject ion would tend t o  
produce low gas steam due t o  the higher l i q u i d  
content o f  the source f l u i d  and because the 
re in jected l i qu ids  may react wi th  the 
reservoir  rocks p r i o r  t o  vaporisation and 
production they may po ten t i a l l y  become 
enriched i n  HI over a l l  other gases. Increases 
i n  deuterium, oxygen-18 and t r i t i u m  i n  
produced steam, since re in jec t i on  started a t  
Uni t  15, indicate that  up t o  60% of production 
from some wells comes from reinjected f l u id ,  
and the proportions are highest i n  some o f  the 
low gas wells. However, samples col lected 
from the low gas wel ls before re in ject ion 
began show the same HZ enrichment as observed 
i n  l a t e r  samples suggesting that  re in ject ion 
i s  not the cause o f  t h i s  e f fect .  Although 
re in ject ion might perhaps add t o  the general 
scatter o f  the data about the boil ing/mixing 
model trend i n  Figure 3, the f a c t  that  more 
recent data follows the gas mole r a t i o  

d is t r ibut ions o f  e a r l i e r  samples may indicate 
tha t  re- in jected f l u i d s  equi l ibrate t o  a large 
extent i n  the reservoir  p r i o r  t o  production. 

Steam produced f r o m  a s ingle f l u i d  type w i l l  
have almost constant Hz/CH. mole ra t i os  over a 
range of COZ concentrations i f  the 
d i s t r i bu t i on  coef f ic ients  and the model 
conditions discussed above are obeyed. If a 
range o f  reservoir  f l u i d  types ex i s t  i n  the 
reservoir  where only the H t  composition varies 
and C o t ,  HzS and C k  are constant, then the 
vapour, l i q u i d  and produced steam phases may 
have a range o f  Hz/CH. mole rat ios.  Thus, the 
low gas samples might represent samples of 
high vapoarised l i q u i d  content, produced from 
such a range o f  reservoir  f l u i d  types 
(Figure 4) .  There are, however, two factors 
which suggest t ha t  t h i s  i s  not the case. 
F i r s t l y ,  although Unit  15 wells have been 
monitored under varying production conditions 
f o r  over nine years .there i s  l i t t l e  evidence 
o f  a range o f  vapour-liquid mixing l ines which 
would support the presence o f  a range of Hz 
f l u i d  types (see Figures 3 and 4). Many of 
the data which might represent examples o f  
these f l u i d s  are i n  f a c t  low gas samples 
affected by wellbore condensation (samples 
marked A i n  Figure 3, McCartney and Haizlip, 
1989). Secondly, we have no evidence o f  
mineralogical var iat ions across the reservoir 
which might explain why HI concentrations 
should vary i n  the s ingle f l u i d  type, whi lst  
leaving HzS, CH. and COZ concentrations 
constant. 

c 

FIWRE 4 E W L E  Of THE DISTRI8lJTIlXl Of DATA EXPECTED ma( A FLUID 
YIlRCE U T I (  I#hWlXENEW!i & CONCENTRATI~  BUT 

ARE ALMOST HORIZONlAL. 

Flu id-so l id  interact ions 

Pruess e t  a1 (1985) presented evidence f o r  the 
act ive production o f  COz a f te r  the onset o f  
b o i l i n g  i n  the Larderello reservoir. Boi l ing 
produces a decline i n  gas p a r t i a l  pressures 
and resul ts  i n  d i  sequi 1 i brium between the 
residual l i q u i d  and the host rock. Whilst 
l i q u i d  remains, there i s  a thermodynamic 
d r i v ing  force f o r  gas production. r;F HI i s  . 
produced a t  Uni t  15 i n  t h i s  way, or HI i s  

* 

4 
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produced a t  a faster r a t e  than other gases, 
then such a process would r e s u l t  i n  the  HZ 
enrichment we observe. Given the  remarkable 
consistency o f  the  CH,, HzS and COS data over 
t ime t o  the  s ing le  f l u i d  model, we. be l ieve  
t h a t  Hz i s  the  on ly  gas which might be 

process i s  occurring a t  a l l .  The ion  o f  
p rehn i te /pyr rho t i te  t o  ep ido te lpy r i t e  
(Equation 2) i s  an example of t he  type which 
might be generating t h e  excess HI. This 
reac t ion  has been proposed t o  bu f fe r  HZ i n  
1 i qui d-domi nated systems by Arnorsson and 
Gunnlaugsson (1985) and i s  also compatable 
w i th  the  mineralogy observed a t  The Geysers 
(Sternfeld, 1981 1. 

- s i g n i f i c a n t l y  produced ' i n  exces f the  

4FeS + 2CazAlzSi~O~. (OH12 + 2Hz0 = 

2FeSz + 2CatFeAl~Si~Ch~ (OH) + 3Hz (2) 

Produced steam may be enriched i n  HZ generated 
dur ing corrosion o f  we l l  casing and the  steam 
gather ing system. Minor, and i n  some cases 
more s ign i f i can t ,  condensation i s  common a t  
Un i t  15 and corrosion i s  loca l i sed  where steam 
condenses and the  condensate contacts carbon 
s tee l  (eg Giggenbach, 1979). Analyses o f  
corroded pipe i nd i ca te  the  presence o f  h igh 
l eve l s  o f  Hz w h i l s t  t he  most common corrosion 
product i s  magnetite. This suggests tha t  a 
reac t ion  such as t h a t  i n  Equation 3 i s  
important and the  poor s o l u b i l i t y  o f  HZ i n  the  
condensate w i l l  favour p a r t i t i o n i n g  o f  excess 
HZ i n t o  the  produced steam phase. 

3Fe + 4Hz0 FeSO, + 4Hz (3 )  

P y r i t e  and p y r r h o t i t e  are also corrosion 
products a t  Un i t  15 and t h e i r  formation could 
generate HZ (Equations 4 and 5). However, 
t h e i r  occurrence i s  much less frequent than 
t h a t  o f  magnetite, and the  lack o f  evidence 
f o r  HzS deplet ion i n  the  lower gas we l ls  
suggests t h a t  Reaction 3 i s  t he  dominant 
mechanism o f  HZ production dur ing we l l  casing 
and pipe corrosion. 

Oesp 
have performed mass balance ca lcu la t ions  based 
on Reaction 3, observed corrosion ra tes  o f  

ings, and cumulative steam production, 
-15% o f  the  excess 

Kami 
data from GEOOC's northwestern 

ers and some from Larderel lo 

concentrat ions i n  the  former area are i n  the  
higher ranges f o r  The Geysers (quoted e a r l i e r )  

whi 1 s t  a t  Larderel l o  they t y p i c a l l y  range from 
approximately 17 000 t o  20 0000 ppmw. As a t  
The Geysers, COz i s  by far  the dominant gas 
over HZ a t  Larderel lo ( t yp i ca l l y>90 ,  and 1-2. 
mole percent i n  the dry gas respectively). 

as yet, performed deta i led  
e r  area and therefore do not 

suggest t h a t  the  condi t ions present i n  these 
l o c a l i t i e s  are s im i la r  t o  those a t  Unit 15. 
However, mole r a t i o  data from both areas 
d isp lay  a d i s t r i b u t i o n  w i th  respect t o  CO2 
concentrat ion which i s  s im i la r  t o  t h a t  seen a t  
Unit 15 (eg HZ appears t o  be enriched i n  lower 
gas wells; see Figures 5 and 6). One 
exception i s  t ha t  both HZ and CH, appear t o  be 
enriched over COz i n  lower gas steam from 
Larderel lo (Figure 6). It i s  un l i ke l y  t h a t  
these apparent enrichments are the  r e s u l t  o f  
C02 deplet ion i n  these samples because 
Pruess e t  a1 (1985) have presented strong 
evidence t o  suggest t h a t  'excess' Cot i s  
present i n  steam from Larderel lo due t o  
f lu id-rock i n te rac t i on  dur ing boi  1 i ng. 

5 ,. I 
5p: i' I 
J;c4 

I I 

Any o f  t h e  processes discussed above for  
U n i t  15 might be responsible f o r  HZ generation 
i n  t h e  northwestern area o f  The Geysers and 
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Larderel lo. However, a t  t h i s  stage there i s  
only evidence supporting HI generation through 
corrosion o f  we l l  casings and production 
p ipe l ines  I n  the  northwest Geysers. A t  t h i s  
s i t e  magnetite, p y r i t e  and p y r r h o t i t e  have 
been i d e n t i f i e d  as corrosion products 
suggesting t h a t  t he  t h e  react ions shown i n  
Equations 3 t o  5 are occurring during 
production. We have no informat ion on 
corrosion products a t  Larderel l o  but given the  
f a c t  t h a t  'excess' COS appears t o  be generated 
by f lu id - rock  in te rac t ions  i n  t h e  reservo i r  
(Pruess e t  a l ,  19851, i t  i s  possible t h a t  H t  
i s  a lso generated by such reactions. The same 
process would explain the  behaviour o f  CH. i n  
the  lower gas wells. 

CONCLUSIONS 

HI enrichment o f  steam gas has been i d e n t i f i e d  
a t  U n i t  15, The Geysers, and may also be 
occurr ing i n  other areas o f  both The Geysers 
and Larderel lo. A t  Un i t  15 we have evidence 
t h a t  t h i s  e f f e c t  may be caused, i n  part,  by 
steam-we1 1 casing in te rac t ions  dur ing produc- 
t i o n  although the  major source o f  'excess' HI 
appears t o  be f lu id - rock  in te rac t ions  which 
take place during b o i l i n g  i n  the  reservoir .  

Given the  potent i  a1 widespread presence of Hz 
enrichment, i t  i s  evident t h a t  f i e l d  data 
should be c a r e f u l l y  evaluated p r i o r  t o  using 
them i n  HZ inf luenced steam f rac t ion ,  
geothermometry o r  f lu id - rock  i n te rac t i on  
calculat ions.  I n  the  case o f  Un i t  15 data, we 
estimate tha t  approximately 14 ppmw H2 has 
been added t o  the  steam through one of the  
processes considered above and t h i s  should be 
subtracted from low gas wells, and possibly 
also higher gas we l ls  p r i o r  t o  use i n  such 
calculat ions.  Errors w i l l  be la rges t  if use 
i s  made o f  low gas mole r a t i o  data 
incorporat ing H2. If i n  doubt about the  
v a l i d i t y  o f  HZ data, we suggest non-Hz 
inf luenced ca lcu la t ions  are performed. 
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THE OCCURRENCE OF ACID-LEACHED GRAYWACKE AT THE GEYSERS. 
SONOMA COUNTY. CALIFORNIA 

J e f f r e y  S t e r n f e l d  and Mark W a l t e r 8  

GEO o p e r a t o r  c o r p o r a t l o n  

Santa Rosa, CA 95401 
1330 N o r t h  D u t t o n  Avenue, S U l t e  A 

Ac I d - I  e a c h e d ’  g r a y w a c k e  h a s  b e e n  
I d e n t l f l e d  I n  15 of 19 GEO w e l l s  I n  
t h e  Nor thwes t  Geysers.  The a l t e r e d  
g r a y w a c k e  I s  c h a r a c t e r i z e d  b y  a 
b l e a c h e d  appearance and a h l g h  degree 
o f  s e c o n d a r y  d l s s o l u t l o n  p o r o s i t y /  
p e r m e a b l l l t y .  M l n e r a l s  d e p o s l t e d  I n  
vugs and v e l n s  I n c l u d e  l a r g e  (up t o  
30mm) d o u b l y  t e r m l n a t e d  q u a r t z  
c r y s t a l s ,  b l a d e d  c a l c l t e ,  pyrite, 
pseudohexagonal  p y r r h o t l t e ,  a l b l t e ,  
p o t a s s l u m  f e l d s p a r  and  k a o l l n l t e .  
A l u n l t e .  t r a c e  a m o u n t s  of I r o n  
o x l d e s ,  o p a l l n e  s l l l c a  and p o s s l b l y  
s u l f u r  a r e  a l s o  observed.  The d l s s o -  
l u t l o n  f e a t u r e s  and t h e  m o r p h o l o g l e s  
o f  t h e  rep lacemen t  m i n e r a l s  suggest  
t h a t  t h e s e  r o c k s  w e r e  s u b j e c t  t o  a 
complex h i s t o r y  of b o l l l n g  and low pH 
d l s s o l u t l o n .  The  d l S 8 O l U t l O n  
f e a t u r e s  I n c l u d e  t h e  l e a c h l n g  a n d  
r e p l a c e m e n t  of  d e t r l t a t  a l b l t e  a n d  
s e l e c t e d  m a t r l x  p h y l l o s l l l c a t e s .  The 
a c l d - l e a c h e d  z o n e s  a r e  g e n e r a l l y  
e n c o u n t e r e d  above t h e  s team-bear lng 
r e s e r v o l r  r o c k s  and may r e p r e s e n t  t h e  
s h a l l o w e s t  l e v e l s  of t h e  oeo the rma l  

oLOoARnmncoRllIREn 
of mvm 

8% ULDIELLCDef 

0 

SEAM FIELD 

g u r e  I :  Map o f  The GdYSerS 
w ~ t h  l o c a t ~ o n  of  c r o s s  
s e c t i o n  (A-B) O f  F l g u r e  2. 

a n d  q u a r t z ;  a n d  c l e a r  

had t o  any 
n was unk 

s cm. across,  
of  e u h e d r a l  

I n g  p y r i t e  a n d  
eached  g r a y w a c k e  

d l s s o l u t l o n  t e x t u r e s .  Term I s  n o t  w i t h  d l s s o l u t l o n  c a v l t l e s .  Because  
analogous t o  a c 4 d - s u l f a t e  a l t e r a t i o n .  t h e  l o c a t  I o n  of t h e  b r  l dge  was known 
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a p p r o x l m a t e l y ,  t h e  p o s l t l o n  of t h e  
b l e a c h e d  g r a y w a c k e  I n  t h e  w e l l b o r e  
was d e t e r m l n e d  t o  b e  a t  a d e p t h  of 
a p p r o x l a a t e l y  1,260 m .  and c o r r e l a t e d  
w l t h  an i n c r e a s e  In  d r l l l l n g  p e n e t r a -  
t l o n  r a t e .  W e  h a v e  t d e n t l f l e d  
s l m l l a r l y  a l t e r e d  r o c k s  I n  o t h e r  
w e l l s  u s l n g  t h e  f o l l o w l n g  c r l t e r l a :  

- abundant OUhedral q u a r t z .  
sometlmes d o u b l y  t e r m i n a t e d  - a b l e a c h e d  appearance t o  t h e  
g r  aywac k e  - c l e a r .  e u h e d r a l  c a l c l t e  - l o s t  c l r c u l a t l o n  t o n e s  - I n c r e a s e d  d r l l l l n g  p e n e t r a t l o n  
r a t e s  - o c c u r r e n c e  near  o r  above t h e  
t o p  of t h e  steam r e s e r v o l r .  

I t  was d e t e r m l n e d  t h a t  15 of GEO's 19 
w e l l s  e n c o u n t e r e d  a c i d - l e a c h e d  I 

graywacke. L a b o r a t o r y  s t u d i e s  were 
S u b s e q u e n t l y  made t o  d e t e r m l n e  t h e  
c h a r a c t e r l s t l c s  o f  t h l t  r o c k .  T h l s  
paper  r e p o r t s  t h e  p r e l l m l n a r y  r e s u l t s  
of t h a t  work. 

wm 
Loocr- 

r m  - 

Im - 

S A -  - 

-¶am' - 

-*om - 

-w - 

ua' - 

-?.ow. - 

A s  F l g u r e  2 shows. t h e  ac ld - l eached  
graywacke 1s d l s c o n t l n u o u s l y  encoun- 
t e r e d  above  s t e a m - b e a r l n g  r o c k s  I n  
g e o t h e r m a l  wells I n  t h e  N o r t h w e s t  
G e y s e r s .  A l t h o u g h  t h e  g e o t h e r m a l  
s y s t e m  v e n t s  a t  t h e  s u r f a c e  I n  t h e  
c e n t r a l  and s o u t h e a s t  p o r t l o n s  of The 
G e y s e r s  s t e a m  f l e l d ,  t h e r e  a r e  f e w  
s u r f l c l a l  h y d r o t h e r m a l  m a n l f e s t a t l o n s  
In t h e  Nor thwes t  Geysers (Walter. e t  
a l .  1988). I t  I s  w o r t h w h l l e  t o  n o t e  
t h a t  t h e  s h a l l o w e s t  o c c u r r e n c e s  of 
a c l d - l e a c h e d  g r a y w a c k e  s h o w n  ~n 
F l g u r e  2 a l s o  a r e  I n  c l o s e  p r o x l l p l t y  
t o  t h e  few weak s u r f l c l a l  a a n l f e s t -  
a t l o n s  In  t h e  Nor thwes t  Geysers. 

Ulnaraloav 

The a c l d - l e a c h e d  g r a y w a c k e  e l e c t e d  
f r o m  t h e  w e l l  h a s  a l l g h t  g r a y  t o  
b l e a c h e d  w h l t e  a p p s a r a n c e  w l t h  a 
h l g h l y  p o r o u s  s p o n g e - I l k s  t e x t u r e .  
R e l l c t  r e d l m e n t a r y  t e x t u r e s  a n d  
s t r u c t u r e s  a r e  po0r I . y  p r e s e r v e d  o r  
a b s e n t .  V e l n l e t s  and  v e i n s  u p  t o  4 
mm. a c r o s s  and I r r e g u l a r  c a v l t l e s  u0  

8 o! b 

F l g u r e  2:  Cross s e c t l o n  t h r o u g h  
t h e  Nor thwes t  Geysers a rea  of 
F l g u r e .  1 showlng o c c u r r e n c e  
of ac Id- I eached r o c k s  r e  I a- 
t l v e  t o  t h e  steam r e s e r v o l r .  
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t o  mm. a r e  common. The c a v l t l e s  m l x e d  m o n t m o r l l l o n l t e  l a y e r s )  and 
and open f r a c t u r e s  a r e  U b i Q u i t O U S ~ Y  t r a c e s  O f  m o n t m o r l l l o n l t e .  I n  t h l n  
I l n e d  w i t h  v e r y  f l n e  t o  m l l l l m e t e r -  s e c t l o n ,  framework g r a l n s  of q u a r t z .  
s i z e d  q u a r t z  c r y s t a l s  a n d  O f t e n  t w l n n e d  a l b i t e  and l l t h l c  f ragments 
i n f i l l e d  w l t h  o t h e r  m l n e r a l s  ( a r g l l l l t e ,  c h e r t .  g reens tone)  W l t h  
I n c l u d i n g  c a l c l t e ,  pyrite and PYrrho- t r a c e  amoun ts  o f  d e t r i t a l  e p l d o t e .  
t i t e .  T h e r e  I s  a l s o  e V l d e n C 0  f o r  mUSCOVlte, b l o t l t e  and  sphene  a r e  
b r e c c ~ a t ~ o n  a n d  c e m e n t a t l o n  o f  observed  I n  a heterogeneous m a t r l x  of 
r o t a t e d  graywacke f ragments.  p h y l l o s l l l c a t e  c e m e n t s ,  c h l o r l t e .  

p h e n g l t e  a n d  I n c o m p e t e n t  d e f o r m e d  
The c h a r a c t e r l s t l c  f r a c t u r e - f l l l  g r a l n s  o f  c l a y s t o n e .  G r a i n  
m l n e r a l  assemblages c o n s l s t  o f  c o l o r -  b o u n d a r l e s  I n  t h e  graywacke a r e  sha rp  
l e s s  e u h e d r a l  a n d  t r a c e s  of d o u b l y  a n d  w e l l  d e f l n e d .  The F r a n c l s c a n  
t e r m l n a t e d  q u a r t z  c r y s t a l s  r a n g i n g  I n  metamorphlc  m l n e r a l s  C o n s l s t  o f  mlnor  
s l z e  f r o m  e . 1  m m .  t o  2 5  m m .  I n  p u m p e l l y t t e  a f t e r  p l a g i o c l a s e  and  
l e n g t h ;  s u b o r d l n a n t  a m o u n t s  o f  l n c l p l e n t  l a w s o n l t e  In  t h e  m a t r l x .  
m a s s l v e  w h l t e  Q u a r t z ;  b l a d e d  t o  
r h o m b o h e d r a l  w h l t e  t o  c o l o r l e s s  P e t r o g r a p h l c  o b s e r v a t l o n s  of t h e  
c a l c l t e  c r y s t a l s  (up  t o  1 . 5  m m . )  and a l t e r e d  graywacke r e v e a l  a p e r v a s l v e  
c r y s t a l  a g g r e g a t e s ;  d l s s e m l n a t e d  s l t l c l c  r e p l a c e m e n t  and  r e c r y s t a l -  
p y r l t e  c u b e s  ( e . 0 5  m m . )  and  p y r l t e  l l z a t l o n  of t h e  o r l g l n a l  graywacke. 
agg rega tes  up t o  3 mm. In  l e n g t h ;  and The a l t e r e d  m a t e r i a l  IS composed of 
pSeUdOheXi3gOnal  c r y s t a l s  of m l c r o c r y s t a l  I I n e  t o  s u b h e d r a l  
p y r r h o t l t e  u p  t o  1 . 0  m m .  ~n s i z e .  p r l s m a t l c  q u a r t z  g r a l n s  su r rounded  by 
There a r e  a l s o  m lno r  amounts of s o f t ,  a relatively homogeneous f i n e - g r a l n e d  
powdery, w h l t e  t o  b l u i s h  w h i t e ,  v e r y  m a t r l x  o f  s e r l c l t e  and c h l o r l t e .  w l t h  
f l n e l y  g r a n u l a r  m l n e r a l ( s ) .  T ~ I S  s p o r a d l c  d l s s e m l n a t e d  c u b l c  p y r l t e .  
m a t e r l a l  l a c k s  c r y s t a l l l n e  g e o m e t r l e s  R e l f c t  q u a r t z  g r a l n s ,  when p r e s e n t .  
under  t h e  b l n o c u l a r  s t e r e o s c o p e  and d l s p l a y  embayed o r  Corroded. p i t t e d  
l o c a l l y  forms b o t r y o l d a l  masses. - X R D  b o u n d a r l e s  and  l l t h l c  g r a l n s  a r e  
ana I y s e s  o f  t h e  powder  t y p l c a l l y  r o u n d e d  a n d  p a r t l a l l y  
l n d l c a t e  t h e  p r e s e n c e  r e p l a c e d .  ~ l a g l o c l a s e  g r a l n s  a r e  
p o t a s s l u m  f e l d s p a r  a n d  t o t a l l y  absen t .  
T race  amounts of t e d d l s h  brown I r o n  
o x l d e 8  a n d  a y e l l o w l s h  g r a n u l a r  The b u l k  of t h e  a l t e r e d  graywacke has 
m a t e r l a l .  p o s s l b l y  s u l f u r  o r  a web t e x t u r e  o f  s m a l l  (eO.1 mm. t o  
J a r o s l t e ,  a r e  a l s o  Observed. 0 . 6  m m . )  I r r e g u l a r  q u a r t z  b l a b s  In a 

m a t r l x  o f  f l b r o u s  t o  s c a l y ,  f l n e -  
I n  o r d e r  t o  s t u d y  t h e  a l t e r a t i o n  g r a l n e d  s e r l c l t e  and c h l o r l t e .  Near 
c h a r a c t e r i s t l c r  of a c l d - l e a c h e d  r g e  m l n e r a l l z e d  v e l n s .  o p e n  
graywacke, s e v e r a l  p l e c e s  o f  t h e  we11 a c t u r e s  and c a v i t i e s ,  t h e  m a t e r l a l  
eJeCta.  as w e l l  as  graywacke c u t t l n g s  v e t o p s  a c o a r s e r  (0.1 t o  1 .0  mm.) 
( "GW"  of T a b l e  I 1  o r l g l n a t l n g  approx-  Cussate ' t e x t u r e  o f  s u b l d l o b l a s t l c  
l m a t e l y  7 5  in. above  t h e  e s t l m a t e d  
d e p t h  O f  t h e  e l e c t e d  m a t e r t a l ,  were 
S t u d l e d  USlng whole r o c k  geochemlcal  

h i e  a n a l y s i s .  
l n t e r g r o w n  w l t h ,  o r  r s p l a c l n g ,  t h e  

c l t l c  m a t r l x .  

7 

" 

b r o a d  100% p e a k  l n d l c a t l v e  o f  some 

- 183 - 

J 



TABLE I 

XRD MINERALOGY 

S e m l - q u a n t l t a t l v e  Ana lyses  In  Welght P e r c e n t  

I ’  

, .  

A L A - 1  d=2 
Q u a r t z  5 5 . 0  7 7 . 0  85 .9  
P 1 ag loc  I ase’ 29 .0  
c h l o r i t e  6 . 2  7.1 4.0 
Illite 4 . 3  
s e r  I c l  to2 12.8 7 . 5  
C a l c l t e  4.3 
Pyr I t e  1.3 1 .? 
A l k a l l  F e l d s p a r  1 . 9  
Kao l  In1 t e  1 .o  
A l u n l t e  ( 7 )  T r .  
P y r r h o t l t e  

’ A l b l t e  
2 MICaceoUS I I I I t e  

GW T y p l c a l  Graywacke 
A-1 A l t e r e d  Graywacke 
A-2 A l t e r e d  Graywacke W 
A-3 A l t e r e d  Graywacke w 
A-4 A l t e r e d  Graywacke W 

A l b l t e .  a l k a l l - f e l d s p a r  and k a o l l n l t e  
c o u l d  n o t  b e  p e t r o g r a p h l c a l l y  
I d e n t i f l e d .  T h e r e  w e r e  l o c a l i z e d  
c o n c e n t r a t l o n s  of a f i n e - g r a l n e d .  
m o s a l c  s l l l c a t e  m l n e r a l  bu t  I t  was 
n o t  p o s s l b l e  t o  l d e n t l f y  I t  a s  
f e l d s p a r  o r  q u a r t z .  T race  amounts of 
a c o l o r l e s s  t o  p a l e  green,  f l b r o u s  t o  
s c a l y .  v e r y  f l n e - g r a l n e d  p h y l l o s l -  
I l c a t e  m l n e r a l  were obse rved  c o a t l n g  
some q u a r t z  c r y s t a l s  a n d  I n f l l l l n g  
t h e  l n t e r s t l t l a l  s p a c e s  b e t w e e n  
q u a r t z  and c a l c l t e  C r y s t a l s .  bu t  I t  
was n o t  p o s s l b l e  t o  o p t l c a l  I Y  
I d e n t i f y  t h l s  m a t e r l a l  as k a o l l n l t e .  
s e r l c l t e  or Chlorite. 

Gsachemirtrv 
C o m p a r l s o n s  b e t w e e n  t h e  w h o l e  r o c k  
geochemlcal  v a l u e s  f o r  u n a l t e r e d  and 
a l t e r e d  graywackes a r e  p r e s e n t e d  In  
F l g u r e  3. The p l o t s  c l e a r l y  111us- 
t r a t e  t h e  s e l e c t l v e  l e a c h i n g  o f  
p l a g l o c l a s e .  s m e c t l t e  c l a y s  a n d  
c l o r l t e .  a n d  t h e  I n t r o d u c t i o n  of 
s l l l c a  and s u l f u r .  Sodlum (Na) found  
p r l m a r l l y  I n  p l a g i o c l a s e  I s  v l r t u a l l y  
a b s e n t  I n  t h e  a l t e r e d  m a t e r l a l .  
Ca lc ium (Ca) and s t r o n t l u m  ( S r )  a r e  
a l s o  s e v e r e l y  d e p l e t e d .  p r o b a b l y  as a 
r e s u ~  t of t h e  d l s s o l u t  I o n  of p r e -  

- k 3 -  
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5.3 1 . 3  
2 .7 3 .7 

2 . 0  
o .a 

T r .  

t h  d r u s y  q u a r t z  
t h  d r u s y  c a l c l t e  
t h  w h l t e  m a t e r l a l  

e x l s t l n g  c a l c l t e  v e l n s  and  secon-  
d a r l l y  due t o  t h e  d e s t r u c t l o n  of pre -  
e x l s t l n g  s m e c t l t e  c l a y s .  A d d l t l o n a l  
e v l d e n c e  f o r  t h e  d lSSOlu t lOn  of t h e  
m a t r l x  c h l o r l t e s  a n d  c l a y s  I S  
e x h i b i t e d  b y  t h e  d e p l e t l o n  Of I r o n  
(Fa ) ,  magneslum (Mg).  manganese (Mn) 
and t l t a n l u m  ( T I ) .  

The d l f f e r e n c e s  I n  t h e  d e g r e e  o f  
a l t e r a t l o n  a n d  r e c r y s t a l l l z a t l o n  
b e t w e e n  s a m p l e s  A - I  a n d  A-2 a r e  
r e f l e c t e d  In  t h e l r  chemica l  charac-  
t e r i s t i c s .  sample A-1, wh lch  I s  o n l y  
m o d e r a t e l y  a l t e r e d  and c o n t a l n 8  leS8 
secondary q u a r t z  and more secondary 
s e r l c l t e  t h a n  A-2. e x h l b l t r  I nc reased  
v a l u e s  of p o t a s 8 l u m  ( K ) ,  a l u m l n u m  
( A I )  a n d  t l t a n l u m  ( T I ) ,  and  s m a l t  
dec reases  I n  Fa. Mg and Mn. S l l l c a  
( S t )  rema lns  unchanged. Sample A-2, 
wh lch  I t  p redomlna ted  b y  d r u s y  q u a r t z  
a n d  c o n t a  I n s  $ m a l  l e r  v o l u m e s  of 
8 e r l c l t e  a n d  c h l o r i t e  t h a n  A - 1 .  
e x h l b l t s  a s t r o n g  I n c r e a s e  I n  S I .  
unchanged K, and s t r o n g  d e p l e t l o n t  of 
A I .  Fe. Mg, M n  and T I .  

U u l d  Inclusions -0thetnomstrv 

Q u a r t z  and c a l c l t e  c r y s t a l s  f rom t h e  
a l t e r e d  e J e c t a  graywacke as well as 

184 - 



4.0- 

w 3.0- 
0 . :: 
;jP 2.0- 
i 

l.0- 

0 -  

No 
4.0- 

w e 

# 

x 3.0- 
0 0 
0 2.0- 
s 

1.0 

8 0- 

K 
4.0- I 

6.0- 

5.0- 
w 

3.0- 0 

c O D  8 

0, 3 a 
E 8 20- 4.0 - 
0 

I 
L 

' 1.0- 3.0- 

0 -  L 2.0- 

0.8 - Ti 

0.6 - 
OB- I 

0 

# 0 
a f 0.4- 

c 
f 

0.2- 0.2 - 

Ca 
80- 

w 7s- 

0 8 70- 

: 
0 

65 - 
$2 

60- 

Fe 
4.0- 

O O  

a 

3.0 - 
w 
X 
0 
0 

8 2-o- 
0 z 

1.0- 

0-  

si 

a IS - 

13- 
x 
0 

8 11- 
O O  0 8 

9- 

7 -  

0.08- 
M Q  

0 
0 
a 

0.06 - 
W a 
8 

0.04- 

i s 
0.02- 

S 

8 
200- 0 Sr 

A I  

0 

0 

n 

Mn 

0 

0 
D 

0 typical Graywacke ( G W )  

0 Altered Groywackc (A- I )  

r e s  o f  I Iquld-r l c h  rnc . . . . _ _  * _  - 

. 

A Altered Graywacke 
with drusy quartz (A -2 )  

rrespond to 
2.7 to 0 . 4  
The s e c o n d  w e r e  deposited a s  a r e s u l t  0 

bo1 I lng. g r o u p .  c o m p o s e d  o f  s e c o n d a r y  
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I 

l n c l u s l o n s  f rom q u a r t z ,  a r e  t l g h t l y  
c l u s t e r e d  w l t h  h o m o g e n l t a t l o n  
tempera tu res  of 230 t o  24OoC and I c e  
m e l t l n g  t e m p e r a t u r e s  of -0.1 t o  - 
0.4OC. 

The f l u l d  l n c l u s l o n s  may r e p r e s e n t  
d l f f e r e n t  g e n e r a t l o n s  o f - f l u l d s  I n  
t h e  r e s e r v o l r .  Another  p o s s l b l l l t y  
I s  t h a t  t hese  I n c l u s l o n s  a r e  r e l a t e d  

t e m p e r a t u r e s  a p p r o a c h  t h e  b o l l l n g  
p o l n t  c u r v e  f o r  low s a l l n e  w a t e r s  a t  

n a t e d  (Haas. 1971) and f h e  230-240°C 
c o r r e s p o n d  t o  t h e  p r e d l c t e d  tempera- 
t u r e s  a t  d e p t h  I n  a 2-phase v a p o r -  
d o m l n a t e d  r e s e r v o l r  ( W h l t e  e t  a l . .  
1971). The v a r l a t l o n  I n  t h e  apparen t  
s a l l n l t l e s  of t h e  h l g h  t e m p e r a t u r e  
g r o u p  c o u l d  b e  a f u n c t l o n  of 
fluctuating co2 l e v e l s  I n  a b o l l l n g  
env l ronmen t  (Moore. J.. v e r b a l  commu- 
n l c a t l o n ) .  - 

t o  s u b s u r f a c e  bo1 I Ing.  The 280-320°C 

t h e  dep ths  t h a t  t h e s e  C r y s t a l s  O r l g l -  

The a c l d - l e a c h e d  g r a y w a c k e  encoun-  
t e r e d  I n  t h e  G E O  N o r t h w e s t  G e y s e r s  
s t e a m f l e l d  I s  a p r o d u c t  of comp lex  
a l t e r a t l o n  p rocesses .  The graywacke 
d l s p l a y s  a u n l q u e  b l e a c h e d  a p p e a r -  
a n c e .  a n d  a c e l l u l a r  t e x t u r e  w l t h  
abundant d l s s o l u t l o n  f e a t u r e s .  I t  I s  
Composed of a u n l q u e  s l l l c a + s e r l c l t e -  
+ c h i o r l t e  m a t r l x  wh lch  has r e p l a c e d  
p r e - e x l s t l n g  p l a g i o c l a s e  g r a l n s  and 
m a t r l x  1 1 1 1 t e s  a n d  c h l o r l t e s .  
l n f l l l l n g  t h e  o p e n  s p a c e s  I n  t h e  
b leached  graywacke I s  an assemblage 
of q u a r t t + s e r l c l t e + c a l c l t e + p y r l t e +  
p y r r h o t l t e  w l t h  t r a c e  amoun ts  of 
a u t h l g e n l c  a l b l t e .  a l k a l l  f e l d s p a r .  
k a o l l n l t e  and a l u n i t e .  

The a s s e m b l a g e  of p o r e - f i l l i n g  
m l n e r a l s  I s  s l m l l a r  t o  t h e  a d u l a r l a -  
s e r i c i t e - t y p e  of e p l t h e r m a l  o r e  
d e p o s l t s  w h l c h  a r e  f o r m e d  b y  t h e  
l n t e r a c t l o n  of h o t  n e u t r a l  pH 
c h l o r l d e  w a t e r s  w l t h  m e t e o r i c  w a t e r s  
(Hea ld  e t  a l . .  1987).  However. t h e  
o b s e r v e d  b l e a c h e d  a p p e a r a n c e .  t h e  
d I S S 0 1 U t l O n  t e x t u r e s .  t h e  l e a c h l n g  of 
P I a g  l o c  I a s e  a n d  t h e  p r e s e n c e  of 
a l u n i t e  and k a o l l n l t e  must have been 
c a u s e d  b y  a c l d l c  c o n d l t l o n s .  The 
open c a v i t i e s  and p o r e  spaces e X l S t e d  
b e f o r e  t h e  p r e c l p l  t a t  I o n  of t h e  
s e r l c l t e - a n d u l a r l a - t y p e  m l n e r a l s  
w h l c h  a r e  l n d l c a t l v e  of n e u t r a l  pH 
w a t e r s .  The I o g l c a l  s o u r c e  of t h e  
a c l d l c  f l u l d s  I s  t h e  c o n d e n s a t i o n  of 
v o l a t l l e s .  p r l m a r l l y  H2S and  C O z .  
r e l e a s e d  t h r o u g h  b o i l i n g  a t  d e p t h .  
Ev ldence f o r  s u b s u r f a c e  b o l l l n g  can 
be found In  t h e  f l u l d  I n c l u s i o n  homo- 
g e n l z a t l o n  t e m p e r a t u r e s  and  t h e l r  
v a r l a b l e  I c e  m e l t l n g  tempera tu res .  

Thus;we have t h e  s l t u a t l o n  where low 
pH f l u l d s ,  g e n e r a t e d  f r o m  b o l l l n q  
f l u l d s  a t  d e p t h .  a l t e r e d  t h o  
g r a y w a c k e .  S u b s e q u e n t l y ,  t h e  p o r e  
spaces were filled by b o l l l n g  n e u t r a l  
pH f l u l d s .  F l n a l l y ,  t h e  t r a c e s  o f  
k a o l l n l t e  and a l u n i t e  I n d l c a t e  t h a t  
l o w  pH e o n d l t l o n s  r e t u r n e d  t o  t h e  
f r a c t u r e  n e t w o r k  a f t e r  t h e  n e u t r a l  
w a t e r s  had b o l l e d  away. 
The a l t e r e d  g r a y w a c k e s  w i t h  dlsso- 
l u t l o n  f e a t u r e s  and  e v l d e n c e  f o r  
b o l l l n g  r e p r e s e n t  t h e  h l g h e s t  e leva -  
t l o n s  reached  b y  geothermal  f lu lds .  
The f l u l d s  SUbseqUbnt ly began t o  b o l l  
down t o w a r d  p r e s e n t  day  r e s e r v o l r  
l e v e l s .  The d l s t r l b u t l o n  of a l t e r e d  
graywacke I l e s  above. o r  w l t h l n  t h e  
upper  l e v e l s  of t h e  t y p l c a l  Geysers 
steam r e s e r v o l r  (see F l g U t e  2) .  To  
d a t e .  n o  o c c u r r e n c e s  of b l e a c h e d  
graywacke have been I d e n t l f l e d  w i t h i n  
t h e  l o w e r  p o r t l o n s  of t h e  typical 
steam r e s e r v o i r  n o r  w l t h l n  t h e  h l g h  
t e m p e r a t u r e .  ~ 6 5 0 ~ ~ )  r e s e r v o i r  
( W a l t e r s  e t  a l . ,  1 9 8 8 ) .  However.  
t r a c e  a m o u n t s  of c a l c l t e  w l t h  
p y r r h o t ~ t e  ~ n c ~ u s t o n s  h a v e  b e e n  
o b s e r v e d  I n  t h e  t y p l c a l  r e s e r v o l r  
e s p e c i a l  l y  where c l u s t e r s  of a n t r i e s  
a r e  s e p a r a t e d  b y  b a r r e n  I n t e r v a l s  
hundreds of f e e t  t h l c k .  

T h e r e  I S  evidence I n  t h e  public 
d o m a l n  t h a t  I n d l t a t e s  t o  us t h a t  
r o c k s  a f f e c t e d  b y  d t s s o l u t  Ion and/or 
b o l l l n g  may o c c u r  t h r o u g h o u t  The 
Geysers s t e a m f l e l d .  A l t h o u g h  we have 
n o t  I n s p e c t e d  t h e  r o c k s ,  some o r  a l l  
of o u r  c r l t e r l a  f o r  a c l d - l e a c h e d  
r o c k s  a p p e a r  t o  b e  m e t  I n  t h e  
f o l l o w i n g  G e y s e r s  w e l l s  o u t s l d e  of 
GEO O p e r a t o r  leases:  

1. The d r i l l l n g  of t h e  O t t o b o n l  
S t a t e  2, 6 .  and 13 w e l l s  In  t h e  
N o r t h w e s t  G e y s e r s  p r o d u c e d  
n o t a b l e  o c c u r r e n c e s  of euhedra l  
q u a r t z  c r y s t a l s  a c c o r d l n g  t o  
m u d l o g s  o n  f l l e  W l t h  t h e  
C a l l f o r n l a  D i v i s i o n  o f  011 and 
Gas ( D . O . G . ) .  T h e  q u a r t z  
c r y s t a l s  for  O t t o b o n l  S t a t e  13 
were d e s c r l b e d  as b e l n g  d o u b l y  
t e r m l n a t e d .  

2. Moore  (1980)  d e s c r l b e s  a c o r e  
f r o m  Thermal 10 In  The Geysers 
R e s o r t  a r e a  wh lch  c l o s e l y  f i t s  
t h e  m l n e r a l o g l c a l  and chemlca l  
c r l t e r l a  f o r  a c l d - l e a c h e d  r o c k s  
WI have b t u d l e d  In  t h e  Nor thwes t  
G e y s e r s .  M o o r e  a t t r i b u t e s  
*Bo I I I ng and subsequent loss of 
C O Z  ... I n  t h e  d e p O S l t l O n  O f  
c a l c l t e ,  q u a r t z  and adularla..: 



3. A c o r e  r e p o r t  o n  open 1110 w l t h  
t h e  O.O.G. for t h e  Lakoma Fame - 
6 w e l l  I n  t h e  C e n t r a l  G e y s e r s  
d e s c r l b e s  a v e r y  permeable and 
v u g u l a r  g r e e n s t o n e  w i t h  c a l c l t e  
v e l n s  and q u a r t z  c r y s t a l s  up t o  
25 mm. I n  l e n g t h .  

4. W.T. Box ( V e r b a l  Communlcat lon) 
r e p o r t s  t h a t  VelnS In  graywacke 
w i t h  d l s s o l u t l o n  f e a t u r e 8  a r e  
a l s o  p r e s e n t  I n  w e l l s  I n  t h e  
Sou theas t  GeySerS. - 
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ABSTRACT Numerical simulation techniques have been 
employed by several suthors (see e.g. Benson and 

Approximate analytical solutions a rived for Bodvarsson, 1982; Garg and Pritchett, 1384 to 
cold water injection into single- 0-phase 
“porous medium” geothermal reservoirs. A (liquid) and two-phase (liquid water/steam) 
numerical geothermal reservoir simulator is used “porous medium” reservoirs. Injection of cold 
to  verify the applicability of the analytical water into a geothermal reservoir results in the 
solutions for pressure transient analysis. In outward propagation of a cold front of which the 
accordance with these numerical results, the radius increases in proportion to the square root 
analytical solutions indicate that  the pressure of time; during the subsequental fall-off phase, 
buildup behavior during injection into either a the cold front is more or less stationary. In 
single-phase-liquid or two-phase reservoir is two-phase reservoirs, a condensation front moves 
governed by the kinematic viscosity of the cold ahead of the cold front; the  radius of the  
injected fluid. The fall-off pressures after cold condensation front also increases with the square 
water injection into a single-phase liquid reservoir root of time, but, unlike the cold front, the 
(except for very early shutin times) are primarily condensation front does not remain stationary 
controlled by the kinematic visc during the fall-off phase. 
in situ (hot) reservoir fluid. Fo 
reservoirs, however, the fall-off results (Garg and Pritchctt, 1984) 
considerably more complex and cannot be fully pressure buildup data from both 
described by the analytical solution developed in d two-phase  reservoi rs  can  be 
this paper. y the semi-log method provided that 

the fluid properties (viscosity, density) of the 
INTRODUCTION cold iqiected fluid are used. Fluid properties for 

the in ritu hot water are required to  interpret 
Traditionally, cold-wa ing of pressure fall-off a after injection into single 
geothermal wells takes place shortly after the phase reservoirs Fall-off data  for two-phase 
well is completed. Cold water is injected into reservoirs, however, exhibit ra ther  complex 

investigate cold-water injection into single-p h ase 

- 189 - 



injected fluid is observed. The pressure fall-off 
data are af€ected only slightly by the presence of 
the cold spot. 

'thm = (q)0'51 
where 

Geothermal reservoirs are  often found in 
fractured volcanic foundations. The effects of 
fractures on pressure buildup and pressure fall-off 
behavior have been numerically examined by, 
among others, Bodvarsson, e t  uf. (1984) and 
O'Sullivan (1987). Simulation results show that 
for practical injection times and realistic 
formation properties, the pressure buildup data 
yield a straight line on semi-log aper whose 
slope depends upon fluid propettles liscosity and 
density) evaluated at the average temperature 
(i.e. average of the injected cold water and the 
in situ hot water). Note that in this case, the 
cold front expands differently; the radius 
increases with the fourth-root of time instead of 
the square root. If the injection period is 
sufficiently long (usually not feasible in practical 
situations), the thermal front will once again 
revert to expansion in proportion to the square 
root of time (Bodvarsson and Tsang, 1982), and 
the final slope of the pressure buildup straight 
l i e  will depend only upon the properties of the 
cold injected fluid. According to Bodvarsson, 
et d. (1984), pressure fall-off data are often hard 
to interpret due to rapid heating of fluid in the 
fractures. 

In this paper, we derive analytical solutions for 
cold water injection into single- and two-phase 
"porous medium" geothermal reservoirs. It 
should be recognized a t  the outset that  the 
physical problem treated herein ( orous medium 
at a uniform initial temperature! is somewhat 
idealized in that complications arising from the 
presence of a cold spot and/or fractures are 
ignored. These analytical solutions should 
nevertheless be useful for illustrating essential 
features of pressure buildup and fall-off response 
in geothermal reservoirs. 

