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The Geysers EPRIplioio 

GEOTHERMAL 
GEOTHERMAL energy—literally 

earth heat—is the awkward 
member of the energy family. It is 
not as though the resource were only 
newly discovered: long before any
one had the faintest inkling there 
were other, more reliable fuels 
buried in the earth's crust, the 
Romans used geothermal water in 
their famous hot baths. It is because 
the highest quality reserves are few 
and already being used to generate 
electricity, and technology hasn't 
caught up with geologists' apprecia
te 

The awkward but exciting 
member of the energy family 

By Frank K. Gallant 

tion for the potential of the lesser 
lower temperature reserves. 

But the pace is picking up. Aided 
by federal financing and growing in
terest by private enterprise, more 
and more is being spent on hot 
water prospecting and drilling and 
energy-producing technology. Last 
May the Department of Energy 
granted the largest geothermal loan 
guarantee in its four-year his
tory—$49.4 million to a California 
consortium to drill in the Imperial 
Valley. In all, DOE will spend about 

$ ISO-million on geothermal this 
year, not including funds loaned 
under the federal guarantee. 

A pilot low temperature geother
mal electric generating plant is oper
ating in California, another will 
begin operating in Idaho this fall, 
and at least one research and devel
opment company is working on a 
way to raake low temperature gener
ations 35% more efficient. 

By the year 2000, the Energy De
partment estimates, some 25,000 
megawatts of electricity could be 
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GEOTHERiy/IAL GREENHOUSE 

Raft River Co-op members Joy 
and Gary Crook use geothermal 
water to heat their commercial 
greenhouse. Joy figures this saves 
them about $900 a month they 
would otherwise have to spend on 
fuel oil or gas. The greenhouse is 
within view of the Raft River geo
thermal power plant. Joy says the 
220-degree (Fahrenheit) water that 
comes out of the well beside their 
trailer home is not nearly as warm 
after it circulates through heat ex
changers inside the greenhouse, but 
it is still hot enough to maintain the 
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greenhouse at 50 degrees when the 
temperature in Malta, Idaho, drops 

to - 2 0 degrees. During canning 
season, Joy uses the water to 
blanche tomatoes. A neighboring 
rancher claims his cattle don't haye 
to eat as much hay to keep warm in 
the winter when they drink geother
mal water. If nothing comes of the 
offer Gary and Joy Have had to sell 
their property to a company that 
wants to use the water for heat in a 
million-gallon-a-year alcohol fuel 
still, they plan to continue growing 
poinsettias, Easter lilies, mums and 
other potted flowers and vegetables 
in their geothermal greenhouse. 
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produced from geothermal, enough 
to displace a million barrels of oil a 
day. Current commercial capacity is 
665 megawatts. 

All of that capacity is situated 90 
miles north of San Francisco, where 
Pacific Gas and Electric began gen
erating with an 11 megawatt plant in 
1960. The Geysers, as the site is call
ed, is the largest known "dry 
steam" field in the worid. The 665 

.megawatt plant there is also the 
largest. The second largest plant in 
the world, 420 megawatts, is at 
Larderello, Italy, where in 1904 geo
thermal dry steam was first used for 
commercial generation of electric
ity. 

Natural hot water was used even 
earlier for central station space 
heating. Just before the turn of the 
century,, residences along Boise, 
Idaho's Warm Springs Avenue were 
being heated with 170-degree (Fah
renheit) water. By the 1930s, 400 
homes and businesses in the city 
were being heated in this way. To
day, the city of Boise is embarking 
on a $15-million program to expand 
the system, which during the cheap 
oil and gas era had shrunk to about 
220 residences. The Department of 
Energy is financing about a third of 
the project. 

Dry steam occurs where geologic
ally recent volcanic activity opened 
fractures in the earth's crust allow
ing rainwater to percolate deeply 
and come in contact with very hot 
rock (magma, the molten material 
rising from deep within the earth 
that when it reaches the surface is 
called lava). Old Faithful, the 
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Drilling for hot underground water at the 
Ocean City, Md., airport. 

famous geyser in Yellowstone Na
tional Park, is an example of the 
result. The spectacular eruption of 
Mount St. Helens, where steam had 
been building up for 123 years, is 
another example. 

Dry steam is the most obvious 
and easy-to-use form of geothermal 
energy. Unfortunately, it is also the 
rarest form, comprising, perhaps, as 
little as one-half percent of the U.S. 
geothermal resource, according to 
the Electric Power Research Insti
tute (EPRI). 