MATHEMATICAL FORMULATION 

Consider a fully penetrating injection well located 
in an infinite porous medium reservoir of 
thickness h. We neglect any variations in either 
formation or fluid properties in the vertical 
direction. The latter assumption implies that we 
are restricting our attentions to either single- 
phase (liquid water) systems or to two-phase 
(liquid water + steam) systems with steam 
saturation less than the residual gas saturation. 
(Any mobile steam in the pores will tend to 
migrate towards the top of the formation and 
thus invalidate the assumption of uniformity of 
fluid properties in the vertical direction A t  
time t = 0, we start injecting cold fluid at a 
temperature Tc intp the well at a constant mass 
rate of injection M. The cold-water injection 
ceases after a time t. .. The injection of cold- 
water is accompaniepby the propagation of a 
thermal front into the reservoir. Assuming that 
(1) the reservoir rock and tpe pore fluid are in 
thermal equilibrium, and (2) global heat 
conduction is negligible, the radial location 
(r  ) of the thermal-front at time t (< t. .) is gib!@ by: 1 4  

$I (PC)& 
(I =- 

+ = porosity, 

pc 
( p ~ ) ~  = specific heat of formation per unit 

(p)& = specific heat of water per anit liquid 

Al though  pc) v a r i e s  somewhat w i t h  
temperature, for th% present purpose it suf6ces to 
regard (pc)& as a constant. 

Since the pressure disturbance propagates faster 
then the thermal front, in two-phase reservoirs a 
condensation front will form which moves 
outward ahead of the thermal front. The spatial 
location of the condensation front (rcond) at time 
t (< ti) is given by 

r h Pc 71-0) (P.), + I ( P 4 t  

= density of wected water, 

formation volume, 

volume. 

- (A t)0-5 'cond - 
where X is an undetermined constant. Since 
under two-phase conditions fluid pressure (p is a 
unique function of temperature (T), both the 
pressure p* and temperature  T *  a t  t h e  
condensation front must be higher than the 
initial reservoir pressure p. and temperature Ti. 
To estimate p*, we note that initially (i.e. prior 
to injection , a unit volume of the reservoir 
contains flui d mass Mi: 

Mi (3) 

where 

Swi = initial liquid saturation (= 1 -S .), P 

Sgi = initial gas saturation (< S ), gr 
= residual gas saturation, 

pwi = liquid water density at temperature Ti, 

= steam density at temperature Tr pgi 
The total energy Hi contained in this volume 
prior to injection is: 

% 

'i 
(4) 

where h . ( h  .) denotes the enthalpy of 
saturated lduid vater (steam) at temperature T.. 
After condensation, the unit volume contains on15 
liquid water at  temperature T*; the msss of 
liquid is: 

M = 0 Pw (5) 



where p denotes the density of liquid water at 
tempera&e T*. 

A comparison of Equations (3) and S), shows 

unit volume to compensate for the condensed 
steam: 

Am = M - M i  - 
Since only the liquid phase is mobile, the specific 
enthalpy of the added mass (Am) is equal t o  
hw.. An energy balance can, therefore, be 
written as follows: 

Hi = (1-#) prcr T* + # pwhw - Am hwi (7) 

where h is the enthalpy of liquid water a t  
temperayure T*. Substituting for Am from 
Equation (6) into Equation (7), and noting that: 

that a mass increment Am must be ad 6 ed to the 

- #(p -e - S .-p . S .). (6) w w1 Wl g1 gi 

* 
p = p i  + A p =  Pi + [g] (T*- Ti) wi 

we obtain: 

cj = Cm/+ + cwj j = 1.2 . (11) 

We assume that the reservoir is initially a t  a 
uniform pressure p., and t h a t a t h e  fluid is 
injected at  a constant mass rate M into a well 
of radius rw. The boundary conditions at rw 
and at infinity are: 

t Y1 
= - -  2rh k 

% r -  Br 

For the sake of mathematical convenience, the 
boundary condition at r = rw is usually replaced 
by the “lie source” approximation: 

t Y1 
(11s‘) 

6P 
1 i m r d  = -  2rh k ‘ r *O 

In addition to the boundary conditions (II), we 
have the following continuity conditions on mass 
flow a n d  pressure  a t  t h e  the rma l  f r o n t  
(r = rthm): 

Equat ion (8)  shows t h a t  t he  condensation , P1 = P2 (12b) 
pressure increases in proportion to  the initial 
reservoir steam saturation. For reasonable values 
of the parameters, i t  is easy t o  verify from 
Equation (9) that (p* - pi) is at most of the 
order of 10 Pa (0.1 bar). 

In the case of cold water iqjection into a single- 

(9) through (12) completely 
of cold water hiet ion into a 

t h e  dens i ty  a n d  
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where k denotes the liquid phase relative 
permeabifify. The total twephase compressibility 
C is given sufficiently accurately by the  
fo?lowing approximate expression (Grant and 
Sorey, 1979): 

# c3 = -e> 

where 

<pc> = (1-0) 

(pw-pK12 ] (T + 273.15) (15) 
pwpg (b-hg)  

Pr Cr + 0 Pw cw sw. 
F o r  p r e s e n t  p u r p o s e s ,  t h e  t w o - p h a s e  
compressibility C3 may be evaluated a t  the 
initial reservoir conditions. Boundary conditions 
(I la ' ) ,  (12a) and (12b) apply in this case as 
well; the condition at infinity (lib) is, for this 
case, 

lim p3 (r,t) = pi . (llb') 
F 

Continuity of mass flow and pressure across the 
condensation front  yields three addi t ional  
boundary conditions at r = rcond: 

* 
P2 = P  

P3 = P .  
* 

PRESSURE BUILDUP RESPONSE 

To develop a solution for pressure buildup 
response during cold-water iqiection, we note that 
a general solution for Equation (9) can be 
written as: 

where a. and b. are constants of integration, and 
E, is the expodentid integral function 

(18) 
e-' El (x) = 1 y du . 

For cold-water injection into a liquid reservoir, 
we have four boundary conditions ( l l a ' ,  lib, 
12a, 12b) to determine four unknowns (a. b., 
j = 1J). The reservoir pressure responsd'cad, 
therefore, be written as: 

X 

0 5 r 5 r th  : p1 = pi+ 8 1  (E1[r2/4 Dlt) 
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where 

712 = (Y2/Y1) {- % [l-D1/Dz]). (lQc) 

It is s t r a igh t fo rward  t o  verify t h a t  t h e  
exponential term in Equation ( 1 9 ~ )  is, for all 
practical purposes, equal to unity. This implies 
that the pressure buildup response of the hot 
water region is independent of the pressure 
response of the cold water ngion. 

In case of injection into a two-phase reservoir, 
there are seven equations (lla., l lb ' ,  12a, 12b, 
16a, 16b, 16c) for seven unknowns (a., b., 
j 2 1,2,3; 1). The pressure buildup responke tdr 
thrs case is given by: 

* hl 
0 5 r S r t h  : pl= p + (E1[r2/4 Dlt) 

- ((114 D1) + 712 @1 (714 D2) 

8 1  rcond 5 r : p3 = pi+ - zr MS 712 723 

where 

and X is the root of 



Since 7 2 u u Equation (20b) implies that 
the preklre d{ogse of the hot water region can 
be decoupled from the pressure response of the- 
cold-water region. 
is much smaller than the single-phase diffuivitg 
D * thus, the exponential term in Equation (20d) 
w% always exceed unity. It, therefore, follows 
that the pressure response of the two-phase 
fegion is given,by the line source solution with 
M replaced by M* 

The two-phase diffusivity D 

As noted earlier, the condensation pressure p* 
will only slightly exceed the i8itial pressure (by 
an amount of the order of 10 Pa). It is now 
apparent from Equation (20c) that in the two- 
phase region, the pressure changes induced by 
injection are likely to be quite small. 

PRESSURE FALLOFF RESPONSE 

The self-similar solutions developed in the 
preceding section for pressure buildup response 
do not, strictly speaking, apply for pressure 
falloff. After cold water injection ceases, the 
radii of the thermal and condensation fronts no 
longer grow in proportion to the square root of 
time. The thermal front is stationary for 
t > t. .. The condensation front, however, 
displa#-l a more complex behavior (Garg and 
Pritchett, 1984). In this section, we will present 
approximate solutions for the shutin phase of the 
cold water injection test. 

For cold-water injection into a single-phase 
(liquid) reservoir, the pressure buildup response 
of the hot water region is independent of the 
cold water zone. Since most injection tests last 
only a few days at most, the cold water front is 
likely to advance a small distance (say < 10 
meters) into the reservoir. On cessation of cold- 
water injection, the cold zone will govern the 

m equd*to 

1.15 v , f i  
2 r k h  ' 

m =  

The corresponding results for pressure buildup 
response in both single- and two-phase reservoin 
Equations 19s and 20s) imply tha t  u2 in 

kquation (23) should be replaced by ul. 

The fall-off response for iqjection into an initially 
two-phase reservoir is rather complex. According 
to Garg and Pritchett (1984 , the fall-off data 
can be subdivided into the fo d owing three parta: 

1. For large values of t + A t ) / A t  (Le. 
small shutin times , the pressure 
response is essentially governed by the 
condensed fluid region. Because of the 
large contrast in single- and two-phase 
diffusivities, the  two-phase region 
remains practically unaffected during 
this time period, and the condensed 
fluid region behaves like a reservoir 
with a constant pressure (= p*) 
boundary. 

For moderate values of ( t  + At)/At, 
the well pressure is essentially constant 
(= p*). .During this period, the  
condensation front s t a r t s  moving 
towards the wellbore. A t  the end of 
this period, the condensation front 
becomes coincident with the edge of 
the thermal front. 

For large values of buildup time At, 
the pressure response is governed by 
the twa-phase region. 

2. 

3. 

Since p* is unlikely to differ appreciably from p. 
1 situations, only the fall-oft 
ly shutin times (see Item 1 

to  be useful for deducing . (In many cases, these early 
fall off data may be dominated by wellbore 
storage effects, and it may well be impossible to 
obtain any useful information regarding formation 

the pressure fall-off 

where 

14 
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TABLE 1 

p3 (t inj+ At) =min 

Equation (24) implies that for small values of 
shutin time A t ,  the pressure fall-off response is 
controlled by the properties of hot liquid region, 
and that the formation kinematic mobility 
(kh/v2) is given by Equation (23). 

NUMERICAL RESULTS 
To investigate the limits of applicability of the 
preceding theory, the TROR reservoir simdlator 
(Pritchett, 1982) was used in one-dimensional 
radial geometry to generate pressure buildup- 
falloff histories associated with cold water 
injection into single- and two-phase reservoirs. 
The radially infinite reservoir is simulated using 
a 100-zone-(Arl = ArZ= ... = Ar = 0.1 m, 

= f Ar Ar - f Ar ..:OAr = f i;") radial gad. %e growthltictor f i3°&osen SUR that no signal reaches the outer radius of 

- 

the grid during-the time scale of interest. We 
consider a fully penetrating injection well located 
in a reservoir of thickness h = 100 m. The 
well is represented as an integral part of the 
grid by assigning to the well block (Zone 1 

injection is specified as a maSs source in the we11 
block. The reservoir rock properties selected are 
listed in Table 1. Case 1 was designed to  
represent a single phase reservoir; the initial 
temperature and pressure are 300'C and 8.5917 
MPa respectively. Note that these pressure and 
temperature conditions lie along the saturation 
line for pure water. The initial fluid state in 
Case 2 was assumed to  be two-phase with 
pressure and steam saturation being 8.5917 MPa 
and 0.05 respectively; the initial steam saturation 
is taken t o  be e ual t o  the  residual gas 
saturation (Table 17. In both the cases, cold 
water (temperature = 100'C) is injected a 
constant mass rate of 10 kg/s for t. . % 10 e; 
the well is then shut in for A t  = 2 P l O  s. 

To evaluate the analytical solutions, we require 
several properties for water. For liquid water at 
lOO'C, the following values for liquid density, 
viscosity and specific heat were assumed: 

sufficiently high permeability and porosity; flui a 

3 Liquid water density = 962.3 kg/m , 
Liquid dynamic viscosity = 2.80 x Pa-s 
Liquid specific heat = 4197 J/kg'C 
Liquid compressibility = 5.92 x 10'" Pa-'. 

Wellblock Rock Matrix 
( i = 1 )  2 5 i 5 1 0 0 ,  

Porosity, # 0.9999 0.1oOo 

Permeability k, rn 5 IO-" 5 10-l~ 

Uniaxial Formation 
Comppssibility Cm, 
MPa 0 0 

Rock GraJn Density 

Rock Grain Thermal 
Conductivity Kr, 

Prt kg/m 1 2650 

W/m'C 0.00 5.25 

Heat Capacity cy, 
kJ/kg'C 0.001 1.00 

Relative Permeabilities Straight- Stnright- 
line* line' krt- krg 

Residual Liquid 
Saturation S, . 0.00 0.30 

Residual Gas 
Saturation S 0.00 0.05 

gr 

* k,, = (S, - S,)/(l - Sh) for S, 2 S, 

= (Sg - S )/(I - S 82 ) for S g 2 Sgr. 
krg gr 

The reservoir initially contains liquid .water 
and/or steam at a temperature of 300.C; this 
in situ fluid is assumed to have the following 
properties: 

Liquid water density = 712.5 kg/m3 
Steam density = 46.2 kg/m3 
Liquid water enthalpy = 1345 kJ/kg 
Steam enthalpy = 2749 kJ/kg 
Liquid dynamic viscosity = 8.07 x ld5 Pa-s 
Steam dynamic viscosity = 1.98 lo-' Pa-s 
Liquid compressibility = 1.99 10-~ Pa-' 
Liquid specific heat = 5700 J/tg'C. 

Figures 1 and 2 cbmpare the simulated pressure 
buildup and fall-off histories for iqjection into a 
single-phase resemoir with the analytical solutions 
(Equations 198 and 22). The numerical results 
are generally in good agreement with the  
analytical solutions. The slopes of straight lies 
agree within four percent (Figures 1 and 2). 
Despite the good agreement, there are small 
differences 10 to 20 kPa for pressure buildup 

between the 
numerical and analytical results ( igures 1 and 
2). The analytical solutions, were derived by 

s and < 10 k b a for pressure fall o 
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Figure 1. Simulated pressure buildup history for 
cold water injection into a single-phase hot water 
reservoir (Case 1). 

I3 le IO6 I@ 
1- ( u 8  

- -u (mw. u O-H.~ . C * Y  1- *HI c u w . 1  - - ..-I** 

am". us IO.,..U 

Figure 2. 
subsequent to cold water injection 
phase hot water reservoir (Case 1). 

assuming tha t  ' the global 
negligible; the numerical reservoir simulator, 
however, incorporates the effects of such heat 
conduction. To investigate the effects of global 
heat conduction, we repeated the numerical 

Simulated pressure falloff history 

alculations by eliminating the 
erms in the reservoir simulat 
en from Figure 1, some of 
tween the numerical and anal 

(Case 2) is shown in Figure 3; the numerical 
results are in good agreement with the analytical 
solution. Again, the slope of the pressure- 
buildup curve is governed by the  kinematic 

# O M  - - c r m d l - n o u u c )  

--ut(** 
soso - . kr*NW.*..I-B 

awn - 
.avo- 

ammo - 

a v a n  I . . . . , . . .  I , , , , , , 
101 Id I d  

Figure 3. Simulated pressure buildup history for 
cold water injection into a two-phase (liquid- 
waterlsteam) reservoir (Case 2). , 

viscosity of the cold iqiected fluid. Figure 4 
compares the early to intermediate shutin time 
simulated fall-off response with the approximate 
analytical solution, Equation3(24). The fall-off 
response prior t o  A t  - 10 s is principally 
governed by the condensed (cold and hot water 
zones) fluid region. It is seen from Fi are  4 
that the analytical solution, Equation (24f, may 
be used to represent these early to, intermediate 
time fall-off data approximately. In practical 
situations, complications such as wellbore storage 
and skin may, however, render the early fall-off 
data useless for inferring formation properties. 

le l L l U 1  

uI.w 

CONCLUDING REMARKS 

paper was to develop 
solutions for cold water iqjeetion into 
two-phase porous medium geothermal 

reservoirs. The analytical solutions obtained 
ely approximate pressure buildup 
both .single- and two-phase reservoirs; 

these solutions indicate that the pressure response 
beyond the thermal front is essentially governed 
by the properties of the in  r i t u  fluid. The 
analytical solutions for pressure buildup (Le. 
during the iqjection phase) can in principle be 
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used to analyze pressure interference effects in 
nearby wells as well as the pressure response in 
the injection well itself. Approximate solutions 
are also given for pressure fall off response after 
cold water iqiection ceases. For injection into a 
single-phase reservoir, the fall off response, except 
for very early shutin times, is controlled by the 
kinematic viscosity of the hot reservoir fluid. 
Two-phase reservoirs exhibit rather complicated 
fall-off behavior. The early and intermediate 
shutin time fall-off response is principally 
governed by the condensed fluid region; the 
analytical solution can be used to approximate 
this early/intermediate time response. Practical 
problems (e.g. wellbore storage, skin) are, 
however, likely to render the early fall-off data 
useless for analysis purposes. The late time fall- 
off pressure history in two-phase reservoirs is in 
principle controlled by the two-phase zone. 
Since cold-water injection produces only small 
pressure increases in the two-phase zone, the 
signal to noise ratio is likely to render this part 
of the fallsff response difficult to interpret. 

In order to derive the analytical solutions, it was 
necessary t o  make c e r t a i n  s impl i fy ing  
assumptions. More specifically, it was assumed 
that cold water (at a uniform temperature) is 
injected at a constant mass rate into a “porous 
medium” reservoir with uniform properties. As 
noted elsewhere in this paper, cold water 
iqiection is usually performed shortly after well 
completion; iqiection tests in these cases amount 
t o  injecting water  w i th  a t ime-varying 
temperature into a reservoir a t  a nonuniform 
temperature. Furthermore, geothermal reservoirs 
are often found in fractured volcanic rocks, and 
in some cases cannot be adequately represented 
as porous media. Thus, depending upon the 
actual field conditions, the analytical solutions 
obtained in this paper may or may not be 
applicable in specific situations. The analytical 
solutions should nevertheless be useful for 

deriving a first estimate of reservoir properties; 
numerical simulation techniques may then be 
utilized to refie these estimates. 
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1. Summary 
Up until February 1987, nearly 8 million toms of water had 

been reinjected at Los Arufm, mainly at wells Az-40, Az-15, and 
Az-7. Six mcer tests had been perf~rmed up to the most recent one 
in July 1987. No tracer was fecoverrd in arry of the -8. We 
reviewed the format used in the tracer tests, and the implications of 
the null responses. Based on tfie results. it appears as if reinjection 
into wells Az-7 and Az-8 is unlilrely.to afhct reservoir performance 
detrimentally. Since tracer rem times Seem to be long at Los 
Azufns, further tracer testing is probably not warranud--as an 
alternative, long time monitoring of liquid and gas chemistry (such 
as chloride and nitrogen) may identify the longer term transport of 
injected fluid through the reservoir. 

~011th. loookgKI As-226 none 
11 days 4.1GBqIr1= As-5.13. none 2. Reinjection History at  Los Azufres 

Reinjection has taken place at JAs Arum 1982, and 8/31/84 As-26 7.40BqIr'" h-18,31 none 
there has been no difkulty accepting the entire waste water flow 9/20/84 &-7 14.8Ggq@92 As-216 none 

ties of water injection up to Fcbnrary 1987. Altogether about 8 mil- 3/28/85 &-33 N~ hj. 14.8GB p k-6,4,5, n e  
lion toms of water had been injected by thac h e .  The principal 1736 
injection sites have been wells Az-40 and Az-15 in the Norrhern 382.4 nom 
Sector, and wells Az-7 and Az-8 in the Southern Sector. Recently, 0/87 As4 contin. 12..OGBq@" As-26 none 
well Az-31 has been added as an iniector in the Southern Sector. 

3. lfpcer Tests at Los Azultes 
A total of six tracer tests have been performed at LQS Azufres 

(see Table 2). The b t  of these wd loo0 Lg of potassium iodide, 
the othcr five a~ usui radioactive IP. A ~ I  of the tcstg weft of rht 
well-to-well type. Lo. two of the tesg the wells wuz flowed only 
briefly ahcr the injection; thus the probability of a mum of thc 
tracer k i n g  detected was low-end in fact none was seen Even in 
the other four tests, in which injection was conhous. 
was ever dewrcd even after 2 or 3 monttu of modtoring. 

2: Tracer tests performed at Loe Azufns 

Date Iniection Method Tracer Monitored Remmse - 
ini 32 

from the five wellhead units. Table 1 summarizes the total quanti- 16D IK)IIC 

The following paragraphs describe each of the six tracer tests 
in 

Thc first test was conducted in 1983 by the personcll of the 
Instituto de Investiaacionts Elecrricas (IIE) in collaboration with 

Well Az-l has been proposed as a ~ t e n t i a l  reinjection site, based 
on its proximity to the central power station sie. At the present 
time, well At-# accepts most of the fluid from thc Nonhern Sector, 
and well Az-7 accepts most of tht fluid from the Southern Sector. 

casing corrosion due to the dissolution of acidic alteration produrn 
into the water from Laguna Verde. 

Az-16 and Az-16D. Injection started on Sepmber 20. and moni- 
toring coatinucd for four months. 
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Next, in 1985 it was decided that more tests would be done 
in the central pan of the Southern zone. known as Tejamaniles. 
Well Az-33 was selected to receive 14.8 GBq of Xrlp2. Injection 
took place on March 28. 1985, and wells Az-6, At-17. Az-24, 
Az-36, Az-38 and Az46 were monitored It is important to note 
that, except 'for ~7.46, all the monitored wells produced dry 
steam. Monitoring was continued for Seven months after the injec- 
tion. 

Finally, the sixth and last study was again done in the 
South-Eastern zone. In this case 12 GBq of fr'= wen injected 
into well Az-31. on July 30. 1987. using the separated water from 
wells Az-18 and Az-26, and from the Laguna de LQS Anrfrrs. 
This last test lasted four months. 

4. Discussion of the Tracer Tests 
As can be appreciated from the pnccding descriptions, there 

was intensive sNdy of the fluid movement in the Southern zone 
through the use of tracers. In spite of all these studies. there still 
remains an uncertainty about the chemical stability of the tracers 
once the reservoir pressure and temperatun was reached Nor is 
the tracer/rock interaction fully ~ r s t o o d ,  and adsorption of the 
tncer may have been a factor that reduced the effectiveness of the 
investigations. 

In hindsight, it is possible to pinpoint some errors and omis- 
sions in the tests so that they will sem as a precedent for the 
reformulation of this type of study. In particular, the lint test 
made use of ~ a ~ a l  chemicals present in the fluids (such as Cr 
and Na? in addition to the artificial tracers. 

In the second test, in the Nonhcrn zone. the radioacrivt 
tracer injected into well Az-43 was displaced by 40 r/hr of 
separated water from well At-13. The injection continued at con- 
stant rate for 11 days. An important detail here is that once the 
injection was concluded, well Az-43 was shut for two months 
before being reopened again for another test. The water produced 
at that time was analyzed in attcmpt to detect any indications of 
the tracer initially inuoduccd None was found, suggesting that the 
tracer was either retained or migrated so far into the rrservoir that 
it could no longer be detected. 

The next t h e  tcsts in the Southern zone were all similar, in 
that each of them monitored the chemistry of the springs in the 
area, which was found to behave similariy to that of the observa- 
tion wells. 

The final test at Los Azufres. which used Az-31 as the injec- 
tion well, can k considered in general as the least reliable of the 
group. This is due to rhe fact that there was no adequate control of 
the samples nor of the measurements made on them. There wen 
also periods of time in which no measurements were taken due to 
problems with the detectors. Thus the information from this test 
is practically impossible to interpret. 

Based on this synthesis of the work done on tracer testing at 
Los Azufns. then are four major poi- that can be summarized: 

It would be important to perform a laboratory study to deter- 
mine the effects of adsorption of the tracer onto the ruck. 
Otherwise there would be continuing uncenaimy over this 
phenomenon. 
It is necessary to deiixik a dispersion model for the racer 
in order to define the frequency of sampling needed in each 
casc. For example, in tht first study the sampling rate was 
proportional to the square mot of the elapsed time since 
injection. 
It is necessary to understand the effect of change of phase of 
the fluid containing the tracer. This is important in places 
like Los Arufns, where wells in the Southcrn zone produce 
mainly dry steam. Pernaps the uacer that is conrained will 
eventually be condensed at the si& of this zone. 

(d) It is  necessary to nviSe the methodology for the detection of 
the radioactivity psent  in the fluid produced from the wells. 

measured rrsponsc when the detector is placcd in the warn 
vessel without much attention to its position. This can k 
quite different to the response of the same &rector when it 
is ceMaliacd in the vessel. Much smaller dispersion of tbe 
values can k seen once the dctcaor is cenualid 

The impomlna of this can k appnciatai by examining the 

5. Interpretation 
some of the tests arc of particular imporrancc; namely. those 

in which tracer was injected into well Az-7. well Az-8. and well 
Az-31. Thcse wells arc to k used for ninjcdon during plant 
operation; brefore. it is imporram to know whue tht reinjected 
water went. As discussed in the previous scctios the test at wen 
Az-31 encountered some problems, and the observation well Az- 
26 could not k produced (for mechanical ~asons) until some 
time after the injection commenced Thus. the (null) reslllt of this 
tcst is rather inconclusive. On the other hand, tracer injection imo 
wells Az-7 and Az-8 was effectively achieved, yet 110 nfurn was 
detected at the two closest produaion wells (Az-2 and Az-16). 
We must conclude either (a) the was maintd within the 
field by some mechanism or @) thc r e m  OCQured after rhe mon- 
itoring was teminami. or was at such a low concentration as to 

To examinc these possiilities we loohd for changes in 
chemical composition at mll Az-16. Since well Az-7 has been 
injecting for some time, it is to k expected that citloride corn- 
trations in the reservoir may increase (since chloride is conccn- 
uatcd in the mnjection water due to the separation of the steam). 
In fact, an increase in chloride concenuation at well Az-16 has 
been observed. Odur explanations for this incnase arc possible- 
for example, the well could be drawing fluid of higher chloride 
concentration from gnater depth. Oh the other hand, a much 
more definite piece of evidence was discovered in the nitrogen 
content of the production from well Az-16. Nimgen concenua- 
tion at well Az-16 is higher than the nitrogen solubility of the 
geochcrmaI fluid-indicating that nitrogen (which is injcctcd into 
the reservoir through the open wellhead at well Az-7) is mobile 
through the reservoir in both dissolved and gaseous forms. well 
Az-6 also shows an increasing nitrogen OODL~M 

There is an obvious source for $tis abnolnnally high Niuo- 
gee It is observed that well Az-7 sucks large quantities of air into 
its wellhead, which is open to the atmosphere. The exact quantity 
entrained is not known, however the suction at the well head is 
sufficiently vigorous to warrant caution for the personell working 
in its vicinity. It is reasonable to assume thmfore that rhe intake 
of air is substantial. More than that, the intake is known to have 
been occuring periodidly (time period of order of minutes) 
throughout the time that reinjection has taken place the. 

Tfius, it appears evident from this "natural uaccr" that water 
reinjected into well Az-7 e return to well At-16, and perbps 

of the reinjected water, we examined historical data of chloride 
and nitrogen production at well Az-16. as well as nitrogen produc- 
tion at well Az-6, and we rtcommtndcd that m attempt be made 
to estimate the rate of nitrogen intake into well Az-7. Figures 1 
and 2 show the nirrogen production as a W o n  of time in wells 
Az-6 and Az-16. 0th conuibuting evidena was obtained by 
plotting the argon and argonlnitrogen ratios in wells Az-6 and 

atmospheric in origin 
It is evident from these plots that fhc m i t  time from well 

Az-7 towards wells Az-6 and Az-16 is of tbe orda of months, 

This is an encouraging conclusion from the point of view of rein- 
jection. as it suggests that thermal breakttnough of the r e i n j d  
water will be slow between these panicular well+ 

escape detection. 

to well At-6 as well. In W to estimate the rate Of m ~ ~ e m e n t  

. 
AZ-16 (fl- 1 and 2) Which demOnSnatc that the gaJes 

. 
which suggests why the radioactive uacers wae new detcited. 
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ABSTRACT inflation of a voluminous and roughly 
equidimensional region through which complex 

8 A conceptual model is presented to flow paths penetrate (Baria et al., 1987: Fehler. 
describe thermal recovery from a semi-infinite 1987). The equiaxed form of this zone oi 
hot dry rock (HDR) geothermal reservoir permeability enhancement may be discerned 
containing an equidimensional permeable zone. from both the passive seismic record and the 
Transient behaviour may be represented results of tracer testing (Robinson and Tester, 
uniquely by five dimensionless parameters. 1984). 
Variation in production temperature (T,) with 
time ( tD)  is influenced by reservoir throughput The following suggests a conceptual 

model to represent the thermal drawdown 
behaviour of a spherical stimulated zone (Q,), thermal porosity (gD)  and depth ratio 

(a/z). Of these, only throughput embedded within impermeable host rock. 
exercises significant control on t 
performance, the parameter being directly CONCEPTUAL MODEL 

A schematic of the reservoir model is 
illustrated for free surface and insulated caprock 
conditions in Figures 1 and 2, respectively. 
Thermal energy is withdrawn from the system 
through circulation of fluid within a spherical 
and hydraulically closed zone of radius, a. The 
secondary porosity of this zone is assumed 
constant and of magnitude, 4, with the 
external medium returning zero secondary 
porosity. Fluid is circulated at constant 
vohmetric flow rate, q p  with a prescribed 

and unknown outlet 
following assumptions 

production temperatu 
a host medium bounded by a proximal constant 
temperature surface and lowest for an insulated 

constant with 

J 

by forced convection 
unding medium by 

Gringarten et al., 1975). Recent attempts to pure conduction. 
stimulate HDR reservoirs have resulted in 
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I 4, - 
TF~ TFo 

Impermeable 

zone, radius a 

qF - 

zone, radius a 

Figure 2. Circulation geometry for 
insulated caprock HDR geothermal 
reservoir model 

Figure 1. Circulation geometry for 
constant surface temperature HDR 
model 

spherical source (eg. Carslaw and Jaeger, 1959). 
With this final component, equation (1) map be 
solved to represent thermal recovery from a 
spherical reservoir. within an infinite medium. 
Image theory 1s used to approxhately 
represent the behaviour of a semi-infinite host 
medium for the constant surface temperature 
and zero flux conditions represented by Figures 
1 and 2, respectively. Linear superposition in 
time. through Duhamel's theorem, is used to 
formally evaluate equation (1) for the inifinite 
and semi-infinite cases. The interested reader 
is referred to Ekworth, (1989), for further 
information regarding transient solution. 

ENERGY BALANCE 

An energy balance relationship may be 
defined for the production zone. Thermal 
energy is withdrawn from the system by 
uniform drawdown within the spherical 
reservoir. This drawdown in turn stimulates a 
conductive heat flux, pAo,t), from the 
surrounding rock where equivalence is 
maintained on the periphery of the spherical 
zone between the temperatures of the 
circulating fluid ( TFe) and the external rock 
medium. In this manner. the energy balance 
equation may be stated as 

COMPUTATIONAL RESULTS 

The transient thermal production 
behaviour is uniquely represented by five 
dimensionless parameters, namely: 

where, the three component terms, from left to 
right, represent: (i) the conductive heat flux 
supplied from the external host rock: (ii) the 
thermal flux removed from the system through 
forced convection; and (iii) the thermal inertia 
of the system. The heat capacity of the fluid 
is incorporated as pflF and the aggregated heat 
capacity of the fluid saturated reservoir zone is 
given as pscs=( 1 - 6 ) p R c R + ~ p ~ ,  where pRcR is 
the heat capacity of the rock. !#D=- pscs 

PR'R 
Initial conditions are applied to equation 

( I )  where the system is initially at rest and the 
temperature distribution is prescribed by the 
geothermal gradient, TR. At the initiation of 
thermal drawdown, heat flux to the reservoir 
volume is stimulated through qdo,t). The 
magnitude of this flux is determined directly 
from solution of the spherically symmetric intial 
value problem for conductive heat flow to a 

and 

a/z 
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where KR is the thermal conductivity of the 
intact rock surrounding the reservoir and z is 
the depth of the reservoir below the surface or 
insulating caprock as illustrated in Figures 1 
and 2. The controlling parameters are 
therefore dimensionless output temperature 
( To), dimensionless circulation rate ( QD), 
dimensionless thermal porosity (Go). 
dimensionless time ( to). and dimensionless 
depth ratio (a/z). 

As a specialization of the genera: 
transient result, the steady long term behaviour 
is given by 

(21 

where the positive and negative signatures 
applied against the dimensionless depth ratio 
refer to cases of zero flux and constant (with 
time) temperature constraints on the surface of 
the half-space, respectively. This suggests that 
thermal supply from the exterior, by 
conduction, is most significant for small 
circulation rates, Qo. This intuitive result is 
reinforced by the significant magnitude of the 
dimensionless temperatures that may be 
recovered. As QD-O, no thermal drawdown is 
experienced, and hence thermal recovery 
remains finite even as fD-mo. This result is 
important for geothermal energy production 
schemes operating under low circulation rates 
since thermal recovery magnitudes are 
guaranteed. For production at larger 
circulation rates, knowledge of the transient 
thermal drawdown is important in 
useful lifetimes. 

TRANSIENT BEHAVIOUB 

Of prime interest in determi 

of the reduction 
projected longevity of energy production is 

1.0 

0.5 

00 

I 

Figure 3. Thermal drawdown histories 
for a reservoir within an infinite host 
medium. Thermal porosities (9D) of 
1.0 and 1.1. 

unity. .A suitable ran e for the reservoir 
porosity arameter w o d  d therefore appear to 
be 1.0 16Ds1.1. 

Results for temperature histories in an 
infinite medium (a/z=O) are reported in Figure 
3. A s  a natural consequence. the solution 
exhibits uniform rock temperature at the 
periphery of the permeable zone. It is 
apparent that thermal history is sensitive to 8, 
only for large dimensionless throughputs Qo. 
For QD<tO' the results are indistinguishable for 
the two thermal porositites @D of 1.0 and 1.1. 
Even for large Qo values the discrepancy 
appears insignificant. The sense of the 
modification to the thermal histories suggests 
that increased porosities slightly forestall 
thermal depletion. As evidenced in equation 
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1.0 

0.5 

0.0 
lo-' IO0 10' loz lo3 

Figure 4. Thermal drawdown histories 
for a* reservoir within a semi-infinite 
host medium. Depth ratio a/z=l.O. 
Positive and negative demarcations 
represent insulating caprock and 
constant surface temperature 
constraints , respectively . 

temperature change. For 6xed thermal 
diffusivities of the host medium, together with 
a constant reservoir dimension, a, the thermal 
histones are moved laterally (earlier) in real 
time by one order of magnitude for every 
increase in real circulation rate (q,) of one 
order of magnitude. Thus, as anticipated, the 
energy production rate is directly conditioned 
by the circulation rate through the system. 
rntuitively, minimal thermal depletion is evident 
in Figure 3 for small flow rates qF or large 
reservoir diameters as evidenced by small values 
of dimensionless throughput QP 

The thermal response of semi-infinite 
systems are bounded, in the most extreme case, 
by a depth ratio, a/z, of unity. Although 
results are physically meaningless for the 
instance of a constant temperature surface, 
comparisons are useful since thermal histories 
bound candidate responses for all depth ratios 
between unity and zero. Semi-infinite responses 
are illustrated in Figure 4 for a depth ratio of 
unity. The influence of an insulated surface is 
to reduce the ultimate steady outlet 
temperature TD over that of the infinite case. 
This result appears reasonable since a reduced 
volume, and hence thermal reservoir, is 
available for depletion in the semi-infinite case. 
Conversely, the presence of a surface retained 
at constat (ambient) temperature elicits a 
more favourable (hotter) thermal response to 
that of the inifnite case. The influence of 
boundaries is only significant for intermediate 
values of dimensionless throughput QD and even 
in these instances is only apparent at large 
dimensionless times t,Q, The range 
lo"< QD<103 brackets this boundary sensitive 
region. The branching of thermal histories 
occurs earlier in dimensionless time with 
decreasing throughput QP 

1.0 

0.5 

0.0 

I 

lo-' too 10' lo2 lo3 

Figure 5. Thermal drawdown histories 
for a reservoir within a semi-iafinite 
host medium. Depth ratio (a/z)=O.5. 
Positive and negative demarcations 
represent insulating caprock and 
const ant surface tempcratw 
constraints, respectively 

Thermal responses for depth ratios of 
one half are illustrated in Figure 5. Similar to 
the results for a/z=l, the influence of 
boundaries are only significant in the range 
10'<QD<103. As the reservoir depth a/z 
decreases to lo*, the results for bounded 
reservoirs are indistinguishable from the idni te  
case and may be correctly interpolated from 
Figure 3. 

From knowledge of thermal response, 
depletion times may be directly determined to 
aid in defining usdul lifetimes of indiridual 
reservoir configurations. Ultimate withdrawal 
temperatures may be determined from equation 
(3). The time required for the outlet 
temperature to reach fifty per cent and 
ninety-five per cent of the steady temperature 
values are defined as f,""Q, and f,'"QD, 
respectively. These results are illustrated in 
Figure 6 for the limiting cases of bounded and 
infinite reservoir geometries for all significant 
values of QD. Reservoirs bounded by a constant 
temperature surface deplete more rapidly than 
either insulated or intinite geometries. This 
behaviour is most marked in the very long-term 
performance as evidenced by the t,'"QD 
parameter. 

FENTON HILL HDB RESERVOIR 

Comparison is possible between 
predictions elicited from the thermal recovery 
model and results from a 300-day citetrlation 
test conducted at the Fenton Hill experimental 
reservoir in New l\.Icxico. Results are reported 
from Run Segment 5 of Experiment 211 in 
Zyvoloski et at. (1981), where long-term 
circulation was induced between the injection 
level at 2903 m and withdrawal leVei at 2708 
m below surface. The known separation of the 
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Figure 6. Variation is 50 percent and 
95 percent depletion times with 
dimensionless throughput Q, for 
thermal porosity I ,=l .O.  Results for 

' insulating caprock (+) and constant 
surface temperature ( - ) conditions. 

injection and withdrawal points together with 
available seismic data suggest a permeable zone 
or reservoir diameter of the order of 200 m. 
The single undefined input parameter is the 
dimension of the permeable zone. .In 
estimated radius of a=100 m yields a 
dimensionless throughput of Q.93 for kno-wn 
flow rates and reasonable reservoir parameters. 
Predicted thermal drawdowns are reported in 
Figure 7 in real time for dimensionless 
throughputs spanning 50 to 150. These 
magnitudes correspond to reservoir radii of 186 
m to 62 m and show some correspondence with 
the data recovered from the 300-day circulation 
test. This correspondence is encouraging given 
the reasonableness of the physical parameters 
utilized in the comparison, however. the test 
duration is too brief to yield a conclusive 
comparison. Furthermore, the initial response 
is most strongly conditioned by thermal 
depletion of the immediate permeable zone. 
Only later in the drawdown history wil l  the 
influence of external heat supply from around 

. 10 -0.95 
IO0 IO' IOZ IO' 

Time, days 

Figure 7. Measured and predicted 
responses of the Fenton Hill 
Geothermal Reservoir during a 300-day 
circulation test . 

CONCLUSIONS 

A simple conceptual model is proposed 
to represent the thermal performance of HDR 
geothermal energy systems where thermal 
energy is supplied from the surrounding 
medium. Behaviour is shown to be insensitive 
to the proximity of thermal barriers (as 
evidenced through a/z) and the magnitude of 
the secondary porosity (as evidenced through 

Although the magnitude of thermal 
porosity exerts little influence on thermal 
recovery, it would be expected to strongly 
influence pumping costs required to maintain 
any given circulation rate, qF' Small increases 
in s?, may disproportionately increase 
circulation rates and, thereby, increase the 
appropriate magnitude of dimensionless 
throughput, Qo. 

ficant steady heat production rates 
sionless throughputs 

The long-term 

dimensionless variables of 
throughput Q, and depth ratio, a/z, ody. 
Higher steady production temperatures are 
recovered for low circulation rates qF or large 

(T,) is indexed , 



indexed directly to dimensionless throughput Qo 
and is apparent for Q,>103. 

Large radii or low circulation rate 
systems exhibit the most desirable thermal 
behaviour in the long-term. This response is 
further conditioned, however, by the . flow 
impedence characteristics of the stimulated zone 
and cannot, therefore. be viewed in isolation. 
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ABSTRACT interaction model with a heat transfer model 
because of the strong dependence of 

A kinetic model of silica transport has been temperature on quartz dissolution aad 
coupled to a heat transfer model for a Hot Dry deposition. 
Rock (HDR) geothermal reservoir to examine the reservoir creates a thermal cooling front 
effect of silica rock-water interactions on which is initially located near the injection 
fracture aperture and permeability. The model wellbore and progresses with time toward the 
accounts for both the dissolution and production wellbore. The produced fluids are 
deposition of silica. Zones of local reinjected without removal of dissolved 
dissolution and deposition were predicted, but silica. Thus, a driving force exists for 
their effect on aperture and permeability were deposition of silica on the cool rock near the 
fairly small for all cases studied. injection wellbore, while a driving force 

exists for dissolution of the hot rock at 
ratio of rock surface area to fluid volume distances beyond where the thermal effects of 
have the largest effect on the magnitude of reinjection are felt. 
silica mass transfered between the liquid and field within the reservoir is constantly 
solid phases. changing due to heat extraction, the location 

in the reservoir where dissolution and 
deposition occur will change with time. 

Dissolution and deposition processes can have effect of these phenomena on permeability can 
a large impact on plant operations and be estimated by assuming that for flow through 
reservoir performance in both Hot Dry Rock a fractured medium, dissolution or deposition 
(HDR) geothermal reservoirs and conventional of quartz results in a widening or narrowing 
geothermal systems undergoing fluid of the fracture aperture. 
reinjection. For example, the deposition of the aperture change is in turn related to the 
dissolved silica in surface equipment and the permeability through a relationship 
injection wellbore is a well-knovn phenomenon he cubic law. 
which adversely affects plant operations esent study, ve present a model which (Cuellar, 1975, Bohlman et al., 1981, Rothbaum 
and Anderton, 1975, and Gudmundsson and Bott, 
1979). Also, dissolution and deposition in 
the reservoir,can affect the permeability b 
decreasing or increasing the flow path size 
(Rimstidt and Barnes, 1980, Borne, 1982, 
Robinson, 1982). For example, Horne (1982) 
reported that the problem of decreasing 

Heat extraction from a HDR 

Initial 
rock temperature, reservoir size, and the 

Since the temperature 

The INTRODUCTION 

The magnitude of 

couples a law for quartz dissolution a d  

duced fluid is 
he heat in a heat 
for dissolved 

rculating system 
some water loss 

dissolved or precipitated. 
It is essential to combine a rock-water 

where fm is the make-up fluid flow fraction 
(typically 0.1-0.2), C, is the make-up fluid 
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Figure 1. Mass balance on dissolved silica in 

a closed-loop BDR reservoir. 

RESERVOIR 

concentration, and C 
concentration. 
the production fluid is diluted wit! make-up 
fluid before reinjection. 
The outlet concentration C is controlled by 
dissolution and deposition processes occurring 
in the reservoir. 
for quartz dissolution or deposition in a 
batch reactor is 

is the production fluid 
In practice, C, < C , so that P 

P 

A commonly used rate law 

+, 

g = ka*(c"-c) 

vhere t is time, a* is the surface area to 
fluid volume ratio, k is the rate cogstant for 
quartz dissolution/deposition, and C 
saturation or equilibrium concentration of 
quartz in water. 
of the equilibrium concentration was obtained 
by Rimstidt and Barnes (1980): 

is the 

The temperature dependence 

CQ = 6x104x 10 ( 1.881-2.028x10'3T-lS60/T) 

where T is the temperature in K and CQ has 
units of parts per million (ppm) as Si02. 

(3) 

The temperature dependence of dissolution rate 
constant k was determined by Robinson (1982) ' 

to be 

(0.433-4090/T) k = 10 

where the units of k are m/s. Finally, since 
fluid flow in BDR reservoirs occurs within 
fractures, a relationship for a* is obtained 
by assuming the fracture can approximated by 
the parallel flat plate model: 

2f 
a* 9 ( 5 )  W 

In Eqn. (5), w is the mean fracture aperture 
and f is the fraction of quartz in the 

q rock. 
For modeling purpases, we assume that the 
fluid travels in plug flow between the 
wellbores, although in reality a distribution 
of solute residence times is always observed. 
For this parametric study, which~is designed 
t6 evaluate the importance of dissolution and 
deposition processes, this assumption will not 
affect the results. For plug flow, dt = dx/u, 
and Eqn. (2) becomes 

To place this equation in terms of variables 
which can be measured directly, we make the 
substitution u = IL/Vfpl, where in is the 
fluid mass flow rate, L is the reservoir 
length, Vf is the reservoir fluid volume, and 
p1 is the density of water. 
becomes 

Then, Bqn. (6) 

ac Vf p,ka*(C"-c) 

3 z -  iL 
(7) 

This equation, coupled to the heat transfer 
model described below, is solved using finite 
difference techniques to obtain the steady 
state concentration as a function of position. 
Each time the temperature pattern is 
recalculated, a new steady state concentration 
profile is determined. 
In addition to computing the concentration 
profile within the reservoir at various times, 
it  is informative to examine the cumulative 
mass of silica dissolved from or deposited on 
the rock surfaces at each position in the 
reservoir. For a given time interval At, 
the mass of silica dissolved or deposited per 
unit length of reservoir m 9 is given by 

~ 
p1 At V ka* (CQ-C) 

(8) L m =  
q 

The quantity of silica dissolved or deposited 
can be related to the fractional change in the 
average fracture aperture by assuming a 
fracture flow geometry. 
assumed geometry for both the rock-water 
interactions and the heat transfer model; 
Fluid flows along a series of parallel 
fractures of equal aperture w and fracture 
spacing S, vith each fracture accepting the 
same flow rate. For the timestep &t, the 
fractional aperture change Av, which is 
equal to the volume change of quartz divided 
by the fluid volume, is 

Figure 2 shows the 

where p 

the t o t 3  reservoir rock volume. 
is the density of quartz and Vr is 
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NO MEAT FLOW 0OUNDARY 

UNFORM MASS FLOW &ON0 EACH FRACTURE 

Figure 2. Fracture geometry for the heat 
transfer model 

Heat Transfer Model. The heat transEer model, 
based on the schematic diagram of Figure 2, 
vas first treated analytically by Gringarten 
et al. (1975) for constant flov rate and inlet 
temperature. In the rock, the one-dimensional 
transient heat flov equation 

aT a2T E - Q Z  (10) 

is coupled to an energy balance equating 
convection in the fluid to conduction in the 
rock at the interface, vhich in terms of the 
variables used above, is: 

aT LSmcf aT z = q 5  
In these equations, a is the rock thermal 
diffusivity, cf is the fluid heat capacity, 

is the rock thermal 
etry, the boundary c 

rock is a no-heat flov condition at the center 
of the rock block. To simulate timeLvarylng 
flov rate and inlet temperature conditions, 
the-model was solved by finite differen 
techniques. The model vas verified by 

1 for a typical set of reservoir 

1 
0 60 100 Im5O 200 

Dstance Along Reservoir (rr3 

Figure 3. Temperature profiles at different 
times (in days) during long-term 
operation. Solid curves: S=2m, 
Dashed curves: S=lOm. 

Figure &a. Concentration profiles (time in 
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Figure 4c. Fractional aperture change 
profiles (time in days). 

Figure 4. Internal profiles during long-term 
operation (time in days). Tr=3000C, 

8 3  S=lOm, Vf=1.3x10 m , i=15kg/s, 
fm=O.l, L200m. 

3 conditions (Tr=3000C, StlOm, Vf=1300m , 
8 3  h=l5kg/s, Vr=1.3x10 m , f,,,=0.1, and LP200m). 

Figure 4a shows the computed silica 
concentration profiles at different times 
during heat extraction. 
reservoir supersaturated (C>Cm) due to 
cooling near the injection vell, creating a 
driving force for deposition. The position of 
the thermal front dictates the location of the 
deposition. Although the largest driving 
force for deposition exists in the coolest 
region of the reservoir (near the inlet), the 
rate constant k is too small for significant 
deposition to occur. Deposition occurs in the 
transition region of rising temperature vith 
distance, and the thermal wave is accompanied 
by a deposition front. When the fluid reaches 
the hotter portions of reservoir, deposition 
ceases and dissolution begins, resulting in an 
increase of dissolved silica, in this case to 
a maximum value of C . 
Dissolution and deposition result in residual 
silica depletion or buildup along the flowpath 
over time. Figure 4b shows the mass of silica 
dissolved or deposited per unit length of 
reservoir; and Figure 4c is'the corresponding 
fractional aperture change. 
dissolution or deposition is controlled by the 
fraction of fresh make-up fluid in the 
injection fluid. 
quantity of dissolved silica vould be much 
greater, while if f,=O the net amount of 
silica removed from the reservoir vould 
be zero. Deposition leaves a small zone of 
decreased aperture near the injection 
wellbore, but the magnitude of the change is 
small. Dissolution creates a larger zone of 
increased aperture and permeability vhich 
travels vith the thermal wave. However, this 
zone is localized, rather than present across 

The fluid enters the 

m 

The amount of 

For example, if fm=l, the 

1 

the entire reservoir. Therefore, the overall 
flov impedance, or pressure drop per unit flow 
rate, is unlikely to be much impioved. 

Figure 5 shows the effect of the mean fracture 
spacing S on the fractional aperture change 
after 2,000 days of operation. Small fracture 
spacings result in a sharp thermal front and 
more localized zone of dissolution and 
deposition. 
vith larger fracture spacings results in a 
different residual pattern of the aperture 
profile. However, in all cases the effect on 
the permeability vi11 be somewhat mitigated by 
the fact that significant portions of the 
reservoir remain at the initial aperture, 
unaffected by dissolution or deposition. 
The effect of initial rock temperature on the 
dissolution and deposition processes is 
examined in Figure 6. 
increase both the reaction rate and the 
magnitude of the changes possible from 
equilibrium considerations. Thus the changes 
in aperture are more pronounced at higher 
temperatures. 

Thus, dissolution in a reservoir 

Higher temperatures 

9 . 1  I 60 roo m 
0 

Distance Along Reservok (n3 
D 

Figure 5. Fractional aperture change profiles 
for different fracture spacings S 
(after ZOO0 days). 

O 4  * 
I Q 

? 0.3 

I 
100 

9 . 1  
0 50 loa t50 

Dtstance Along Reservcir bd 

Figure 6. Fractional aperture change profiles 
for different initial rock 
temperatures T_ (after ZOO0 days). 
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DISCUSSION 
Whenever a solution is undersaturated or 
supersaturated, the potential exists for 
dissolution or deposition. However, the 
amount of material exchanged between the solid 
and liquid phases depends on the kinetics of 
the reactions. In all cases examined 
deposition kinetics were such that a 
decreased aperture was left near the injection 
wellbore. However, the effect on the crack 
width and permeability was found to be small. 
The zone of increased aperture and 
permeability due to dissolution was usually 
localized within a fraction of the reservoir 
length. Thus the effect on the overall flow 
impedance is also likely to be small. 
In the silica mass balance model assumed (Eqn. 
(l)), it is assumed that heat is extracted 
without flashing the brine. In energy 
conversion schemes in which the brine is 
flashed, the reinjected liquid has a much 
higher concentration of all dissolved species, 
including silica. Thus, the potential exists 
for more severe deposition near.the injection 
wellbore. One advantage the binary cycle 
energy conversion scheme sually proposed for 
HDR reservoirs is that d sition problems are 
minimized by keeping the brine liquid, 
When assessing the effect of rock-water 
interactions on permeability, we must 
recognize that other effects will occur 
simultaneously to either enhance or negate the 
effects of dissolution and deposition. First, 
thermal stress cracking of the rock is thought 
to occur near the injection well (Tester et 
al., 19861, increasing the permeability and 
competing with the effect of deposition. 
Also, pressures are highest near the injection 
wellbore, which, according to current theories 
of flow through fractured rocks, cause the 
fractures to dilate and the permea 
increase (Brown and Fehler, 1989). 
the effect of dissolution on the a 
permeability will depend on the location of 
the quartz grains relative to the asperities 
upon which the fracture faces rest. 
if the asperities-are largely quartz, 
dissolution would cause the fractur 
collapse on each other, lowering the apertur 
and permeability. Clearly, when estimating 
the effect of rock-water interactions on the 
permeability of a XDR reservoir, these 

mena must be considered. Hove 
eyond the scope of this study. 

in which further study is 
in the form of the rate law used 
uartz dissolution and depositio 
t study, a single rate equation 
rate constant was assumed to 

ssolution and deposition. 
tidt and Barnes (1980) claim 
is reversible and Eqn. (2) is 

amorphous silica rather than quartz (e.g. 
White et al., 1956). Others have noted the 
possibility of both homogeneous and 

heterogeneous nucleation mechanisms for silica 
precipitation (Gudmundsson and Bott, 1979). 
Finally, Makrides et al. (1978), and Harsh et 
al. (1975) examined the effect of pH on the 
reaction kinetics. However, other than the 
model of Rimstidt and Barnes (19801, no 
comprehensive-model of quartz dissolution and 
silica deposition has been proposed which 
includes the temperature dependence of the 
reactions. Therefore, Eqn. (2) was used in 
the present study. 
incorporate more complex laws for quartz 
dissolution and deposition when they become 
available. 

Future work should 

CONCLUSIONS 
A quartz dissolution/deposition kinetic model 
has been coupled to a heat transfer model to 
examine the silica rock-water interactions 
occurring in a HDR geothermal reservoir. 
temperature dependence of the reaction rates 
makes modeling of the temperature pattern 
vi thin the reservoir essential. Near the 
injection vell, where temperatures are lowest, 
the fluid is supersaturated with respect to 
dissolved silica, and a driving force exists 
for deposition. However, under all conditions 
studied, the computed deposition rate was 
insufficient to cause significant decreases in 
the fracture aperture near the injection vell. 
Dissolution occurs in the hotter portions of 
the reservoir, but its effects are usually 
localized: only a fraction of the total flow 
system experiences an increase in fracture 
aperture. Thus, permeability enhancement due 
to dissolution will probably be small. 

ture studies, these model results should 
be compared to the results of calculations of 
thermal stress cracking and pressure dependent 
dilation of joints to assess the relative 
importance of  rock-water interactions. 
Furthermore, when available, rate laws 
incorporating the effect of pH and different 
silica phases such as amorphous silica should 
be coupled to the heat transfer model to 
refine the results presented here. 

The 

concentration (ppm) 
heat capacity of the fluid (Jlkg-K) 
inlet silica concentration (ppm) 
make-up fluid silica concentration (ppm) 

S mean fracture spacing (m) 
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T 
Tr 

vf 
"r 

U 

W 
X 
a 

p1 
pq 

temperature (K) 
initial rock temperature (K) 
fluid velocity (m/s) 
reservoir fluid volume (m ) 
reservoir rock volume (m ) 
mean fracture aperture (m) 
flow path direction (m) 
rock thermal diffusivity (m 1 s )  
fluid density ( k g / m  
quartz density ( k g / m  ) 

3 
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SUMMARY 

During the continuing long-term circulation 
programme of the 2 km deep Hot Dry Rock (HDR) 
geothermal system at Camborne, a downhole 
pump was installed in the production well and 
used to investigate the effects of 
sub-hydrostatic pressure on reservoir 
performance. This condition is expected to 
occur naturally in a 6 km deep HDR reservoir. 

Tracer test results showed a change in the 
flow distribution but no overall change in 
the effective circulating volume of the 
reservoir and this was confirmed by the 
unchanged thermal behaviour of the reservoir. 
Although the production flow rate did 
increase during the test the impedance was 
also increased and indicated that the 
increased effective stress acting on the 
joints close to the production we1 1 was 
causing them to close up. 

INTRODUCTION 
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U!' uh - PO 
where: on' = effective normal stress 

uh = minimum principal horizontal 

Po = hydrostatic pressure 

stress 

The minimum earth stress at a depth o f  6 km 
is predicted to be in the range 70-86 MPa. 
There are many uncertainties associated with 
this prediction as it is obtained by an 
extrapolation of data obtained at depths of 
up to 2.5 km. However, it is thought that 
the lower end of the stress range is the most 
likely (Pine and Kwakwa, 1988). If the 
production water is at a temperature of 
22OoC, the hydrostatic pressure at the bottom 
of the production we1 1 wi 1 1  be approximately 
54 MPa, which is 6 MPa sub-hydrostatic, 
because of .the lower density of the hot 
production water. This would be reduced to 
4 MPa sub-hydrostatic if the well is 
pressurised to prevent the water flashing to 
steam in the wellbore. Therefore, the 
effective stress across joints orientated in 
the direction of the maximum principal stress 
at 6 km will be approximately 14 MPa. This 
compares with an effective stress under 
normal conditions of 10 MPa at a depth of 
2 km. 

By operating the OHP to give a drawdown head 
of approximately 4 MPa at a depth of 2km in 
the existing reservoir, it was possible to 
partially simulate the effective stress 
conditions in a 6 km deep system being 
operated without a DHP. 

TEST PROCEDURE 

The original intention was to deploy the DHP 
whilst the injection flow rate was 35 l/s, 
but this was changed when the flow rate had 
to be reduced to 22 l/s a few weeks before 
the start of the test, because the high 
flow rates had caused a large amount of 
microseismicity. As a result the test was 
run against a background of decreasing 
reservoir pressure and production flow rate. 

Initially RH15 was drawn down by 4.5 MPa 
until a near steady state was achieved at 
which point two surface to surface, 
fluorescein tracer tests were run. The 
injection flow rate was then increased to 
25 l/s and conditions were allowed to 
stabilise, so that a tracer test could be run 
with an unchanged drawdown on RH15. 
Following this the pump was put on its 
maximum production rate which resulted i n  a 
drawdown of 4.8 MPa and another tracer test 
was run. Finally, the pump was throttled 
back to produce a drawdown of 2.2 MPa and the 
last tracer test was carried out just before 
the pump was removed. The overall length of 
the experiment was 78 days. 

,RESULTS 

HYDRAULIC DATA 

Steady state data are presented in Table 1, 
and are those which describe the conditions 
under which the tracer tests were run. The 
changes in operating conditions during the 
DHP test are shown in Figure 2 along with the 
flow rates. The temperature d a b  are shown 
in Figure 3. 
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rable 1 Steady state conditions 

Figure 2 Flow rates, drawdown and tracer 
test during the downhole pump 
experiment. 
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The recovery (calculated as RH15 
flow divided by RH12 injectio 
21 l/s injection with a 4.5 MPa (460 m) 
drawdown, was 75% and was better than the 
recovery at the same flow rate in normal 
circulation, which was 69.5%. 

Ouring the period when the injection flow 
rate was 25 l /s ,  the drawdown in RH15 was 
initially kept at about 4.4 MPa (460 m) and 
then increased for a week to 4.6 MPa (480 m) 
before being decreased to 2.2 MPa (230 m). 
When the drawdown was 4.6 MPa the production 
flow rate was 18.3 l/s and the recovery 72%. 
With the drawdown reduced to 2.2 MPa, the 
production flow rate declined to 16.8 l/s and 
the recovery decreased to about 66%. 

Analysis of the RH12 production logs 
indicated that the flow distribution before 
and after the pump test remained 
No logging could be conducted 
production well during the t 
production logs were carried out before and 
after the test. These showed only small 
changes in percentage flow contributions from 
the various groducing zones. The general 
trend o f  a 1 C per month thermal drawdown, 
which had been occurring throughout the 
previous year, continued during the OHP test, 
as confirmed in Figure 3. Note that in 
Figure 3 there is a sharp drop in temperature 
o f  2OC, at 520 hours and a sharp rise o f  PC, 
at 840 hours. This is a result of a fault in 
the data acquisition system and i s  not a real 
change in temperature. 

TRACER DATA 

19 20 21 22 23 

1 Sep 14 Scp 6Oct 13Oct 23Ott 
woo 09:oo 09:oo moo moo 

7 2 7 2  7 2 M W  

wl Wl w1 w1 P F I  
%* c t k  E* 

21.7 Zl.7 25.2 25.3 25.4 
16.8 16.5 17.9 18.3 16.8 
9.1 9.1 9.8 9.8 9.8 

7.4 76.0 71.0 72.3 66.1 

3.6 3.4 3.2 3.4 3.6 
81 65 69 86 E l  

6.2 6.4 6.0 5.6 6.2 
3?5 so 307 369 375 
230 243 250 231 2% 

1917 1722 1107 1574 1- 
56.7 59.4 57.6 59.7 S.6 

am w 460 w no 

R~C~VRIY - IN1121 . Y I l l b a  -1.r 137 m3 (RH12 vol - 69 m3: RHl5 vol - 68 d) 

Table 2 Results o f  tracer tests during the 
downhole pump test 
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I r a te  was 21 l /s ,  the recovery declined 
I continuously u n t i l  j us t  before the increase 
I i n  i n jec t i on  f low t o  25 l / s .  It i s  l i k e l y  
4 that  the high production f low ra te  i n  the 

ear ly  par t  o f  the tes t  was i n  par t  due t o  the 
production o f  water that  was i n  storage. It 
i s  most probable that  the continued decline 
i n  the production f low ra te  was due t o  the 
area af fected by j o i n t  closure, caused by the 
increased e f fec t i ve  stress act ing across the 
j o in t s ,  increasing as the region influenced 
by the DHP gradually increased. 

I 

A very small drop i n  pressure (0.5 MPa) was 
observed a t  RH12 which occurred soon a f t e r  
the s t a r t  o f  the test. This small pressure 
drop a t  RH12, together w i th  the 
sub-hydrostatic pressure imposed by the OHP 
a t  RH15, resul ted i n  the impedance being 
increased, as shown i n  Figure 5. 

I \ 

Figure 5 Comparison o f  pressure d i s t r i b u t i o n  
wi th  and without downhole pump. 

I n  the DHP t e s t  an imposed sub-hydrostatic 
pressure o f  up t o  4.6 MPa only produced a 
reduction i n  in ject ion overpressure o f  
0.5 MPa (PA-PC). As the reduction i n  
i n jec t i on  pressure i s  small compared w i th  the 
drawdown, the impedance was greater using the 
DHP even though the production f l ow  was 
generally higher than under n o m 1  
c i r cu la t i ng  conditions. 

Although the production f low i n  each stage o f  
the tes t  declined continuously, there was no 
stage during which the recovery f e l l  below 
that  which would be expected a t  the same 
in jec t i on  f low rate i n  normal c i rculat ion.  
The improved recovery also resul ted i n  a 
re-d is t r ibut ion o f  the f l o w  i n  the reservoir  
as shown by the t racer data and discussed i n  
the fo l lowing section. 

The s l i g h t  increase i n  production temperature 
above tha t  recorded immediately before the 
tes t  i s  due t o  the heat given o f f  by the pump 
motors. The rate o f  decline o f  the 
production water temperature, which had been 
observed f o r  several months before the test ,  
was unaffected by the introduction 'of the 
OHP . 

Immediately fo l lowing the test ,  the recovery 
f e l l  t o  about 61%, which was lower than the 
expected value o f  about 68% under normal 
c i r cu la t i on  conditions a t  an in ject ion f low 
r a t e  o f  25.4 l /s .  f h i s  was probably due t o  
water going i n t o  storage and a re-adjustment 
o f  the j o i n t  apertures a f te r  the return t o  
hydrostatic e f fec t i ve  stress conditions. Twg 
months a f t e r  the end o f  the downhole pump 
t e s t  the recovery had returned t o  about 68%. 
TRACERS 

The e f f e c t  o f  operating the production wel l  
under sub-hydrostatic conditions and 
increasing the pressure drop across the 
reservoir  appeared to cause a major change i n  
the f low paths as sham i n  the RTD curves 
(Figure 4). However, a change i n  the shape 
o f  t h i s  curve was s ta r t i ng  t o  occur before 
the s t a r t  o f  the DHP t e s t  w i th  the f i r s t  peak 
gradually becoming more prominent as the 
i n jec t i on  f l o w  r a t e  (and thus in ject ion 
pressure) was increased during e a r l i e r  
experiments. It i s  l i k e l y  that  the DHP t e s t  
helped t o  enhance t h i s  effect. 

The i n i t i a l  peak i s  considered t o  be 
associated w i th  the breakthrough f low path 
and the second peak wi th  a number o f  other 
paths. Data from previous tests showed tha t  
the breakthrough feature was not dependent on 
pressure changes w i th in  the reservoir  
(CSM, 1986) and t h i s  was confirmed by the DHP 
test .  The change i n  shape o f  the RTD curves 
a t  the s t a r t  o f  the DHP t e s t  occurred because 
some o f  the f low paths associated wi th  the 
second peak are probably pressure dependent 
and the reduction i n  hydrostatic head on the 
production wel l  was su f f i c i en t  t o  cause the 
near-well f low paths t o  close up and 
therefore reduce t h e i r  contribution. 
However, the overa l l  water recovery from the 
production wel l  was higher than during normal 
c i rcu la t ion,  so more f l u i d  may have been 
forced through the breakthrough feature as a 
r e s u l t  o f  the increased pressure drop across 
it. 

The tracer tests  which had been run before 
the pump t e s t  were showing a general decrease 
i n  the peak concentration and an increasingly 
d i f f us i ve  t a i l .  This occurred as the 
i n jec t i on  f low ra te  was increased and had 
indicated that  the reservoir  was growing and 
becoming more diffuse. The shapes o f  the 
t a i l s  o f  the t racer tests  run dur in the DHP 

tests  which were run immediately before and 
a f t e r  it. The median volume, which 
represents the volume o f  the major f low paths 
i n  the reservoir, decreased during the DHP 
t e s t  t o  a leve l  which was equivalent t o  that  
observed during e a r l i e r  tests  a t  s imi lar  
production f low rates. It i s  suspected that  
t h i s  was due t o  the rap id decrease i n  
i n jec t i on  f l o w  ra te  p r i o r  t o  the s t a r t  o f  the 
t e s t  rather than an e f fec t  o f  the DHP. 
Therefore, it i s  thought tha t  there can have 

experiment were s imi lar  t o  those o I the two 
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been no large volumetric changes 
of operating the production well under 
su b-hydrostat ic conditions. 

The marginal change in impedance, along with 
the small volumetric changes seen in the 
tracer data, suggests that the region 
affected by sub-hydrostatic conditions was 
close to the production well. 

CONCLUSIONS 

The DHP test was used to simulate conditions 
anticipated in a 6 km deep system and, 
although it was not possible to run for a 
sufficient length of time to allow totally 
steady state conditions to be established, 
some important conclusions can be drawn. 

1 The overall recovery improved during 
the DHP test compared with that 
achieved during norma 1 circulation. 

2 The continued decline in production 
flow rate indicates that joints were 
closing up as a result of the 
increased effective stress and, 
therefore, that joint apertures will 
be reduced when operating a system 
under sub-hydrostatic conditions. 

3 Following as from 2 above, 'it is 
probable that the greater part of the 

sub-hydrostatic conditions at the 
production well will be required to 
overcome increased resistance to flow 
through the paths in the region 
affected by the sub-hydrostatic 

buoyant dr i ve caused by 

conditions, unless these flow paths 
are held open using proppants placed 
close to the production well. 

4 The tracer data indicated that there 
was no major change in the effective 
volume of the reservoir during the 
DHP test, although there was a change 
in the flaw distribution of the 
system. 
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ABSTRACT Armstead and Tester ( 1987 1 concluded t h a t  
these requirements d i c t a t e  the  fo l low ing  four  

A b r i e f  o u t l i n e  o f  t h e  development o f  a t t r i b u t e s  t h a t  any po ten t i a l  reservo i r  design 
conceptual designs i n  Hot Dry Rock geothermal must have: 
reservoirs,  based on heat ex t rac t ion  
requirements, leads t o  todays favoured 1 A very large contact area between the  
volumetric models, which depend on the  working f l u i d  and the  hot rock. 
s t imu la t ion  o f  na tura l  j o in t i ng .  Evidence 
from f i e l d  experiments i s  used t o  demonstrate 2 Adequate conductive communication between 
t h a t  no new f low. paths have been created by the  working f l u i d  and a s u f f i c i e n t  volume 
st imulat ion,  and t h a t  t he  nature, p a r t i c u l a r l y  
cont inu i ty ,  o f  t h e  na tura l  j o i n t i n g  has a 
cont ro l  1 i ng in f luence on reservo i r  3 f i c i e n t  vo id  volume i n  the  reservo i r  t o  
development. ensure tha t  the  working f l u i d  e x i t s  a t  as 

high a temperature as possible, even when 
The paper goes on t o  show how f rac tu re  network c i r cu la ted  a t  ra tes  we l l  i n  excess o f  the 
models can play a s i g n i f i c a n t  r o l e  i n  economic minimum. 
understanding the  develapment process, and 
presents a small study undertaken t o  4 A con f igura t ion  o f  voids and f low paths 
I 1  l u s t r a t e  the  j o i n t  con t i nu i t y  problem. The t h a t  o f f e r  minimum impedance t o  t h e  passage 
study shows how on ly  a very small number o f  o f  t h e  working f l u i d ,  so minimising pumping 
the  la rger  j o i n t s  may be requ i red  t o  form a power, whi le also containing i t  w i th in  the  
connection between two wells, and how under reservo i r  t o  avoid loss  t o  non-productive 
these circumstances a low area f l ow  path may 
be created. 

hot rock t o  ensure a long l i f e t ime .  

OR HOT DRY ROCK 

potent i  a1 temperature drawdown. 
Phase I1  reservo i r  were based on heat transfer 
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ca lculat ions,  which d ic ta ted  tha t  an e f f e c t i v e  
heat t rans fe r  area o f  two m i l l i o n  square 
metres was required. This was t rans la ted  i n t o  
an ac t ive  rock volume o f  200 m i l l i o n  cubic 
metres, assuming t h a t  one square metre of heat 
t rans fe r  area would be avai lable from every 
100 cubic metres o f  rock. 

The one i n  a hundred fac to r  incorporated both 
the  area-volume r a t i o  and the  swept-available 
area r a t i o .  The rock volume could be 
t rans la ted  i n t o  an approximate reservo i r  
geometry t o  speci fy the  we l l  spacing. For 
example, 450 m by 150 m, w i th  a we l l  spacing 
o f  300 m. An assumed f low path width o f  1 mm 
gives r i s e  t o  a c i r c u l a t i n g  volume o f  2000 
cubic metres. 

THE EVOLUTION OF HDR CONCEPTS 

I n  recogni t ion o f  the  paradoxical nature o f  
t he  requirements f o r  a successful HDR system, 
researchers have s t r i v e d  t o  develop the  best 
possible compromise reservoir .  

Los Alamos National labora tory  (LANL) 
developed the  f i r s t  conceptual model, 
comprising a s ing le  a r t i f i c i a l  penny shaped 
f rac tu re  with an i n j e c t i o n  po in t  a t  t he  bottom 
and a production po in t  a t  the  top. The 
r e a l i s a t i o n  tha t  t o  s a t i s f y  the  heat 
ex t rac t ion  requirements t h i s  f rac tu re  would 
need t o  be impossibly b i g  l e d  t o  the  
development' o f  t he  mu l t i p le  a r t i f i c i a l  
f racture models. 

A t  CSM, learning from t h e  LANL experience, 
emphasis was placed on the  r o l e  o f  na tura l  
j o i n t i n g  i n  the  reservo i r  c rea t ion  process. 
Researchers a t  CSM assumed t h a t  t he  
s t imu la t ion  o f  na tura l  j o i n t i n g  would dominate 
over the  c rea t ion  o f  a r t i f i c i a l  fractures, and 
a volumetric reservo i r  would be created. 

The evolut ion o f  these concepts i s  shown 
schematically i n  Figure 1 a), b l  and c), 
respect ively.  

Volumetric models are probably the  favoured 
va r ie t y  today, although they e x i s t  i n  various 
forms w i th  various assumed configurations. The 
reservoirs a t  LANL and CSM both appear t o  be 
general ly volumetric, although there seem t o  
be a small number o f  major, probably ve r t i ca l ,  
s t ruc tu res  which tend t o  dominate the  f lowing 
charac ter is t i cs  (Figure IC). 

It i s  i n te res t i ng  t o  note tha t  e a r l i e r  
concepts have not been completely abandoned 
(eg Kappelmeyer and Rummel, 1987; Tosaya e t  
a l ,  1988). 

STIMULATION 

Simi la r  approaches t o  s t imu la t ing  la rge  
volumes o f  na tu ra l l y  j o i n t e d  hard rock masses 
have been adopted a t  LANL and CSM. The r o l e  
of s t imu la t ion  i s  t o  enhance the  passage of 
flow through the  po ten t ia l  reservo i r  region, 
e i t he r  by improving e x i s t i n g  f l ow  paths o r  by 

FIGURE 1 a) SINGLE PENHY W E D  FRACTURE 
b) I I ILTIPLE PM(Y SWUPU) FiutTuRES 
e) VOLIJMEI'RIC SYSTEM YITH DMIMTING VERTICAL FEATURES 

crea t ing  new ones. 

Three kinds o f  improvement o f  a f low path seem 
t o  be p o t e n t i a l l y  possible; increasing the  
aperture, lengthening, and widening of t he  
f l ow  channel i n  t h e  j o i n t .  Widening here 
re fe rs  t o  increasing the  breadth o f  the  f low 
channel, or increasing the  e f f e c t i v e  swept 
area. 

There i s  no doubt t h a t  apertures can, and have 
been improved s i g n i f i c a n t l y  a t  t he  wellbores 
i n  a l l  t he  major f i e l d  t r i a l s  o f  st imulat ion 
techniques. This increase can be supported 
fo r  some distance i n t o  the  rock mass, bu t  
spreading f low and d iss ipa t ing  pressure 
reduces the  s t imu la t ing  po ten t i a l  of t he  
f l u id ,  and t h e  aperture enhancement reduces. 

The length o f  'wide aperture' f low paths can 
there fore  be increased t o  some extent, but a t  
some distance away from the  i n j e c t i o n  point, 
the  s t imu la t ion  w i l l  e f f e c t i v e l y  stop and 
continued f low w i l l  only be possible if the  
j o i n t  has s u f f i c i e n t  'undisturbed' f l ow  
capacity. Physical extension o f  j o i n t s  by 
f rac tu r ing  away from the  wellbore i s  h igh l y  
unl  i kley.  
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The various t racer studies carr ied out a t  LANL gal lon i n jec t i on  o f  medium viscosi ty gel a t  
and CSM (Armstead and Tester, 1987) have shown very high pressures and rates (Pine, 1987). 
that  the modal volumes o f  c i r cu la t i ng  systems Geophysical logging showed that  extensive 
are s ign i f i can t l y  less than the potent ia l ly  ax ia l  f ractur ing o f  the wellbore had taken 
available volume i n  the j o i n t s  between the place, but production logging during and af ter  
wells. It fol lows that  the e f fec t i ve  heat the stimulation demonstrated that  the 
t ransfer  area, or  swept area, i s  less than the a r t i f i c i a l  fracture d id  not accept f l u i d  a t  
j o i n t  area available, and i t  i s  reasonable t o  any time (CSM, 1988). The only zones i n  the 
conclude tha t  f low ex is ts  i n  channels i n  wel l  which accepted f l u i d ,  and which have 

subsequently produced f l u i d  during c i rcu la t ion 
experiments, were the j o i n t s  which flowed jus t  

j o in t s .  

It i s  unclear from f i e l d  experiments whether a f te r  the well was d r i l l ed .  
stimulation increases the breadth o f  these 
f l o w  channels, or  what proportion of the It i s  therefore c lear t h a t  the distr ibut ion,  
potent ia l  heat t ransfer  area i s  i n  f a c t  swept nature, and pa r t i cu la r l y  the cont inui ty o f  

. by the f l u i d .  This has s ign i f icant  bearing on undisturbed natural j o i n t s  i n  the potent ia l  
the relat ionship between required area and resevoir region have a contro l l ing influence 
act ive rock volume described ea r l i e r .  However, on the development o f  that  system. 
no increase i n  channel width w i l l  be useful i f  
the f low capacity of the j o i n t  i s  inadequate. Conventional f racture models used i n  HDR 

development are based on regular, mostly 
I n  conceptual terms, therefore, pears gr id- l ike,  j o i n t  patterns which have 
that  st imulat ion can succeed in imp the e r t i f i c i a l l y  high j o i n t  cont inui t ies,  and 
passage o f  f l u i d  through the rock mass, which consequently overestimate the degree of 
possibly f o r  some distance away from the stimulation and communication between wells. 
wellbore, but that  there i s  some point  beyond To properly understand the HDR environment and 
which f low can only progress fu r the r  i f  there i t s  potent ia l  f o r  exploitation, f racture 
i s  a pre ex is t ing f low path. I f  t h i s  point  i s  network models which more accurately r e f l e c t  
nearer t o  the i n jec t i on  wel l  than the the natural s i tuat ion are required. 
stimulated region around the production well, 
the we1 1 s w i  11 not be hydraul ica l ly  connected FRACTURE NEWORK MODELS 
unless they were so i n  the undisturbed state. 

It i s  the focus on natural j o i n t s  and the 30 
There i s  s ign i f i can t  evidence from the geometry of the reservoir  t ha t  make fracture 
Camborne work t o  support t h i s  hypothesis. When network models at t ract ive.  Because they t rea t  
the f i r s t  two deep wel ls were d r i l l ed ,  f ractures exp l i c i t l y ,  they are well suited t o  
geophysical logging showed hundreds o f  natural answering questions about the geometry of flow 
j o i n t s  in tersect ing each well, but even the paths, and f low t o  area relationships. The 
ea r l i es t  hydraulic testing, a t  low flow rates, incorporation o f  stochastic network generation 
showed that  only a very few accepted o r  means tha t  they can provide answers t o  

important t o  understand the assumptions behind 
The well was stimulated by a 1.2 m i l l i o n  these models, and the problems with using them 
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a t  great depth. 

Network models are based on the  fol lowing 
s imp l i f y ing  assumptions, they are drawn from 
Robinson ( 1986 1 : 

The rock mass i s  impermeable. 

Jo in t  propert ies can be described by 
stochast ic d is t r ibu t ions .  

. O  There i s  no head loss across intersect ions.  

Ind iv idua l  models make further assumptions 
such as planar f l ow  w i t h i n  t h e  f rac tu re  or 
channelled f low between intersect ions.  Some 
models even al low some mat r ix  permeabil i ty, 
but  most models fo l l ow  the  above assumptions. 

It i s  possible t h a t  some of the above 
assumptions wh i le  v a l i d  f o r  shallow disposal 
s i tes,  are not appropriate fo r  models o f  deep 
reservoirs a t  h igh rock stresses. 

There i s  one fu r the r  important assumpt'ion, 
t h a t  f l ow  can be modelled by using a f i n i t e  
number o f  f ractures.  This number must 
i nev i tab l y  be smaller than the  t o t a l  number of 
d i scon t inu i t i es  ( fau l t s ,  j o in t s ,  
microcracks. ..) i n  the  rock. A t  some po in t  it 
i s  necessary t o  set  l i m i t s  on what minimum 
s ize  o f  f rac tu re  w i l l  be included i n  the  
model. A simple cu t -o f f  can be derived from 
the  system used t o  measure the  presence of 
f ractures,  such a c u t - o f f  i s  v a l i d  as long as 
i t  can be shown t h a t  no appreciable f l ow  
occurs away from those f rac tu res  t h a t  have 
been detected. Lanyon (1988) used f rac tu re  
s t a t i s t i c s  from borehole te leviewer logs on 
the  basis tha t  a l l  major f lows could be 
associated w i th  f rac tu res  shown on these logs. 

FRACTURE NETUORK INPUT DATA 

A major problem i n  f rac tu re  network modell ing 
i s  t he  acqu is i t ion  o f  inpu t  data. I f  the  
model i s  t o  be used as a p red ic t i ve  
engineering too l ,  r igorous condi t ions must be 
met by the  input  data. This may be 
p r o h i b i t i v e l y  expensive or impossible for  some 
fracture parameters. 

Or ientat ion data has, i n  general, been 
r e l a t i v e l y  simple t o  c o l l e c t  and analyse for 
sample bias. Aperture data can be co l lec ted  
from packer tests, but  assumptions must be 
made about the  underlying d i s t r i b u t i o n  o f  
f racture aperture. These assumptions may 
cause problems because o f  t h e  dominating 
effect o f  a few la rge  aperture f rac tu res  on 
flow. Figure 2 shows aperture data from a 
t e s t  borehole a t  Carwynnen i n  Cornwall (Heath 
and Durrance, 1984). Note the  dominating 
effect o f  t he  permeabi l i ty  o f  the  th ree  
la rges t  f ractures.  

Size and shape data <are  very d i f f i c u l t  t o  
ex t rac t  from exposure data and impossible t o  
ex t rac t  from borehole data. Fracture density 
can be found from f rac tu re  spacing data i f  

:. :: 

:: 
i i  .. .. 
i :  
: I  

assumptions are made about the  f rac tu re  
extent. 

It i s  also important t o  determine any 
cor re la t ions  between parameters. Long e t  a1 
(19871 ou t l i ned  methods for  creat ing 
hypothet ical  f racture networks from borehole 
data which w i l l  have comparable hydraul ic 
propert ies t o  those of t he  measured system. I n  
general, the  networks produced w i  11 be 
s t a t i s t i c a l  analogues o f  t he  r e a l  system. 

A SIMPLE GEUMETRIC HODEL 

The r e s t  of t h i s  paper ou t l i nes  how a network 
model can be used t o  study the  pa r t i cu la r  
problem o f  p r e d i c i t i n g  j o i n t  c o i n t i n u i t y  
between two we l ls  i n  an HDR doublet, and how 
the  i n te r -we l l  connect iv i t y  i s  a f fec ted  by 
f rac tu re  size. 

The model i s  based on a percolat ion theory 
approach. Fractures from two sets are 
generated according t o  a random process t o  
form a complete f rac tu re  network around and 
between the  we l ls  (Figure 31. The fractures 

FIGURE 3 SIl*IUTIQI OF 50 II CUBE WaYIffi MI. FRACTURES 
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are then considered i n  order o f  descending 
aperture u n t i l  a l i n k  between the  two wel ls i s  
created. 

Since the  biggest, and therefore the  most 
transmissive, f rac tu res  are considered f i r s t ,  
the  f i r s t  connection generated w i l l  be the  one 
w i th  the  highest minimum aperture ( i e  a l l  
other connections inc lude lower aperture 
f rac tu res  1. Where t h e  d i s t r i b u t i o n  o f  
f rac tu re  aperture i s  h igh l y  skewed such a 
connection w i l l  dominate the  hydraul ic 
performance o f  t he  reservo i r .  

A ' t y p i c a l  HDR doublet con f igura t ion  was 
used; two we l ls  deviated a t  30 degrees from 
the  v e r t i c a l ,  separated by 300 m v e r t i c a l l y ,  
w i th  open hole lengths o f  300 m. A st imulated 
zone o f  20 m radius was assumed around both 
wells. 

Fractures were modelled as constant radius 
discs whose centres were uni formly d i s t r i bu ted  
by a Poi sson process. Numerical experiments, 
comprising a minimum o f  50 rea l i sa t i ons  were 
run  w i t h  f rac tu re  r a d i i  of 20, 30, 50, and 
75 m. The f rac tu res  ex is ted  i n  two orthogonal 
sets o f f s e t  a t  20 degrees t o  the  we l l  
d i rec t ion .  

The fracture densi ty was re la ted  t o  the  radius 
used, and was set i n  each case so t h a t  there  
was a constant mean value o f  one square metre 
s ing le  sided f rac tu re  area per cubic metre o f  
rock. This area t o  volume r a t i o  was based on 
the  f rac tu re  data acquired a t  CSM and r e f l e c t s  
the  high frequency o f  j o i n t i n g  t h a t  was 
measured, t y p i c a l l y  a j o i n t  i n  the  boreholes 
every two t o  th ree  metres. 

I n  each rea l i sa t ion ,  th ree  parameters were 
der ived f o r  t he  f i r s t  connection: 

e 
ede 

2 The number o f  f rac tu res  i n  the  connection. 

percentage o f  t o t a l  f rac tu re  area needed f o r  
connection t o  occur. It i s  c lea r  tha t ,  i n  a l l  

I FRACTURE FLOWING AREA I INTERSECnONS 
~ 

FIB IL  4 ILulsTluTION ff 'FLWING AREA' MFIllITIffl I N  THE GEOIETRIC 
"1 

cases run, only a small percentage o f  the  
t o t a l  f rac tu res  i n  the  model were required t o  
form a connection, and t h a t  i n  the  case o f  the  
la rges t  j o in t s ,  only one o r  two percent were 
necessary. 

w i t h  the  observation a t  
I d  experiments t h a t  only a 
e o f  na tura l  j o i n t s  f low. 

Where only a few j o i n t s  were required, the  
r e s u l t i n g  surface area o f  t he  connection was 
ra the r  small, rewesent ina  the  undesirable 
' shor t  c i r c u i t '  connection. I n  order t o  
achieve a heat t rans fer  area o f  one m i l l i o n  
square metres (500 000 s ing le  sided areal, a t  
l eas t  three percent o f  f ractures must be 
involved, t h i s  percentage increasing as 
f rac tu re  s i  r e  decreases. 

.... . -..I. 

I anPAuIsow Q 
OR DIFFERENT 
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Note t h a t  t h i s  only represents the  f i r s t  
connection. Other connections w i  11 increase 

generated f low ing  surface area 
e radius considered.. In each 

case the  d i s t r i b u t i o n  i s  skewed towards low 
area. No trends dependent on f rac tu re  radius 
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FIGURE 6 CotpARIsoII ff INTERCOIIIIEClIOI( 'FLW AREA' FOR VARYING 
FRACTURE RAOII 

are apparent, but only a r e l a t i v e l y  few (50 t o  
100) real isat ions were carr ied out. 

Figure 7 shows the d i s t r i bu t i on  o f  the 
percentage o f  f ractures required t o  form a 
connection a t  each f racture radius. I n  

' general, the unsurpri s i  ng trend emerges that  
fewer large radius j o i n t s  are required than 
small radius ones. 

The same trend i s  apparent i n  Table 1, which 
shows the percentage o f  runs wheTe very low 
surface area connections existed, formed 
solely o f  f ractures i n  the top one and two 
percent. This circumstance becomes 
increasingly mare l i k e l y  wi th  increasing 
f racture radius. 

TABLE 1 FREQUENCY OF LoGI SURFACE AREA 
CONNECTIONS 

Fracture X Connected by Z Connected by 
radlus top 1% top 2% 

20 m 0 0 
30 m 0 1% 
50 m 4% 20% 
75 m 5% 30% 

CONCLUSIONS 

1 Experimental resul ts  from two major f i e l d  
t r i a l s  o f  HDR technology have demonstrated 
the control 1 i ng i nf 1 uence o f  the character 
and cont inu i ty  o f  natural j o i n t s  on the 
creation o f  successful c i r cu la t i ng  systems. 

2 The importance o f  r e a l i s t i c  f racture 
network models has been established, and a 
small study re la t i ng  t o  the j o i n t  
cont inu i ty  problem has been carr ied out. 

c 

K i20L!L 0 IL 
0 5 10 0 5 10 

X fractures X fractures 

3 The study demonstrated how the presence of . 
a few large j o i n t s  forming a connection . 
between the wel ls could dominate the 
behaviour o f  the system, and that  there was 
a s ign i f icant  probabi l i ty ,  i n  the f racture 
networks tested, that  a low area connection 
coul d be formed . 
The probabi 1 i t y  depended 1 argely on the 
assumed radius o f  the f ractures i n  the 
model. 

4 The study produced numerical experf mental 
resul ts  consistent w i th  f i e l d  experiments, 
and suggested tha t  o r i g ina l  estimates of 
j o i n t  properties used i n  conceptual designs 
were reasonable. 

5 Fracture network models o f f e r  a valuable 
too l  f o r  the design and understanding of 
the processes involved i n  creating HDR 
systems. Probably the greatest problem 
facing the modelling e f f o r t  i s  the 
acquis i t ion o f  r e l i a b l e  input data. 
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ABSTRACT 

National geothermal energy development program 
in Japan began in the early 1970’s as one 
of the Sunshine Project (R/D on new energy 
technology). The program has been funded 
by the Sunshine Project Promotion 
Headquarters, Agency of Industrial Science 
and Technology, Ministry of International 
Trade and Industry. The main targets of 
geothermal energy project are to develop 
(1)technology for exploration and extraction 
of hot hydrothermal energy, ( 2 )  technology 
for power generation using geothermal hot 
water (1OMW class binarycycle test plant), 
(3)technology €or hot dry rock power 
generation systems, (4)technolcqy for 
multi-phase utilization of geothermal energy 
and preservation of environment. The FY1988 
total budget for all national geothermal 
R/D programs is about 5386 million Yen ( 4 3  
million US dollars,15=125 Yen). NEDO (New 

. Energy and Industrial Technology Development 
Organization) established in 1980 by the 
government and private sector plays the main 
role in promoting national energy development 
with participation by several national 
institutes such as GSJ(Geologica1 Survey 
of Japan), NRIPRfNational Research Institute 
for Pollution & Resources), Tohoku Industrial 

rock project. 

.’ ‘ th the objective of develo 
ploration techniques and 
sults of various g 
rveys by drilling 
o different geothe 

and Kurikoma, were chosen for this purpose. 
FY1988 is a final year for this project and 
evaluation work is being done for the results 

of various surface exploration technologies 
with comparison of deep drilling data. New 
R&D program will be started following this 
project, and its emphasis is directed at 
producing two- and three-dimensional models 
of geothermal reservoirs, and surveying to 
locate and to map fractures of hydrothermal 
systems from the surface and within wells. 
Sengan and Kurikoma projects are first 
summarized, and then new future program for 
the fractured reservoir is discussed. 

The hot dry rock project at Hijiori site 
in Yamagata prefecture has been operated 
by the New Energy and Industrial Technology 
Developent Organization (NEDO) since 1985. 
Many experiments of the hot dry rock system 
are planned from 1989, and NRIPR (National 
Research Institute for Pollution and 
Resources) of MITI is in charge of analysis 
of logging data and circulating data. NEDO 
and NRIPR will be responsible for the future 
P of the hot dry rock in Hi3iori. 
D ion is concentrated on the current 
H earth in National Project. - -  

and Iwate 

e feeding ma 

be located in 
nderlying each of the 

Many geophysical and geological surveys in 
addition to gravity, geochemical and 
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Figure 1: Location Map 

aeromagnetic surveys, were applied in Sengan 
to make a geothermal subsurface mode1,such 
as refraction method, magnetotelluric 
exploration, Schlumberger electrical surveys, 
heat flow surveys By 200-800111 wells, core 
dating by ESR (Electron Spin Resonance), 
Tubel method and so on. Geological Survey 
of Japan joins this Sengan project in the 
analysis of geologic structure, 
geochronological study, borehole geochemistry, 
thermophysical modeling, DC resistivity and 
magnetotelluric method. Geological study 
of the basement rocks around the central 
part of the Sengan geothermal area revealed 
that Mesozoic and Paleozoic siltstone, shale 
and chert are distributed in the Yuze and 
Ryugamori districts, and sedimentary rocks 
underwent the contact metamorphism by 
intrusive rocks. But no evidence for 
Pre-Tertiary igneous rocks was found out 
in the studied area. The isotopic compositions 
of surface water in Sengan area correlate 
inversely to the altitude of the sampling 
sites (-0.25%c/100m for &%). In some wells, 
it shows abnormally low d'*O values with 
respect to the altitude of the well. 
Temperature logging data of deep wells and 
physical properties of core samples were 
extensively collected for the thennophysical 
modeling of the Sengan field. A forward 
modeling of the temperature structure has 
been continued to find out the subsurface 
temperature distribution at depth consistent 
with well logging data of surface temperature. 
Geothermal model of Sumikawa area, north 
part of Sengan area, is considered as follows. 