Closely related to dry steam is 
geothermal hot water, which repre
sents about lOVo of the estimated 
U.S. resource base. Hot water reser
voirs are heated in the same way as 
geysers or hot springs but lie under 
layers of impermeable rock and so 
cannot be utilized without drilling 
wells. 

Generating electricity with geo
thermal hot water is more compli
cated than with dry steam. The 
temperature is usually lower, and 
minerals in the water cause scaling 
on generating equipment. Much of 
today's geothermal research focuses 
on improving hot water generation. 

The two other types of geother
mal resources are geopressured 
water and hot dry rock, both as yet 
untapped. Lower in temperature 
than dry steam and hot water, geo
pressured water systems occur 
where water is trapped under layers 
of impermeable shale heated by con
duction from the rocks below. 
These reservoirs usually also contain 
dissolved methane. Geopressured 
water, EPRI estimates, makes up ' 
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20% of the U.S. geothermal re
sources, with the better-known sys
tems along the Gulf coasts of Texas 
and Louisiana. The economic feasi
bility of recovering this water (or the 
methane) has not yet been estab
lished. 

Hot dry rock—magma lying rela
tively close to the surface—repre
sents nearly 70% of our geothermal 

r. resource. Where the earth's crust is 
thin or has been disturbed by recent 
volcanic activity, hot rock at tem
peratures of 400 degrees Fahrenheit 
or above often lies only 10,000 feet 
below the surface, within reach of 
conventional oil drilling equipment. 
Steam (or hot water) for electric 
power generation is produced from 
hot dry rock by injecting cold water 
dbwn a well pipe to the raagma 
chamber and then piping the result
ing steam up a second well and into 
the power plant. The process is not 
nearly as simple as it sounds; the 
technology that will make hot dry 
rock economical is years away. 

The U.S. Geological Survey has 
mapped hot water geothermal aqui
fers beneath 24 states; about a 
dozen sites in the West and South
west are being seriously considered 
for their electricity generating 
potential. "If electric utilities could 
tap just those geothermal resources 
whose presence has been inferred 
from actual drilling and that appear 
economically attractive with today's 
technology," an EPRI special re
port says, "an estimated 11-million 
kilowatts of power could be genera
ted for a period of at least 30 
years." That is enough electricity to 
meet the day-to-day needs of 11 -mil

lion people and to reduce American 
demand for oil by some 164-million 
barrels a day. 

BUD Tracy, assistant manager of 
Raft River REC in Malta, 

Idaho, has been familiar with geo
thermal energy for most of his life. 
As a boy he helped his father scald 
hog carcasses in a hot spring just 
south of Malta. This fall he is help
ing co-op manager Golden Gardiner 
assemble a staff of technicians to 
operate a five-megawatt geothermal 
power plant not far froni that hot 
spring. Built by an Idaho engineer
ing company for DOE, the plant 
will be operated by a consortium of 
sue northwestern utilities of which 
Raft River Co-op was a founding 
meraber. The plant is only the sec
ond of its kind—binary cycle—to be 
built in this country and is being test 
run this fall. 

A binary cycle plant uses geother
mal water to heat a "working fluid" 
(at Raft River a refrigerant known 
as isobutane is used) to boiling so 
the resulting high-pressure steam 
can spin a turbine generator. The 
Raft River plant uses 290-degree 
(Fahrenheit) water from wells up to 
6,000 feet deep. Heat exchangers are 
used to transfer heat from the water 
to the isobutane. 

The only other binary cycle plant 
began operating last year in East 
Mesa, Calif., near the Mexican 
border. It is owned by Magma 
Power, the company that developed 
the Geysers. If everything goes as 
planned, the Raft River and East 
Mesa plants will demonstrate that 
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Old geothermal well at Bridge Spring, not far from the Raft River geothennal power plant. 

medium-to-low temperature geo
thermal water, plentiful in the West 
and in the world, is a practical heat 
source for generating electricity. 
Magma officials predict that such 
plants can be built for S600 a kilo
watt, or less than half the cost of a 
nuclear plant. The East Mesa plant, 
though small and experimental, cost 
only $900 a kilowatt, they say. 

Nearly 85% of the co-op's load 
goes for irrigation; the Raft River 
Valley averages only 12 inches of 
precipitation a year, and the back
bone of the economy is agricul
ture—grain, hay, potatoes, sugar 
beets, cattle. Ten years ago, then-
co-op Manager Edwin Schlender 
could see that hydroelectric power 
in the Northwest was being spread 
thinner and thinner, and there 
would soon be a need for other 
forms of generation. 