Heat sources are assumed to be the deep of 
Mt.Yakeyama and Mt.Hachimantai. The individual 
heat source situates in the center of a 

up-flow zone and several hydrothermal 
convection systems are formed. Steam cap 
has been formed at the top of the reservoir, 
and lake deposite and Quaternary andesitic 
volcanics are considered to ke this cap rocks. 
Fracture System of Sumikawa area was fonaed 
in relation closely to the volcanic 
activities, and geothermal fluids 
predominantly flows through these fractures. 

In Nov. 1987, a deep confirmative well 
(N61-SN-7D) was drilled to depth of 2486111 
(8287 ft). The drilling location of this 
well was based u p  the subsurface prediction 
of probable existence of geothermal reservoir 
at depth. Mud-logging was started fran a 
depth of llllm (3703f t 1, and aerated drilling 
operations were started fran a depth of 1924111 
(6413ft). Drill cuttings were collected at 
every 5 meter and core was also collected 
at 1505m, 1921m. 2292m and 2484m. Several 
geophysical well loggings were conducted 
for the N61-SN-7D such as temperature logging, 
electrical logging, dual latero logging, 
neutron logging, density logging and spectro 
gamma logging. After a 7 inch slotted and 
uncemmented liner was installed, injection 
test and warm-up test were conducted. The 
permeability-thickness product (kh) of the 
N61-SN-7D is 3.11-9.38 darcy-m by multi-flow 
injection-test and kh calcuated by fall-off 
curve is 7.73 darcy-m. From the results of 
the hydrostatic-pressure balance and 
geophysical well logs. the major lost 
circulation zone is inferred to be at 2325111 
(7750ft) depth. The highest calculated static 
temperature is 304'~ at 18OOm (6000ft). This 
temperature, however, is not considered to 
correspond with the static formation 
temperature because of large circulation 
losses during a drilling operation. In 1988. 

- 
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a production t e s t  for t h i s  well N61-SN-7D 
was conducted, and its data are as follows. 

Steam 161 t / h r  
Hot water 318 t /h r  
Reservoir temperature 272 O c  

Well head pressure 12.5 kg/cm' 
Liquid chemistry neutral Nacl type  

I 

It was found that  the geothermal energy of 
t h i s  ?161-SN-7D well corresponds t o  16 MW 
power generation, and th i s  is the biggest 
productivity for a single geothermal well 
i n  Japan. T h i s  success encourages the 
continuing ef for t  t o  develop geothermal 
resources deeper than wnventional 1000-1500m 
depth. 

RESERVOIR PHYSICS IN KURIKOZ4A PROJECP 

The Kurikoma area is centered ar the Onikobe 
caldera i n  Miyagi prefecture, and a geothermal 
reservoir layer is  thought t o  exis t  i n  
f issures extending from t h e  upper portion 
of the Pre-Tertiary grani t ic  basement t o  
lake deposits a t  t h e  base of the' caldera. 
Kurikoma project began i n  1980, and airborne 
infrared thermal image surveys were conducted 
i n  t h i s  year over an area about 200 km' 
Including the Onikobe caldera. Magentotelluric 
(MT) exploration and the electr ical  
(Schlumberger) method were also conducted 
for the subsurface res i s t iv i ty  structure 
of Kurikoma field.  GSJ revealed that  the 
basement beneath the caldera was 1-2 km depth 
frcm the surface w i t h  two-dimensional inverse 
modeling technique of the MT data. I t  was 
also found that there e x i s t s  a horst structure 

he control 
information 

area is bei 

HDR IN BIJIORI PROJECT 

After the f ie ld  studies of hydraulic 
fracturing a t  Yakedake which is t h e  f i r s t  
t e s t  site for  hot dry program i n  Japan, 
H i  j i o r i  i n  Yamagata prefecture was selected 
as another substantial t e s t  f ie ld  to  extract 
geothermal energy from a hot dry rock. Two 
w e l l s ,  SKG-1 and SKG-2, had been dr i l led 
for geothermal survey a t  Hijiori. The depth 
of SKG-2 is 1802~1, and the temperature a t  
its bottan is about 250'~. The basement rock 
(granodiorite) l i e s  below a depth of 1460111 
and t h e  a r t i f i c i a l  reservoir was intended 
to  be made i n  t h i s  bsement rock by dr i l l ing  
and hydraulic fracturing. 

I n  1984, logging and pumping t e s t s  were 
conducted t o  get information for hydraulic 
fracturing. The natural inflow was 1.0 m3/h, 
and a well head pumping pressure a t  flow 
rate  of 0.4 ms/min was 6 MPa. Lost 
circulations were detected a t  depth of 1530111 
t o  1540m, 1570m to  1580111, and 1620111 to 1640111. 
A s  a result  of these tests, a f u l l  hole 
pressurization was selected as a hydraulic 
fracturing method. I n  1985, 7" casing was 
installed from the surface t o  a depth of 
1788111 i n  SKG-2. Permeabilities of the basement 
rock a t  depth of 1788111 to  1802m were estimated 
fran 1 to 10 microdarcy. 

I n  October 1986, a hydraulic fracturing was 
conducted by iniecting about 1000 m3 of water 
a t  depth of 1788111 to  1802111 i n  SKG-2 well. 
Flow rates were 2 to  6 mJ/min and well head 
pressures were 11 t o  16 MPa. 380 m3 of hot 
water were vented fran SKG-2 well af ter  t h i s  
injection. Microseismics were observed by 

t o  11 MPa. The mum production 

I n  July 1988, an additional stimulation was 
conducted to  improve the hydraulic 
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communication between SKG-2 and HDR-1. An 
injection of water into SKG-2 was for 11 
hours, and a total 2000m3 of water was 
injected. Flow rates were 2 to 6 m3/min and 
well head pressures were 4 to 15 MPa. After 
the injection, the well head of SKG-2 was 
opened, and an estimated amount of vented 
hot water was approximately 400 m3. 

The well head of HDR-1 was opened before 
the start of the injection, and water flow 
from HDR-1 started at about six hours after 
the start of the injection. The production 
flow rate from HDR-1 was about 0.1 m3/min 
at the beginning, but the temperature of 
produced water increased gradually. When 
the water temperature reached 100 O C ~  hot 
water and steam were spouted and the flow 
rate of this hot water, as high as 154 'c, 
was estimated over 2 m3/min. The flow rate 
decreased rapidly after half hour later and 
it was less than 0.2 m3/min. Another spout 
of hot water & steam started after about 
two days later, and it continued for about 
30 minutes. The maximum flow rate of this 
second spout was estimated at about 2 m3/min 
and its temperature was 158 'c. The production 
flow continued until the well head of HDR-1 
was closed. A total amount of the produced 
water was about 350 m3 but that of the 
produced steam was not measured. 

The hydraulic communication was improved 
by this stimulation, but the intermittent 
spout of hot water and steam had not been 
expected at all. About a hundred microseismic 
events were observed during this injection, 
and most events occurred in the south to 
SKG-2 at depth of 1400m to 1800m. 

In August 1988* a short circulating operation 
was conducted in order to evaluate 
characteristics of the fractured reservoir. 
The injection flow rate was 1 m3/min and 
it was changed to 0.5 m3/min. This flow rate 
was changed again to 1 ma/min and maintained 
at this value until the end of the injection. 
A total 14000 m3 of water were injected in 
SKG-2. A venting of SKG-2 was started 
imediately after the end of the injection, 
and about 170 m3 of hot water was vented. 

Water flow from HDR-1 was started immediately 
after the injection. Hot water was produced 
from HDR-1 intermittently, and the production 
flow rate was not constant. The maximum flow 
rate was about 0.5 m3/min and the maximum 
temperature at the well head of HDR-1 was 
124 'c. A total 4500 m3 of hot water was 
produced until the well head of HDR-1 was 
closed. The total volume produced from HDR- 
1 was 32 % of that of the injected water 
into SKG-2. The amount of the produced steam 
is not included in this recovery. PTS logging 
in HDR-1 revealed that hot water flowed into 
HDR-1 through several fractures across this 
well. It was also found that flushing of 
hot water occurred in HDR-1 and the depth 
of flushing point moved up and down. Although 

tracer test was operated two times using 
tracer KI, concentration of tracer was not 
identified partially because the production 
flow rate from HDR-1 changed so frequently. 
Nicroseismic observation was conducted but 
few events were observed. 

In addition to the hot dry rock program, 
a development of instruments has been carried 
out. A PTS log and a borehole televiewer 
were made, and they were now in operation. 
An triaxial geophone will be made which can 
be operated at temperature up to 250 ' c  and 
at a hydraulic pressure down to a depth of 
l8OOm for eight hours. An improved borehole 
television is also being developed for a 
high temperature condition. 

ATRENDINFUTURE 

Geothermal reservoir descriptions including 
HDR project about a geological structural 
model and reservoir parameters have been 
based primarily on the geophysical 
interpretation. Spatial information about 
reservoir parameter variations can be inferred 
from the data of well drilling and reservoir 
geophysics. 

A majority of geothermal reservoir belongs 
to the fractured media type. The present 
exploration techniques and assessment for 
this fractured reservoir is still incomplete 
and its maturity will be future t a s k s .  In 
the stage of reservoir survey and evaluation, 
it is important to understand individual 
fractures and to estimate the quantity of 
resources. The final goal ot our program 
for fractured reservoir is to locate and 
predict subsurface characteristics of 
fractured reservoir. This means the 
determination of the location, orientation, 
extent, porous or sealed, aperture etc of 
fractures in reservoirs at depth. The 
following new geophysical methods are planned 
to be applied for the geothermal reservoir 
in new program. 

Electromagnetic Array Profiling (EMAP) 
Cross-hole seismic tomography 
Vertical Seismic Profiling (VSP) 
High precision seismic reflection 

Electromatromagnetic Array Profiling is 
already being tested in Sumikawa area, and 
its results will be checked with conventional 
MT method and with a deep well data. - 
Two shallow experimental wells S-1 b S-2 
(500m) and two deep wells (2OOOm) are planned 
to be completed for testing the technical 
feasibility of these new geophysical methods 
and to develop the special tools for these 
methods. In 1988, Tanna area in Shizuoka 
prefecture was chosen for the shallow 
experimental field for VSP and seismic 

_. 
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tomography, and a first shallow S-1 well 
will be drilled in this winter. Another 
shallow S-2 well is planned to be completed 
in 1989 near S-1 site. The drilling location 
of deep wells (2000m class) is not decided 
yet. 

The Hijiori HDR reservoir will be evaluated 
experimentally and theoretically. Before 
these evaluations, another deeper HDR 
reservoir will be tested by the hydraulic 
fracturing and drilling of a new well, HDR- 
2. The final hot dry rock system at H 
site wil1,consist of dual extraction systems 
by 1989. One is a hydraulic fractured zone 
at a depth of 1800m between SKG-2 and HDR- 
I, while another will be a fractured zone 
at a depth of 2200111 between HDR-1 and HDR- 
2. 

CONCLUDING REXARKS 

The Sunshine Geothermal Program in Japan 
is now 14 years long, and many fruitful 
results were completed. This paper introduced 
one of the geothermal exploration program 
in Sengan and Kurikoma area. and hot dry 

ject in Hijiori site. 'It also refered 
new geothermal project specially 

oriented for the fractured reservoir system. 
The development and testing of improved 
geophysical methods for determining fracture 
characteristics of geothermal reservoir rocks 
are very important, and will help to improve 
the characterization and assessment of actual 
geothermal reservoirs. - 
The authors express our appreciation to the 
Sunshine Project Promotion Headquaters, AIST, 
MITI, especially to Mr. Masanori Yoshikai, 
senior officer for development pmgram 
(Geothermal Energy) for publishing this paper 
in the 14th Workshop Proceedings on Geothermal 
Reservoir Engineering, Stanford Geothermal 
Program. 

year million Yen (Million $1 

1980 5,603 ( 44.8 1 

.7 1 1981 7,218 ( 

1982 7,040 
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wthemal Energy Projects w e t  -- FY 1988 

million Yen (millicn $1 
Geothermal Exploration 1,456 ( 11.6 ) 

Geothermal survey 1,380 ( 11.0 1 

Drilljng Technolcgy 294 ( 2-4 1 

Binary Cycle Genetaticn 1,441 ( 11.5 ) 

mtDryRockResearch 758 ( 6.1 1 

others 

Total 5,386 ( 43.1 ) 

T a b l e  2: Geothermal E n e r g y  P r o j e c t s  B u d g e t  -- FY 1988 
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ABSTRACT INTRODUCTION 

Hot Dry Rock (HDR) geothermal systems have The idea o f  using subterranean heat from 
been under i nves t i ga t i on  by research groups i n  formations t h a t  do no t  contain la rge  and 
several countr ies fo r  t he  past 18 years. This exp lo i tab le  volumes o f  water o r  steam has been 
work has cost i n  excess of $240 m i l l i o n  and discussed f o r  more than a century (Starkie- 
has probably u t i l i s e d  more than 1000 man years Gardner, 1885). However, modern i n t e r e s t  i n  
o f  e f f o r t .  However, t he  cent ra l  problem of Hot Dry Rock (HOR) systems r e a l l y  began i n  the  
developing an adequate heat ex t rac t i on  region l a t e  1960's w i th  t h e  pioneering work a t  t he  
with the  cor rec t  hydrau l i c  propert ies has Los Alamos National Laboratory, New Mexico 
s t i l l  no t  been solved. (Smith, 1973 1 and several countr ies have now 

supported major research p r o g r a m s .  Much of 
The r e s u l t s  from the  la rge  f i e l d  experiments t h i s  work has been presented comprehensively 
suggest t h a t  t he  heat t ransfer areas are by Armstead and Tester, 1987, i n  t h e i r  book 
formed by the  pre-ex is t ing  na tura l  f rac tu res  
i n  the  reservo i r  region and t h a t  HDR systems 
w i l l  be dependant upon the  na tura l  i n t e r -  r r e n t  concepts fo r  HDR systems 
connections i n  t h e  f rac tu res  forming flow nvest igat ion have three common 
paths t o  ex t rac t  t he  heat. This means t h a t  t he  factors: 

t he  main focus o f  
disagreement s t i l l  

rm o f  t he  reservo i r  

t r i b u t i o n s  t o  nat ional  
s items l i k e  the  OECD 
i o n  ? )  and expenditure 

i n  the  USSR. 
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In te rna t iona l l y ,  t he  current annual spend i s  
approximately $15 m i l l i on .  

The major i t y  o f  t h i s  money has been spent by 
nat ional  government research programmes with 
research organisations and, generally, they 
have studied various aspects o f  generating the  
necessary heat t rans fe r  area w i t h i n  the  body 
o f  hot  rock. 

However, despite the  very considerable e f fo r t  
(say 1000 man years) and obvious in te rna t iona l  
f i nanc ia l  support, t he  o r i g i n a l  goal o f  
f i nd ing  an engineering so lu t i on  f o r  t h e  
reservo i r  c rea t ion  phase has no t  been reached. 
A t  t he  current leve l  o f  comprehension of the  
behaviour o f  f rac tu red  rocks a t  depth, i t  
seems c lear  t h a t  a less  ambitious approach may 
be more successful. 

The one common fac to r  t h a t  has emerged i n  most 
o f  the  la rger  scale f i e l d  programnes w i th  
wellbore i n t e r l i n k i n g  has been t h a t  the  flow 
paths were formed by the  n a t u r a l l y  occurring 
j o i n t s  and f rac tu res  despi te l oca l  a r t i f i c i a l  
f rac tu r i ng  near the  wellbore. The research 
programme i n  the  UK was s p e c i f i c a l l y  planned 
t o  e x p l o i t  the  na tura l  fractures, whi le the  
programmes a t  Los Alamos, USA, Mayet de 
Montagne, France and Fa1 kenberg, West Germany 
were o r i g i n a l l y  planned t o  create 'penny- 
shaped' a r t i f i c i a l  f rac tu res  i n  s o l i d  rock. 

The main imp l ica t ion  o f  t he  observation t h a t  
the  natural  j o i n t s  dominate the  system 
behaviour i s  t ha t  the  maximum accessible heat 
t rans fe r  area i s  predetermined by the  chosen 
pos i t i on  o f  the  i n j e c t i o n  and production wel l  
locat ions i n  the  ex i s t i ng  j o i n t  network. A l l  
the  f a r  f i e l d  l i n k s  i n  the  j o i n t s  w i l l  already 
be i n  place, even though the  i n i t i a l  apertures 
may be too  small f o r  adequate f l ow  behaviour. 

The i n  s i t u  stress f i e l d ,  t he  i n  s i t u  f l u i d  
pressure and the  d i s t r i b u t i o n  and extent of 
the  j o i n t i n g  are the  key factors t h a t  must be 
known o r  modelled f o r  any given s i t e  before 
the  reservo i r  geometry can be considered. This 
top i c  i s  discussed fu r the r  i n  the  paper by 
Ledingham and Lanyon ( t h i s  volume) a t  t h i s  
meeting but, i n  p r inc ip le ,  HDR systems i n  
j o in ted  rocks are as s i t e  dependant as any 
other form o f  geothermal o r  mineral 
exp lo i ta t ion .  The problem i s  t o  quant i f y  t he  
nature and extent o f  geo log ica l l y  su i tab le  
s i t e s  before considering the  mod i f i ca t ion  o f  
t he  na tura l  charac ter is t i cs  o f  j o i n t s  
themselves. This geological cons t ra in t  i s  a 
possible r e s t r i c t i o n  on the  o r i g i n a l  concept 
of HDR systems t h a t  could be placed anywhere 
and simply d r i l l e d  t o  a depth necessary t o  
reach the  desired temperature. A t  the moment 
there  i s  i n s u f f i c i e n t  informat ion t o  know i f  
t h i s  i s  an onerous r e s t r i c t i o n .  

We decided t o  constraln the  spec i f i ca t i on  o f  
t he  reservo i r  by matching a po ten t ia l  power 
sales contract  t o  the  idea l  system behaviour 
before attempting f u r t h e r  hypothetical 
modell ing o f  reservo i r  behaviour. The key 

issue was t o  t i e  a spec i f i c  p lan t  behaviour t o  
HDR systems w i th  various features and 
determine the  required performance character- 
i s t i c s  o f  the  system t o  achieve f i nanc ia l  
v i  abi 1 i ty . 
POWER SALES CONTRACT 

The UK e l e c t r i c i t y  u t i l i t i e s  are cur ren t ly  
s ta te  owned but, i n  1990/91, t he  government 
have planned stock f l oa t i ons  t o  make them 
p r i va te  companies. Reta i l  sales of . 
e l e c t r i c i t y  w i l l  be handled by l oca l  
d i s t r i b u t i o n  companies who w i  11 purchase the  
power from any o f  the  generator companies 
provided t h a t  20% o f  t h a t  power i s  from 'non 
f o s s i l  sources'; i n  r e a l i t y ,  t h i s  i s  
p ro tec t ion  f o r  t he  nuclear power plants ra ther  
than any attempt t o  support large scale HDR 
developments! The d i s t r i b u t i o n  companies w i l l  
a lso be able t o  generate power and pa r t i c i pa te  
i n  generation projects. 

Looking a t  t he  market po ten t i a l  f o r  HDR i n  the  
UK's p r i va t i sed  system, there  are two major 
po in ts  which have t o  be noted: 

i The p r i va t i sed  generating Companies w i l l  
contain the  o l d  base load foss i l - fue l led  
and nuclear generating capacity. These 
w i l l  s t i l l  be the  r o l l i n g  giants which work 
on very long payback periods, although 
changes are being made i n  order t o  a t t r a c t  
investment. 

ii The emphasis f o r  new generating capacity i n  
the  UK i s  aimed a t  t he  load between base 
and peak demand. It fo l lows t h a t  t a r i f f  
negot iat ions f o r  power purchases are going 
t o  be f a r  more l u c r a t i v e  i n  t h i s  sector and 
small payback periods may we l l  be 
achievable, e f f e c t i v e l y  c rea t ing  the  r e a l  
competit ion i n  the  supply industry. 

This means tha t  t he  prov is ion  o f  small base 
load generating capaci ty by HDR, o r  i n  fact  
any other source, w i l l  no t  be supported 
na t iona l l y .  Arguments based on spec i f i c  l oca l  
demands' w i l l  s t i l l  ho ld  f o r  Cornish HDR i n  
such a system, but any consideration of 
widespread development i n  t h e  UK must be 
h igh l y  u n l i k e l y  unless the  la rge  generating 
u t i l i t i e s  take r e s p o n s i b i l i t y  f o r  t he  
development a t  some stage. 

We have considered an HDR system based i n  
Cornwall which i s  more than 200 mi les from t h e  
nearest major power p lan t  and has the best 
prospects fo r  a deep HDR system i n  the  UK 
(Batchelor, 1987). 

The purchase t a r i f f s  i n  the UK f o r  the  energy 
and capaci ty payments have a premium scale 
based on t ime and durat ion re la ted  t o  both 
na t iona l  and loca l  demand p ro f i l es .  Typ ica l l y  
t he  va r ia t i on  can be from 1.7 p (3  c )  t o  
17.1 p (31 c )  per kWh. However, i n  leve l i sed  
terms inc lud ing  capacity, f o r  a s ta t i on  
running a t  constant output, t he  p r i ce  i s  
l i k e l y  t o  be 2.7 p/kWh (4.8 c). This may no t  
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be the  best method fo r  operating ah H6R plant.  ' Basic capacity payment f o r  proven 

The desirable contract  has the  fo l low ing  
e 1 ement s : O 6onus capacity payment f o r  proven ex t ra  

performance. 

performance a t  set  times. 

82MWe GROSS 

1st SEPARATCX 

+= 
FROM , 
MOWLCS 2.3 

100 kgh 

1 

INJECTION M U  
300 kgh 

PRESSURE MPo ABSOLUTE 

FIGURE 1 A CONCEPNAL 63 #e W E T  DiXJBLE Fuu( Pulcl YITn hN HOR S Y S T U  IN CORNK4LL 
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O Energy payments based on set demand 
patterns. 

O Bonus payments f o r  energy delivered a t  peak 
times on notice f r o m  the u t i l i t y .  

Depth In jec t i on  wel ls 
(m) 

5000 Mb4.467 
5500 Mb5.12 
6000 Mf5.8 

The typ ica l  diurnal var iat ions i n  energy 
payment are between approximately 1.7 p (3 c )  
and 7.9 p (14 c )  between night and day during 
the high demand periods o f  November t o  
February. 

The t a r i f f s  are designed t o  a t t rac t  generation 
systems that  can fo l low demand without major 
capi ta l  investment i n  excess capacity. To 
maximise revenue f r o m  such a t a r i f f ,  an HDR 
system needs the capabi 1 i ty  t o  vary i t s  output 
s ign i f icant ly  . 
THE DOUBLE FLASH HDR SYSTEM 

Figure 1 shows a conceptual double f lash 
system f o r  UK conditions coupled t o  an HDR 
system using twelve wel ls i n  three modules o f  
four wells. The gross power from the plant i n  
t h i s  example i s  82 MWe wi th  a paras i t ic  power 
o f  19 MWe f o r  the c i r cu la t i on  pumps. 

Sens i t i v i t y  t o  temperature, hence depth 

Production wel ls 

Mf4.533 
Ms4.88 
Mf5.6 

Part of the sens i t i v i t y  analysis was based on 
varying the production temperatures from 150 
t o  250°C t o  i d e n t i f y  the influence o f  the 
depth and temperature on performance. Figure 2 
shows the speci f ic  br ine requirements for  
power generation under loca l  conditions and i t  
can been seen that  moving t o  4500 m a t  15OOC 

> 180 200 220 240 260 
PRODUCTION TEMPERATURE (c) 

FIWRE z SPECIFIC BRINE CoIIsLPIpmn AS A FUNCTION o RESERVOIR 
TEMPERATURE FOR A DOUBLE FLASH PUllT IN CoRllwL 

would reduce the gross power by a factor of 
three because the speci f ic  br ine consumption 
increases from 11 kg/sMW t o  33 kg/sMW. 
However, the paras i t ic  power remains s imi lar  
so the net power varies f r o m  63 MWe t o  8 We 
or  nearly an eight f o l d  reduction i n  saleable 
power. - 
D r i l l i n g  costs as funct ion o f  depth 

We $hose t o  cost each well on an AFE basis 
rather than use a d r i l l i n g  cost algorithm o f  
uncertain accuracy. This exercise required 
great .patience from the suppliers once the 
engineering studies had established the 
l im i ta t i ons  t o  the wel l  designs. The major i ty 
o f  t h i s  work was undertaken by Southern 
Internat ional  and was based on actual 
experience gained during the d r i l l i n g  o f  the 
Gravberg #1 well a t  S i l j a n  i n  Sweden. 

. 
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a 20-25% paras i t ic  power for  pumps 

Six years t o  b u i l d  a system 
System costs f2200 ($40001 t o  f3000 ($5400) 
plus per kW 
95-98% avai 1 abi 1 i t y  

.. 

OVERALL MODEL 

Figure 3 shows an overal l  model o f  the system 
where the gross power from the plant i s  a 
l i nea r  function o f  mass f low ra te  a t  a given 
temperature but the pa ras i t i c  power i s  a power 
funct ion o f  the mass flow rate. Typically, 
the value o f  the index i s  between 1.5 and 2.5 
f o r  the systems studied. 

.I 

I i 

FIWRE 3 H6Utl. ELUENTS ff AN IfM SYSTEW 

on well behaviour 

The f i e l d  work shows tha t  i n jec t i on  pressures 

approximately 10 MPa i n  t h i s  case. 

For the conceptual design a t  6000 m, the . 

anticipated least stress i s  70 MPa wi th  an 
i n  s i t u  f l u i d  pressure o f  56 MPa. This means 
that  the maximum overpressure during operation 
a t  the i n l e t  point  t o  the reservoir  i s  14 MPa. 
The head losses i n  the i n jec t i on  well are 
anticipated t o  be 4 MPa, hence 5.4 MW o f  
hydraulic power are needed per module and 
19 MWe o f  prime mover power are needed f o r  the 
three modules. 

12 7 / 

FIGURE 4 MATER LOSS RATE AS A mcritm OF IIWECTIOII PRESSURE AT 

Production we1 1 performance 

A f lashing wellbore simulator was used t o  
predict  wel l  behaviour set t ing f l o w  rates t o  
100 kg/s and surface, flashed conditions t o  
0.5 MPa, 75 psi. The simulator i s  based on 
t h a t  from Parlaktuna, 1985. 

MKMIV(0yES 

The flowing downhole pressures can be seen i n  
the example here t o  be 52 HPa or  4 MPa below 
the i n  s i t u  formation pressure. I n  t h i s  way 
i t  i s  possible t o  have a degree o f  control 
over the losses that  may be anticipated from 

l a t i o n  loop. The v a l i d i t y  o f  the 
behaviour has been tested against 
data and well tests run by GEO i n  

wel ls up t o  3000 m deep. I t s  v a l i d i t y  i n  
i n  a 6000 m wel l  i s  

hat i s  enhanced by the . The actual pressure 
the  reservoir  w i l l  be 
0 MPa wi th  flow path 
t o  0.2 MPa/kg/s, values 

t h a t  have not yet  been attained i n  practice. 

ange o f  
ow ra te  

I s  decreased substant ia l ly  then the heat 
losses i n  the wellbore w i l l  reduce the output 

t o  cut  the pa ras i t i c  power by reduced pumping. 
A t  the moment when the pumps are cut the peak 
output w i l l  reach some major f rac t i on  o f  the 
gross power and t h i s  w i l l  then diminish as the 
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production r a t e  f a l l s .  Figure 5 shows the  
f l ow  reduction fo l low ing  a pump r a t e  change a t  
Rosemanowes. . It can be seen t h a t  a 60% 
reduct ion i n  i n j e c t i o n  resu l ted  i n  only a 15% 
loss o f  production a f te r  24 hours. 

This production i s  coming from stored f l u i d  
t h a t  i s  not necessar i ly  i n  the  main f l ow  
channels and could be ex t rac t i ng  heat from 
regions not cooled by steady c i rcu la t ion .  The 
f lowing ' hu f f -pu f f '  mode could be enhanced by 
d i ve r t i ng  more power t o  the  c i r c u l a t i o n  pumps 
a t  n igh t  dur ing the  low t a r i f f s  t o  maximise 
revenues during the  day. I n  times of severe 
demand f o r  one t o  two hour peaks when the  
maximum possible value i s  attached t o  the  
power ( ten  times the  basic rate),  the f u l l  
power output from the  p lan t  could possibly be 
achieved by stopping the  pumps f o r  a short 
period. 

0 

F I W R E  5 INJECTIOR I D  PROWCTIQI FLOWS BEFORE I D  K T E R  INJECTIoll 
RAE mp 

Various models show t h a t  t he  annual revenue 
from load fo l low ing  could be enhanced by 25 t o  
50% on the  correct  t a r i f f  s t ruc tu re  t o  s u i t  an 
HDR Operation. Even so, t he  cap i ta l  cost  of 
t he  conceptual p ro jec t  i s  estimated a t  
E145 m i l l i o n  ($253 m i l l i o n  or $4027/kw) and 
the  best predicted annual gross revenues are 
only f18 m i l l i o n  ($31 m i l l i o n ) .  While t h i s  
might represent a reasonable p ro jec t  i n  a 
mature industry w i th  we l l  understood r i sks ,  i t  
i s  not a v iab le  operation today without 
government development support. 

SIZE OF THE RESERVOIR 

The ex t rac t ion  o f  900 kg/s a t  225°C i s  a 
thermal power production o f  727 MWt or 242 MWt 

per module. Over 25 years, cool ing t o  200"C, 
1.43 x 10 MJ w i l l  be extracted from each 
module. To support such an ex t rac t ion  the  
rock volumes associated w i th  the  f lowing 
pathways i n  the j o i n t  network need t o  be 
between 1500 m i l l i o n  and 6000 m i l l i o n  cubic 
metres o f  rock. This i s  much la rger  than some 
o f  t he  o r i g i n a l  ca lcu la t ions  based on simple - 
models. This wide va r ia t i on  depends on the  
assumptions i n  the various thermal modelling 
methods. The volume can be represented by 
cubes o f  1100 m t o  1800 m i n  length or slabs 
300 m wide and 2200 m t o  4400 m square. This 
imp l ies  in te rwe l lbore  distances o f  the  order 
o f  600 m t o  1000 m t o  avoid using too  small a 
volume o f  rock. 

The Ledingham and Lanyon paper ( t h i s  volume) 
h igh l i gh ts  t h e  p robab i l i t y  o f  forming a 
' sho r t - c i r cu i t '  with interne11 distances o f  
the  order o f  300 m because o f  t he  low number 
o f  f rac tu res  involved. A t  the  distances 
mentioned above, some 8 t o  10% o f  the 
f rac tu res  could be involved and the  short 
c i r c u i t  r i s k  i s  reduced. 

REALITY 

The various st imulat ions used t o  date have not 
achieved low resistance wellbore l i n k i n g  w i th  
adequate surface areas, even a t  d$stances of 
300 m despite the  f a c t  t h a t  they were some of 
t he  la rges t  massive st imulat ions ever 
attempted. The r e a l i t y  i s  t ha t  t he  sheer 
scale of the  d i l a t e d  reservo i r  volume , 2000 
t o  6000 cubic metres, p lus the  losses, means 
t h a t  t he  pumping requirements and job 
durations become u n r e a l i s t i c a l l y  large if 
attempted i n  one operation. It i s  possible 
t h a t  cumulative, smaller st imulat ions, as 
proposed o r i g i n a l l y  by LANL, may be used t o  
reach the  desired volume but i t  i s  d i f f i c u l t  
t o  envisage r e l i a b l e  completion systems. 

However, i f  the  f a r  f i e l d  na tura l  f rac tu re  
system already contains an adequate 
d i s t r i b u t i o n  o f  f rac tu res  and st imulat ion i s  
only necessary t o  form a l oca l  e f fec t i ve  
access t o  the  j o in t s ,  t he  problem appears more 
t rac tab le .  Further work, as ou t l i ned  by 
Ledingham and Lanyon, i s  already undemay t o  
determine the  j o i n t  and f rac tu re  patterns tha t  
w i l l  support HDR operations wi thout t he  need 
f o r  massive s t imu la t ion  operations and t h e i r  
associated geophysical monitoring. This w i l l  
enable the  basic reservo i r  requirements t o  be 
assessed i n  comparision t o  those avai lable 
from nature. 

To support t h i s  work, an explorat ion we l l  t o  
6000 m i n t o  a region o f  the  gran i te  i n  
Cornwall t ha t  i s  known t o  be heav i l y  f rac tu red  
near surface has been planned. v i s  wel l  i s  
l i k e l y  t o  be d r i l l e d  as pa r t  o f  another RbD 
pro jec t  but the  data may be used t o  determine 
i f  condi t ions would warrant f u r the r  work i n  
the  UK. 

c 
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CON LUSIONS 

We be l ieve  tha t  t he  grand dream o f  HDR i s  
approachable i n  the  long term i f  simple and 
less glamourous steps are taken f i r s t .  

The understanding o f  how natura l  ' f rac tu re  
systems l i n k  t o  form f low ing  reservo i rs  i s  a 
major goal o f  most geothermal operations, ye t  
an understanding o f  those f rac tu re  patterns 
tha t  are l i k e l y  t o  be successful f o r  HDR has 
not been achieved. 

The f a i l u r e  o f  t he  various attempts t o  create 
commercial s ized reservo i rs  by massive 
s t imu la t ion  means i t  i s  worth reconsidering 
the  idea o f  HDR systems t h a t  do not need such 
st imulat ions, eg the  GEO-HEAT idea, 
Bodvarsson, 1974 and 1975. Once the  condi t ions 
f o r  possible success have been iden t i f i ed ,  i t  
w i l l  be feas ib le  t o  review the  r e s t r i c t i o n s  
t h a t  may be placed on t h i s  c lass of HDR 
system. 

HDR must be seen t o  de l i ve r  a success i n  the  
near term a f t e r  t he  huge expenditures t o  date. 
It seems r e a l i s t i c  t o  seek ho t  and f rac tu red  
condi t ions t h a t  requ i re  no o r  l i m i t e d  
s t imu la t ion  f o r  an operational p ro jec t  wh i le  
the  basic understanding o f  f l ow  i n  f rac tu red  
systems i s  developed. The ex i s t i ng  base of 
dry geothermal we1 1 s provides an idea l  
opportuni ty t o  move the  technology ahead a t  
leas t  cost  and r i s k .  

The system studies show t h a t  the  power can be 
sold p r o f i t a b l y  i f  a reservo i r  can be 
generated whose performance meets o r  exceeds 
the  values used i n  t h i s  paper. 

The next steps t o  move HDR ahead towards such 
a goal are suggested t o  be: 

6eneric - Operate an HDR loop i n  a hot 
f rac tu red  formation w i t h  minimum stimulat ion. 

S i t e  spec i f i c  - D r i l l  a s ing le  hole t o  f u l l  

esources we 

depths and temperatures and t h e i r  help i s  
acknowledged along w support of 

of 

This version o f  the  paper should be considered 
a d r a f t  and it may be amended i n  the  f i n a l  
version. 
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INTRODUCTION T h e  Ginyu reservoir ,  loca ted  wi th in  t h e  
Kirishima thermal area in southern Japan, is 

Many eothermal reservoirs contain two-phase characterized by a natural  two-phase region 
(waterfsteam) flow regions under natural-state below a caprock layer which is locally penetrated 
conditions. Vapor-dominated resetvoirs are by a fractured zone through which steam flows 
characterized by the  predominance of such upward to  supply surface fumaroles (Kodma and 
regions (and occasionally dry steam zones), but Nakaj ima,  1988). T h e  effect ive ve r t i ca l  
even liquid-dominated reservoirs frequently permeabi l i ty  of t h e  f r ac tu red  a rea  which 
contain two-phase regions which overlie part or penetrates the caprock must be at least ten 
a l l  of t h e  l i q u i d  f i l l e d  v o l u m e  be low.  millidarcies based upon measured fumarole heat 
Production-induced reservoir pressure decline will output and observed underground pressures. 
cause the two-phage flow region to grow. Owing Despite the relatively small volume of the two- 
t o  compress ib i l i t y  e f fec ts ,  t h e  r e s p o n s e  phase region, i t s  presence has a profound 
characteristics of two-phase regions and of liquid influence upon the response of the reservoir to a 
zones are very different. Consequently, it is four-year history of well discharge (Kitamura, et  
i m p o r t a n t  t o  p r o p e r l y  u n d e r s t a n d  t h e  d., 1988). The role of the fissured zone as it 
development and flow characteristics of reservoirs inf luences t h e  two-phase reg ion  a n d  t h e  
containing two-phase zones. underground pressure distribution proved to  a 

critical issue in a recent numerical modeling 
The  purpose of this paper  is t o  s tudy  the  study of the natural state of the Ginyu.reservoir 
conditions required for the development of a two- (Maki, et d., 1988). 

reservou. 
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T . = 1O'C. In t h e  uppermost  block 
co%\&ining the fissure itself, we used L = 10 m 
and T . = 1OO'C t o  maintain two-phase 
conditio%$! 

Numerical calculations were all performed using 
the THOR reservoir simulator (Pritchett, 1988), 
which is designed to solve multidimensional 
unsteady multi-phase problems in geothermal 
reservoir flow. Calculations were carried out 
using the CRAY computer system located at the 
RIPS computer center at Tsukuba. 

NUMERICAL RESULTS 

Figures 2 and 3 illustrate the computed results 
for a case in which the deep inflow rate was 
prescribed as 100 kg/s. The internal energy of 
the inflowing fluid is 1130 k J  kg, corresponding 
to liquid water at 260'C. 4 hese illustrations 
show the situation at t = 4986 years, by which 
time a nearly steady state is reached. A small 
two-phase zone with high steam saturations has 
formed within the fissure and extends into the 
upper part of the reservoir. A less pronounced 
two-phase zone is also present near the surface 
below the lower-topography area to the left. 

Presumably, if the deep inflow is insufficient, 
surface waters will flow downward through the 
fissure and escape from the system through the 
horizontal conduit. This critical flow rate may 
be estimated as: 

khoriz%oriz(pa -'b) 1 (" Lhoriz) (3 )9  

where k A and  L are the  
.ermeabilhs.'%oss-s&%!R area anhOfehth of the 
horizontal -conduit. The kinematic v&cosity of 
water is represented by Y. P is the boundary 

is the initial hydrostatic 
pressure below thebsure  at the elevation of the 
conduit (8.5 MPa). For kinematic viscosity, a 
va lue  a p p f o y i a t e  fo r  w a t e r  a t  20O'C 
(1.5 x 10 m /I) was assumed. It may 
reasonably be assumed that, if the deep inflow 

M ) exceeds the above "escape" rate 
, h e n  fluid will flow upwards into the 

otherwise, downflow will occur. Using 

) applied at the cknduit outlet (see 
bnd P 

the above numerical values, a critical flow rate 
of 47 kg/s may be obtained; in the present 
calculation, Mo = 100 kg/s, resulting in upflow 
in the fmsure. 

The stable steam zone should increase in size if 
the inlet flow (M ) is reduced. To investigate 
this possibility, w? carried the above numerical 
calculation further in time, but reduced this 
parameter to 80 kg/s for the interval 5000 - 
10,000 years and then imposed an additional 
reduction (to 60 kg/s) for the interval 10,000 - 
15,000 years. The distribution of the two-phase 
region a t  about this point (14,960 years) is 
shown in Figure 4. As expected, two-phase flow 
has become more extensive. Further reductions 
in flow rate were imposed thereafter; M was 
reduced by 6 kg/s every 1000 years, reac$fing a 

final value of 30 kg/s at 19,000 years. Prior to 
17,000 years, the input rate exceeds the above 
critical rate (47 kg / s  required to  maintain 

grow. After this time, however, cold water 
begins to flow downward through the fissure 
collapsing most of the two-phase zone. Figure 5 
shows the shrunken two-phase zone at 17,590 
years (at which time Mo = 42 kg/s). 

In the preceding calculations, the internal energy 
of the fluid entering the system at depth 
(1130 kJ/kg) was relatively low, corresponding to 
liquid conditions at about 260'C. Under these 
circumstances, as discussed above, the M o w  rate 
must exceed a critical value (47 kg/s) to avoid 
downflow of cold groundwater into the reservoir 
through the vertical fwsure. If, however, the 
deep recharge fluid is sufficiently energetic, it 
may be possible to sustain a stable two-phase 
region even at lower recharge rates. 

To investigate this possibility, a calculation was 
performed with relatively low inflow ra te  
(30 kg/s) but with a much higher inflow fluid 
internal energy (1810 kJ/kg). This value 
corresponds to saturated liquid water at near- 
critical conditions (20.3 MPa, 367'C). Since the 
pressure at the bottom ofathe computing volume 
is substantially lower, this condition amounts to 
the introduction of a two-phase mixture directy 

volume. As Figure 6 shows, by 4954 years a 
stable situation was reached with a huge two- 
phase region filling much of the upper portion of 
the volume and extending downward to the hot 
fluid source. 

upflow, and the two-p h ase region continues to 

into the bottom surface of the computation t 1 

Thus, if the input power is sufficient, a stable 
two-phase zone can occur even if the inflow rate 
is less than the critical value given by Equation 
(3). The reason is simply that, in the high- 
energy case, steam saturations become so high in 
the upper part of the two-phase region that the 
liquid phase becomes nearly immobile and the 
pressure distribution approaches vapor-static 
(instead of hydrostatic, as in the low-energy 
case). The effect is to reduce P in Equation 
(3) substantially, reducing the minium flow rate 
required to sustain fmsure discharge. 

CONCLUSIONS 

A two-phase zone may form in the upper part 
of a geothermal reservoir even if the caprock is 
penetrated by a vertical fissux, so long as either 
(1) sufficient deep fluid mass recharge is present, 
or (2) the deep input power is great enough. 
Two-phase zones sustained by high mass flow 
rates are qualitatively dfierent from those created 
by high heat flow. In the high-mass-flow case, 
the two-phase zone is relatively small in size, 
and decreases in- size as recharge rate increases 
above a certain critical value. So long as the 
inflowing fluid enthalpy is relatively modest 
(consistent with single-phase flow at depth), flow 
rates below the critical value wilI fd to create a 
two-phase region and cold water will flow 
downward through the fmsure into the reservoir. 
The critical mass flow rate may be estimated 
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using a simple algebraic model. he other 
hand, if the  inflowing fluid is sufficiently 
energetic (such that steam is injected directly 
into the reservoir from below), M extensive two- 
phase region may result even if the inflow rate 
is significantly less than the critical value; in this 
case, the two-phase region will be characterized 
by relatively low pressures, approaching vapor- 
static conditions. 
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entire system: 
reservoir( A): 
vertical conduit: 
horizontal conduit: height=100m, center depth=450m from surface 

width=2850m, height=1900m right edge), thickness=SOOm 
width=1050m, height=SO(m t along edge) 
width=l00m, center location=95Om from right end 
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Figure 1. Two-dimensional model used for numerical simulation. 
D indicate the rock type. 

Letters A,B,C and 
See Table 1 for formation parameters. 

Figure 2. Computed temperatures at 4986 years for Mo = 100 kg/sec. 
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I I 
Figure 3. Computed steam saturation at 4986 years for Mo = 100 kg/see. 

interval is 0.05. 
Contour 
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Figure 5. Steam saturation at 17,590 years. 

Figure 6. Computed steam saturation at 4954 years with small mass input 
(Mo = 30 kg/sec) of high internal energy (1810 kJ/kg) fluid. 
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DOUBLET HEAT SWEEP MODEL WITH BOUNDED .. INITIAL TEKPERATURE DISTRIBUTION 

* ger S. T. Lam and P 
Stanford Geothermal Program 

Stanford University 
Stanford, CA 94305 

ABSTRACT 

The SGP 1-D Heat Sweep Model has 
been improved to simulate production 
fluid cooldown under partial reinjection 
recharge through a fractured 
hydrothermal reservoir with a given 
temperature distribution. The model was 

1-D doublet flow model 
tion of equal and linear 
series of N crescents 
1/N of the reinjection 

recharge flowrate. For a uniform initial 
reservoir temperature infinite in 
geometry for doublet flow, the heat 
content available above a useful 
abandonment temperature increases 
rapidly with increasing crescent number. 
The result is a very long cooldown time 
to the abandonment temperature. The 
iniproved model limits the volume of the 
reservoir at mean initial temperature to 
a defined geometry. In the absence of 
field data on temperature distribution 
around an isolated injection- roduction 
we21 pair, several ossibilitfe 
explored; for exampye, uniform 
temperature in a cylinder of ra 
equal to one half of the distance 
between the well pair, with temperature 
distribution decreasing as 
thereafter. Other distribu 
examined are a step functio a1 
distribution, and an expone li 
from the line normal to the r. 
The simulated cooldowns res on 
these temRerature distributions are 
compared go the prior results reported 
for uniform temRerature distribution at 
wo Mexican geoghermal fields. 
irst is the La Primavera well 
imulations were based on prel 

scheduled for the first power 

ta on the actual 
tribution at the 
nd is the isola 
hino zone of the Los Azufr 
hermal field, where little 

ata are available. 
considerable decline 
to the abandonment 

accurately. 
complicated heat sweep model. 

This will require a more 

INTRODUCTION 

The Stanford Geothermal Program 1-D 
Heat Sweep Model was developed as a 
means of estimating energy extraction by 
reinjection recharge in fractured-rock 
geothermal resources in a simple way 
when reservoir and roduction data are 
spars&. The model fs es ecially useful 
in new and undeveloped ffelds where only 
limited geologic, thermodynamic, and 
productien data are available and where 
recha e experience in non-productive 
wells'3oes not exist. m e  model 
calculates production fluid temperature 
based on estimated condition of 
reservoir structure, return flow 
geometry, and mean thermal properties of 
the reservoir formation for given steady 
production conditions. A description of 
the original 1-D linear heat sweep model 
was given by Hunsbedt, Lam, and Kruger 
(1984) and several applications are 
listed in Kruger (1988). 

Lam (1986 to provide ability to examine 

02 reinjected recharge fluid w i t h  
resource fluid while maintainin the 

e 1-D nature of the Pimulafions 
near heat sweep model now a1lot;s 
dial return flow of reinjected 
and for fluid mixing at the 

The linear model was improved by 

more comp i ex flow geometries and mixing 

of sweep fluid at its 
temperature with resource 
t a constant rate. More 
et flow was added as 
ometry in which the 
ature of doublet flow is 

approximated as 1-D flow by linear flows 
in a series of flow crescents extending 
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the injection and production wells. The 
extractable heat content of this mass of 
rock above the recharge temperature is 
given by 
H = [@ ,-wVwCw+ (1-0) ,;rVrcr] * (To-Tr) (1) 

where @ = formation porosity 
p = mean phase density 
V = swept formation volume 
C = phase s ecific heat 
To = mean inEtia1 formation 
temperature 
Tr = recharge fluid temperature 
and w,r 

phases, respectively. 
refer to water and rock 

The assumption of a uniformly- 
distributed thermal energy reservoir is 
adequate for the linear and radial 
return flow eometries in that the 
uncertainty In the flow boundaries is 
probably not much greater than the 
unknown non-uniformit in the reservoir 
structural and thermal characteristics. 
On the other hand, this assumption for 
the intrinsic 2-D doublet flow model 
with its series of expanding crescent 
flow volumes is not adequate for two 
reasons: (1) the use of a uniform high 
initial temperature for the outer 
crescents involves a reservoir volume 
much greater than the resource volume 
resulting in an unrealistic extractable 
heat content; and (2) the streamline 
flow away from the direct path to the 
production well makes a negligible 
contribution to the cooldown to 
abandonment temperature but provides a 
long eriod of production fluid at the 
mean Pnitial reservoir temperature. The 
result of these two phenomena results 
in an overestimation of the cooldown 
time to the abandonment temperature. 

To evaluate the effect of 
temperature distribution on the 
extraction of heat from large rock 
blocks and still maintain the 1-D nature 
of the doublet flow model, an exercise 
was carried out to observe the effect of 
varying the initial temperature 
distribution in the flow geometry on the 
cooldown behavior of the produced fluid. 
The distributions were arbitrarily set 
normal to the axis of the injection- 
production well pair with a uniform 
temperature in each crescent. 
shows the series of assumed initial 
temperature distributions: (1) a 
circular reservoir of radius one-half 
the well separation distance containing 
half of the injection return flowrate 
with temperature further away declining 
with crescent number, N, as 1/N: (2) a 
step function, with crescent number 
distance taken from the temperature- 
depth profiles estimated by Maciel 
(1988) for the well pair PR2-PR1 at the 
La Primavera geothermal field; (3) a 
normal distribution to the same external 
temperature distance as the ste 
function; and (4) an exponentia 
temperature decline from the well pair 

Figure 1 

E 

.X 
-r, x, 

Figure 1. Tem erature distributions for 
doublet flow s%aulations: (a) doublet 
flow as a series of crescents bounded by 
streamlines; (b) circular, step, normal, 
and exponential temperature 
distributions. 

axis to the same external tem erature 
distance. 
were used for the El Chino well pair 
Az3-A29 in the Los Azufres geothermal 
field. 

The same f ractionaf distances 

1-D DOUBLET HEAT SWEEP MODEL WITH 
TEMPERATURE DISTRIBUTION 

The 1-D Heat Sweep Model describes 
thermal energy extraction from a 
distribution of fractured rock blocks in 
a linear reservoir of uniform width and 
depth (Hunsbedt, et al, 1984). Energy 
extraction is based on the heat transfer 
from an irregular-shaped rock block 
investigated by Kuo et a1 (1977) and 
extended by Iregui, et a1 (1978) to an 
ensemble of rock blocks b size 
distribution. The ensemble is modeled 
as lumped equivalent-volume spheres w i t h  
thermal time constant,r , given by 
Hunsbedt, et a1 (1978) as 

Z = R2/% (0.2 + l/Bi) (2) 

where R = equivalent radius of the rock 
blocks 

cc = rock thermal diffusivity 
Bi = rock Biot number ( = hR/k) 
h = reservoir heat transfer 

k = rock thermal conductivity 
coefficient 
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The rate of heat extraction is location cool-with time at an 
determined by both the thermal time exponential rate due to entry of colder 
constant for the rock block distribution groundwater or percolation from above. 
and the mean residence time of the Cooling rates of -O.OOS/yr have been 
recharge fluid from the reinjection well observed at Several geothermal fields. 
to the production well. The 1-D model 

To cstimate the importance of is formulated in hQat transfer equations temperature distribution in the doublet 
for both the fluid and rock Phasest in flow model as it effects heat trawfer 

s of the rock thermal t h e  constant in the series of flow crescents, m e  
fluid residence time* The equations four different initial temperature 
ransformed into uplace space and distributions away from the weii pair d analytically. The resulting rock axis in Figure were 

considered to represent a large spread and fluid temperatures are converted 
of heat content available for recharge into real space temperatures with the 

numerical algorithm reported by Stehfest extraction. me first assues a 
(1970) circular reservoir boundary with 

diameter equal to the well air axis. 
The linear and flow models Within the boundary, the inftial 

have been useful in simulations temperature is To, decreasing to a given involving numbers of injection or external temperature, Te, outside the 
production wells or where structural boundary as l/(N-NC/Z), where N is the 
features can act as boundaries to crescent number outside the boundary and 
reinjection return flow. For single NC is the total number of crescents. injection-production well pairs having This temperature distribution should 

result in the largest extractable heat no apparent reservoir boundaries, 
doublet return flow represents the content above the abandonment 
maximum flow time for heat extraction temperature, Ta, specified for a given 

type of generator turbine. from the reservoir formation as the 
that for doublet flow, half of the series of crescent flows result in a 

spectrum Of The crescents, NC/2, are contained within flow field, sketched in Figure la is the circular boundary. / a series of streamlines emanating from 
the injection well, extending as 
circular arcs centered on the normal to 

'- the middle of the well pair axisE and 
converging at the production well. 
uniform1 thick reservoir, doublet flow 
is two-dTmensiona1 . 

Development of the 1-D 
sweep model was described b 

It is noted 

For a 

rature. The 
Ti for crescent i 
he axis is given by 

* ln(To/Te)] (3) 

production well. The resource fluid 
considered to oriuinate at a remote 
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THE TWO CASE STUDIES 

(A) La Primavera Doublet PR2-PR1 

The La Primavera geothermal field 
is located in the State of Jalisco near 
the cit of Guadalajara. The field 
currentry has 8 completed wells, of 
which 7 are considered for commercial 
production. Three of these wells, PR1, 
PR8, and PR9, have been designated for 
use with the two 5-MW generating units 
expected in 1989. The non-productive 
well PR2, is being considered as a 
reinjection well for these two units. 
study to evaluate the potential for 
premature thermal breakthrou h by the 
reinjected fluid in this well to the 
three production wells was reported by 
Kruger, et a1 (1988) based on 
preproduction data compiled by the field 
operating staff. 

PR2 consisting of brine flow from the 
separators and condensate from the 
turbines, the return flow geometry was 
examined as small-an le radial flow to 
each well individualTy, as large-angle 
radial flow to the three wells 
collectively, and as doublet flow to the 
central well. The simulated cooldown 
curves for the sweep and mixed fluids 
for this case, based on an infinite 
initial temperature distribution, are 
shown in Figure 2a. The key compiled 
input data for the estimate were initial 
temperature of 277 C, recharge 
temperature of 70 C, injection flowrate 
of 69.8 kg/s, (659 of the production 
flowrate), with reservoir fluid makeup 
declining in temperature at a rate of 
-0.005 /y, and a mean formation porosity 
of 10 %. The reservoir thickness for 
return flow was estimated as 410 m 
over the well separation distance of 
1180 m. 

(B) El Chino (Los Azufres) Doublet 

A 

For reinjection recharge into well 

Az3-Az9 

The Los Azufres geothermal field is 
located in the State of Michoacan, about 
midway between Guadalajara and Mexico 
City. The field consists of a number of 
production zones, named after the 
predominant local faults. The three 
zones currently with portable 5-MW 
wellhead generating units are the 
Tejamaniles zone in the south, the 
Maritaro zone in the north, and the El 
Chino zone in the center. The El Chino 
zone at resent has a single production 
and reinfection well pair, Az9 and Az3, 
respectively. The zone is located 
between the El Chino, Laguna, and San 
Alejo faults which may act as reservoir 
boundaries for the El Chino reservoir. 

A preliminary doublet-flow cooldown 
analysis for this well pair was reported 
by Lam and Kruger (1987) for the 
infinite initial temperature 
distribution. The simulated cooldown 

"f 
(63 ro "t uo ~ , 

Figure 2. Production fluid cooldown 
results for the sweep fluid arriving at 
the production well and the mixed 
borehole fluid estimated b doublet flow 
with infinitely uniform initial 
reservoir temperature for (top) the La 
Primavera PR2-PR1 well pair and (bottom) 
the El Chino (Los Azufres) AZ3-AZ9 well 
pair. 

curves for this case are shown in Figure 
2b. 
to abandonment temperature was very long 
compared to the mixed-fluid cooldown 
time of 500 years (and the no- 
reinjection cooldown time of 150 years), 
both based on a constant resource fluid 
cooldown rate of -0.005 / r. The ke 
compiled input data for ET Chino w e d  
pair were initial temperature of 280 
C, recharge temperature of 70 C, 
injection flowrate of 11.3 kg/s (42% of 
the production flowrate), with the same 
resource fluid cooldown rate of -0.005 
/yr, and a mean porosity of 10 %. The 
reservoir thickness for return flow was 
estimated as 240 m over the measured 
separation distance Of 2007 

The heat-sweep time of 5000 years 
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RESULTS 

The 1-D Doublet Heat Sweep Model 
was adjusted for this study to output 
the temperature distribution as a 
function of distance in terms of 
crescent number. The results, common to 
the two case studies are shown in 
Fi re 3. The circuiar reservoir model 
(& 3a) shows the constant initial 
temperature to crescent number 25, half 
of the 50 crescents used for the 
symmetric half field. This crescent 
number corres onds to a distance of one 
well-pair radfus, whereas the 50th 
crescent is at a distance of more than 
23 well-pair radii.. The other 
distribution reach the assumed external 
temperature of 145 C at crescent number 
31, corresponding to the abandonment 
temperature distance on the temperature 
profiles compiled by the La Primavera 
staff . 

saturated,'st!$am pressure of 8 bar 
required to operate the 5-MW unit 
turbines. Fi re 4 shows these curves 
for the La Prgavera well pair and 
Figure 5 for the El Chino well pair. 
The rapid dro in temperature from the 
observed initfal bottomhole temperature 
results from the unrealistic colder 
water production from the crescents 
outside the thermal reservoir (50 % for 
the circular reservoir and about 30 % 
for the other three temperature 
distributions normal to the actual 
temperature profiles). The resulting 
production fluid cooldown times to 
abandonment temperature for these case 
studies are listed in Table 1 with the 
results obtained in the previous studies 
for the infinitely uniform initial 
temperature distribution. The 
calculated heat content of the recharge 
reservoir above the abandonment 
temperature and the 
enerav extracted bv the sween fluid for 

amount of thermal 

The studies for two well- 
doublet flows under markedly d?%rent distributions is given in 2* 
flow conditions show significant thermal 
cooldown behavior with reinjection 
recharge. 

the El C d n o  doublet (2007 m) with a 
correspondingly greater reinjection 
flowrate (68% of 102 kg/s compared to 
42% of 27.2 kg/s) at essentlally the same 
initial production temperature. 

the two well-pair cases are shown as 
sweep fluid and mixed fluid cooldown 
curves to the abandonment tem erature of 
170 C, corresponding to the mfnimum 

each%f the four temperature- 

For the La PrimaVera the data 
show that the cooldown time to 

uniform distribution, com rising half of 
the number of crescents, fs less than 
half of the time for the infinitely 

~ ~ ~ f ~ ~ m t ~ ~ ~ ~ f t  ~ ~ ~ ~ ~ " , u ~ ~ ;  fz 
the step and normal distributions. 

$ ~ t i ~ ~ E e ~ h h ~ ~ ~ :  ~ ~ ~ 5 ~ ~ " t ; t i ~ ~ ;  in 
view of the temperature contours 

~ ~ 5 ~ ~ ~ ~ ~ w ~ ~ n t h ~ e ~ t ~ ~ i ~ ~ ~ ~ E ~ b ~ ~ ~ ~ *  and 

The La Primavera doublet is relative1 closer together (1180 m) than abandonment temperature for the 

The 
The results of the simulations for 
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, 

Fiqure 4. 
pair doublet for the given temperature distributions. 

Cooldown results for the La Primavera PR2-PR1 well 

-A 240 

Figure 5. 
doublet for the given temperature distributions. 

Cooldown results for the €1 Chino Az3-A29 well pair 
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Table 1 
Comparison of Cooldown Times by Temperature Distribution 

La Primavera 
PR2-PR1 

Assumed Sweep Mixed Sweep Mixed 
Temperatu Fluid Fluid Fluid Fluid 

Infinite 484 297 5180 503 
Circular 202 173 2110 165 
Step 224 19 1 2320 206 
Exponential 159 114 1720 67 
Normal 182 153 1910 118 

Pistribution - & L a  a& 

Assumed 
Tppefature 

circular 52.2 0.511 0.98 
Step 
Exponential 
Normal 28.7 0.248 0.86 48.4 0.429 0.89 

Dlstrl bution 

CONCLUSIONS 

the more rapidly declining exponential 
distribution. The heat content for the ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ i o ~ o ~ ~ ~ ~ ~ ~ ~ w ~ ~ ~ ~ ~ l a t i v =  

to the reservofr mean fracture spacing, circular reservoir with rapid 
temperature falloff after 25 crescents 
is somewhat greater than the others with and with n o  apparent 

the doublet return flow se-es as a 

In a geothermal reservoir with a 

eometry for the well 
unexploited geothermal 
itial temperature 

ibution for the whole reservoir is 

oldown times with enhanced 
energy recovery smaller than those 
estimated for an extended uniform 
temperature distribution. The estimated 
cooldown times also fall between those 
for the larger heat content of the step 
distribution and the exponential 
temperature decline. The corres onding 
results in terms of heat extractTon from 
theformation can be estimated from the 

emperature distributions are about 
he,same as for the La Pri 
ublet. The circular r 
ows a cooldown time be 
e step and normal dist 
e normal distribution 

correspondently larger 
tracted by recharge ret 
also larger with about 
actional extraction of 
e relative similarity i 

e similar, reservoir 

initial temperature distributions 
compared to the results with the 
assumption of an infinitely uniform 

to the almost complete extraction of the 
for these two doubl temperature distribution. In contrast 

fracture spacing, porosi ial heat content above the abandonment temperatures. 



I 

, .  

> .  
? 

temperature for the small and 
well-defined linear and radial flow 
geometries, the doublet flow geometry 
with its essentially infinite expanse 
and very large heat content, shows a 
very small heat extraction fraction (of 
the order of one percent in the cases 
studied) as reinjection recharge fluid 
at the injection temperature breaks 
through in the shortest crescents. 
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SIMULATION OF PRESSURE RESPONSE DATA FROM GEOTHERMAL 
RESERVOIRS BY LUMPED PARAMETER MODELS 

Gudni Axelsson 

National Energy hthority, GrensasvegUr 9,108 Reykjavflc, ICELAND 

ABSTRAC.3 

Detailed numerical modeling of geothermal reservoirs 
is time consuming, costly and requires large amounts 
of field data Lumped parameter modeling is in some 
cases a cost effective alternative. A method has been 
developed that tackles simulation of pressure response 
data by lumped models as an inverse problem and 
therefore requires very little time. 'Ibis method of 
lumped modeling has been used successfuuy to 
simulate. data from several low-temperature 
geothermal reservoirs in Iceland. The lumped 
simulators have been used to predict future pressure 
changes and they provide information on the global 
hydrological characteristics of the 

INTRODUCI'ION 
Modeling of geothermal systems, as a tool for resource 
assessment, has grown significantly during the last 
decade. Rapid advances have been made in the 
development of numerical simulators for detailed and 
complex modeling of such systems (Bodvarsson et aL, 
1986). Yet detailed numerid modeling of complex 
fluid/rock systems, such as geothermal reservoirs, is 
both time consuming and costly. In addition distributed 

* reservoirs. 

alternative. Lump 

geothermal reservoirs in Iceland is used for space 

heating by various district heating services. A limited 
number of wells have been drilled into many of these 
reservoirs. But data on the production from the fields 
as well as data on the pressure in one or two 
obsexvation wells are often available. Funds for 
detailed modeling may not be available to the smaIler 
district heating services. 
In this paper an effective method of lumped parameter 
modeling, which has been used successfully for 
pressure response data from several Icelandic 
geothermal reservoirs, is discussed. This method 
tackles the simulation problem as an inverse problem. 
It automatically fits analytical response functions of 
lumped models to the observed data by using a non- 
linear iterative least-squares technique for estimating 
the model parameters. The theoretical background of 
this method will briefly be presented, but the details 
are given by Bodvarsson and Axelsson (1986) and 
Axelsson (1985). 
THEORY AND SOLUTION METHOD 
Consider a general lumped network of the type 
sketched in Figure 1 consisting of a total of N 

impressed pressure 
ment ujj connects the 
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Figore 1. Geneml hpi capacitor/conducror nefwonk 

and the equation for conservation of mass 

(2) 
N 

k - l  
rci = Cqit - ~i + fi 

where fi represents an external source mass flow into 
the i’th capacitor. Inserting (1) into (2) one obtains the 
basic system equations in matrix form 
(3) K@/dt + @=? 
where the vectors and matrices are defined as follows 

K = 

A = [E~jj + 0i)6* -4 
I 

(4) 
4 P = (Pi), 7= (t;:). 

To obtain general solutions of the system of equations 
(3). one first derives the response of the network to an 
impulsive drive of the the Kth capacitor, at time t = 
O+, givenby 
(5) fi = 0 for i f k ,  fk = 6,(t) 

Here 6+(t)  is the delta function in time, centerzd at 
t = O+. The response to this particular drive is h&), 
the Kth impulse respo5e vector of the network that is 
the solution of (3) with f given k ( 5 ) .  If the network is 
driven by a general causal drive f(t), and can be taken 
to be in equilibrium at t = 0, the response is obtained 
by the convolution 

N m = CtJMp)’fk(r)drl, r > O  
k - 1  0 

(6) 

Equation (3) can be solved by considering the 
associated eigenvector problem 

(7) A = X I C F ‘  

where? and X are the eigenvectors and eigenvalues 
respectively. Equation (7) has up to N non-negative 
eigenvalues. The matrix A can be diagonalized as 
f0Um 
(8) T’AT=A or A =  KTAT’K 

where A is a diagonal eigemmlue matrix, T the 
eigewector matrix formed out of the column vectors? 
and T’ the transpose of the matrix T. The solution of 
(3) with a drive given by (5) is then given by 

(9) hk(t) = T@T~&, t > O  

where & is a vector having only one non-vanishing 
component equal to unity at the Yth entry. 
The response of the i’th capacitor to an impulsive drive 
of the Kth capacitor is given by 

hik(t) = (10) 

4 

N 

1-1 
rjjrkj e+ , t>a 

In practical situations a step response is often more 
convenient than the impulse response. The response of 
the i’th capacitor to a mass flow input qk, for t >O, into 
the Kth capacitor is obtained by applying equation (6) 

It should be mentioned that dosed networks have a 
singular matrix A such that AI = 0. The corresponding 
eigenvector has the components ril = v-‘/t where 
V = &. The solution (10) remains valid, but in the 
case of the step response (11) the first term of the sum 
becomes t /K 
To simulate pressure response data from a liquid- 
dominated geothermal reservoir an appropriate 
lumped model is chosen. Water is produced from one 
of the capacitors at a variable rate q(t), the rate of 
production from the geothermal reservoir. The 
resultiug pressure p ( t )  is then observed in any given 
capacitor of the lumped model. One can write 

I 

(12) P ( t )  = JW-r)q(Wr 
0 

where h is the impulse response of the lumped model 
for the specific production and observation capacitors. 
The impulse response is given by equation (10) which 
can be rewritten 

where N is the number of capacitors in the lumped 
model chosen. An iterative non-lineat least-squares 
technique (Menke, 1984) is used to fit equations (12). 
and (13) to the observed data p (t) and estimate the 
parameters mi, which in turn depend on the properties 
of the model (Bodvarsson and Axelson, 1986). 
The observed pressure data is written as 
(14) pi =p(ri); ri = iAf, i = 42.. . M, 
where At is a fmed time intern!, and the flow rate data 
is approximated by 

(l5) q(r) = qi for (i-l)Ar<c e i& 



Equation (12) can be written as 

(16) l?(s) -3 
where?& a vector-valued function and 

m' 3: (mi) ,  i = 1,2 ...2N 
(17) d=(pi), i = 1,2 ... M 

3 = (gi) ; gi(3) =p(ti) 

Expandiug equation (16) into a Taylor series the 
following iterative scheme can be set up to estimate 
the best fitting parameters 3 of a given model 

(18) 

+ 4 -b& 

G n  -n+1 ' P - g ( m n  1 

mn +I dm = j j i r + H n + l  

where 3; is an initial guess for the parameters and 
the matrix G is defined as 

The least squares solution of (18) is given by (Menke, 
1984) 

(20) 

& + I  = (G,TG,)"G$ [ F - 3 d S ) ]  
n =0,1,&*.. 

where GZ is the transpose Of Gn. 

SIMULATIONRESULTS FROM ICELAND 

Field examples 
The procedure outlined above has been used 
successfuuy to simulate pressure response data from 
several low-temperature (e 150 "C) geothermal 
reservoirs in Iceland. Most of these reservoirs provide 
hot water for local district heating services. The 
locations of four geothermal fields, that will be 

Figure 2. Locarion of the low-tempere geothermal f@b. 

the limited field data, lumped parameter modeling was 
used to estimate the production capacity of the 
Hamar-reservoir (Axelsson, 1988). 
The Gleriirdalur-field in N-Iceland is one of four small 
geothermal fields utilized by a district heating service 
that serves Akureyi, a town of about U,000 
inhabitants. Production from the field started in 1982 
and currently one well is used for production. The 
main feed zone is at 450 m depth and the water 
temperature is 61 "C. Most of the wells drilled into the 
reservoir are shallow (100-3oOm) exploration wells. 
Due to the limited field data, lumped parameter 
modeling was determined to be appropriate for the 
Glerilrdalur-reservoir (Axelsson et aL, 1988). 
The Laugames-field in SW-Iceland is considerably 
larger than the two fields mentioned above. It is one of 
three fields currently utilized by the Reykjavik 
Municipal Heating Service that serves about 130,000 
inhabit&. Prod&ion from the field started in 1930 
but increased neatly after 1962 About 44 deep 
(>5OOm) wells L v e  &en drilled into the field and thi 

with feed zones between depths 
currently in use and the water 
Several wells have been drilled 

research funds available to this s d  community and 

with a total of l200 
eld started in 1982 
into the field. Two 

of these wells ace productive with the main feed zones 
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.between depths of 400 and 900 m. The water 
temperature is between 85 and 100 "C. Due to limited 
research funds as well as limited field data, lumped 
parameter modeling was used to model the 
Imgaland-reservoir (Georgsson et aL, 1987). 

Simulations 
A closed three capacitor lumped model, as shown in 
Figure 3, was used to simulate the pressure response 
data from each of the four reservoirs. These were four 
different models in the sense that the parameters of 
the models were Werent. Water is produced from the 
f i t  capacitor (6,) and the pressure is monitored in the 
same capacitor. The f i t  capacitor can be considered 
as representing the innermost part of each geothermal 
reservoir, the second one as outer and deeper parts of 
the reservoir and the third one possibly as the 
surrounding recharge part of each reservoir. These 
recharge parts may be colder than other parts of the 
geothermal systems. 

.u(loJmr) 
U~(1oJmr) 

Rvductfon 

513 3.37 36.8 1.n 
185 1.89 61.8 9.% 

Figare 3. Geneml three capacitor lwnped 
~ e t e r m o d t ? l w ~ i n s ~ m .  

The simulations were carried out automatically by a 
computer. A first guess of the lumped model 
parameters was made and then the parameters were 
changed by the iterative process d e s m i d  above until 
a satisfactory fit was obtained. No assumptions were 
made apnbri on the properties of the reservoirs. The 
results of the simulations, that is comparisons between 
observed and calculated water levels, are presented in 
Figures 4 through 7 and the parameters of the best 
fitting lumped models are given in Table 1 below. 

Table 1 Parameters of the bestfining lumped modek 

I I I I 
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Figure 4. Compmison of obsenred mrd calculated 
water level changis in the Hanm-mmou in N - I c e M  
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Figure d Cornpaison of observed and c W d  water level changes 
in the Lauga7ner-reJervoir in S W-Iceland 

an order of magnitude greater €or the Hamar and 
Water level well 4 Laugames fields than for the Gler5rdalur and 

- Capacitance, or storage, in a lipuid-dominated 
o geothermal system result from two types of 

1882 1083 !084 1685 1988 lS87 

V is the volume of that part of the reservoir in 

quite satisfactory. This is 
f the models. The reason 

of the Hamar and -games 
to cornpressibilty, based on 

total capacitance, as well as the conductivity values, are appean to represent some unconfined part of the 
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hydrological systems, perhaps the groundwater system 
in each area It is also likely that some parts of the 
Gler&dafur and h g d a n d  systems are uncodiied as 
well. 
The interpretation of the conductivity values is not 
straight forward The conductivity values reflect the 
permeability in the systems, but they also depend on 
their internal geometxy. Because of the limited 
knowledge on the subsurface geological characteristics 
of the systems the conductivity values will not be 
interpreted further. 

The main objective of modeling a geothermal system is 
to assess its production potential. In the cases 
discussed here the lumped models were used to predict 
the pressure changes in the reservoics in question for 
different cases of future production. The maximum 
dowable drawdown in the fields determines the 
maximum potential of the systems. Two examples of 
such predictions are presented in Figures 8 and 9 
below. 

S O ’ l . , . .  . , ,  , . ,  . . . . ,  . ,  . . . . . . . ,  . ,  , . . . . . . . ,  
1680 1990 2ooo 2010 2020 

time lyrsl 

Figure 8. Rdcted w e r  h e 1  changes in the 
HmmJeservoir in N-Iceland. 

AW ~ , , , , , , , . . , . . . , , . , . ,  . . . ,  
1680 1885 . lQ90 1SSS 2ooo zoa3 

time Iyrsl 

i ? i i  9.hdicted w e r b e X  changes in the 
Lmcgalrmd-reservoir in S-Iceland. 

CONCLUDING REMARKS 

A method of simulating pressure response data from 
liquid-dominated geothermal reservoirs by simple 
lumped parameter models has been developed. The 
method uses an automatic non-lineax least-squares 
iterative technique which r@es very Iinle time 
compared to more detailed/compIex numerical 
modeling techniqws. The use of this method is 
appropriate ia cases where data on subsurface 
conditions are scarce but where the pressure response 
of a reservoir has been monitored carefully for some 
time. In such cases highly detailed/complex modeling, 
being much more costly, can hardly be justified. 'Ibis 
method can also be used as a first stage in a modeling 
study of a reservoir as well as to provide independent 
check on results of more complex modeling 
techniques. 
Lumped parameter models can simply be comidered 
as distriiuted parameter models with a very coarse 
spatial discretization (Bodvarsson et aL, 1986). But the 
method presented here tackles the modeling as an 
inverse problem which requires far less time thaa 
direc?, or forward, modeling, This makes lumped 
parameter simuons highly cost effective. 
Examples of simulations of pressure response data 
from four low-temperature geothermal reservoirs in 
Iceland show that quite a satisfactory match between 
observed and calculated data can be obtained, Because 
of the satisfactory degree of approximation achived by 
the lumped models they have a strong power of 
predicting the future evolution from the observed past. 
Detailed numerical modeling has also been performed 
for the Gler&dalur and Laugarnes fields (Axelsson 
and Tulinius, 1988; Reykjavik Municipal Heating 
Service, 1986). A cornparkon of the pressure data 
match by the two methods shows that in both cases the 
lumped models were able to match the pressure data 
with the same accuracy as the detailed numerical 
models. The time required for the lumped modeling, 
however, was only a fraction of the time required for 
the more detailed modeling. 
At this point, it is appropriate to emphasize that a clear 
distinction has to be made between liquid reseryoirs 
and reservoirs of thermal energy. In the individual 
areas, the extent of each type of reservoir de@ on 
local geoIogical and physical conditions. ’Ihir paper 
deals with modeling of the liquid reservoirs only. 
Vaxiations in temperature within the systems are not 
taken into account. l’his is justified by the fact that 
significant changes in the temperature of the water 
produced have not been observed in any of the cases 
presented here. It appears evident, however, that some 
parts of the liquid resemirs of the H ~ ~ M I  and 
hugarms systems are unconfine& These two 
geothermal reservoirs are possibly connected to local 
groundwater systems and the recharge into the gstems 
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may be cold groundwater. Thus the temperature of the 
water produced from the two fields may eventually 
decrease. In cases where changes in temperature 
and/or chemical content have been observed, lumped 
models can also be developed to simulate such data 
and to predict the future evolution. 
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ABSTRACT 

A hydrogeological model of the Ahuach geothermal flr ogic structure of the Ahuachapan ana is 
field has been developed It considers the lithology and of a n d  
Structural featw~s of the afta and diXemS their impact America, w h m  several lithospheric plates interact with 
on the movement of cold and hot fluids in the SYS~CIXI. one moth= weyl, 1980). El Salvador is loca& on 
Thret aquifers w m  identified, their zones of mixing and Caribbean PI= which is m&-st by the Cocos plate. 
flow patterns were obtained on the basis of temperature subduction is responsible for the chain of active vel- 
and geochemical data from Wells and S u r f a c t  manifesta- 
tions. 

INTRODUCTION 

uenced by 

canes extenfig kmen Guatemala and Costa R i a  and 
for the fracture tectonics of the ana 

El Salvador is one of the world‘s most intense seismic 
arcas, giving rise to dillkrent inqntations of the 

identified seven fault a n &  listed as: WNW-ESE, N W -  
AS a pan of a ~~~0~ evaluation effm he E& sei- COU~W’S complex geologic smcture- Wiesemann (1975) 

~ i a i ~ ~  of the L~~~~ ~ ~ k l ~ ~  hbtory 

is located in the 

the presence of four 
lithologic data wcrt 

Chinameca, Chipilapa, San Vicente, Coatepeque and 
other areas. 

Rtvious stNd maps Of the 
well as numerous papers and unpublished reports. 

upd Bs 
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Table 1. 
Lithologic units and aquifers identified at Ahuachaph 

young 
Agglomemcs 

Alpif= 
Shallow 
Aquifer 

Regional 
Sarurattd 
Aquifer 

Salinc 
Aquifer 

(-1 
saline 

Aquifer 

GEOLOGIC MODEL 

Lithology 

The known lithologic column at Ahuachaph consists 
mostly of the San Salvador Formation (Table 1) with only 
the basement rock from the Balsamo. The column has 
previously been divided into the following units: upper 
brown mf€. gray ignimbrite, pink ignimbrite. lower brown 
tuft gray agglomerate, blue ignimbrite, old andesitic 
lavas, and ancient agglomerate (Jonsson, 1970). For this 
study, four major units have been defined, which arc 
similar to those of Aumento et al. (1982). These are: 
Surficial Materials (SM), Young Agglomerates (YG), 
Ahuachaph Andesites (AA). and Older Agglomerates 
(oc). 
The Surficial Materials occur in the top 100-15Om and 
contain the “Shallow Aquifer”. Beneath this unit therc 
is a sequence of young pyroclastics and andesites, 300 to 
800 m thick. These arc the Young Agglomerates when 
losses in circulation are attributed to the “Regional 
Saturated Aquifer”. Below these rocks one h d s  the 
Ahuachaph Andesites. a highly fractumi 200 to 600 m 
thick unit that hosts the “Saline Aquifer,” which is the 
main gcothennal reservoir, The permeability of this unit 
is enhanced by columnar jointing and contact surfaces. 
The lower pan of the Younger Agglomerates is highly 
hydrothermally altered, fonning an impermeable barrier 
between the Saturated and Saline Aquifers. The Oldcr 
Agglomerates (basement rocks) consist of dense breccias, 
agglomerates and andesites with little matrix pumeabil- 
ity, but some fiacturing. 

Faults 

The structure of the Ahuachaph field appears to be dom- 
inated by seven majof and five rninor faults (Fig. 2). 
Thest faults have been identified on the basis of litholo- 
gic logs, atrial photographs and existing structural maps. 

The Surficial Materials arc rartly displaced by the faults. 

- 

I\ 

Figurt 1. Location of the geothermal wells and cross- 
sections in the Ahuachapan geothermal field. 

Young Agglomerates are of fairly uniform thickness 
except in wells AH-18 and AH-32, which is believed to 
be due to a high-angle rtvcrse fault (Fadt LO), and in 
AH-14 on the outskirts of the field. Within the welliield, 
the Ahuachapan Andesites arc fairly uniform in thickness 
with small displacements due to recent faulting. How- 
ever, near the boundaries of the field these andesites have 
not been found (e.g., in wells AH-8. AH-9, and AH-IO). 

and AH-32 the Ahuachapan Andesites arc found af a 
lower elevation than in the center of the wellfield The 
Older Agglomerates an not penetrated by most of the 
wells so their extent is largely i n f d  However, in 
AH-8, AH-9, and AH-10 these agglomerates arc found at 
the elevation usually occupied by the Ahuachapan 
Andesites. This suggests an unconformity and a possible 
erosional surface. 

In wells AH-2, AH-11, AH-12, AH-14, AH-18. AH-19, 

HYDROGEOLOGIC MODEL, 

Aquifers - 
Thne aquifers have been identilied st Ahuachap&c the 
Shallow Aquifer, the Regional Saturated Aquifer, and the 
Saline Aquifer. This classification is based an the chem- 

aquifers to seasonal variations in precipitation. The three 

cussed above (Table 1). 

istry of the fluids and the pnssure rtsponst of the 

aquifers appear to coincide with the lithologic units dis- 
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The Shallow Aquifer is unconfined and shows very rapid 
response to precipitation. The waters arc generally of 
calcium carbonate type, locally sulfatic with residues 
below 0.5 gm/l (Romagnoli et al., 1976). In the wellfield 
the temperatures in this asoifer range from 40' to 100 O C ,  

with decreasing temperatures towmi the north. 

The Regional Saturated Aquifer is recharged by dircct 
infiltration but its response to variations in rainfall is 
much slower than that of the Shallow Aquifer. The water 
is of calcium-sodium carbonate type, with residues gen- 
erally below 0.4 g/l (Romagnoli et al., 1976). In the 
wellfield the temperatures in the Regional Saturated 
Aquifer range from 110' to 130 O C  (Aunu, et al., 1989). 
decreasing toward the north w h m  a temperature of 46 
O C  was recorded in M-1, an exploratory drill hole. 

The Saline Aquifer (geothermal reservoir) is thought to 
be recharged from the voicanic belt of Laguna de las 
Ninfas-Laguna Verdc and Cem, de lag Ranas, southeast 
and east of the wellfield. In this belt, deep water 

infiltration is facilitated by the presence of highly permc- 
able volcanic chimneys. The waters of the Saline 
Aquifer arc of sodium chloride type and high salinity 
(residues up to about 22 g/l; Romagnoli et d.. 1976). The 
temperatures range from 214' to 240 O C  in the reservoir 
with i n f d  minimum recharge temperawes of 245O to 
250 O C  (Aunu, et al., this volume). 

Initial Thermodynamic conditions 

The initial pressuse in the &rent aquifers reflect l i  
ited hydraulic communication between them as'their 
hydraulic potentials arc diffennt Fig. 3). The hydraulic 
potential is lowest in the Saline Aquifer and thcrtfm 
there is a potential for cold water nxhargc into the reser- 
voir from the overlying Saturated Aquifer. Within the 
geothermal reservoir (Saline Aquifer) thcn is no 
significant variation in hydraulic potential; and at the 
reference level of 200 masl the pressure is about 36 bar- 

AH-12, AH-15). which arc not in hydraulic communica- 
tion with the geothermal reservoir, have pressures 

g. SO= Of the cold peripheral Wells (e.g. AH-10, 

exceeding 40 bar-g at the 200 ma~l level. 

Figurts 4 and 5 show the initial temperature distributions 
at Ahuachapan for 200 masl and sea level elevations, 
respectively. Both of these distributions basically reflect 
temperatures in the Ahuachapan Andesites. At 200 masl 

8 Shallow Aquifer 
O S a h P a t e d  Aquifer 

Wie Aquifer 

Figun 3. Plots of fluid pressure vs. elevation for the 
&&rent aquifers. 
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Figure 4. Initial temperatures distribution (in '0 at 200 

the highest temperatures arc found in the center of the 
wellfield (230-235'0, whereas at sea level elevation the 
highest tempcratuns (240-245'0 arc found in the 
southeast part of the wellfield This clearly suggests that 
the upflow zone is southeast of the present wellfield, 
probably beneath the Laguna Verdc volcanic complex. 
Exploitation has greatly a k t e d  the thermodynamic con- 
ditions of the system as discussed by Steingrimsson et al. 
(this volume). 

maSL 

Fluid Movement 

In the field, the groundwater flow in the Shallow Aquifer 
is not significantly affected by the faults since few move- 
ments have been recent enough to displace the Elluvials. 
A study of weIl circulation losses suggests a ratha uni- 
form permeability in these less consolidated materials. 

In the Regional Saturated Aquifer groundwater flow 
tends to be influenced by the fault P a m .  The role of 
Faults 4,5. and 6 seems to be especially important (Fig. 
2). as indicated by the lost circulation zones observed 
duringdrilling. 

The flow in the geothcnnal resc~oir is also controlled by 
the faults. Most notably to the north and west, where 
Faults 3 and 11 act as barriers and limit the extent of the 
reservoir. Fault 4 is seen to cause similar effects to the 
northeast This is strongly suppcntcd by the temperannt 
distributions in the reservoir Figs. 4 and 5). Other faults 
act primarily as conduits to flow rather than flow barriers. 

Several geologic cross sections have been developed and 
illustrate the lithology, faulting and temperature distribu- 
tion in the field (Figs. 6.7 and 8). The locations of these 
cross sections are shown in Figun: 1. Cross section 

3 

1 I I 

Figure 5. Initial temperatlxc distribution (in 'C) at mcan 
sea level elevation. 

C1 - C2 (Fig. 6) traverses the fieki fmm north to south. 
The sharp decline in temperanvt north of Fault 3 indi- 
cates that it acts as a barrier to flow, although the 
Ahuachapan Andesites arc found north of this fault; north 
of Fault 1 the AA unit is not found. The ismhams 
clearly show that the Young Agglamcnucs act as a 
caprock to the system and the increasing depth to the 
reservoir (the AA unit) toward the south. The faults 
o&t the AA from 50 to 200 meters. The cross d o n  
shows that in the natural state a small two-phase zone 
was present in the reservoir. 

Cross section D1 -D2 Fig. 7) represents an westcast 
traverse of the field. The isotherms indicate that Fault 2a 
acts as a barrier to the hot water How, resulting in low 
t e m p c r a m  in well AH-15. Only a thin AA Unit is 
found in this well. The section also shows Continuity of 
the reservoir to the east, although the depth to the M is 
somewhat greater. In the center of tht wellfield, the 
isotherms suggest rtvcrsals in many of the wells, 
although the extent of the rtvcrsals is poorly h m  due 
to the limited well depths. The cross section shows a 
good correlation between tempcram contours and 
lithology. 

Cross section F1 -F2 (Fig. 8) the field from the 
north to the southwest Due to the circuitous mute of this 
section several of the faults are crossed twice. This does 
not include Fault 9 which bounds the dome-like smcturc 
arounc? wells AH-6 (not shown) and AH-26. Faults 1 and 
2b displace the AA unit, which is not found in wells AH- 
9 and AH-10. This cross section again shows the i n f d  
two-phase zone. evidence of temperame iuvcrsions and 
the good correlation between ttmptrahlrts and lithology. 
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Figure 6. Section C1- Cz: cross-section through wells AH-10 to AH-18 showing lithology. faults, and isotbgms. 

, 

Figure 7. Section D, - &: cross-don through wells AH-15 to AH-14 showing lithology, faults, and isotherms 
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Figurc 8. Section F1- F2: cross-seCtion through wells AH-10 to AH-9 showing lithology. faults and isotherms. 

THEAHUAC"-C"IPlLAPAGEOTHERMAL 
SYSTEM 

In the Vicinity Of Ahuachapm, g e o t h d  surface man- 
ifestations arc spread over m0rc than 100 h2 (Fig. 9). 
These manifestations can be divided into high empera- 
tun fumaroles and steaming grounds on the northern 
slopes of the volcanoes located in the southern part of the 
area. and hot (40-100 "C) springs on the plain north of 
Ahuachapan. 

The major fumaroles arc: Cuyanausul on the northem 
slopes of Cem Cuyanausul. cast of Laguna Verdc (out- 
side the area shown in Fig. 9); El Sauce on the northan 
slopes of Laguna Vcrde, Agua Shuca and Playon de 
Ahuachapan near the wellfield; and La Labor in the Chi- 
pilapa region. Chemical analyses of gas samples from 
Ahuachapan and Chipilapa show similar gas composition 
indicating a commOn g c o t h d  source fluid (Sigvalda- 
son and Cuellar, 1970). A marktd increase in hydrogen 
content in fumarole steam toward the southeast suggests 
that the g e o t h d  upflow zone is located in the arc8 of 
nearby volcanoes. probably the Laguna Verde volcano. 
Data from Ahuachapan and Chipilapa wells suggest that 
the source fluid is highly saline (rnorc than 8000 ppm CI) 
and that the upflow temperatures an above 250 OC 
(Aunm et al., this volume). 

- 

The relationship between Ahuachapan and Chipilapa has 
been disputed over the years. M y  drilling showed 
identical fluid chemistry and similar reservoir tempera- 
t u n s  (Sigvaldason and Cuellar, 1970). Later, a resistivity 
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suryey of the area indicated a high-resistivity body (bar- 
rier) that separated the two fields. Recent resistivity m- 
dies, however, do not show this barrier. The previous 
interpretation is believed to be in ~ R D T  because of 
incoma elevations used in the data analyses (James 
F& personal Communication. 1988). The data seem 
thmfort to indicate that the two fields an connected and 
fed by the samc g e o t h d  source. The ultimate p f  
of this connection would be pressure imrfacnce 
between the wells drilled in the two areas. The Simrple 
reservoir model used to match the drawdown history of 
Ahuachapan (Aunm et al., 1989) predicts a drawdown in 
Chipilapa of a few bars due to fluid extraction in 
Ahuachapan that began in 1968. However, as the wells 
in Chipilapa arc plugged at shallow depth this cannot be 
confinned 

The hot springs on the plain north of Ahuachaph arc at 
elevations below 580 masl, g e n d y  producing fluids 
from the Regional Sahnated Aquifer (Sigvakkm and 
Cuellar, 1970; Cuellar et al. 1981). The maximumeleva- 
tion of these springs matches with the pressure potential 
of the Regional Saturated Aquifer in Ahuachaph where 
600-660 mas1 water levels arc found. An urceptioa to 
this is the main hot spring area, El Sal ia ,  about 7 km 
north of Ahuachaph where more than lo00 Us of 68-70 
'C water used to be discharged. The fluid of these 
springs was, prior to exploitation at Ahuachaph, higher 
in dissolved sdids (especially chloride) than thar of the 
Regional Saturated Aquifer. The original chemistry of El 
S a l i a  has bcen explained to be due to mixing of thc fluid 
from the Regional Saturated Aquifer with 10-20 pactnt 
of geothermal fluids with considerable seam heating 
(Glover, 1970; Sigvaldason and Cuellar, 1970). 



The hydrologic model discussed above is summarized in 
the simplified illustrations shown in Figure 9. It is 
thought that an upflow.of saline, high temperature (above 
250 "C) fluid occurs underneath the volcanoes (probably 
Laguna Verdc), southeast of Ahuachapan. From the 
upflow zone. fluid channels toward the north. A fraction 
of it flows toward the northwest and ent& Ahuachapan 
near the southeast comer of the wellfield, as suggested by 
the shape of isotherms and increasing temperatures in 

tion flows toward the east to Chipilapa, however the main 
s t ~ e a m  mixes with fluids from the Saturated Aquifer and 
is discharged through several hot springs at the El Sa l ia  

AH-18 (SteingiimsSOn et al., this V O ~ U ~ C ) .  Anothtr frac- 

ana. 

SUMMARY 

Our present understanding of Ahuachapan suggests that 
the field is only an outflow of a deeper and much larger 
system and that the reservoir extends much farther to the 
east and southeast (Fig. 9). The main characteristics of 
the system are: 
1) The Ahuachapan-Chipilapa system is recharged by 

an upflow zone southeast of the Ahuachapan 
wellfield, probably beneath the Laguna Vcrdc vol- 
canic complex. The temperature of this upwelling 
fluid is believed to be 250 "C or higher, as suggested 
by geochemical tempcrarurcs of the discharged fluid 
flmsdell et al., this volume). 
Most of the upwelling fluids flow to the north with 
the main outflow for this system being in the El Sali- 
tre springs ana, located about 7 km north of the 
wellfield. The discharge is a mixture of geothermal 
and Regional Saturated Aquifer fluids, the mixing 
believed to occur in the vicinity of the springs rather 

2) 

than close to the geothermal field. 

r ' " ' l ' l ' r ' l ' l  

Figure 9. Fluid flow in the Ahuachapdchipilapa geoth- 
e d  system 

3) Colder fluids recharge the Ahuachapfin reservoir as 
evidenced by variations in chloride concentrations 
in the field. The cold water inflow is either laterally 
from the north or vertically downwards from the 
Regional Saturated Aquifer, which overlies the 
main reservoir and has a higher pressun potentid 

scrvoir rocks are the Ahuachapan 
Andesites and the underlying Older Agglomerates. 
Most of the produced fluids come from the 
andesites, although the pumeability of the Older 
AggIomcrates is significant, as evidenced by several 
feed zones encountered in this unit. 
Faults limit the extent of the Ahuachapan reservoir 
toward the north and the west. The tempramre 

of the field is limited toward the south. 