He knew about the hot spring at 
the southern end of the valley, and 
he knew about two capped geother
mal wells that had been drilled more 
than 50 years before by someone 
looking for drinking water. He 
wanted to find out the extent of the 
reservoir and its energy-producing 
potential. 

The co-op found that water rights 
were the first thing that was needed 
and got the approval of the mem
bership to spend some $50,000 to 
purchase the rights on 100,000 
acres. When the co-op couldn't in
terest any geothermal or oil com
panies in doing a geological in
vestigation, it asked the Atomic 
Energy Commission. The co-op and 
the Snake River Power Association 
began the geological work and then 
the AEC brought in the U.S. Geolo
gical Survey. Later, when the reser
voir was proved, the Department of 
Energy built the experimental power 
plant. 

Altogether the co-op spent about 
$200,000 on development of the re
source and another $300,000 to 
bring electricity to the power plant, 
according to Tracy. The co-op will 
hire six or seven new employees for 
its part in the operation of the plant; 
in all, the plant means about 18 new 
jobs for the valley, he says. 

For a long time after DOE began 
its work in the valley it seemed as 
though the co-op was being 
squeezed out of the project it had 
initiated. The consortium had to 
fight hard for the right to operate 
the plant. But Tracy believes the 
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Raft River geothermal power plant in Malta, Idaho. 
Pliolo by Front! Collani 

fight was well worth it. 
"I think that down the road 

there's going to be a demand for 
power wherever you can get it," he 
says. "And this is really a proving 
ground for geothermal for the 
whole Northwest. It may just give us 
the experience to determine whether 
we want to stay in or get out." 

Raft River REC is one of more 
than a dozen rural electric coopera
tives that have contributed to the 
development of local geothermal re
sources, both for generating electri
city and space heating. One that has 
been involved in geothermal almost 
as long as Raft River is Plains Elec
tric, a generation and transmission 
cooperative based in Albuquerque, 
N.M. 

DRY steam is the only proven 
form of geothermal energy. 

There are still technical, legal, en
vironmental and economic barriers 
in the way of rapid developmeht of 
hot water and hot dry rock. A mea
sure of the significance of these bar
riers is that while tens of thousands 
of oil and gas exploration wells are 
drilled each year less than 100 geo
thermal wells are drilled. 

Oil and gas companies enjoy tax 
incentives for the costs of explora
tion; so far there are none for geo
thermal drilling. About 60% of the 
known U.S. geothermal resources 
lie under federal lands and, indus
try people claim, the agencies have 
been extraordinarily slow in grant
ing permits for geothermal pros
pecting. And the cost of geothermal 
drilling is roughly three times that of 
oil and g£is drilling even though 
similar equipment is used. This is 
because geothermal drilling takes 
place in igneous rock, which is much 
harder than the sedimentary rock 
that overlies oil and gas deposits. 

Also, this is not a particularly 
good time for the trials and errors 
necessary to the development of a 
new energy resource. Environmen
tal awareness and the regulatory ef
fort that goes with it today, make 
the atmosphere in which geothermal 
exploration and power generation 
must grow up as different from the 

NRECA has arranged for DOE to 
conduct a presentation on geother
mal energy at the Region X meeling 
in Albuquerque, N.M.. September 
28 to 30. 

early days of the oil industry as 
night is to day. 

The major environmental hazard 
associated with geothermal steam is 
emission into the atmosphere of hy
drogen sulfide gas, which has an ob
noxious (rotten egg) odor and can 
be toxic. According to EPRI, 20% 
to 25% of geothermal water con
tains hydrogen sulfide. The concern 
about hot dry rock is that reservoir 
development may induce local seis
mic activity. 

But compared to oil or gas or 
coal, geothermal so far does not ap
pear to significantly threaten the 
environment. There is no mining 
involved, no chance of spills, no 
pipelines, no flooding of lands, no 
real disturbance of animal habitat, 
no burning of fuels. There are no 
wastes. 

In a binary system geothermal 
power plant the geothermal water is 
never introduced into the atmos
phere. It comes out of the ground in 
a pipe and, after transferring its 
heat to the working fluid, is rein
jected into the earth. The water 
moves through a completely closed 
system. 