5) 

nvmal  in Well AH-32 also Suggests that the extent 

6) The Ahuachapan and Chipilapa fields seem to com- 
municate at depth and to be outflow zones of a large 
geothermal system. 
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ABSTRACT CEOTRERMOMTRY 

Chemical ana lyses  o f  product io  F lu id  geothermometers depend on temperature- 
Ahuachapan, El Salvador ,  have been used t o  s e n s i t i v e  r e a c t i o n s  o f  f l u i d s  with rock min- 
i n d i c a t e  n a t u r a l  s ta te  r e s e r v o i r  f l u i d  temper- erals or f l u i d  components. 
a t u r e s  and c h l o r i d e  concent ra t ions  and r e s e r  . f i e l d ,  downhole temperatures  may be convenien- 
v o i r  processes  r e s u l t i n g  from e x p l o i t a t i o n .  t l y  es t imated  through t h e  use of  geothenaom- 
Geothermometer temperatures  (Na-K-Ca and Si021 eters appl ied  t o  ana lyses  o f  produced f l u i d s ,  
and c a l c u l a t e d  a q u i f e r  C t  f o r  e a r l y  flows show ovided t h e  geothermometer r e a c t i o n  is i n  
a g r a d i e n t  from about 265OC and 9000 ppm C 1  i n  equi l ibr ium a t  downhole c o n d i t i o n s  (Mahon, 
t h e  western p a r t  o f  t h e  w e l l  f i e l d  t o  235'C 1966). Geothermameter r e a c t i o n s  d i f f e r  i n  
and 6000 ppm C 1  i n  t h e  e a s t e r n  p a r t .  The geo- k i n e t i c  rates, t h a t  is i n  how r a p i d l y  they re- 
chemical temperatures  are 1O-2O0C higher  than  e q u i l i b r a t e  i n  response t o  a change i n  condi- 
e a r l y  downhole measurements. S ince  e x p l o i t a -  t i o n s .  I f  t h e  temperature  of  t h e  f l u i d  flow- 
t i o n  s t a r t e d ,  p r e s s u r e s  have dec l ined  over  i n g  t o  a w e l l  changes by b o i l i n g ,  by passage 
most of  t h e  d r i l l e d  area w i t h  b o i l i n g  and through h o t t e r  or c o o l e r  rocks,  or by mixing 
excess-en thaby d ischarges  i n  t h e  e a s t e r n  and wi th  h o t t e r  or c o o l e r  f l u i d s ,  or i f  t h e  f l u i d  
western p a r t s .  I n  t h e  c e n t e r  of t h e  f i e l d ,  a h a s  s p e c i f i c  en tha lpy  h i g h e r  than  t h a t  expect- 
number o f  wells show nix ing  w i t h  cooler, less- ed f o r  l i q u i d  a t  t h e  p r e v a i l i n g  temperature, 
s a l i n e  water. These wells are n e a r l y  c o i n c i -  then  comparison o f  geothermometer temperatures 

' dent  wi th  a major NE-SW o r i e n t e d  f a u l t  t h a t  may i n d i c a t e  r e s e r v o i r  processes .  A par t icu-  
may be t h e  condui t  f o r  1 set  o f  temperature i n d i c a t o r s  f o r  
c o o l e r  f l u i d s  from an e inc ludes  t h e  Na-E-Ca c a t i o n  geo- 

, t h e  quar tz -sa tura t ion  geothermoar 
INTRODUCTION he c a l c u l a t e d  "enthalpy temperature." 

In  a producing 

i r e d  t o  change f l u i d  
luminos i l ica te  sur faces  
t occur  i f  channelways 
z) then t h e  c a t i o n  ex- . Because o f  these fac-  

hennometer is slow to 

a q u i f e r  c h l o r i n i t y  as a func t ion  o f  t i m e .  
These time-series diagrams have been used t o  
i n d i c a t e  i n i t i a l  condi t ions  and i d e n t i f y  
r e s e r v o i r  processes .  common. 

t a t i o n .  
involve cool ing  so mantl ing o f  sur faces  by 
q u a r t z  ( o r  o t h e r  s i l i c a  minera ls )  is e r g  

Host changes i n  f l u i d  temperatures 
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Silica geothermometry uses the experimental- 
ly determined solubility of quartz and other 
silica minerals to indicate temperatures. In 
high-temperature reservoirs ( >  2OO0C), quartz 
is the stable polymorph of silica. 
temperatures the precipitation and solution of 
quartz are relatively rapid (hours at > 260OC; 
days at > 22OOC) and dissolved silica remains 
in equilibrium with quartz through most reser- 
voir processes including mixing and boiling 
induced by exploitation. Thus the qbartt 
geothermometer indicates temperatures close 
to those at the well bottom unless mixing 
occurs in the wellbore. Further discussion of 
quartz and cation geothermometry may he found 
in Fournier (1981). 

liquid water calculated from the enthalpy of 
the.tota1 fluid, assuming that there is.no 
vapor entering the well. If, in fact, the 
fluid that enters the well is entirely liquid 
with no vapor, then the enthalpy temperature 
is the same as the actual inflow temperature. 
If there is excess steam, the enthalpy temper 
ature will be higher than the actual inflow 
temperature. The comparison of geothermometer 
and enthalpy temperatures can indicate excess 
steam or mixture with cooler water. Enthalpy 
temperature is calculated from steam tables, 
using data for temperature and enthalpy of 
vapor-saturated liquid. For this calculation, 
both liquid and vapor phases must be present, 
so there is some inaccuracy for compressed 
liquid conditions. This error is small 
because the enthalpy of water is a weak 
function of pressure. 
tion is that enthalpies exceeding that of 
water at the critical point (2100 W J k g  at 
374OC for the pure water steam tables used) 
cannot be represented by enthalpy temper- 
atures since vavor-saturated liquid cannot 
exist with these enthalpies. 

At these 

"Enthalpy temperature" is the temperature of 

A more serious limita- 

AQUIFER CHMRIDE 

Chloride is a conservative element in 
geothermal fluids. It is not an essential 
constituent of any minerals normally found in 
geothermal systems and is not affected by 
temperature-sensitive reactions with rock. 
Concentrations of chloride are affected by 
boiling and mixing and may be used to identify 
these processes. Changes in aquifer chloride 
concentration may, for example, provide indi- 
cations of the chemical breakthrough of less- 
saline water or of the amount of boiling and 
steam loss. Chloride concentrations in sur- 
face samples are strongly affected by boiling 
and steam separation, so for quantitative 
comparisons the aquifer chloride concentration 
must be calculated. 
Water from geothermal wells is usually 

sampled from the weirbox of the silencer or 
from the separator through a cooling coil. 
the enthalpy of the aquifer liquid is known, 
the fraction of steam separating and the 
change in solute concentrations can be calcu- 
lated. Using enthalpy and chemical balances, 

If 

C1,aquifer * Clseparator x WFsep 
WFsep = (Esteam, sep - Ewater, aqu) J 

(Esteam, rep - Ewater, sep) 
for samples collected from the separator 
through a cooling coil. 
there are the additional equations: 

For weirbox samples 

Clseparator = Clweirbox x WFsilencer 
WFsilencer (Esteam, si1 - Ewater, sep) / 

(Esteam, sit - Ewater, sill, 
in which WF is the water fraction, and the 
enthalpy of steam and water at separator (sep) 
and silencer (sill pressures are obtained from 
steam tables. For wells with no excess steam, 
the measured enthalpy is assumed equal to the 
aquifer liquid enthalpy for calculating 
aquifer chloride. 
For excess-steam wells, the measured total 

enthalpy is not equal to the enthalpy of the 
reservoir liquid so another method is used. 
Because the liquid enthalpy of most interest 
to ua is that at a distance from the well 
unaffected by nearwell boiling, Liquid enth- 
alpy baaed on the Na-K-Ca temperature is used 
for calculations of aquifer chloride presented 
in this paper. An advantage of this procedure 
is that excess enthalpy produced by nearsell 
boiling without reequilibration of Na-K-Ca 
temperatures does not affect calculation of 
aquifer chloride concentrations away from the 
well. A possible disadvantage is that the 
chloride values do not hela to distinguish 
between sources of excess enthalpy. 

TEMPERATURE-CIEORIDE-TIME PLOTS 

The chemical indicators discussed above are 
combined as temperature-time and chloride-time 
plots that are interpreted to indicate reser- 
voir processes. Na-K-Ca temperatures are 
assumed to represent the temperature of the 
fluid at a distance from the well not affected 
by mixing and boiling near the well. 
relatively distant fluid is assumed to have 
remained at its indicated temperatures long 
enough to be fully equilibrated. 
(quart 2-saturat ion) temperatures are assumed 
to represent nearwell temperatures and are 
usually fully equilibrated. For several wells 
at Cerro Prieto, calculated well-bottom tem- 
peratures (Coyal et al., 1981) have been shown 
to agree reasonably well with quartz-satura- 
tion geothennometer temperatures (Truesdell, 
1988 and unpublished data, 1982). 
enthalpy temperatures indicate either the 
actual temperature of the liquid if only 
liquid enters the well or indicate the rela- 
tive amount of excess steam. In this second 
case, the indicated temperature does not 
correspond to any real reservoir temperature. 

INITIAL CONDITIONS 

This 

Silica 

Finally, 

Geothermorneter and aquifer chloride versua 
time plots allow reasonable estimates of 
initial reservoir fluid temperature and 
chloride. The drilling and development of 
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wells d i s tu rbs  reserva-s conditions i n  var-Jus 
ways. Dr i l l i ng  water may loca l ly  d i l u t e  
reservoi r  f l u ids ,  and pressure decrease from 
extensive t e s t i n g  may cause boi l ing  or cold- 
water entry.  Analysis of f l u i d s  produced a t  
low flow during well  development may be 
a f fec ted  by cooling from both wellbore heat 
loss and boiling. These da ta  cannot then be 
used t o  ca l cu la t e  quartz-saturation tempera- 
t u re s  or aqui fer  ch lor ide  because the  amount 
of steam loss is not known, although Na/K and 
usually Na-K-Ca geothennometers a r e  applicable.  

For these  reasons, chemical and enthalpy 
measurements f o r  t he  f i r s t  year  o r  so of  f u l l  
flow production a r e  usually bes t  f o r  estimat- 
ing i n i t i a l  conditions.  The Na-K-Ca geother- 
mometer has a long memory and aqui fe r  ch lor ide  
i s  unl ike ly  t o  change rapidly. Often a t rend  
i n  da ta  can be extrapolated t o  the  s t a r t  of 
major production. 
t i ons  w i l l  be given l a t e r .  

CHEMICAL PATTERNS 

Examples of  these  estima- 

As noted e a r l i e r ,  t h e  d i f f e r e n t  r a t e s  of 
response of t he  Na-K-Ca and quar tz  geother- 
mometer combined wi th  the  enthalpy temper- 
a tu re  provide ind ica t ions  of f l u i d  s t a t e  and 
of f l u i d  temperature near and f a r  from wells. 
Aquifer ch lor  ide provides add it ional indica- 
t i ons  f o r  d i l u t i o n  and boi l ing  processes. 
These ind ica to r s  a r e  most usefu l  when a 
r e l a t i v e l y  long h i s t o r y  is ava i l ab le  with 
da t a  co l lec ted  a t  frequent in te rva ls .  These 
numerous d a t a  a r e  needed f o r  t he  in te rpre ta -  
t i o n  of  c e r t a i n  processes such as cold-water 
sweep and allow e r r o r s  t o  be estimated. This 
i n t e rp re t ive  method has been applied t o  Cerro 
P r i e t o  (Truesdell ,  e t  a l . ,  1979, 1984; Trues- 
d e l l ,  1988) and i s  applied here t o  Ahuachapan, - 

Although only some of  t he  possible sequences 

disappears. TSil  is st i l l  depressed because 

but not TNaKCa. 

4. TE > TNaKCa = TS 1 ind ica tes  mixture of  
equilibraced l iqu id  with steam formed by 
boi l ing  away from the  w e l l .  Wells with two 
i n l e t  zones may show t h i s  pattern.  
5. TNaKCa > T S i l  > TE shows mixture i n  t h e  
w e l l  o f  cooler more d i l u t e  water with equi l i -  
brated l iquid.  The lower TSil r e s u l t s  from 

reequi l ibra t ion  with TNaKCa 
l y  a f fec ted  by moderate d i lu-  

Inflow of  shallow cooler  water i n t o  a t ion.  
well  with mul t ip le  f l u i d  e n t r i e s  could produce 
t h i s  pa t te rn .  
6 .  TE - TSil > MaKCa indica tes  chemical 
breakthrough of cooler water. 
pa r t ly  r e t a i n s  the  memory of equ i l ib ra t ion  a t  
lower temperatures although the  f lu id  has been 
heated by flow through hot rock. 
ch lor ide  w i l l  a l s o  ind ica te  chemical 
breakthrough. 

these processes; f o r  example, bo i l i ng  i n  t h e  
reservoi r  could be combined with cool water 
en t ry  i n t o  the  w e l l .  Some of these  combina- 
t i ons  produce ambiguous indications.  Consid- 
e r a t i o n  of changes i n  aqui fe r  ch lor ide  i s  of  
value i n  so r t ing  ovt these processes. 

TNaKCa s t i l l  

Aquifer 

Other cases  can occur by combination of 

AHUACHAPAN INDICATORS 

Ahuachapan w e l l s  usually exhib i t  e i t h e r  
pa t t e rn  2 or 5 and l e s s  o f t e n  3 and 4, with 
pattern 1 found i n  the  e a r l i e s t  production. 
Examples of t yp ica l  behavior a r e  shown i n  
Figures 1-4. 

Well AH-23 (Fig. 1) generally shows excess 
enthalpy and low s i l i c a  temperature (pa t te rn  

.TE TNaKCa >TSi l ) .  The i n i t i a l  tempera- 
t u r e  of 245'C is  bes t  indicated by Na-K-Ca. 
Early ca lcu la ted  s i l i c a  temperatures were 
probably depressed by the  presence of  d r i l l i n g  
f l u i d  o r  by wellbore heat loss as indicated 
also by low enthalpy temperatures. 

Figure 1. Temperature ind ica tors  versus t i m e  

(TNaKCa > TSil > "E). This pa t t e rn  is caused 
by the  en t ry  of  cooler water i n t o  the  w e l l ,  



probably through a shallow feed zone where it 
mixes with the  reservoi r  f lu id .  The tempera- 
t u r e  of t he  'hot" reservoi r  f l u id  is about 
245.C, s imi l a r  t o  i ts  i n i t i a l  temperature. 
The temperature of t he  mixture i n  the  w e l l  i s  
about 22OoC. I f  the  mixing had occurred away 
from the  w e l l ,  then the  s i l i c a  temperature 
would also be near 220.C. The i n i t i a l  Na-K- 
Ca, s i l i c a  (except two e a r l i e s t  values 
a f fec ted  by conductive cooling),  and enthalpy 
temperatures a r e  a l l  250 2 S°C. 

0 TNIKCI 

A T €  

270 

0 + Tsll 

210 ' I 
80 81 82 83 84 8S 86 87 88 

Year 
Figure 2. Temperature ind ica tors  versus time 
f o r  Ahuachapan 28 showing mixing with cooler  
water near t he  well. Symbols as i n  Figure 1. 

Well 21 (Fig. 3) shows the  r e s u l t  of mixing 
f u r t h e r  from t h e  w e l l  with mostly TNaKCa > TSil 
= TE ind ica t ing  equ i l ib ra t ion  of  s i l i c a  a f t e r  
mixing. Mixing occurred so e a r l y  i n  the  h is -  
to ry  of t h i s  w e l l  t h a t  only TNaKCa can be used 
t o  ind ica te  the  i n i t i a l  temperature of  260.C. 

270 I 1 

A T€ 210 1 
74 76 78 80 82 84 86 88 

Year 
Figure 3. 
f o r  Ahuachapan 21 showing mixing with cooler  
water f a r t h e r  from the  w e l l .  
Figure 1. 

Temperature ind ica tors  versus t i m e  

Symbols as i n  

The aqui fe r  ch lor ide  of  w e l l  AA-22 (Fig. 4) 
shows chemical breakthrough i n  1981 with aqui- 
f e r  ch lor ide  decreasing from about 7000 mg/kg 
t o  6300 mgfkg by 1987. This breakthrough was 
i n  response t o  decreased pressure i n  the  
c e n t r a l  p a r t  of t he  f i e l d ,  which caused flow 
from the  e a s t  where f l u i d s  were l e s s  sa l ine .  
Geothermometer temperatures f o r  t h i s  w e l l  
showed immediate (1976) bver-all bo i l ing  
(TE >TNaKCa > T S i l )  independent of  t he  l a t e r  
chemical breakthrough. 

11000 I I 

76 70 80 
Year 

Figure 4. Chloride concentrations versus 
time f o r  Ahuachapan 22 showing breakthrough 
of less-saline water. Symbols: plus, C 1  
concentrations a i  analyzed; square, aqu i f e r  
C 1  concentrations calculated using TNaKCa f o r  
r e se rvo i r  temperature. 

INITIAL TEMPERATURE AND CHLORIDE AT AHDACKAPAN 

Using i n i t i a l  geothermmeter and aqui fe r  
ch lor ide  values,  or values extrapolated from 
e a r l y  production, maps have been prepared with 
contours o f  t he  na tura l  r e re rvo i r  conditions 
(Figs. 5 and 6). These maps shov a c l e a r  
increase i n  both temperature and aqui fe r  
ch lor ide  concentration from e a s t  t o  west. 
Liquid enthalpy values (calculated from 
temperature) a r e  almost l i nea r ly  re la ted  t o  
ch lor ide  concentration (Fig. 71, suggesting 
mixing between a more-saline, h o t t e r  water 
and a mored i lu t e ,  cooler  water. The l o r  
temperature end member cannot be defined from 
these  da ta  but is not surface water (compare 
d a t a  f o r  Cerro Pr ie to  i n  Grant e t  a l a ,  1984). 

The Na-K-Ca geothermometer temperatures 
ind ica te  t h a t  f l u i d s  produced from the  wells 
were equi l ibra ted  with rock minerals a t  tem- 
pera tures  ranging from above 26OOC i n  the  w e s t  
t o  below 235OC i n  the  east .  These tempera- 
t u re s  a r e  uniformly 10-20°C higher than the  
downhole measured temperatures i n  the  same 
wells ( see  Lakey e t  al.,  t h i s  volume). One 
poss ib le  explanation i s  t h a t  t he  Na-K-Ca g e v  
thermometer is not accurate f o r  Ahuachapan 
f lu ids .  
chapan f lu ids  a r e  i n  no way chemically unusual 
and because o the r  geothermometers give similar 
temperature ind ica t ions  (Table 1). Another 
p o s s i b i l i t y  i s  t h a t  by t h e  t i m e  downhole t e r  
pera turcs  were measured, pressure drawdown had 
already af fec ted  temperatures e i t h e r  through 
bo i l ing  with r e su l t i ng  temperature decrease 
or through c o l d r a t e r  mixing. 

RESERVOIR PROCESSES AT AINACXAPAN 

This i s  unlikely because the  Ahua- 

A map can also be  drawn showing predominant 
reservoi r  processes f o r  each well. 
show d i f f e r e n t  processes during i ts  h is tory  
but one process usually predominates. 
response t o  pressure drawdown, high-tempers 
Cure reservoi rs  e i t h e r  b o i l  or are flooded 
with cooler  recharge from the  top  or r ides  of 

A w e l l  may 

I n  
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the f i e ld .  In a l a rge  reservoi r ,  evidence of 
bo i l ing  or d i l u t i o n  may be delayed unless  t he  
well  is c lose  t o  the  Location of bo i l i ng  or 
cold-water entry.  
bo i l ing  may occur immediately but evidence of 
d i l u t i o n  i s  usua l ly  delayed. A t  Ahuachapan 
l a rge  amounts of f l u i d  were i r r egu la r ly  
discharged from wells during extended f i e l d  
development. This discharge may have caused 
some e a r l y  drawdown. 
appearance a t  Ahuachapan of  bo i l ing  or cold- 
water mixing may r e s u l t  from extended f i e l d  
development o r  may ind ica t e  t h a t  f l u i d  e n t r i e s  
are near t he  top  of t he  r e se rvo i r  where pres- 
su re  drawdown e f f e c t s  are f i r s t  manifest. The 
response t o  exp lo i t a t ion  a t  Ahuchapan has 
e i t h e r  been immediate bo i l ing  o r  immediate 
d i lu t ion .  The loca t ions  of wells with these 
behaviors a r e  shown i n  Figure 8. 
have been divided i n t o  "boilersvv ( s o l i d  
c i r c l e s )  and "diluters" ( so l id  squares),  
simply according to  whether TE > TNaKCa or 
TNaKCa > "E. 

The pa t t e rn  shows a band of d i l u t e r s  running 
N-S through the  cen te r  of  t he  f i e l d  with boi l -  
ers on both sides.  Comparing t h i s  map with 
Figure 9 ,  t he  f a u l t  map of Laky e t  a l .  ( t h i s  
volume), w e  see a remarkable coincidence of 
the  band of d i l u t e r s  with f a u l t s  8 and 7. 
These f a u l t s  are among the  youngest i n  the  
f i e l d  and probably allow hydrologic communica- 
t i o n  between the  reservoi r  and the  overlying 
Saturated Aquifer, which conta ins  cold water. 

In these  reservoir6 l o c a l  

The r e l a t i v e l y  e a r l y  

The w e l l s  

Figure 6. 
concentrations f o r  t he  Ahuachapan f i e l d .  

Natural s t a t e  reservoi r  ch lor ide  

U 

r 
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Figure 7. Enthalpy-chloride contents f o r  
na tu ra l  state Ahuachapan reservoi r  f luids.  

Figure 8. 
Ahuachapan wel l s  t o  exploitation. 
f o r  explanation. 

Simplified map of response o€  
See t e x t  

t i g u r c  9. 
from Laky e t  e l .  (1989). 

Fault  map f o r  the  Ahuachapan f i e l d  
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IMPLICATIONS FOR THE AHUACHAPAN CONCEPTUAL 
MODEL 

The geochemical i n t e rp re t a t ions  provide 
major cons t r a in t s  on the  na tura l  s t a t e  model 
of the f ie ld .  As described by Laky e t  a l .  
( t h i s  volume) and Steingrimsson e t  el. ( t h i s  
volume), the  behavior of the  f i e l d  i s  control-  
led by the  major f a u l t s  (Fig. 9). 
f a u l t s  believed t o  feed the Ahuachapan 
reservoi r  are f a u l t s  6, 2a and 10. I n  t h e  
na tu ra l  s t a t e ,  mixing of the geothermal f l u i d s  
with cooler ,  less-saline f l u i d s  occurs i n  the  
eas t e rn  pa r t  of t he  well  f i e ld .  These cooler  
f l u i d s  probably come from the  north v i a  f a u l t  
4;  another p o s s i b i l i t y  i s  downward recharge 
from the  overlying Saturated Aquifer, which 
has a higher hydraulic po ten t i a l  than the  main 
reservoir.  
g rad ien ts  i n  geothermometer temperatures and 
ch lor ide  concentrations across the  f i e ld .  
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Table 1. Early Geothenaometer Temperatures 
f o r  Ahuachapan Well Discharges i n  OC.  

Well Date TNaKCa TSil  TNaK(1) TNaK(2) 

AH-1 07/74 256 251 247 263 
AH-4 06/75 246 237 237 256 
AH-5 02/72 248 --- 242 259 
AH-6 07/74 257 246 252 266 
AH-7 04/75 262 256 260 272 
AH-16 03/87 240 238 231 251 
AH-19 03/85 233 228 218 241 

AH-21 04/75 256 248 250 265 
AH-22 07/76 239 237 226 247 
AH-23 09/80 249 233 243 260 
AH-24 09/78 262 252 260 273 
AH-26 09/76 253 229 246 262 
AH-27 10180 263 246 262 274 

AH-31 04/85 260 250 257 270 

 AH-^ 07/76 255 234 250 268 

AH-28 07/80 254 239 249 264 

i 

TNaK(1) i s  the  Ellis-White Na-K geother- 
mometer from Truesdell  (1976). This 
usually ind ica tes  minimum temperatures. 

TNaK(2) i s  the  Na-K geothermometer from 
Fournier (19791, which usually ind ica t e s  
maximum t emperat ure s . 
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temperature changes as well as changes in fluid chemis- 
try that have occurred during exploitation of the field. Of 

of he tempcranrre 
&line in in terms of boiling, h j d o n  

ABSTRACT 
Since large-scale exploitation of the Ahuachaph reser- 
voir began in 1975 with the commencement of the first 30 

' MW, unit, large changes in the reservoir thermodynamic 
condition have occurred. Drawdowns up to 15 bars have 
developed in the production field and significant tem- 
peram changes have been observed. In most cases tem- 
peratures have declined due to boiling in the reservoir 
stimulated by the pressure diawdown; cooling due to 
reinjection of spent geothermal fluids has also been 
observed. There art indications of a cold fluid recharge 
to the reservoir from the west and north. Inmasing tem- 
peratures in the southeast comer of the wellfield show 
that significant recharge of hot fluids to the wellfield 
comes from the southeast; they also indicate that the 
recharge rate has increased with time as the pressure 
declines in the reservoir. 

INTRODUCTION 
The Ahuachaph fi 
exploitation for mo 
well was drilled in 
axc distributed over a 

interest is the 

and nche- 

MASS EXTRACZlON HISTORY 
Since August 1968, production and reinjection rates for 
all wells in Ahuachaph have been regularly measured 
and arc available as monthly averages (Vides-Ramos, 
1985). The cumulative extraction history of the field is 
shown in Figure 2. During the development phase 
(1968-1975). a total of 24 Mtons of fluids were produced 
from the reservoir, with only 2 Mtons reinjectcd during 
the 1971 injection tests. Fluid production increased 
drastically when the first two generators went on-line and 
has averaged 17 Mtondyear since 1976. The fate of rein- 
jection has varied considerably. In early 1976 as much as 

of the extractcd fluids were 
ir, until November 1982 when 
A total of 38 Mtons of waste 

der development and 
The first production 
y a total of 32 wells 

ana, as shown in Figure 1. 

a 75 km long concrete channeL am lsl.109 

The objective of this paper is to examine the pressure and Figurc 1. Map of the Ahwhaph wellfield 
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Figure 2. Cumulative fluid production and injection, 1968-1988. 

water have been reinjected In comparison, by the end of 
September 1988 the net fluid extraction from the field 
had reached 187 Mtons. 

PRESSURE DRAWDOWN 

Changes in reservoir pressures have been monitored dur- 
ing the exploitation years by running annual s w e y s  in 
a l l  wells accessible to logging. Also, daily pressure 
measurements at 200 masl (approximately 500 m depth) 
in well AH-25 are available since 19n. this well is 
located close to the center of the production field Figure 
1). The initial @-exploitation) pressures in the 
Ahuachaph wellfield were fairly uniform corresponding 
to 36 bar-g at the monitoring elevation of 200 masl (Laky 
et al., this volume). 

Exploitation has caused a significant pressure drawdown 
in the production area. Figures 3 and 4 show pressure 
maps for the years 1978 and 1986. Both figures show a 
near-uniform pressure low engulfing the entire produc- 
tion area. In 1978 the pressures ranged between 28-30 
bar-g compared with the initial 36 bar-g; by 1986 the 
pressures in the wellfield had declined to 20-22 bar-g. 
Relatively high 1978 pressures in wells AH-8. AH-29, 
AH-I7 and AH-2 arc due to reinjection into these wells. 

significant drawdowns indicating natural fluid recharge 
from the north. east and south. Wells AH-10 and AH-15 
are not in pressure communication with the geothermal 
reservoir and have not shown measurable drawdown. 

The AH-25 pressure data have been supplemented with 
some 1968-1977 average well pressures at 200 mas1 and 
converted into drawdown by assuming an initial reservoir 

Peripheral Wells AH-11, AH-14, AH-16 and AH-18 Show 

pressure Of 36 bat-g. These drawdown data are plotted in 
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Figure 3. 1978 pressure contours in bar-g at 200 m a ~ L  

Figure 5 together with the monthly net extraction rates. 
The figure illusmtes the close relation between the net 
extraction rate and prcssun drawdown. The few data 
points from the early years show that the fluid productim 
during well testing resulted in a signifmnt drawdown in 
1972. but as the production testing was minimal during 
the next few years, the field had almost recovered to ini- 
tial pressures when exploitation started in 1975. Figure 5 
shows that the pressure drawdown tends to  stab^ dur- 
ing long periods of relatively constant net extraction rate, 

.d 
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thus reaching a quasi-steady state. This pressure stabili- 
zation and the fast pressure recovery in 197311975 indi- 
cates that the curnnt production wellfield is only a small 
part of a Much larger system and that recharge into the 
production area is significant (see Aunm et al., this 
volume). 

TEMPERATURE CHANGES 
Significant reservoir temperature changes have been 
observed at Ahuachaph due to exploitation. The most 

31- t I I I 1 1 0  om 
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1986 pressure contours in bar-g at 200 mas1 Figurc 4. 
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dramatic change 9 a gradual 10-15 O C  cooling within the 
Ahuachaph Andesites in the main production arca dur- 
ing the 1975-1986 exploitation pcriod (Figure 6). Some 
temperanve changes arc also observed deeper in the 
reservoir and on the priphery of the wellfield. CartN 
analysis of the available data shows that there are sewd 
processes responsible fot the temperaturt changes 
including boiling, reinjection returns and n d  
recharge. In the following Sections *the observed reser- 

a n t  processes. 
voir temperature changes arc discussed in terms of these 

Temperatlac changes due to boiling 
The uppet part of the rescNoir was boiling prior to 
exploitation (Laky et al., this volume). The pressure 
drawdown in the field has caused the two phase region in 
the main production arcx to expand and the boiling zone 
to cool following the saturation curve. The boiling level, 
initially found at an elevation of about 300 masl, is 
currently (1988) at about 250 masL The cooling of the 
boiling zone is on the order of 10-15 O C .  It can be easily 
dcmonsuatcd that this cooling is primarily caused by 
boiling either by comparing the temperature and the pres- 
s u n  distribution in the field or by plotting for each well 
the temperature and pnssun in the two-phase region at 
&rent rimes and comparing the plot with the 
cmsponding saturation values. Example of such a plot 
is shown in F i p  7. 

Temperam changes in the liquid region of the reservoir 
in the Ahuacha#n Andesites 

The two phase region resides in the upper region of the 
Ahuachaph Andesites. The underlying liquid- 

Figure 5. Monthly net extraction rates and the pressure drawdown. 
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Figure 6. 1986 temperature contour map (in "C) at 200 
maSL 

AHUACHAPAN WELL AH-5 
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Figun 7. Plot of temperature versus pressure for AH-5 
(1975-1987). 

dominated zone also experienced considerable cooIing 
during the exploitation years, except in the southwest 
comer of the wellfield. Early temperature logs show 
boiling-point-to-depth curves through the twephase 
region of the reservoir and a near-isothermal interval 
below the boiling level to the bottom of the Andesites. 
These general reservoir characteristics have not changed 
in the production field. However. the boiling level has 

fallen some 50 m, as mentioned earlier, and the liquid 
zone has cooled with time. The best example of this 
behavior is well AH-21 Figur6 8) but similar behavior is 
observed in most of the other production wells, with the 
exception of wells AH-7 and AH-3 1. 
In order to investigate the cooling of the single-phase 
region of the Andesites, the tcmpmture and the pnssun 
histories of s e v d  wells weft analyzed. Examples of 
these plot0 ~ z t  shown in Figure 9. In al l  cases the tem- 
perature decline comlatts with the prcssun drawdown 
in the rewoir. Such a consistent comIation is highly 
unusual in a single-phase region. Plots of temperature 
versus pressure Figm 10) show that the cooling 
progrtsscs parallel to the saturation curve indicating that 
the cooling of the single phase region in the reservoir is 
actually controlled by boiling. It is believed that the 
cause of this is recharge of a two-phase mixm of steam 
and water. This recharge occurs at or above ux) masl 
but after entering the field the two phases scgrcgatt due 
to density efftcu, with liquid occupying thc lower poreion 
of the Andesites and steam accumulating in the uppcr 
Part. 

Ternptranve changes amibuted to reinjection 
Temperatun data have been examined in ordcr to deter- 
mine reservoir cooling caused by the 1975-1982 reinjec- 
tion program. The data indicate thermal recovery in few 

AHUACHAPAN WELL AH-21 
Temperature logs. 
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Figure 8. Selected temperature logs for well AH-21. 
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well AH-18 in response to exploitation support the idea 
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AHUACHAPAN WELL AH-1 

AHUAWAN WELL AH-25 

AHUACHAPAN WELL AH-5 
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Figwe 10. Temperature and pressure histories for wells AH-I, AH-5, AH-21 and AH-25. 

of a natural hot fluid recharge in this part of the field and 
furthermore that the recharge rate has increased due to 

Cold water recharge into the wellfield cannot be sup- 
ported by data from peripheral wells. On the eastern 
margin of the field no temperature changes have been 
observed while at the north and west boundaries no data 
arc available because of obstruction in the wells at shal- 
low depth. However. tempcranuc data from a few wells 
in the production mea indicate deep cold water mharge 
into the field from the north and w e s t  An example of a 
well showing this type of cooling is AH-7. This wtli 
cooled at shallow depth (100 mad) due to reinjection. as 
mentioned earlier (see Figure 11). Similar cooling was 
observed deep in the well during the reinjection years as 
shown on Figurc 13. but in this case little thermal 
ncovcry was measured after the reinjection ceased. The 
reservoir cooling can therefore not be explained by rein- 

pressure &Clint in the reservoir. 

jection leaving cold water recharge as the only possible 
cause for the amperaam history dcep in well AH-7. 

SUMMARY AND DISCUSSION 
Exploitation has p t l y  changed the press= and tern- 
pcraturc conditions in the Ahuachapk reservoir. ln the 
wellfield, pressure has &lined somc 15 bars and cooling 
of up to 15 O C  has been observed 

As expected the pnssmt drawdown corrtlatts well with 
the net extraction rate, with quasi-steady prcssurc condi- 
tions reached after periods of nearanstant rates. This 
suggests that natural recharge is very significant at 
Ahuachapk and that the system is much largcx than the 
cuntnt wellfield 

The tcmperaturt hismy of Ahuachapiin is complicated 
and has been influenced by several factors, including: 

* 
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AHUACHAPAN WELL AH-7 
Tempemhve at 100 mad. 1970-1987 

Year 

Figure 11. 1970-1987 temperature history of well AH-7 
(100 masl). 

A H U A W A N  WELL AH-7 
Tempemture at -100 mad. 1974-1987 

Year 

F i p  13. 1974-1987 temperature history of well AH-7 
(-100 masl). 

AHUACHAPAN WELL AH-18 g-up in the ~0ntmaSanrpartOirzh~ field &e 
Temperature at -75 mad. to increasing geothermal (hot) fluid recharge to the 

250 production area. i 
The history to the conceptual model of the 
field arc presented by Laky et al. (this volume). The fol- 
lowing statements arc madc with refmncc to F i p  2 in 
Laky et al., which shows major faults and ffow directions. 
The geothermal ffuid recharge entcrs tbe field from 
southeast and feeds the main production area through two 
separate "channels". The main recharge is through Fault 
#6 where the fluid undergoes boiling befort it enters tht 

e Andesites arc found at relatively 
second recharge channel (Fault #10 
) feeds the arca around wells AH-7 

(4) in the n o d m  and the WeSW Part of the 
field due to increasing cold water recharge ' in 
response to n m o K  drawdown. 

A., (1989a). "The Ahua&ap&n g e o t h d  fie@ El Sal- 
ve - analysis,** bwrtnce ~ ~ k k ~  -- 
tory npon LBL-26612. Berkeley, CA. 
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ABSTRACT Hydrogeology 

Modeling studies of Ahuachapan include analyses of 
interference test data, modeling of the fieldwide pressure 
decline and the development of a three-dimensional 
natural state model of the field. The main objective of 
this work is to obtain reasonable estimates for the 
transmissivity and storativity of the reservoir and to 
investigate fluid and heat flow patterns in the system. 

The analyses of the interference test da the long 
tern pressure decline data indicate that the average nser- 

Four mjor Lithologic units are prtsent at Ahuachapan. 
From top to bottom, they arc the Elluvials (EL). Young 
Agglomerates (YA), Ahuachapan Andesites (AA) and 
Older Agglomerates (OA). The Elluvials are composed 
of colluvium and a series of altmd pyroclastics and 
lavas. The Young Agglomerates, found below the EL, 
arc composed of pyroclastics and andesites ranging in 
thickness from 300 to 800 m. The bottom of this unit is 
highly hydrothermally altered, forming a penmability 
barrier between the YA and the underlying Ahuachapan 

ports an overall average m s m i s  
indicates that the system is rech 

from 200 to 6oom. The underlying Older Agglomerates 
arc a combination of dense breccias and andesites. with 
low ma& permeability but some fracturing. Three 
aquifers identified in the field appear to coincide with the 

be about 250 MW,. 

of their impartant tindings in relation to the modeling stu- 
dies are sumn?arized below. 
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Initial Temperaturt and Pnssure Distribution 

The precxploitaton pressure distribution in the reservoir 
was near-uniform with values in the range of 32-36 barg 
at 200 masl. The overlying Saturated Aquifer has a pres- 
sure potential about 4-8 bars higher than the geothermal 
reservoir. 

Temperatures exceeding 240 "C are found in the AA and 
temperature inversions are observed in most wells when 
entering the OA. All productive wells show similar 
profles, with the top of the convective gradient coincid- 
ing with the top of the AA. Increasing temperahncs an 

voir temperature (245 "C) has been measured. This sug- 
gests hot fluid recharge from the southeast into the field. 

Observed toward the ~outhea~t, Whtrr the highest rem- 

Fluid Movement 

It is believed that upflow of saline, high temperature 
(above 250 "C) fluids occurs underneath the nearby vol- 
canic complex (probably Laguna Verde), southeast of 
Ahuachapan. Only a small k t i m  (approximately 10%) 
of the upwelling fluids fctd the production area at 
Ahuachapan. Some of the fluids feed the nearby Chipi- 
lapa field, but the majority discharges 10 lan to the north 
at El Salitre Springs. Faults restrict fluid flow to the north 
and west of the Ahuachapan field (See Figure 7 in Lalq' 
et al., this volume). 

INTERFERENCETESTING 

Several interference tests have been conducted at 
Ahuachapan. One such test was caxried out during the 
period from May 6 to August 19.1982, to obtain data for 
determining the reservoir transmissivity and storativity. 

During the test period the produced fluids were reinjected 
into wells AH-2, AH-8, and AH-29. Well AH-25 was 
used as an observation we& its pressure response is 
shown in Figurc 1. Because most of the Ahuachapan 
wells wen flowing for an adequately long timc prior to 
the test. the wellfield pressures were in a state of quasi- 
equilibrium. Thus, rhost wells with no changes in flow 
rates during the test were not considcrcd in the analysis. 
Table 1 gives the flow mtes of the producers and injectors 
that a!%xted the pressure response in AH-25 during the 
test period. 

In the analysis the computer modcl VARFLOW, 
developed at the Lawrence Berkeley Laboratory (EG&G 

s w s  at each observation point by superimposing the 
pressure transients, calculated using the Theis solution, of 
all produccrs/iijcctors. The pgram can handle variable 
flowrates, an anisotropic medium and a single linear 
hydrologic boundary. The reservoir transmissivity and 
the storativity were varied until a reasonable match to 

best match between the obsemd and computed pressure 
is shown in Figurc 1. For this calculation. a reservoir 

and LBL, 1982). was used. The pr~gram  calculate^ PS- 

Observed ~ ~ ~ S S I U C S  at well AH-25 WBS Obtained The 

0 io ' ;o i o  i o  loo de 
Time (days) 

Figure 1. Match between observed and computed 
pressures at well AH-25 for the May- 
August 1982 interference test 

transmissivity of 25 Dm and 8 storativity of 2.5 x le 
m/pa Were uscd. 
If one assumes an e&ective reservoir thickness of 300 m 
and a porosity of 10%. a total compressibility of about 
1 x 1 r 7  pa-' can IX computed iiom the stomivity.  his 
compressibility value is about two orders of magnitude 
higher than that of water at 240 O C  and about two orders 
of magnitude lower than two-phase compsibility at 
240 "C, which is reasonable given the partial two-phase 
conditions of the memoir. 

PRESSURE DRAWDOWNHISTORY MATCH 

pnssures in Ahuachapan wells were f a y  anifann @or 
to exploitation; production has caused si@cant draw- 
down (approximattly 15 bars). Drawdown has been 
monitored by annual pressure surveys in al l  wells accts- 
sible to logging, and by daily pressure mfaSultmnt at 
200 mas1 in well AH-25. 

The pressure history of Ahuachapan has been simulated 
using simplified models of the field. Grant (1980) did 
modeling studies in an attempt to match the 1975-1978 
psessmz: changes resulting from fluid extraction. The 
results did coarsely match the observed pressure history, 
and both a high storativity coement  and permeabity 
were necessary to achieve rcasonable matches. 

In the prcsent study, a simple model was wcd to mafch 

of this work was to obtain coarse estimates of the average 
reservoir msmissivity and s d v i t y ,  to be used as ini- 

model assumes an isothermal. horizontal, homogeneous, 
fully-saturated porous medim reservoir of constant 
thickness and of infinite anal extent. The system is 

all wells were assumed to fuUy penetrate the TtscNoif. 
The data were analyzcd using the VARFLOW code. 

the p s s u r e ~ h i s t ~  Of Ahua~hapan. The main Objective 

tial input parameters for the natural state modcL Tht 
* 

closed above and below by impermeable boundancs * a n d  



Table 1 

1982 Interference Test 

Figue 2 shows the best match of the prtssun history in 
observation well AH-25, obtained for a medium with a 2. to quantify n a w  mass heat f10w in the 

1. to verify the conceptual model of the systtm. 

better understand the hydrology of the ti&. 

ction the e&u of the 

model MULKOM (Prucss, 1983) with the following 
objectives: Figun 2. Pnssun history match for Wd AH-=. 
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Comparison of pressure decline with or 
without reinjection. 

Time (years) 

Figure 3. 

Approach 

The natural state model of Ahuachapan should repsent 
all important features of the conceptual hydrogeological 
model of the field as defined by Laky et al. (this volume): 
1. Hot fluid recharge into the production site occuts 

southeast of well AH-18. The temperature of the 
recharge fluids must exceed 250 O C .  (See Figure 7 
in Laky et al., this volume). 
The bulk of the hot fluids flow towards the north, 
with only small fractions of the total flow recharg- 
ing the Ahuachapan and the nearby Chipilapa reser- 
voirs. The main outflow for the system i s  at El Sali- 
ae. some 7 km north of the Ahuachapan field. 
The Ahuachapan Andesite unit is highly permeable 
and serves as the main conduit for lateral fluid flow. 
The reservoir is bounded by low permeability bar- 

north (towards well AH-10). 
5. Relatively cold, low-salinity waters fmm the north 

recharge the system in the eastern part of the field 
6. RCSCIVO~~ fluids  SO discharged at V ~ ~ ~ O U S  SUT- 

face manifestations in the AhuachapdChipilapa 

2. 

3. 

4. 
rier~ in the west (close to well AH-15) and in the 

ma 

The computational mesh used in this study consists of a 
three-dimensional, three layer grid containing 46 ele- 
ments per layer, covering an ana of some 50 km2. The 
grid includes the inferred upflow zone, Ahuachapan. Chi- 
pilapa, and the outflow m a  of El Sal ia .  The 
thicknesses of the layers were determined based on lithe 
logic and feed zone data. The top of the model is at 350 
masl, which approximately coincides with the top of the 
AA unit. The model extends down to -600 masL The 
anal dimensions of the grid arc shown in Figrur: 4. 

Few data arc available regarding the fluid and heat How 
at surface manifestations except for the El Saliae area, 
which had an estimated flow of 1300 Vs (= 1300 kgls) at 

Figure 4. Grid blocks and well locations. 

70 O C .  with an unknown amount of mixing between 
geothermal and colder waters (Sigvaldason, et al., 1970). 
The total energy output from the other surface manifesta- 
tions was coarsely estimated based on visual observa- 
tiom. 

In the model, the surface springs an rqmseneed by pres- 
sure dependent sinks that were designed so that proper 
spring outflows would be simulated when the correct 
pressure distribution was obtained. This featrnt of the 
model will be useful in the exploitation simulations to 
evaluate the spring outputs as a function of resemoir 
pressure. The conductive heat losses to the surface arc 
computed using an analytical algorithm &vel@ by 
Vinsomt and Westerfeld (1980). 

In the simulations, we wed a proccdun similar to tha! 
employed for the Kratla geothermal field (Eodviusson, et. 
al., 1984). The adjustable parameters during the model- 
ing iterations were the flowrate and temperatme of the 
upflow zone, spring flowrates and the global ptrmability 
distribution. The measured temptnuuns and pnssuns in 
the field were the main consnaining pammctm. A pro- 
cess of trial and errw was carried out until a set of 
parameters was found that gave rtasonabk matches with 
the three-dimnsional temperatme and pressure distribu- 
tions. The procedure employed was as follows: 

1. Assign sources and sinks to the appropriate nodes. 
2. Assign thcxmodynamic conditions to the cold and 

hot recharge fluids, 
3. Assign rock propertiCs and the pcrmtabitity dish- 

bution, 
4. pertonn simulation until steady-state therm+ 

dynamic conditions arc reachd 
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5. Evaluate the results and return to step 1 if computed 
temperature and pressure distributions do not fit 
those observed. 

Best Model 

A natural state model was developed that ces rea- 
sonably well the pncxploitation ttmptraturt and pres- 
sure in the field The matches between observed and 
simulated tempcratms and pssuns  an shown in Fig- 
ures 5-9. The model, however did not reproduce well the 
temperatures observed in well M-1, especially in the 

used for comparison with the simulated results was 
obtained in 1969. This i s  the only log available that 
penetrates to this depth, and may not show the stabilized 
temperature conditions in this well. 

The simulated results show somewhat colder tempcra- 

which is due to the fact that the well is not in the center 
of the gridblock, but farther to the east. As temperatures 
arc believed to decrease rapidly west of well AH-15. the 
temperature profile of this gridblock seems reasonable. 

lower two layers (Figurc 9). The temperature profile 

tures than those observed for well AH-15 F I ~ u ~  7). 

. . . . . . . .  . . .  ,000- ......................................................................... :... .. 

......... ! .... 

. . .  . . .  . .  . . . . . . . .  

. .  ..... ._..: .......................................................... 

-loo+ , , , , , , , , 1 

0 IO 20 SO 40 50 60 70 80 90 
Pressure (barn) 

I 

The Slight diffenna betwan s h d a t e d  and Observed Figure 5. Match between observed and computed 
pressures (simulated pressure an slightly higher, Figun 
5) is due to the urcssure drawdown caused by well testing 

pressures for the best modeL 

during the fielddevelopment phase (1972-1973). A con- 
siderable pressure decline was observed during that 
period. Although the pressure recovered during the last 
one and a half ycan prior to exploitation, the 1974-1975 
data (initial pressures) indice about 1-2 bar low= pres- 
sures than in 1968. ' .' 

of 225 kg/s of 255 OC w a m  recharges the system 
southeast of the wellfield (in the ana of the Laguna 
Verde volcanic compkx). The total thermal throughflow 

Rock lLpe 2 represents the Ahuachapan Andesites, the 
main ~cothermal reservoir. 
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Figure 7. Match between observed and computed 
temuerature profiles for the best model 

wa t 

Figure 8. Match between observed and computed 
temperature profiles for the best model 
(other wells). 
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Figure 9. Match between obkrved and c q u &  
tempcramre profiles for the best model 
(other wells). 
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Figure 10. Dismbution 
layers in the 

LAma a 

ROCKTYPE2 

ROCK-3 

RocI (TWE4 

of rock types for the ditfmnt 
natural state model. 
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Table 2 

Rock 'I)pe 3 

Rock Roperties Used in the Natural State Model 

Rock-2 I Rocktype3 Rock Qpe 4 

porosity 0.10 0.10 0.05 0.10 

Heat Conductivity 
W h -  OC 2.3 2.3 23 2.3 

Permeability. md 
horizontal 10 80 20 . 20 
V a t i e a l  0.2 16 4 2 

Heat Capacity 
Jkg- OC loo0 lo00 lo00 loo0 

represents the Older Agglomerates. In which a p e s  well with the estimate by Sigvaldason et aL 
pre&ous studies this unit-was considered (1970). 
impermeable. but we believe that this rock 
unit has a significant pcnncability, heat sinks w c ~ t  specified in the blocks with wells 
although much lower than the overlying -32. AH-18. AH-31 and AH-19 in ordcr to match the 
Ahuachapan Andesites. Several wells observed temperature inversions. The sangths of these 
(e.g. AH-28 and 29) encountered perme- 
able zones in this unit. 

Rock Type 4 was used only in Layer C Figure 10) and 
cornsponds to an agglomerate unit. simi- 
lar to the YA unit but with higher permea- 
bility. This material typc was necessary to 
simulate the infemd high flow from the 
upfiow -=ne toward El S a l i t ~ ~  Springs. 

sinks wen  3,6.1.5 and 3.75 W/m2, respectively. 

LAYERA 

ues used in the 

in Table 3. The 

OC warn at sh&ww depths, the total flowme of a 70 OC 
fluid to that area would be approximately 1290 kgls. 

Figure 11. Location of specified sources and sinks 
the natural state model. 
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Table 3 

I Flow Rates and Heat Outputs oUbe Diflerent Surface Manifestations 

f 

Only rhe outputs associated with geothermal fluids an given (see text). 

A source of 60 OC fluid was specified north of AH-lo. 
This was found necessary to match the temperature 
profile of well AH-10. The cold recharge was modeled 
using a constant pressure boundary of 42 bars in the 
uppermost layer (see Figure 11). The pressure at the 
boundary was specified so that the pressurts in the adja- 
cent blocks would be about 5 bars higher than in the rest 
of the wellfield. which is the observed pressure 
difference. 

CONCLUSIONS 

Various modeling studies have been conducted on the 
Ahuachapan field data including the analysis of interfer- 
ence test data, analysis of the average reservoir draw- 
down history and the development of a natural state 
model. The main conclusions of these studies are as fol- 
lows: 
(1) The analysis of the interference test data yields an 

average transmissivity of about 25 Dm and a stora- 
tivity of 2.5 x lod m/pa. This storativity value is 
consistent with the presence of a two-phase zone in 
the system. 

(2) The analysis of the pressure drawdown data (1969- 
1988) yields a transmissivity of 35 Dm and a stm-  
tivity of 3.5 x lod m/pa. both of these values agree 
well with the results of the interference test analysis. 

(3) Reinjection at Ahuachapan during the period 
1976-1982 significantly helped maintain reservoir 
pressures. 

(4) A natural state model of Ahuachapan has been 
developed that agrees well with the three- 
dimensional temperature and pressure conditions in 
the reservoir. 

( 5 )  Based upon the model, the horizontal permeability 
of the Ahuachapan Andesites is estimated to be 
about 80 md, yielding a transmissivity of about 30 
Dm for this unit. This transmissivity is consistent 
with the results of the interference test analysis and 

the analysis of the pressure drawdown history. The 
venical permeability of the Andesites is estimated 
to be about 16 md. 

(6) The permeability of the Older Agglomerates is 
estimated to be 20 md horizontally and 4 md vem- 
cally. 

(7) The total recharge to the AhuachapdChipilapa 
geothermal systems is estimated to be 225 kg/s of 
250 O C  water, yielding a total thermal throughflow 
of 250 MW,. Most of these fluids discharge in El 
Salitrc Springs (170 kg/s), but significant energy is 
lost through surface springs in the 
AhuachapiudChipilapa areas (a0 MW,) and through 
conduction to the ground surface (20 MW,). 
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A SOLUTION TO PROPPANT DISSOLUTION I N  HYDROTHERMAL ENVIRONMENTS 

J. A. Knox and J .  0. Weaver 

Hal 1 i burton Servi ces 
P. 0. Drawer 1431 
Duncan, OK 73536 

INTRODUCTION techniques using both sand and bauxite$-8)- 
t o  st imulate production i n  geothermal 

The chemistry o f  s i l i c a  may be one o f  the  formations have been described. 
most widely studied subjects i n  the world. 
I n  I l e r s l  "The Chemistry of S i l i c a "  there There i s  no reason t o  assume tha t  successful 
are over 3000 references. Perhaps i t  has f rac tu re  treatments i n  geothermal we l ls  
been so widely studied p a r t i a l l y  because i t  cannot be accomplished. There may be no 
i s  one of the most abundant mater ia ls on reason t o  be concerned t h a t  the quartz 
ear th  and p a r t i a l l y  because I t s  behavior i s  proppant should dissolve because one would 
so enigmatic. assume t h a t  formation water from a sandstone 

formation would be saturated w i th  s i l i c a .  
The concern w i t h  s i l i c a  i n  th is  paper There i s  evidence t h a t  high temperature 
re la tes  t o  i t s  use as a gravel packing decreases the strength of quartz proppants!6) 
mater ia l  i n  we l ls  which produce from an 
unconsolidated formation o r  as a proppant A review of Yompi la t ion  of Data on Fluids 
used t o  provide a high permeabi l t ty f rac tu re  from Geothermal Resources i n  the US" showed 
path t o  the  wellbore i n  lower permeabi l i ty  s i l i c a  contents from 4 ppm t o  1416 ppm 
consolidated formations. i n  water sa l es  from d i f f e r e n t  formations 

and fields.!'The average concentrat ion was 
In gravel packed we l ls  which produce heavy i n  the range o f  200 t o  300 ppm. There 
o i l  from incompetent formations the prac t ice  appeared t o  be no co r re la t i on  between pH o f  
o f  i n j e c t i n g  steam t o  enhance production i s  the water o r  totaT dissolved so l ids  and the 

content. Ana ly t i ca l  methods were no t  
bed, sampling procedures var ied 
, and there was no descr ipt ion o f  
i on  composition. 

h alumina s in te red  
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wi th  an absolute system pressure of about 
1200 PSI. The regu la t ion  equipment was 
protected by the co ld  water heat exchangers 
both up and down stream. 

Test samples were contained i n  a sect ion o f  
0.375 in. diameter tubing. Both the sample 
holder and the  heat exchange c o i l  were 
submerged i n  a thermosta t ica l l y  con t ro l  l e d  
f l u i d i z e d  sand bath. The e n t i r e  system was 
i n i t i a l l y  constructed o f  wetted 316 s ta in -  
less s tee l  parts. La ter  studies u t i l i z e d  
high temperature wetted par ts  made o f  monel. 

Weight loss data were obtained by weighing 
oven-dried, loaded t e s t  c e l l s  before and 
a f t e r  the tests.  Note t h a t  t h i s  method does 
no t  account f o r  any f ines  which are generated 
during the t e s t  and re ta ined i n  the t e s t  
c e l l ,  bu t  on ly  mater ia l  which i s  ac tua l l y  
produced from the c e l l .  

A computer data acqu is i t i on  system was used 
t o  determine permeabi l i ty  o f  the packs and 
t o  ob ta in  20 m l  e luent samples on an hour ly 
schedule. Fluids were analyzed f o r  S i ,  A l ,  
and Zr. 

DISCUSSION 

The i n i t i a l  ob jec t ive  o f  t h i s  study was the 
evaluation o f  commercially ava i lab le  propp- 
ants (T b l  
mater iafs ?or cycti ic steam i n j e c  i on  wells. 
These proppants were a lso  t o  be considered 
f o r  f rac tu r i ng  geothermal wells. This 
evaluation was t o  determine, under r e a l i s t i c  
condit ions, the l i f e  expectancy o f  the 
packing mater ia l .  

Laboratory screening condi t ions were 
selected t o  be representative. Most o f  the  
i n i t i a l  t es t i ng  u t i l i z e d  a f l u i d  temperature 
of 55OOF and pH o f  11. A f l u i d  ve loc i t y  of 
about 4 cm/min was general ly used, however, 
t h i s  var ied  dur ing the tes ts  since a con- 
s tan t  pressure d i f f e r e n t i a l  was maintained. 
Three days o f  i n j e c t i o n  proved t o  be 
su f f i c i en t  durat ion f o r  the  evaluat ion of 
most ma t e r i  a1 s . 
The weight loss  resu l t s  o f  some of the  
mater ia ls evaluated are shown i n  Table 11. 
Sand gave the highest weight loss  value, 
l os ing  77% o f  i t s  weight i n  three days. 
was found t h a t  t h i s  weight loss i s  propor- 
t i o n a l  t o  f l u i d  pH, temperature, and 
throughput volume, Figure 3 i s  a scanning 
electron micrograph o f  the sand sample a f t e r  
the three day tes t .  Not ice the smooth 
surfaces and the absence o f  any f ines,  
i nd i ca t i ng  complete and uniform surface 
dissolut ion.  

Several alumina based proppants, which are 
reported t o  have superior crush resistance 

I) us fu l  as gravel p c k i n g  

It 

a t  high temperatures are ava i lab le  f o r  f rac- 
t u r i n g  operations. These were evaluated and 
found t o  indeed be more s tab le  than sand 
under the harsh condi t ions o f  c y c l i c  steam 
treatments. Results o f  s t a b i l i t y  tes ts  on 
f i v e  popular, h igh performance proppants 
which have been used f o r  gravel packing 
c y c l i c  steam i n j e c t i o n  we l l s  are reported i n  
Table 11. The analyses o f  these mater ia ls 
are given i n  Table I. Weight loss resu l ts  
a f t e r  three days o f  f low ing  ho t  water ranged 
from 3740%. While t h j s  i s  an improvement 
over sand, i t  was considered unsat isfactory 
f o r  two add i t iona l  reasons. F i r s t ,  the 
mater ia l  cos t  i s  very high (10-15 times) 
when compared t o  sand, and second, i t  was 
observed t h a t  pack permeabi l i ty  decreased 
dramatical ly. This i s  shown f o r  IMS-2 i n  
Figure 2. 

The unexpected l oss  i n  permeabi l i ty  has also 
been observed i n  f i e l d  operations using 
these type proppants. Figure 4 i s  a photo- 
graph o f  the sample as i t  was removed from 
the  f low c e l l  a f t e r  a three day test .  
Copious quant i t ies  o f  f ines were evident. 
Some actual  consol idat ion o f  the pack can be 
observed. Figure 5 i s  a micrograph o f  t h i s  
mater ia l  showing an amorphus mater ia l  being 
p a r t i a l l y  responsible f o r  the consolidation 
o f  the pack. A c r y s t a l l i n e  overgrowth i s  
a lso  evident. The c r y s t a l l i n e  mater ia l  
shown i n  Figure 6 was i d e n t i f i e d  as ana lc i te  
(NaA1Si,06-H,0). 

The unexpected occurrence of f ines was 
observed w i t h  a l l  the alumina and z i rcon ia  
based mater ia ls.  Some o f  these are shown i n  
Figure 7-10. These resu l t s  suggested t h a t  
the use o f  h igh strength proppants f o r  
gravel packing c y c l i c  steam i n j e c t i o n  wel ls 
o r  f o r  use i n  geothermal appl icat ions may 
no t  be desirable. It has no t  been deter- 
mined y e t  whether the f i nes  formed dur ing 
degradation o f  the packing mater ia l  invade 
the formation and do permeabi l i ty  damage, 
nor how deep t h i s  damage may occur. 

The poor performance o f  these high strength 
proppants l e d  t o  the study o f  noncommercial 
mater ia ls as possible gravel packing sol ids. 
Many mater ia ls were evaluated and several 
were found t o  possess thermal s t a b i l i t y  
propert ies.  Most o f  these were el iminated 
because o f  poor cont ro l  over p a r t i c l e  s ize  
d i s t r i b u t i o n  and/or cos t  considerations. 
For example, n i cke l  p la ted  sand (Table 11) 
proved t o  be h igh l y  res i s tan t  t o  the t e s t  
condit ions, however cos t  i s  p roh ib i t i ve .  

One mater ia l  emerged as a product o f  choice. 
I t  i s  low cost, can be sieved t o  meet most 
any required s i t e  d i s t r i bu t i on ,  and i s  
h igh l y  res i s tan t  t o  d isso lu t ion  and f ine  
formation under the t e s t  conditions. This 
mater ia l  i s  i d e n t i f i e d  i n  t h i s  paper as SRG 

P 
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(Steam Resistant Gravel, i n  Tabie I1 
Photomicrographs i n  Figures 11-13 show the  
e f f e c t  o f  3 and 14 days o f  f low ing  55OOF 
water. There were no v i s i b l e  f ines  gener- 
ated from t h i s  treatment as shown by (1) the 
micrographs and (2) the e f f e c t  on permeabil- 
i t y  (Figure 2). Weight loss data show 8% 
decrease i n  weight. This occurs rapidly,  
and no add i t iona l  loss was observed. This 
corresponds t o  a 5-10% s i l i c a  contamination 
i n  the mater ia l .  It i s  bel ieved t h a t  s i l i c a  
contamination e x i s t s  as small inclusions 
since small c ra te rs  are apparently formed by 
the d isso lu t ion  o f  t h i s  s i l i c a  as shown i n  
Figures 11-13. 

This mater ia l  i s  somewhat more angular than 
sand, bu t  usua l ly  can meet the A P I  minimum 
recommended spher i c i t y  and angu la r i t y  
requirements f o r  gravel packing. I t s  ac id  
s o l u b i l i t y  i s  very s i m i l a r  t o  t h a t  o f  sand, 
which permits performance o f  HC1 and HF ac id  
s t imu la t ion  treatments through gravel packs 
o f  t h i s  mater ia l .  

CONCLUSIONS. 

1. Sand dissolves r a p i d l y  i n  pH 11 
water bu t  f ines  formation was no t  observed 
and permeabi l i ty  damage d i d  no t  occur i n  the 
pack. 
2. High strength, alumina and z i r con ia  
based proppants are n o t  s tab le  under t e s t  
condi t ions used, l os ing  37-601 o f  t h e i r  
weight i n  th ree  days. They a lso  formed 
copious quan t i t i es  o f  f i nes  and showed 
severe permeabi l i ty  damage t o  the  pack. 
3. A new mater ia l  (SRG) has been found t o  
have a low loss of. weight even a f te r  long 
exposure. There was no evidence o f  f i nes  
formation nor permeabi l i ty  damage. This 
mater ia l  i s  30-50% the  
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TABLE I 

Typical Analysis f o r  Gravel Packing Mater ia ls Tested 

- 
Typical Ottawa IMS-1 IMS-2 IMS-3 HS-1 HS-2 

Sand Analys i s .- - - - - - 
A1203 

AI !OH! 

0 55-60 39 75 - 77 - 22 - 1 
0 40-45 54 24 A1 S i  013 
0 <1 <1 1.4 

7 0 60 0 8 0 Amorphous 
Spinnel - - - - - - 
Si02 >98 - - - 
z r o 2  

- - - - - - 40 - 
IMS = Intermediate strength proppant. 
HS = High strength proppant. 
SRG = Steam res i s tan t  gravel 

TABLE I1 

SRG 

0 
0 
0 
0 

90-95 
5-10 - 

Weight Loss o f  some Evaluated 
Gravel Packing Mater ia ls 

I n j e c t i o n  Volume Weight Loss 
0 

Test Mater ia l  
(L i t e rs  ) 

Ottawa Sand 
IMS-1 
IMS-2 
IMS-3 
HS-1 
HS-2 
Nickel  Plated Sand 
SRG 
SRG 

13.6 
13.1 
11.6 
14.5 
14.3 
13.1 
15.1 
15.1 
70.6 

77 
60 
56 
41 
37 
48 
3 
8 
8 

COOLING UNI COOLHQ UNIT 

A 

I QAUQE / 
FLUIDIZED 160. F 

SAND BATtI. BACKPRESSURE 
TEMP. CONTROLLED VALVE 

Figure 1: Schematic o f  Test Equipment f o r  I n j e c t i n g  pH 11, 55OOF Water Through a 
Pack o f  Test Solids. 
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Figure 3: Ottawa Sand A f t e r  Flowing 
550°F Water f o r  3 Days. 

INJECTION VOLUME (LITERS) 

Figure 2: The Effect  o f  In ject ion Volume 
of pH 11, 550OF Water on Pack 
P e m a b i  1 i ty 

IHS-2 From Figure 4. 
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RESERVOIR COMPRESSIBILITY FROM WATER-INFLUX MODELING OF 
LIQUID-DOMINATED SYSTEMS 

D.C. Brock and J.S. Gudmundsson* 

Petroleum Engineering Department, Stanford uirivmity, Stanford California * Geothermal Division, National Energy Authority, Reykjavik, Iceland 

where the ~ubscripts c and Y =fer to confined and 
unconfined conditions (Graxt et al., 1982). Other sym- 
bols an f m t i o n  porosity 0, fluid compressibility e. 
formation thickness h, fluid density p and the gravity 

ABSTRACT 
A water influx model was used to history match the 
pressure drawdown behavior of three liquid-dominated 
geothermal rescwoirs. The compressibilities of constant g. 
confined and unconfined liquid-only resawir systems Sample Val of the storage c=.fficiens with m- 
W e n  shown to differ by one to W O  Orders Of a@- 

tory matching o&udon dam f r ~ m  three high 'em- 
Perawe fields (fimchapm, Sf'wen@ and w d e l )  
yielded ~ s r v o i r  compressibility values similar to 
what would be expected for unconfined ( h e  liquid 
level) systems. 

pctanue an in Fig. 1, assuming 10 percent 

m. The confind storage coefficient s, ranges fiom 
about 5xl(r to 3x1W ( e a )  from loO°C to 3W0C. 

this temp== rangc warn density deneases from 
958 to 712 @g/m3, its viz-ity d e m w s  from 
283xlod to 91x1 od (Pas) and the compressibility 

rude h the Ne range 3WoC t0 loO°C. His- porosity (0 = 0.1) and a t h i c k  h p 

(liquid water only) increases from about 0.50 to 3.22 
(1KiPa). In other words, the density changes 1.3 INTRODUCTION 

For idea! conditions, therefore, an unconfihed rcscr- 
voir is 200 times more compressible than a confined 
reservoir at l00OC and 40 times more compressible at 
a temperature of 30OOC. These findings agnt  with 
Za is  and Bodvarsson (1980) who state that the 
compressibility of unconfined (free liquid surface) sys- 
tems is 100 to lo00 times greater than that of 

& =  2L (2) Fig. 1. Sample values of storage coefficients. 
PS ' 
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HURST'S SIMPLIFIED METHOD 
It was reponed by Gudmundsson and Olsen (1987) 
that the Hurst (1958) simplified water infiux method 
gives a satisfactory match to production data from the 
Svarrsengi high temperatun. liquiddominated geoth- 
ermal field. Likewise. Marcou and Gudmundsson 
(1986) found the Hum method satisfactory in the 
modeling of the Ahuachapan and Wairakei liquid- 
dominated reservoirs. 
In the Hurst (1958) water influx method the reservoir 
and aquifer compressibility arc assumed different and 
constant. See Olsen (1984) and Brock (1986) for corn- 
plete derivation of the method for liquiddominated 
rcscNoirs. For a radial nscwoir/aquifer system, 
Hurst (1958) introduced the ratio 

CP. a=2- 
CP 

(3) 

where the numaafor refers to aquifer properties and 
the denominator to that of the reservoir. Hurst (1958) 
gave the following drawdown solution for an infinite 
radial aquifer 

(4) 

written in superposition form. The Hurst function N 
is in Laplace space and is expressed as 

The function is not analytically invertible to real 
space. Therefore, a numerical inversion method must 
be used, The Stehfest (1970) algorithm was used in 
the present work. 
Consider two limiting solutions of the pressure draw- 
down in Equation 4: a small and o large. When c w c. 
the reservoir will dominate the overall system pressure 
behavior, surrounding aquifers will not affect draw- 

reservoir responds to fluid production as a confined 
system (Gudmundsson and Olsen, 1987). 
When c t c .  the aquifer will dominate the overall 
system pressure response. In effect, the aquifer is the 
reservoir. Hurst (1958) showed that in this case the 
pressure drawdown solution is the same as the general 
radial system solution; the line source solution 
applies. 

HISTORY MATCHING 
In history matching the production data of a rcservOir 
is fined to a model. The fitting consists of adjusting 
one or morc parameten of the model to find the best 
match; permeability and permeability-thickness p m  
duct arc commonly used Compressibility is the 
parameter that exhibits the greatest range in values; it 
is also likely to be the least known parameter in mer- 
voir modeling. It follows, that mmpressibility should 
be a good parameter to use in history matching for 
liquiddominated reservoirs. In the Hunt water influx 
model the compressibility ratio a in Equation 3 was 
Used. 

down in reservoir pressure with time. In this case, the 

The history matching method used in the present work 
has been detailed by Brock (1986). Marcou (1985) 
and Olsen (1984). The matching procedure consisted 
of plotting the drawdown in tCrms of water head 

against the Hunt function term 

(6) 

. 
5 = Dwpfl(CJD - bj) 0 

A liquiddominated reservoir system conforming to 
the Hurst water influx model assumptions will exhibit 
a straight line having the slope 

io 

The fitting p c d u r e  was the following: 
Select a value for a 

Find slope m using least 
calculate standard deviation of fit 
Select a new a value and repeat above steps 
Plot standard deviation versus a values 
Select a value giving minimum standard devia- 
tion 
Select comsponding slope m 

Calculste X. and yn 
fit my.=-  

Foman 77 computer programs were written for his- 
tory matching and forecasting (Brock, 1986). Because 
the Hurst function in Equation 5 cannot be expressed 
analytically in real space. numerical inversion had to 
be used, the Stehfest (1970) algorithm was used. 
Although this algorithm is well behaved in the Hurst 
function application, it is slow in execution. In the 
history matching method xn and yn arc calculaM 
several times for each data point (often in the hun- 
drab); the Hurst function is inside a doubly nested 
loop. For a data history of 200 points. say, the Hurst 
function is evaluated over twenty thousand timcs. 
Therefore. a table lookup method was devised to 
spced up the execution time. For a given a value a 

tine was then used to obtain by interpolation the 
appropriate Hurst function value, rather d m  rcpcat- 
edly performing the Stehfest algorithm inversion. On 
a data set of 66 points (time, flowrate, drawdown) tbc 
execution time on a VAX 111750 was mon than 
1100 seconds of BU-time while the table lookup 
merhod took only 45 seconds. By using the table 
lookup method it seems d e l  calculations can wen 
be &cd out on a typical microcomputer. 

FIELD DATA 
The production histories of two liquiddominated 
fields have been unnpiled by Marcou (1985): 

land. The production history of the Svarisengi 
liquiddominated field in Iceland has been rcponcd by 
Olsen (1984). These data were d y  available for 
the purpose of the present study (Brock. 1986; Gud- 
mundson et aL, 1985) report the data also. The 

table Of N(t0) was cddated. A table loohrp S ~ b r o u -  

1 

Ah~achapm in El Sal~ador and Wairakti in New Zea- 

- 3 0 4 -  



Ahuachapan., Sva 'trip and Wairakei fields arc all 
high-temperature: :?IO C, 240°C and 26006, respec- 
tively. Grant et al. (1982) provide general information 
about these fields. 
In addition to tmperanve (both in reservoir and 
aquifer) and production history (flow rate and draw- 
down with time), three reservoir parameters arc 
required for the Hum (1958) watcr influx model: 
reseNoit radius, porosity and permeability. These 

dominated resewom and used in the present study. 
The parameters arc shown in Table 1. where resexvoir 
radius is expressed in tenns of surface ma. 

p a r a ~ ~ ~ ~ t c r s  wefe g~esstimated for the thne liquid- 

hing procedun was 
the selection of the G value, which gave the minimum 
standard deviation (optimum match) between field 
data and water influx model. The standard deviations 
vs. G values for the three fields an shown in Fig. 2. 
A a h h u m  was observed for the three fields 
(Ahuachapan. Svartsengi, Wairakei). The optimum o 
value and tht c~rre nding slope m shown in 
Table 2 for the three%& 
History matches for the daet liquiddominated fields 
~ T C  shown h Figs. 3,4 and 5. 

I I I Table 1. Reservoir parameters &put to history matching. I 

. 
I I I Table 2. Hurst-model p&ters output from history matching. I 
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Fig. 4. Drawdown match to the Svartsengi field data. 

TIME ole=) 

Fig. 3. Drawdown match to the Ahuachapan field data. 

Fig. 5. Drawdown match to the Wairalcei field data. 
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To estimate the reservoir compressibiIity. c, of the 
high- temperature fields from their optimum o value, 
the aquifer compressibility must first be estimated. 
However, should the aquifer be assumed confined or 
unconfined? The density of the reservoir and aquifer 
fluids must also be estimated - the aquifer temperature 
was assumed 100°C in the present work. In Table 3 
arc shown the calculated compressibility values for 
the Ahuachapan. Svansengi and Wairakei high- 

we. liquid-dominated reservoirs, for both krnS and unconfined aquifer conditions. Also 
shown arc the aquifer permeability-thickness product, 
(kh),. derived from the slope, m, obtained by history 
matching. 
The reservoir compres$bility values in Table 3 arc 
rather high, particularl when unconfined aquifer con- 
ditionsanassumed. X, e storage coefficients for each 
of the thrtc reservoirs arc given in Table 4 and plot- 
ted in Fig. 6. They were calculated using the porosity 
values in Table 1. the compressibility values in Table 
3, and for an assumed resemir thickness of lo00 m. 
Two values arc shown for each resmroir, confined 
(lower) and unconfined (higher). 
Grant et al. (1982) presented a numerical approxima- 
tion for the compressibility of two-phase reservoir 
zones. At 240OC this approximation gives the 
porosity-compressibility product, (E, a value of 1400 
(l/GPa). For a resewoir thickness of lo00 tn, there- 
f a ,  it corrtsponds to a storage coefficient of 1.4 
( e a ) .  This value exceeds that of an unconfined 
reservoir by two to three orders of magnitude when 

orders 
when the aquifer is unconhed 
The results show that the Svaruengi reservoir is more 
compressible, by one order of magnitude, than both 
Ahuachapan and Wairakci. The compressibility of the 

the aquifer is confined, and by one 

loo I OUnconfined 
0 Confined - c 

0 
0 
I 

0 

LI! 
Q 
m 

8 lo-* 

10 

Fig. 6. Storage cotfficients for the thne fields. 

Table 3. Reservov c 
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Svartsengi reservoir is well above that of an idealized, 
unconfined system (fm liquid surface), no matter 
what the confinement of the aquifer. This suggests 
that the two-phase zone, known to exist near the top 

I of the Svartsengi resenroir (Gudmundsson and 
Thorhallsson. 1986), may to some extent affect the 

' overall pressure response of the system. 

CONCLUSIONS 
(1) For idealized conditions, an unconfined r e ~ o k  

is 200 times more compressible at 100°C than a 
conhed reservoir and 40 times more compressi- 
ble at 300°C. 

(2) The Hunt (1958) simplifid water M u x  method 
gave a satisfactory match to production data 
from the high- tempem Ahuachapan, Svart- 
sengi and Wairakei fields. 

(3) Compressibility is a highly variable parameter in 
liquiddominated rcservoirS. much more so than 
porosity and permeability. In water influx and 
other lumped-parameter modeling, therefort. 
Compressibility should be an output rather than 
an input parameter. 

(4) The effective compressibility of high-tempcraturc 
liquiddominated rtservoin is similar to that 

tems. 
Shown by unconfined (fm liquid surface) SYS- 
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Donald M. Thomas and Harry J. Olson 

Hawaii Institute of Geophysics 
2525 Correa Road 

Honolulu, Hawaii 96822 

The HGP-A Geothermal Generator Facility 
began operation in June 1981 and has been 
continuously producing electrical power 
since March 1982. Changes in the chemical 
composition of the fluids during the 
operational life of the well have not only 
presented a number of engineering challenges 
to the continued production of power but 
have also provided a number of very valuable 
insights into the dynamics of the geothermal 
reservoir associated with the Kilauea East 
Rift Zone. 
evolution of the reservoir characteristics 
and summarize the engineering developments 
that have made at the HGP-A facility during 
the last seven years of operation. 

This paper will review the 

BACKGROUND. 
In 1976 the HGP-A well was drilled into the 
Lover East Rift Zone of Kilauea volcano to a 
depth of 1966 meters. 
the well had a bottom hole temperature of 
approximately 358‘C and was capable of 
producing approximately 50 metric tonnes of 
fluid per hour with a steam quality of 
approximately 44%. In 1981 a 3MJe wellhead 
enerator facility was installed at HGP-A to 
emonstrate the feasibility of electri 

Testing showed that 

on from this geothe 
er an extended star 
iod the generator facili 

egan continuous operation in Dec 
nd has been producing electrical power on 
ommercial basis since Harch 1982. 
ilability factor for the facility has 

been approximately 958 since the beginning 
of commercial operation. 

The 

4000 mg/kg in the brine phase. 
dissolved constituents consisted of sodium 

Major 

2200 mg/kg) and silic 
lesser amounts of li 

potassium, magnesium. and calcium. Non- 
condensable gases in the steam phase had a 
total concentration of less than 0.259 but 
had a higher hydrogen sulfide content 

(-900 mg/kg), relative to carbon dioxide 
(-1100 mg/kg), than is typically found in 
geothermal fluids. The balance of the NC 
gases consisted of nitrogen (-125 mg/kg) and 
hydrogen (-11 mgFg) with traces of methane 
(-1 mg/kg) and inert gases. 

During the seven years of operation of the 
well the most important chemical change 
observed in the production fluids has been a 
progressive increase in the total dissolved 
solids concentrations: sodium chloride 
concentrations are now about 15.000 mg/kg in 
the brine phase. 
fold increase since the start-up of the well 
(Figure 1). 
dissolved cation concentrations (Figure 2) 
showed a rapid initial increase but, after 
approximately four years of production, they 
peaked and then began a slow decline. The 
sodium to chloride ratio of the fluids 
indicates that the source of the intruding 
fluids is seawater (Thomas, 1987) but, com- 
parison of the other ion Concentrations with 
seawater of equal chlorinity (Figure 3 ) .  
show that lithium and potassium have been 
highly enriched in the thermal fluids where- 
as magnesium has been nearly quantitatively 

ved and calcium has moved from depletion 

This represents a seven- 

Both the chloride and the 

ad across the southern 
a East Rift Zone and 
ure reservoir (Thomas. 
ntinues to enter the 
ctions with reservoir 
fluid compositions 
possible consequences 

of continued seawater intrusion into the 
ervoir include both a gradually falling 
id temperature and, as indi 

tudies of SW/basal 
olland. 1978), a s 
luid pH. The former resul 

supported by Us-K-Ca geothemometer 
calculated temperatures (Figure I) that 
indicate an apparent decline in the source 
fluid temperatures. Siifca concentrations 
have; however, remained nearly constant 
suggesting that reservoir temperatures 
within the silica equilibration path-length 
have declined only slightly, if at all. The 
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FIGURE 1 

Chloride Ion Concentration versus Time 
in HGP-A Geothermal Brine 
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FIGURE 2 

Major Cation Concentrations versus Time 
In HGP-A Geothermal Brine 
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FIGURE 3 

Enrichment/Depletion of Cation Concentrations 
Relative to Seawater of Equal Chlorinity 
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second projected outcome, a decline in  f luid 
pH is also substantiated by measured brine 
pH values which have declined from a value 
of approximately 7.6 t o  about 6 . 5  during the 
operational l i f e  of the well. This change 
represents an increase i n  hydrogen ion 
concentration i n  the f luid of more than a 
factor of ten. Further declines i n  f lu id  
pH, if continued for  an extended duration, 
could pose corrosion problems for  surface 
equipment as well as downhole casings. 

A third possible outcome of seawater 
in f i l t ra t ion  into the reservoir is a direct  
resul t .of  the SV/basalt reactions that  
modify the f luid chemistry. These reactions 
also modify the reservoir basalt  composition 
by depositing secondary mineral assemblages 
that  includes anhydrite, calci te ,  chlorite,  
and mixed-layer smectite clays. Deposition 
of these secondary minerals, which have been 
found i n  Kilauea East Rif t  d r i l l  cores, can 
hinder seawater in f i l t ra t ion  and may be able 
t o  ent i re ly  seal  off the intrusion zones. 
This process may may account for  the decline 
i n  the dissolved solids concentrations that  
have been observed during the last three 
years of well production. If deposition of 
secondary minerals continues. further 
res t r ic t ion  of f luid intrusion may slow the 
rate  of decline of f lu id  temperature and pH. 

The loss  of f luid entry into the reservoir 
is, however. cause for  concern with regard 
to  the future productiviq of the well. 
Steam flow rates measured during the f i r d t  
few months of operation of the well are 
estimated to  have been approximately 20 t o  
22 metric tomes per hour (mtph). whereas 
those measured more recently have shown 
steam production rates of about 18 mtph 
reflecting a decline of 10% to  20% over 
seven years of operation. 
decline is only an approximation because of 
uncertainties i n  the original measurements, 
it is  consistent with changes in  gross 

Although th is  

e lec t r ica l  output of the generator. which 
has fa l len from about 2.9 We to  its current 
value of 2.4 We. 

It should be noted, however, that  the 
decline i n  production has not been mono- 
tonic: on a t  leas t  two occasions steam 
production from the well ipcreased by about 
10% to  15% and remained a t  these higher 
levels for  periods of a few days to  a few 
weeks before gradually returning to  their  
original values. 
well-substantiated explanation for t h i s  
behavior. the absence of any corresponding 
seismic act ivi ty  or any change i n  f lu id  
chemistry during these episodes suggests 
that  the increased flow rates may have 
resulted from the removal of an obstruct5on 
in  the wellbore that  w a s  impeding flow. 
This i n  turn suggests that  well productivity 
may be limited by the deposition of s i l i c a  
scale i n  the wellbore rather than by the 

Although we do not have a 

productivity of the reservoir i t s e l f .  
(Because the w e l l  has been in  continuous 
operation since 1981, w e  have been unable to  
t e s t  th i s  hypothesis by inspection of the 
well casing or  by conducting caliper logs of 
the well.) 

The wellhead generator stram system consists 
of a single-stage flash separator. operating 
at a pressure of 175 psia. followed by a 
moisture separator, turbine in l e t  manifold. 
a six-stage condensing turbine. and a shel l  
and tube condenser. Steam con&usate is 
cycled to  the cooling tower as make-up 
water, and non-condensable gases are removed 
wing  steam ejectors and treated with m 
incinerator scrubber system to  renume 
hydrogen sulfide.  
stream of the separator, consists of redun- 
dant pressurized piping and level control 
valves that  dump the brine t o  an atmospheric 
flash system and percolation ponds. 

* 

The brine system, Qwn- 

Maintenance problems that  have been 
encountered during the operational l i fe  of 
the f ac i l i t y  can be categorized as follows: 
general maintenance. hydrogen sulfide abate- 
ment, surface and internal corrosion, and 
solids deposition. The general maintenance 
requirements of the f ac i l i t y  have been much 
greater than might othervise have been 
expected because the original design-life 
st ipulated for  the f ac i l i t y  by the funding 
agency, w a s  only two years. As a result ,  
chemical pumps, compressors, air  blowers, 
and control systems have required more 
frequent maintenance. and in some cases 
eventual replacement, than might have been 
required i f  the plant had been designed for  
a 20- t o  30-year l i f e .  In most cases, the 
cost  of manpower and los t  generation time 
incurred during the l i f e  of the plant have 
substantially exceeded the cost of equipment 
appropriate for  the conditions present. 

The design of the primary hydrogen sulfide 
abatement system has generated similar 
problems as well. 
dictated the choice of an incinerator and 
single-stage scrubber system for  hydrogen 
sulfide abatement which had a lower capital  
cost. The hydrogen sulfide load (0 .5  t/d) 
for  th i s  system resulted i n  operating costs 
for  chemicals of approximately $lOOO/day t o  
t r ea t  the incinerated gases. 
reduce chemical costs,  a two-stage scrubber 
uni t  w a s  ins ta l led that reduced the caustic 
use rate  by about 40%. 
abatement system has been highly reliable. 
the toxicity of the raw condenser gas has 
required the instal la t ion of an emergency 
back-up column to scrub hydrogen sulfide 
from the condenser gases when the primary 
uni t  f a i l s .  
with a caustic feed, th i s  system is able to  
a l leviate  both personnel hazards associated 

The short design-life 

In  order to  

Although the primary 

Consisting of a packed column 

. 
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with condenser gas discharge as @ flash vessel, the pipelines, 
nuisance odors i n  the adjacent EO Y level control valves. Si l ica  
during periods of incinerator upset. deposition i n  the l a t t e r  equipment has been 

especially troublesome because changes i n  
Hydrogen sulfide abatement during periods of the temperature and pH associated with 
turbine standby (atmospheric steam release) boiling substantially accelerate s i l i c a  
is accomplished by injection of sodium deposition rates.  Even greater problems 
hydroxide into the steam phase upstream of have been encountered downstream of the 
a rock muffler. Although a number of brine release system: a f te r  the brine 
abatement problems were encountered during flashes t o  atmospheric pressure the tempera- 
the i n i t i a l  start-up phase of generator ture and f luid volume losses increase the 
operation, abatement efficiencies of about concentration of silica i n  the brine to  a 
95% were found using a caustic t o  sulfide factor of about five times its equilibrium 
mole ra t io  of approximately three to  one. solubili ty.  Although s i l i ca  polymerization 
Earlier t e s t s  of t h i s  system using both and deposition is an inevitable result  of 
caustic and peroxide injection showed that th i s  supersaturation, the chemistry and 
the addition of the l a t t e r  reagent gave only kinetics of these processes result  i n  the 
minimal improvement i n  abatement efficiency; formation, over a period of several hours. 
i n  l igh t  of th i s  fac t  and the increased of a gelatinous precipitate composed of 
personnel hazards associated with peroxide about S% silica and 95% water. As a result. 
transport and on-site storage, the plant disposal of the geothermalbrines by perco- 
design did not use peroxide injection. la t ion has required frequent cleaning of the 

disposal ponds as well as their  progressive 
Corrosion in the steam and brine systems has expansion during the l i f e  of the plant. 
not been a major problem at  the power -- 
plant. Substantial ra tes  of surface t cu r ren t ly  have a satisfactory 
corrosion have, however, been observed on solution to  the scale deposition problems a t  
mild s tee l  as well as i n  the inter ior  of the the HCP-A fac i l i ty .  
cooling water system. Several factors that system re l iab i l i ty ,  a redundant brine 
are somewhat unique to  the HCP-A power plant handling systems has been installed that  
and to  the local environment are responsible allows continuous operation during system 
for  th i s  corrosion: high ra infa l l  ra tes  maintenance. In  order to  minimize the 
(>lo0 in/yr). high ambient levels of sulfur formation of scale on valve seats and stems. 
dioxide (produced by an active volcanic vent the plant operator is required to  exercise 
upr i f t  of HGP-A and by leakage of gases from the level  control valves on a frequent 
the hydrogen sulfide abatement systkm), and basis. The f luid disposal ponds, as noted 
high ambient concentrations of saline aboy ,  have been expanded from approximately 
aerosols from atmospheric discharge of the 75 m as originally constructed (and which 

functioned adequately for  the irst several separated brine phase. A l l  of these factors 
contribute tr, the corrosion a t  the site that  months of operation) t o  8500 m currently 

e for  approximately the same volume: of 
discharge. Removal of s i l i c a  has not 
ecome very time consuming and expen- 
the material generated has become a 
waste disposal problem. Although th is  

In order to  maintain 

1 

ave been caused by the 10s 

significant issues 
the hydrogen sulfide 
development of a 

Although two of amorphous-silica scale deposits from the process for  brine disposal. 
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separate projects are currently underway to 
improve these processes. it is hoped that 
the ultimate solution will be able to 
combine the disposal of the non-condensable 
gases and the brine phase. 
investigations, conducted by Ormat Energy 
Systems, is evaluating the engineering 
conditions under which non-condensable gases 
from the condenser system can be combined 
with either the excess cooling water/ 
condensate or with the waste brine stream 
and reinjected into a disposal well. The 
objectives of this study are to determine 
the optimal conditions for recombining the 
waste streams while still minimizing 
corrosion and scaling in the disposal 
system. 

The first set of 

A separate study is also underway on the 
chemistry of silica polymerization and 
precipitation in the geothermal fluids 
produced by the HGP-A. 
will deternine the polymerization rate of 
silica in the geothermal fluids under 
natural conditions and as well as the 
effects of varying solution pH and dissolved 
ion concentrations on the rate of polymer- 
ization and precipitation. 
available on different types of reagents 
that might accelerate the precipitation rate 
of silica, a pilot system €or continuously 
treating a side-stream of brine will be 
designed. The results of the latter study 
will be applied to the preparation of a 
preliminary design of a full-scale brine 
treatment system capable of reducing silica 
supersaturation in the geothermal waste 
fluids. 
retard silica precipitation, then the pilot 
system will be used to determine whether the 
retardation times are sufficient to allow 
commercial volumes of brine to be reinjected 
on a long-term basis. 

The pilot system will also be used to 
determine whether recombination of the 
non-condensable gases with the brine phase 
will affect the polymerization rate of 
dissolved silica in the brine or whether the 
gases have a significant effect on the 
action of other reagents used in the silica 
removal process. 

This investigation 

As data becomes 

If reagents are identified that 

AND CONCLUSIONS 

The seven years of operation of the HGP-A 
geothermal generator has successfully 
demonstrated that production of electrical 
power from Hawaii'8 geothermal resources is 
technically feasible. Thfs period of study 
has also enabled us to characterize the 
chemistry and reservoir dynamics of a hfgh- 
temperature hydrothermal system on the 
Kilauea East 'Rift Zone and its response to 
exploitation for power generation. 

Operation of this facility has enabled us to 
test and refine engineering designs 
appropriate to the reservoir conditions 
found in Hawaii and to identify economically 
viable and environmentally acceptable means 
of producing geotheml power on the island 
of Hawaii. If the currently planned studies 
of hydrogen sulfide and silica control are 
successful, then two of the most important 
environmental and economic impediments to 
the development of Hawaii's geothermal 
resources will have been resolved. 
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A CONCEPTUAL AND MATHEMATICAL UODEL OF THE LARDERELLO PRODUCTION HISTORY 

GIUSEPPE NERI 

ENEL U.N.G. PISA ITALY 

ABSTRACT 
The Larderello production history has 
been interpreted by the author(1987) 
dS the consequence of an initial 
depletion-type production regime 
followed by a difEusive type one. At 
the moment a diffusive flow is 
developing vertically all over the 
northern part of the field. This paper 
presents a mathematical model 
Ldrderello production histor 
incorporates the above mentioned 
concepts. Such a model has been 
validated calculating the measured 
reservoir pressure drop caused by the 
actual production history. 

1. xNzR€!- 
In a previous paper (Neri, 

1987), the Larderello production 
history has been interpreted by the 
author as the consequence of an 
initial depletion-type production 

reservoir where evaporatio 

mathematical terms the conceptual 
reservoir model. it has seemed useful 

to start Out with a few simplifying 
hypotheses, to make easier the 
mathematical treatment of the problem. 

-: 

a) All processes occurring within the 
reservoir are more or less 
isothermal. 

b) The pressure gradient is negligible 
in Region 1 of Fig. 1. whereas in 
Region 2 it is small enough . t o  
allow the use of the diffusion 
equation to describe the pressure 
field. 

c) Rock porosity and volumetric 
saturation of liquid water are 
homogeneous,rock permeability is 
homogeneous and i sot rop i c 
throughout the reservoir. 

With these hypotheses.and in 
reference to the scheme of Fig. 
1,the pressure field within the 
reservoir can be described by the 
ollowing equations: 

dpa ( t )  
Par -Q (1) c* ------- - 

to introduce 



Pi, = Initial pressure -fi 
regions 1 or 2. 

Pa depends.on time only, whilst 

Equations 1 and 2 therefore 

P+ depends on depth too. 

assume the following form: 

d P r o  

d to d: :: lxe-; (1)' co ----- - 

dPzo 
(Z)'(Grad * Grad )Pip - ---- 

dto 

The resolution of equations 
(1)' and (2)' in consequence of 
hypothesis b), which gives us 

P1D a PZD (XO = 0 1 ,  t2 0 

is analogous to that of a problem Of 
heat conduction in a semiinfinite 
medium whose surface is in Contact 
with a well stirred fluid supplied 
with a constant amount of heat per 
unit of time . 

H. S. Carslaw and J .  C. Jaeger 
report (Ref. 2) a solution to this 
problem which, adapted to our case, 
acquires the form: 

( 3 )  

[e=D/c,+ * erfc(4tD/Cp) -11 

constant Q and hypothesizing that for 

PO (tD, CO. X O  = 0 )  = 2 4 (tD/n) CO 

Such a solution is valid for a 

X o  0 ,  then PxD PZD = Po for 
tp>O 

In eq. (3) appears the 
parameter Co, which is an index of the 
storage capacity of region 1 of the 
reservoir. 

The greater Cp is. longer the 
depletion production regime will last. 

The parameter Co, may not 
appear explicitly in the solution of 
Po if we define an dimensionless time 
to* given by 

tp' = tO/CDz 

and at the same time define a 
dimensionless pressure Po' as 

PO KA2 (PI' - P f )  
po- = ---_ = n -_--___-_--- 

CD V Q L r  II 

With these new definitions, 
solution (3) can be written as 

+ e to' * erfc(4to-) - 1 

Solution (4) is represented in 
Fig. 2 in the form of a bilogarithmic 
graph of Po' as a function of tD'. 

From Fig. 4 it can be noted 
that for "small" to* values, PO' is 
proportional to to', whereas for 
"large" to', Po' is proportional to 
4to'. This is indicating that the 
pressure is initially controlled by 
the reservoir storagesthen by a 
diffusion equation for linear flow. 

3 .  3EfIE --E DROP AS 

The solution Po' given by ( 4 )  
constitutes an dimensionless influence 
function for XO - 0 .  that is at the 
top of the reservoir. 

If we wish to calculate the 
pressure drop at the top of the 
Larderello reservoir, we must solve 
the system of equations 1 and 2 in the 
case of variable flow Q ,  as the flow 
produced by the field has been 
variable over time. 

Using no (tD-, XO-0) to 
indicate the solution of equations 1 
and 2 in the case of variable Q over 
time, we will get 

GiUXLi%TED WITH THE 
XODEL 

( 5 )  nD(tD*eXO - 0 )  * 

(To) (dPD*(t-T)o/dto)dTo 

The integral (5) can be 
approximated as a finite sum of terms 
subdividing the time-span to into n < 

intervals within each of which flow Q 
:an be assumed to be constant. 

With this approximation, (5) 
be~ornes 

.. 

( 6 )  ~D(tD~*~XD'O)~ 
n 
C Po* (L-ta-iI D(Q~- Qa-1) /OS 
5-1 
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These are the pressure-readings 
with QO - 0 for to = 0 for well$ 159, Gabbro 4, Gabbro 8. S. 

In the place of the volumetric The readings for well 159, 

introduced into (6). and at the same Secolo area, follow the trend of the 
time we can define the dimensionless well 111 readings, whereas those of 
pressure no as: the wells in the Gabbro area (Gabbro 4 

and Gabbro 8, S. Dalmazio 2 and 4) 
R[Pa' -Pf]A' have a trend which seems to be that of 

nrn I -----_--------- -- well No.111 but delayed by some ten 
2Gr R' Tzp V years. i. e-the time-lapse which 

separated the exploiting of the two 

(6). flow G actually produced in Graphing the pressure drop of 
Larderello north area (Valle Secolo) the wells belonging to the Gabbro area 
was approximated wkth the formula in bilogarithmic paper as in the Fig. 

7 and 8,it may be observed that the 
(7) G G 0 + (G o - Go) exp(- graphs show a trend qualitatively 

Go * 198L t/h similar to the one calculated with the 
G, = 625 t/h mathematical model in the case of 
T = 97 months production at constant flow.Thus the 

phys i Cd 1 assumptions of the 
which interpolates the measure nts mathematical model seem to hold for 
taken since August 1956 . The flow G, the various producing area of the 
in the j-th time-period, was Larderello reservoir. 
calculated as an arithmetical average 
of the G readings given by (7) at the 4. OF DIFFUSIVITL 
extreme ends of the period. EOM~RESSIBILITY AND P E R l W W L U X  

In order to use eq. (7) for By interpolating the pressure 
calculating no given by (6),it was reading from well No.111 with the set 
necessary to match the physic of theoretical curves, we get two 
with the dimensionless time possible values for the following 
lhis purpose various values groups of pdrameters: 
prameter I - nAf/Va,which r 
to t by the relation to-St,have been i Pp/cp=o.4 ; 6(Pp)=100 (bar'); 
used and a family of curves of no as a 
function of time t has been 
qenerated.These curves ar 

Dalmazio 2 and S. Dalmazio 4. 

* €low Q. the mass flow G Can be which is also located in the Valle 

In the calculation of nP using areas. (Fig. 6) 

I - lo-. s - x  

he shut-i 

.25*10-' I n I 2. 
pressure. 
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Finally, dividing Po/Cm by 15 we 
,-an get the total compressibility 9cV 
rhich depends weakly on the parameters 
of the fit,because, being b(Pz) the 
same for both the groups of 
pardmeters,the value of 4Vc depends 
only on the ratio between Po/Cp and 5 
which is 0.4*1O0 s OK 0.7*1O0 
s.Adopting the previous assumed values 
for A dna h,we can get 4c from 4cV.It 
results : 

2 *lo-* < 4c 3 4 * 10-6 P*-a 

These values for 4c are 
strongly affected by the assumed 
values of A and h.The uncertainty of V 
is mostly due to the doubts on h, as 
the surface area of the reservoir, 
drained by the vells, is known. 

The height h should correspond 
to the thickness o f  the upper 
Eormation of the reservoir, the one 
known as the anhydritic formation, 
which does not have a homogeneous 
thickness, yet is around a few hundred 
metres. The estimated value for 4c 
should therefore be in the proper 
order of magnitude and Ls,according to 
Grant et al.(l982),typical of a two 
phdse fluld. 

5 .  P R J m - V L -  . O € S T E X W S . ! ,  

The proposed model has been so 
far used to fit the pressure 
drop,measured at reservoir top.caused 
by some 30 years of production. The 
f i t  allowed the evaluation of the 
parameter ii which i s  proportional to 
the diffusivity n .It now becomes 
possible to calculate by the model 
equdtions the pressure distribution at 
various reservoir depths caused by the 
past field exploitation. 

The solution of equations 1' 
and 2' has been still derived by 
Carslaw and Jaeger.Posing Pp instead 
of Pp/CO and introducing the 
dimensionless depth Xo' - Xo/Co ,the 
following equation holds: 

aESEBY0IR V E R U C A L M U  

PO tD* 
(8)--(t0*,X~')~2~(---)exp(-X~*~/4t~')- - CD n 

-(1+Xo')erfc(Xo"/24tD')+ 
+ exp (Xm* + to')* 
* erfc (Xo/24t~'+~to*1 

X p  - X/4A 

Xo' * X o / C p  I X* A/V 

The dimensionless depth Xo' is 
the ratio between real depth, measured 
from the plane separating regions 1 
and 2 in the reservoir. and the 
thickness of region 1. 

Having estimated that the 
parameter B is within the range lo-* 
and lo-' sec-= , the same method of 
approach. which adopts the principle 
of superposition and which was taken 
to figure out the pressure decline 
over time at the reservoir top .can 
be used to calculate the current 
pressure at various depths of the 
reservoir. 

The results of the 
calculations, represented in graphic 
form in Fig. 9, show that the 
pressure drop is negligible for Xo' = 
2. This allows us to affirm that the 
depressurization of the reservoir is 
limited to a depth of 3h. Being h 
probably a fev hundred meters, it 
follows that depressurization should 
not have involved the part of the 
reservoir at depths over 2000 m. 

6 -  CONCtUSIONS 
The model . described in this . 

paper has been successfully used to 
calculate the reservoir pressure drop 
in the Valle Secolo area of the 
Larderello field, caused by the fleld 
exploitation.The fitting of the field 
data by the model's results has also 
allowed us to estimate the hydraulic 
diffusivity n,the fluid 
compressibility 4 c and the vertical 
pressure distribution in the 
reservoir.Such a distribution has been 
calculated after 30 years of 
exploitation and therefore is that 
should exist at present. 

It shows that the 
depressurization of the reservoir 
turns out to be restricted to a depth 
of some 2000 m.Recent results obtained 
by deepening old wells (S. Martin0 2 ,  
Campo ai Perl, VC8, 156, 119) reveal 
indeed the existence of a vertical 
pressure gradient in the reservoir 
much higher than that due to static 

a steam,consequently revea 1 
substantial pressure increase vith 
depth in agreement vith the model. 

The calculations have been 
restricted to the Valle Secolo area 
,but it has been verified however that 
the shut-in wells in the Gabbro 
area,area exploited some ten years 
after the Valle Secolo, possess a 
pressure history qualitatively similar 
to that foreseen by the model. 

This observation shows also 
that the drainage on the Gabbro area, 
due to the Valle Secolo wells, is 
rather weak. 
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If this low interference (in a 
horizontal direction) is generalizable 
€or the different producing areas of 
the whole geothermal field 
can think that significant 

modest depths in the areas where 
density of production is low. 

This consideration seems to be 
actually confirmed by the drilling of 
new wells in areas of the Larderello 
field which are weakly exploited (Val 
d i  Cornia. Monteverdi). 

fluid might well still be located at 
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F I G .  I FIG. 2 - Scheme o f  the reservoir as used for - ~~~~h of the influence function 
the formulation of the mathematical Pp' as a function o f  tD' 
w d e  1 . 

FIG. 4 

FIG. 3 FIG . 4 - Graph of the dimensionless pressure - ~~~~h o f  6 (pc) E P+L - pf(t) of 
HD as a function of time and f o r  well 1 1 1  111 Larderello, as a 
various values of the parameter N". function o f  time. interpolated with 

the function calculated with the 
mathematical model. 

. 
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At (day1 
F I G .  5 - Graph of 6 (Pa) - Pa2 - Pa(t) of F I G .  7 

well 111 in Larderello, dS a Graph of 6(Pz) - PL' - V ( t )  oe 
function of time, interpolated with well Gabbro 8 as a function of time. 
the function calculated with the 
mathematical model. 

u 2a 
27 - 
26 - 
2 s -  ".68 
24 -, 5 - q 21 

wells in the Valle Secolo and Gabbro 



* 

F I G .  8 - Bilogarithmic graph of 6 (Pa) Pi* - P'lt) of well S. Dalmazio 4 as a 
functioi of time. 

FIG. 9 - Graph of 6(P2) = P12 - P'(t) as a 
function of dimensionless depth XD*,  
calculated with the mathematical 
model for N' - lo-* s-a and t - 360 
months. 
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The basic idea of the method of three-dimen- 
sional temperature field reconstruction is to 
express the observable temperature field as a 
superposition of source functions and a core 

plane) in accordance with Green's fonnula.The 
technical realization of this method w s  pro- 
vided on the basis of computer program LIDA-3 
(Library of Data Approximation). I t  has been 
demonstrated that the method of three-dimen- 
sional temperature field reconstruction can be 
applied to convective geothermal reservoirs. 
The reconstruction of three-dimensional tem- 
perature fields of the bhtnovsky geothermal 
reservoir is shown as an example. 

The stationary temperature field in convec- 
t ive geothermal reservoirs satisfies heat and 
mass transfer equations 

of '~2"-operator (background temperature AAT- CoVvT 5 O '(1) 

s the temperature; h , the heat 
ivity coefficient, Co , the specific 

heat capacity of fluid; V , the mass fi l tra- 
tion velocity; A ,Laplas operator and V ,  
nabla operator. The mass fi l tration velocity 
distribution v depends mainly on geometry of 
permeable channels in geothermal reservoirs. 
Then the second tern in equation (1) expressed 
with the help of the heat source function 
f(x,y,zl can be rewritten as 

DlTRODUC€ION 

I,.,. 



nonstationary term is also taken into account 
in function f(x,y,z). I t  follows also fram 
equation (4) that the temperature field recan- 
struction is made based on the piece-linear 
functions for which the mean square error of 
approximation is 0 ( h r ) ,  where h is the dis- 
tance between observational points. If the 

the geothermal f i e d  are known, the treents 
function which provides the observable tempe- 
rature field can be expressed as 

temperature data 'T." in N points ( x - Y ~ z ~ )  O f  

where Xi is the intensity of sources(of con- 
vective nature, in our case) in points 
yi ,  zi) which provide the achievement of hilt 
rn observational points. The coefficients 
h;(i=l ,N) andJj(j=0.3) can be determined 

from a system of equations 

( 6 )  

T T 
where T=(T, . .. T,) , A = ( A t  ... 
  YO,^,, 
( ( ~ ~ - 3 ) '  + (x--)j 1: + ( z . - z - ) ~ ) %  , B- mat- 
rlx w i t h  N*4 dunension, &id consists of 
(l,xi,yi ,zi) vectors; T is the sign of trans- 
pose of a matrix (vector). The last  four 
equations in system ( 6 )  indicate that the 
background temperature plane ro+J$x +p y +fiZ 
is the average in t e r n  of energy and ialan- 
ces positive and negative anomalies ,of the 
temperature field. 

After the and determination, the three- 
dimensional temperature field reconstruction 
is realized b basis functions (4) using the 
coefficients and pl 

, p = 
3 7 . A is the sylrPRetrica1 mat- 

rlx w i t h  E;' tN *$\ unension and components 

( 71 

i=l 
In reality, temperature lo  ging in boreholes 
is rnah with some e m r  *,%,' 

( 8 )  

In order to assess this error in a system of 
equations (6) it is necessary to disturb 
somewhat matrix A 

A -A + d E  (9) 

Then the contrasting effect of sources and 
sinks is decreasing. As a result, reconstruc- 
tions based on f o m l a  (7) give an imitation 
of deviation from erroneous data owing to 
greater smoothing of the sought temperature 
field. The problem of searching for the 
spline functions to equation ( 6 )  taking into 
account equation (8) is solved by using 
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"LIDA-3" computer program (Vasilenko ,1987) . 

Data base. The following data were used as a .I 

data base for temperature field reconstructi- 

(1) bottom hole temperature logging data du- 
ring drilling af ter  several days of temperatu- 
re build-up; 
(2) data from flow tests (enthalpy, discharge) 
after penetrating the productive zone. 

on: 
I 

RESULTS OF CALCLUTIONS AM) THEIR DISCUSION 

The data base is in accordance with the state 
as of April 1988; the three-dimensional tempe- 
rature f ie ld  reconstructions were made for vo- 
lume (xe 0 4000 m, ~€2500 ,  6750 m, zE-1300, 
+400 m) ; de horizontal coordinates were ar- 
bitrary. The mean square deviation of the cal- 
culated temperature field from the actual data 
was 2 O C  (AL=1 .O). Figures 1,2 and 3 show the 
temperature distribution in lateral (z4m 
a.s.1.) (Fig.11, meridional (Fig.2) and latitu- 
dinal (Fig.3) sections. In the lateral section 
the main t h e m 1  anomaly has a center near 
well B-1 (the whole area of this anomaly is 
approximately 4 h a ,  the temperature above 
2OO0C). The temperature anomaly here has sharp 
boundaries w i t h  high temperature gradients in 
the west, north and south which point t o  the 
presence of hydmdynamically impenneable bo- 
undaries. In the north-east the temperature 
gradients are very low and the temperature 
field is more homogeneous which apparently 
point to  large horizontal spread of thermal 
water flows in this direction. 

In the meridional section (Fig.2) there is a 
prominent ascending flow in the region of 
well 01, which rises a t  an angle of 30-45' 
from the south. There is a descending fluid 
flow between wells 24 and 012 (descending a t  
an angle of 45O to the south). Apparently, 
those are elements of semiconfined convective 
mesh. A subvertical steam tube feeding the 
natural steam jets  (Dachnye fumaroles) is shot 
off from the upper part of the ascending flu- 
id flow. 

In the latitudinal section (Fig.3) the ascend- 
ing flow can be identified by relatively sym- 
metrical temperature anomaly in a section bet- 
ween wells 7 and 10. The forecasted maxinrmt 
temperature in the area of the temperature 
field reconstruction, 200 m to  the south of 
well 01 a t  an elevation of-1300 m, was 32OOC. 
This flow is probably confined to the super- 
posed submeridional fracture zone and contacts 
with Miocene intrusions. 

Analysis of the temperature field distributi- 
on in other sections also shows the existence 
of ascending hot water flow in the region of 



well 013; this flow rises a t  an angle of 75- 
80° from the east and it is also confined to 
the fracture zone of submeridional trend. A 
descending hot and cold water flow is present 
in the region of well 011-012 (it descends a t  
an angle of - 4 5 O  to the south). 
flow 1s confined to  the fracture zone of north 
-west trend. Unfortunately, the volume of the 
paper does not allow us to  present a l l  corres- 
ponding sections of the temperature field. 

This 

coNws1cNs 

The new method of three-dimensional tempera- 
ture field reconstruction in geothennal re- 
servoirs was suggested. This method is based 
on the spline appraximation of the unlcnm 
field using Green's f o m l a .  

The three-dimensional temperature field recan- 
struction was made within the btnwsky 

Fig.1. The temperature distribution within the Mutnwsky geothermal reservoir 
as a result of three-dimensional temperature field reconstruction in the 
lateral section, z=O m a.s.l. ,  scale 1:25000. 

B B' 

- 3 2 5 -  



geothermal reservoir (Dachnye Site). The high- 
temperature flows were identified on the basis 
of temperature distribution. The forecasted ma- 

has 320OC. 

The suggested method of temperature field re- 
construction can also be applied to geothennal 

reservoir monitoring for the purpose of its 
exploration and exploitation. 

REFERENCE 
Vasilenko,V.A. (ed.) (1987) ;'Library of Data 

23 Image Filtration", Part 1, Novosibirsk, 
169 =.(in Wsian>. 

xinnrm temperature at  an elevation of-1300 m 

mimation: Functions and Numerical Signal 

Fig. 2 .  The temperature distribution within the Mutnovsky geothennal reservoir 
as a result of three 
meridional section AA , scale 1 :2SOOO (horizontal) , 1 :10000 (vertical). 

imensianal temperature field reconstruction in the -f 
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Fig.3. The temperature distribution within the Mutnovsky geothermal resemir 
as a result of three-dimensional temperature field reconstruction in the 
latitudinal section BB1, scale 1 :25000 (horizontal) ; 1 : 10000 (vertical). 
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ONE CURVE FITS ALL 

RUSSELL JAMES 

GEOTHERMAL RESEARCH CENTRE, 
WAIRAKEI, TAUPO, NEW ZEALANO 

ABSTRACT An e a r l i e r  seminal study by Rwi (1972) cam- 
pares s i x  dry steam wel ls o f  the Larderello 
f i e l d  o f  I t a l y  wi th  modified e l l i pse  
equations t o  give good agreement wi th  the 
experimentally p lo t ted  output curves. 

A powerful steam-water well o f  New Zealand 
was Studied by James (1984) and a s imi lar  
equation gave good agreement wi th  l a t e r  out- 
put measurements. 

No two geothermal wel ls have the same output 
character ist ics wi th  ident ical  flows and 
wellhead pressures, hence a l l  such curves are 
highly i nd i v idua l i s t i c  and generally are 
p lo t ted on t h e i r  own t e s t  resu l t  sheets. 
Under production discharge,both f l o w  and 
wellhead pressure also decline wi th  tin2 

t ionship between f l o w  and wellhead pressure 
i n  which both decline i n  harmony when the 
we1 1 discharges against a constant resistance 
such as t s  exerted by a f ixed choke o r  an 
untouched control valve setting, i s  an Impor- 

Characteristic curves o f  geothermal wel ls co- 
ordinate mass flow wi th  wellhead pressure, 
and although d i f f e r i n g  from one another, 
p lo t s  o f  good comnercial producers are 
roughly e l  1 i p t i c a l  i n  appearance. This 
occurs whether the flow or ig inates as dry 
saturated steam o r  as pressurized hot water. 

A l l  e l l ipses when t i l t e d  can be changed t o  a 
c i r c le ,  hence by p l o t t i n g  ( W / h x )  versus 
(P/Pmax) where W i s  f lowrate and P i s  
wellhead pressure, we can obtain a c i r c l e  
when: (W/wmax)' + (p/pmaX)2 = 1.0 

Ten geothermal wel ls  - o f  which h a l f  em i t  dry 
saturated steam - are p lo t ted employing the 
above parameters and give surpr is ingly close 
approximations t o  a c i r c l e  considering the 
var ie ty  o f  wel ls tested. 

The re la t ionship permits optimlzation o f  t U r -  
bine entry pressures which are found t o  be 

usually they remain geometrically 
nd e l l i p t i c a l  i n  shape. The rela- 

a recent work by Lippman and Manon (1987). ra t i os  can be p lo t ted against pressure rat ios 
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where W and P are spot values: bx and Pmax 
are theoretlcal maximum values taken where P 
= 0 and W o 0 respectively. 

The reason for the term 'theoretical' Is 
because even when a comnerclally slzed Well 
Is discharging wlde-open, thete Is a slgnifl- 
cant wellhead pressure for steam-water wells 
and to a lesser extent for wells discharging 
dry saturated or superheated steam. Also for 
steam-water wells the discharge i s  usually 
not zero but a substantial quantlty at the 
hlghest operatlng wellhead pressure (known as 
the MOP or  Maximum 01 scharge-Pressure). For 
example, at Walrakel flows do not fall much 
below about 1CO tlh for 0.2 m dlameter wells 
when the wellhead pressure Is at a maxlmum 
(originally about 26 bar). Closlng comple- 
tely the wellhead valve results I n  the flow 
dropping to zero while the wellhead pressure 
can remaln at MOP or start slowly to vary 
from this as explained In James (1980a) 
taking days o r  weeks to stabillse. 
case of dry steam wells, the phenomenon of 
MOP does not exlst and hence the discharge 
truly Is zero at the maximum wellhead 
pressure. 

In the 

With bleeding of steam-water wells, a change 
o f  the relationship between wellhead pressure 
and flow-rate often takes place in which 
these parameters now Increase (and decrease) 
together, but thls Is for non-ccinnercial 
flows o f  the order of 1 tlh and has been 
pursued elsewhere, James and Gould (1987). 
and i s  not appllcable here. 

Plotting Procedure Examples 

Taking data from the steam-water well M-102 
described by Llppman and Manon (1987) where a 
wlde-open flow of 225 tlh Is obtalned at a 
wellhead pressure o f  11.5 bar, together wlth 
a flow of 75 tlh at 81 bar, we may calculate 
the theoretical maxlmum flow and maximum 
wellhead pressure as follows: 

From equatlon (1), Wmx = 

Hence Wmax = 225 = 75 (3) 

Solving glves Pmax= 85.817 and Wmax 1227.047 

Discharges may now be calculated for varlous 
values o f  wellhead pressure from the 
following equatlon and compared with test 
results on Table 1. 

W = 227.047 
(4) 

Table 1. Calculated dlscharges from equation 
(4) compared wlth test results on 
well M-102 from Llppman and Manon 
(1987) 

W(calcu1ated) Wt(test) Ut 
E P P  bar Pmax tlh 

11.5 0.134 225 225 
21 0.245 220.1 220 
31 0.361 211.7 215 
41 0.478 199.5 200 
51 0.594 182.6 180 
61 0.711 159.7 165 
71 0.827 127.5 130 
81 0.944 75 75 

0.991 
0.969 
0.947 
0.881 
0.793 
0.727 
0.573 
0.330 

Taking as a further example a dry steam well 
of Larderello, Gabbo 1 as described by Rumi 
(1972) where a wlde-open flow of 116 tlh Is 
obtalned at a wellhead pressure of 4 bar 
together wlth a flow of 20 tlh at 29.8 bar, 
we determine maximum theoretical flow and 
maximum wellhead pressure from the followlng 
relationship : 

Solving glves PmX = 30.245 and hx 417.028 

Olscharges may now be calculated as before at 
dlfferent wellhead pressures from equatlon 
(6) followlng, and compared wlth test results 
shown on Table 2. 

-(a2 W = 117.028 

Table 2. Calculated discharges from equatlon 
(6) compared wlth test results on 
well Gabbro 1 from Rum1 (1972). 

W(calcu1ated) Ut Wt P P  
bar G tlh (test) K i T  

4 
6.9 
9.9 

12.8 
15.9 
18.2 
25.6 
29.8 

0.132 
0.228 
0.327 
0.423 
0.526 
0.602 
0.846 
0.985 

116 116 
113.94 112 
110.58 108.1 
106.03 102.5 
99.55 97 
93.47 89 
62.32 56.5 
20 20 

0.991 
0.957 
0.924 
0.876 
0.829 
0.761 
0.483 
0.171 

Values of P are plotted agalnst W 

on Figure 1 and taken from Tables 1 and 2. 
Three other dry steam wells are also plotted, 
namely VC-10, Scarzai 3 and La Selvaccla wlth 
two plots for the latter taken for the years 
1958 and 1964 durlng whlch severe decllne I n  
discharge had occurred. 
'typical' steam well for the Geysers fleld as 
presented by Budd (1973). 

pmax GG 

Also plotted is a 
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I n  the case o f  steam-water w e l l s ,  a t o t a l  o f  
5 are p lo t ted (Including M-102) which are, 

of New Zealand. I t  should be mentioned that 
for  wel ls which have outputs which should not 
be divulged f o r  c m e r c i a l  reasons, the p lo t s  
o f  Flgure 1 glve no information In the way o f  
enthalpy, dlscharge o r  we1 lhead pressure. 

cance o f  the relat lonshlp between the para- 
meters,  and the resu l t  Indicates a reasonably 
good corre la t lon w i th  the arc o f  a c i rc le.  
Although any one t e s t  measurement po lnt  may 
be unrel iable due t o  a var ie ty  o f  causes, 
overal l  there seems l l t t l e  difference a t t r l -  
butable t o  the type o f  well, powerful or 
moderate, wet o r  dry. Causes o f  unrel iabi-  
l i t y  may be lack o f  s tab i l i z i ng  time, 
discharge f luctuat lons o r  'errors caused by 
Instrument fatigue, especially due t o  vlbra- 
t l o n  inherent I n  two-phase flow. 

E-2 and M-110 O f  Mexico, Wlth MK-5 and KA-21 

. The Importance o f  these p lo t s  Is the s l g n l f i -  

Optimization o f  turbine entry pressure 

As the output curves o f  geothermal wel ls 
approximate t o  the quadrant o f  a c l r c l e  as 
shown In Flgure 1, It should not be d l f f l c u l t  
t o  determine the turbine entry pressure which 
generates the maxlmum amount o f  e lec t r i c  
energy both f o r  steam-water and dry steam 
we1 1 s. 
To obtain a pract ica l  grasp o f  the procedure, 
the quadrant o f  Flgure 2 has the a rb l t ra ry  
values o f  30 bar maxlmum wellhead pressure 
and 100 t l h  maxlmum discharge. Although the 
l a t t e r  f lgure Is low f o r  a comnerclal steam- 
water wel l  (but r e a l i s t i c  f o r  a dry steam 
well), the power developed can be factored 
upwards In proportion t o  the actual maXl!nUIII 
d 1 scharge. 

Steam-Water wel l  optimum 

The case i s  also 
consldered where single-stage f lash Is asso- 
c iated w l th  an atomospheric-exhaust turbine 

pressure o f  1 bar. 
f lgure 3 where curves ' A ' ,  '8' 

and 'C '  are f o r  double flash, single-stage 
f lash and atmospherfc-exhaust wi th  power 
potent la ls  o f  3, 2.5 and 1.3 HWe a t  optlmum 
pressures o f  113, 116 and 114 o f  the maximum 
we1 lhead pressure. Ident ical  f ract ions were 
also found where the maxlmum wellhead 
pressure was raised t o  60 bar and also when 
reduced t o  15 bar so that  I f  a steam-water 
w e l l  Is consldered wl th  a maxlmum wellhead 
pressure of, say, 42 bar f o r  e l tp lo i tat lon by 
single-stage flash, then the optlmum pressure 
would be 4216 = 7 bar. It should be noted, 
however, that  t h i s  value does not dlst lngulsh 
between wellhead pressure, separator pressure 
and turbine entry pressure whlch i n  t h i s  
study are consldered the same but which i n  an 
actual f l e l d  development would not 
necessarlly be ldent lcal .  Also, o f  course, 
a l l  f i e l d s  under explo l ta t lon resul t  In a 
shrlnkage of the curve o f  Figure 2 towards 
the o r i g l n  whatever the or ig ina l  Values o f  
discharge and wellhead pressure. Hence the 
maximum discharge-pressure dlminlshes w l  t h  
t i m e  and so does the value o f  PmJ6 In the 
case o f  slngle-stage flash, f o r  example. 

The resul ts 

The optlmum values should there fore  be con- 
sldered as maxima and It would be preferable 
to  reduce them somewhat In the l n l t l a l  design 
when account Is taken o f  dlscharge and 
wellhead pressures sfmultaneously reduclng 

.over years o f  exploltatlon. Wlth reinjec- 
t l o n  o f  separated br lne an Inherent pa r t  o f  
modern geothermal f l e l d s  where hot water 
reservoirs are developed, design Is moving i n  
the d i rect ion o f  single-stage f lash i n  order 
t o  avoid mlneral scallng o f  overland pipes 
and 1 S. 

' 

f rac t i on  i f  secon 
dered). Takfng a 
bar and steam ra te  

av (1977), the powe 
t r i c i t y  can be e s t i  

one and two separators). 
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Dry Steam Wells 

Taking Figure 2 as the curve of a dry steam 
well, the discharge i s  known f o r  each value 
of wellhead pressure and may be used t o  
determine the e l e c t r i c  power potent ia l  when 
using turbine steam rates as presented by 
James and Meldav (1977). 
accomplished both f o r  condensing sets wi th  a 
back-pressure of 0.15 bar and f o r  atmospheric 
-exhaust sets w i th  a back-pressure of 1 bar. 
The resul ts  are shown on Figure 4 where i t  i s  
seen that  condensing sets generate about 50% 
more power than atmospheric-exhaust sets when 
designed a t  t h e i r  optimum pressures of 12 bar 
and 15 bar respectively. 

These optima are equal t o  0.4 Pm and 0.5 Pm 
and are therefore higher ra t i os  than those 
f o r  steam-water wells. However. the same 
caveat applies w i th  both discharge and maxi- 
mum we1 lhead pressure decl in ing wi th  exploi- 
tat ion,  so that  they represent maximum values 
which would have t o  be reduced i n  pract ice t o  
take i n t o  account an estimated maximum 
wellhead pressure a t  the end of the economic 
f i e l d - l i f e .  

The same ra t i os  are found t o  apply when a 
curve s imi lar  t o  Figure 2 f o r  dry saturated 
steam i s  consldered but where the maximum 
wellhead pressure i s  15 bar instead o f  30 bar 
so can be considered as widely applicable. 
For theoret ical  reasons, James (1968), an 
exploi table steam reservoir wi th  a pressure 
s ign i f i can t l y  i n  excess of 30 t o  40 bar i s  
not t o  be expected, hence calculations based 
on a maximum wellhead pressure of 60 bar (as 
for steam-water wells) i s  not undertaken 
here. 
Predicting whole output curve 

This has been 

A geothermal wel l  which produced large flows 
o f  dry saturated steam was tested i n  New 
Zealand. 
casing, i t  had a closed-in wellhead pressure 
of 24.5 bar and when discharged v e r t i c a l l y  
wide-open produced a flow of 174.8 t l h  a t  a 
wellhead pressure of 19.3 bar. The discharge 
pipe erected a t  the wellhead was rather small 
i n  diameter a t  0.1524 m compared wi th  the 
in ternal  casing diameter of 0.315 m and was 
obviously r e s t r i c t i n g  the discharge t o  a 
value much smaller than what the well was 
capable. WIth no r e s t r i c t i o n  a t  the 
wellhead, the character ist ic wel l  curve was 
calculated as follows: 

Employing a 12 inch production 

From equation (1). 174.8 2 + 19.3 = 1 
(wmax) b) 

Hence Wmax = 283.77 t l h  

Discharges may now be determined from various 
substituted values o f  wellhead pressure i n  
the fo l lowing formula:- 

30 
p Wellterd pressure brr 

1 A 

WeJ 1t.erd Pressure btr b 

Curve P 
Curve B 

Flguie 4 

Condenser set *t 0.95 brr  
Ptmospkeric exbus t  P t  1.0 bFr 

Power output of  dry s t e m  
well of Figure 2 
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The theoret lcal  curve i s  shown on Figure 5 
together w i th  a few tes t  resul ts  employlng 
the 0.1524111 diameter discharge pipe whlch 
could only cover a l fmi ted range o f  wellhead 
pressures from 24.5 t o  19.3 bar. The l i n e  
' A '  crosses the locat ion where the minimum 
wellhead pressure i s  at ta lned wl th  the 
0.1524111 diameter discharge pipe. Lines ' E ' ,  
'C '  and '0'  are shown lntercept lng the curve 
a t  the lowest wellhead pressures at ta inable 
when discharglng wide-open v e r t l c a l l y  through 
0.2032 m, 0.254 m and 0.3048 m diameter 
dlscharge pipes. 
conflnn these estimates by replacing the 
0.1524 m dia. by a 0.2032 m pipe and re- 
testing the wel l  from closed-In t o  wide-open 
ver t ica l ly .  
fo l low the theoret lcal  curve and nearly reach 
the estimated lower l i m l t  o f  wellhead 
pressure crossed by l i n e  *8' ,  hence the 
calculated curve i s  consldered as a r e a l i s t i c  
f l r s t  estimate o f  discharges at ta lnable a t  
lower wellhead pressures. With sui tably 
large branch llnes, It Is belleved that  t h l s  
w e l l  should be capable o f  a steam flow o f  260 
t /h  a t  a wellhead pressure o f  10.0 bar which 
Is equlvalent t o  an e l e c t r i c  power output o f  
about 30 MWe. 

Measurement o f  the mass flow from geothermal 
w e l l s  under condltlons o f  maxlmum ve r t i ca l  
discharge employing the l l p  pressure tech- 
nfque ( c r i t i c a l  discharge pressure a t  sonic 
ve loc l ty)  has been described elsewhere, James 
(1980b) and w i l l  not  be followed here. 

CONCLUSIONS 

The power generated by geothermal wel ls i s  o f  
course, dependant on discharge. 
optlmum turbine entry pressure 
o f  f l o w  and i s  proportional only t o  the 
Instantaneous closed-tn wellhea 
dry saturated steam wel ls  and t o  the Max1 
Discharge-Pressure (MOP) o f  steam-water 
wells. The el l lpt lcal-shaped char 
curve which corr  tes discharge w i  
wellhead pressur s an In tegra l  pa 

I baslc t o  a l l  5 
curves shrink towar 
o l t a t i o n  o f  a geoth 

t 

It was only possible t o  

The resul ts  shown on Figure 5 

f i e l d ,  the MDP s lm i la r l y  decllnes 

the present, i t  seem? l i k e l y  that  sfngle- 
stage f lash w i l l  be increasingly c m o n  w i th  
re- ln ject lon becoming an l n t r i n s l c  par t  o f  

fu ture projects. 
d r i l l l n g  t o  2km o r  more has also resulted In 

The spread o f  deeper 

ture wel ls wi th  concmltant 
content o f  the water phase: 

water a t  increased temperatures 
) t o  be transmltted t o  disposal 

roxlmatlon t o  
o sets o f  t e s t  
should be a t  maxi- 

DP) and a t  Maximum 
Vert ical  discharge (MVD) which provide the 

idest  at ta inable dl f ference o f  wellhead 
ressures and l l p  pressures. In terpolat lo  

between these polnts and extrapolation 
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SUBJECT INDEX 

Acid rain: 12 Convective-radiative boundary condition: 241 
Aerated drilling: 228 

i Ahuachapan field (El Salvado 
105, 111, 265, 273, 279, 2 

4 Andesitic tuffs: 61, 112 
Basis functions: 324 
Bed-of-nails model: 20 Cos0 Geothermal system: 139 
Biharmonic Operator: 323 Crystallizer: 12 
Boiling: 87, 101, 133, 1 Cyclic steam injection: 298 
279 Darcy's law: 29 

Borehole: Data aquisition: 145, 215 
breakouts: 2 Design: 213 
televiewer: 3, 230 power system: 12 

Breccias: 61, 112, 287 Dipolar, anomaly: 146 
Broadlands Geothermal Directibnal drilling: 
Brine Injection: 2 Distribution: 
Boundary condition: 30 aperture: 12 
Bulb density: 75 coefficient: 174 
Calcite scaling: 82, 167 matrix block size; 39 
Caldera: 2 normal: 249 
Cascades range: 2 residence time: 215 
Cerro Prieto field 12, 31, 51, 145, Duirnal variations: 236 

Chipilapa field: 270, 288 Doublet: 150, 222, 249 
Chlonde: 131, 271 . Drilling costs: 236 
Clathrate: 143 Duhamel's theorem: 202 
Composition: East Mesa field: 31, 145 

chemical: 78 
steam: 131 

163, 329 Double flash plant: 233, 331 

1. 

Convection: 67, 70 
forced: 201 Fissure swarm: 88 
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Flashing wellbore simulator: 237 ~ 

Flow impedance: 210, 219 
Row potential: 72 
Flow test: 

initial closed loop (ICFI'): 19, 21 
Long-term (LTFI'): 19 

Forscheiner -equation: 29 
Fossil fuels: 15 
Fracture: 123 

aperture: 207, 221 
intensity: 39 
network model: 219 
penny shaped: 220, 234 

Freezing point depression: 84, 143 
Fumaroles: 61, 77, 139, 270 

Agua Shuca: 116, 270 
Cuyanausul: 1 16, 270 

Fuzhou Geothermal System (china): 
6 7  

GIW 2 
Gas: 

analysis: 132 
noncondensable: 12, 59, 74, 309 
transfer kinetics: 175 

Gas-fired cogeneration: 7 
Gause-Marquardt method: 48 
Geochemistry: 184, 287 
Geopressured reservoir: 3 
Geothermal Technology Organization 

Geothermometer: 69, 132, 142, 271, 273 
Geysers Field: 133, 173, 181 
Glerardalur field (Iceland): 259 
Graben structure: 61, 265 
Gravel packing: 297 
Gravity anomaly: 229 
Graywacke: 18 1 
Greenhouse effect: 1, 10, 12 
Green's function: 323 
Hamar field (Iceland): 259 
Hatchobarn Geothermal field: 207 
Heat: (also see heat transfer) 

(GTO): 16 

conduction: 195, 316 
cycle: 3 
flux: 75 

Heat transfer: 67, 233, 275 
coefficient: 55 
conductive: 87, 201, 273 
convective: 87 
model: 209 

Heber Geothermal system: 81 
Henry's law: 143 
High velocity flow: 29 

History matching: 59, 288, 304 
Hot dry rock: 4, 201, 207, 213, 219, 227, 233 
Hydraulic fracturing: 21, 201 
Hydrogen enrichment: 174 
Hydro-geochemical model: 85, 139 
Hydrostatic gradient: 64 
Hydrothermal research: 2 
Inhomogenetics: 176 
Initial condition: 30, 202, 275 
Injection tests: 145, 189, 228 
Interporosity flow: 

pseudosteady state: 39 
transient: 40 

Intrusive rocks: 61 
Isotherms: 170 
Isoenlthalpic: 74 
Kilauea volcano: 309 
Kinematic viscosity: 242 
Kirishima field: 55 
Krafla-Hirth6tar Geothermal field (Iceland): 87 
Kwikoma project (Japan): 229 
La Primavera Geothermal field: 250 
Laplace space: 40, 48, 251, 304 
Lardarello Geothermal field: 131, 173, 315, 329 
Laugaland field (Iceland): 259 
Laugarness field (Iceland): 259 
Line source solution: 64, 189 
Linear flow: 251, 316 
Liquid-dominated reservoirhone: 29, 95, 241, 303 
Lithology: 114, 266, 291 
Los Azufres field: 51, 73, 249 
Lost circulation: 3, 66, 134, 182 
Magmatic sources: 166 
Mass transfer: 67 
Matrix blocks: 102 
Mean value theorem: 21 
Meteoric water: 67 
Micro-earthquakes: 4 
Microseismic activity: 19, 214, 229, 237 
Microthermometric: 8 1 
Mineralogy: 183 
Mini-cyclone separator: 82 
Model: 

conceptual: 88, 135, 173, 201, 285 
heat sweep: 249 
hydrogeologic: 163, 265 - 
Hurst simplified: 303 
lumped parameter: 257 
mixing: 156, 175 1 

numerical: 95 
Rock-water interaction: 207 

thermophysical: 228 . 
Modeling: 

3 
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-344- 



Topographic: 112 
Geologic: 112 
numerical: 241, 257 

L Mori field: 52 
Multiphase flow: 123 
Mutnovsky Geothermal reservoir: 3 
Natural water-springs: 61 
Natural state: 69, 133, 163, 271, 287 
Nonlinear least squares: 257 
Non-linear regression: 47 
Newton-Greenstadt method: 48 
Nucleation: 2 1 1 
Numerical simulation: 56, 126, 169 
Olkaria Geothermal field (Kenya): 95 
Otake Geothermal field: 207 
Pzcific Gas and Electric Company: 12 
Parallel plate model: 208 
Partition coefficient: 156, 175 
Percolation theory: 222 

. Performance prediction: 16, 103 
Permeability: 19, 48, 62, 70, 76, 81 

135, 315 
barrier: 67, 287 
relative: 123 
vertical: 73, 241 

compositions: 123 
interference: 126 

Phillipine National Oil Company: 12 
Piezometric level: 72 
Poisson process: 223 
Porosity: 89 

Pressure: 19, 73, 133, 213, 331 

t 

Phase: 

thermal: 203 

Quadrant plot: 329 

Quasi-steady condition: 103, 281 
Radian: 13 
Recharge: 70, 167, 267, 279 

natural: 91, 281 
source: 148 

Reinjection: 197, 249, 279 
Report: 

electricity: 4 
energy development: 10 
Energy Technology Status (ETSR): 4 

definition: 16 
double porosity: 40 
fractured: 39, 102, 190, 289 
model: 47 
simulation: 16 
spherical: 202 
vapor-dominated 131, 155, 173, 186, 241 

Reservoir: 

Reynolds equation: 20 
Reynolds number: 31 
Rhyolite domes: 139 
Rock penetration: 3 
STP tool: 106 
Salinity: 85, 139 
Salton Sea: 3 
San Kamphatng system (Thailand): 72 
Scanning electron micrograph: 298 
Schwartz-Christoffel conformal transformation: 1 12 
Self-potential: 145, 163 
Sengen project (Japan): 228 
Sensitivity analysis: 31, 70, 233 

dissolution: 207 
Single stage flash unit: 11, 331 

lgorithm: 251, 304 

Superheated stream: 133, 330 
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Surface tension: 124 
Survey: 

dipole-dipole: 11 1 
magnetotelluric: 117, 228 
seismic: 61 
temperature: 62, 106 

Svartsengi field: 305 
Temperature: 28 1 

ambrient: 204 
reversal: 87 

anomaly: 85, 324 
boundary layer: 241 
breakthrough: 198, 252 
conductivity: 70, 73, 89, 203, 209, 241 
diffusivity: 204, 209 
front: 170, 190, 210 
metamorphism: 166 
plume: 85 
time constant: 250 
transport: 201 

Thermol: (also see porosity) 

Thermodynamic properties: 110 
Thermoelectric current: 149 
Topography: 1 12 
Trace Element: 12 

transport: 13 
arsenic: 13 
boron: 13 
mercury: 13 

adsorption of  198 
tests: 197, 213, 230 

Tracer: 

Transmissivity: 96, 125, 287 
Turbine: 3, 251, 312 
Two-phase mixturelregion: 65, 241, 281 
Type curve: 42 
Ultrasonic particle meter: 3 
Vapliq model: 73 
Vertical electrical sounding (VES): 112 
Vapor: (also see Reservoir) 

Voltage perturbations: 146 
Water injection: 134 
Wairakei field: 305 
Water loss: 19, 23 
Well testing: (also see pressure transient): 

computerized analysis: 47 
Well logging: 105 
Wellbore storage: 32, 41, 195 
X-ray diffraction (XRD): 183 
X-type curves: 77 

quality: 107 

47 
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