The disadvantage of this system is 
(See Geothermal, page 24) 
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FmHA interest rates by Senate subcom
mittees on credit and rural development 
described here last month, the agency 
announced sharp reductions in some of 
its rates. 

Rural housing site and rental loans 
dropped from \i<?D to lO /̂iVo. Individ
ual housing loans decreased from 13% 
to U'A%. 

Other loan rate reductions: farm own
ership, from 12% to 11%; operating, 
from 12'/-% to 10!^%; economic emer
gency, from 14% to M% (for real es
tate) and from 14% to U 14% (for pro
duction). 

USDA/DOE Cost-Sharing 
for Energy Projects 

USDA and the Department of Energy 

have worked out an agreement to jointly 
finance alcohol and methane plants. 

DOE will provide grant funds up to 
25% of the cost of the plant to go with 
FmHA farm and business and industry 
loans. DOE is making $2.3 million 
available. FmHA does not have grant 
money for these purposes. 

On larger projects, the cost-sharing 
grant cannot exceed S50,000, which 
would be less than 25%. On projects of 
SSO.CW qr under, the full 25% could be 
granted. 

Under the USDA/DOE agreement, 
the funds are for testing and demon
strating on-farm fuel production, in
cluding its economic feasibility. 

FmHA field offices are being urged 
to promptly process applications meet
ing general requirements. 

INTERNATIONAL 
PROGRAMS 

Rural Electrification 
Congress Planned 

The first Congress of Electric Coop
eratives of the Americas is scheduled to 
convene in PortoAlegre, Brazil, on Oc
tober 21. The four-day conference is 
being planned by electric cooperative 
leaders from Argentina, Bolivia, Brazil, 
Chile anci the United States. Invited to 
participate will be representatives from 
all Che electric cooperatives of the Amer
icas (North America, South America, 
Central America and the Caribbean) as 
well as others interested in promoting 
the development and support of electric 
cooperatives. 

One of the prifne objectives of this 
first Congress is to formally create-an 
Organization of Electric Cooperatives 
of the Americas. The goal of this orga
nization would be to provide for the 
mutual protection and continued growth 
of the rural electric cooperative com
munity. It also would provide a vehicle 
to promote the interchange of infor
mation, technology and i^rsonnel among 
and between the various cooperative or
ganizations involved. An additional goal 
will be to promote increased support for 
rural electrification by national and in
ternational agendes and, through for
ums, informing them and the general 
public about the role that rural electric 
cooperatives can play in bringing reli
able electric energy to the people of 
these countri^. 

Should any rural electric cooperative, 
statewide organization, G&T or any 
other rural electric cooperative organi
zation wish to know more about the 

Congress, they should write to the In
ternational Programs Division, NRECA. 

Continued from page 19 

GEOTHERMAL 

that unlike geothermal steam plants, 
binary plants do not produce their 
own cooling water. With water al
ready scarce in the West, industry 
officials fear that the lack of cheap, 
available copling water could im
pede rapid development of the re
source. An inexpensive supply of 
water is also essential to the devel
opment of hot dry rock, where 
water has to be injected Into the 
ground to be heated^ 

The best thing about geothermal 
is that it is renewable and theoreti
cally inexhaustible. At the Geysers it 
is producing electricity at two-thirds 
the cost of oil or coal generated elec
tricity. What is needed now is for 
hot water plants like the ones being 
operated by Raft River REC and 
Magma Power, and hot rock experi
ments like the one Plains Electric is 
involved in, to prove the economic 
feasibility of generating electricity 
with the much more abundant lower 
grade geothermal reserves. Q 

Banks for Cooperat ives 

The Location And 
Territory Served 
by Eacli 

Springfield, Massachusetts 
Connecticut, Maine, 
Massachusetts, New Harhpshi re, 
New Jersey, New York, Rhode 
Island, and Vermont. 
413/786-7600 

Baltimore, Maryland 
Delaware, District of Columbia, 
Maryland, Pennsylvania, Virginia, 
West Virginia, and Puerto Rico. 
301/235-9100 

Columbia, South Carolina 
Florida, Georgia, North Carolina, 
and South Carolina. 
803/799-5000 

Louisville, Kentucky 
I ndiana, Kentucky, Ohio, and 
Tennessee. 
502/566-7000 

New Orleans, Louisiana 
Alabama, Louisiana, and 
Mississippi. 
504/527-5500 

St. Loiits, Missouri 
Arkansas, Illinois, and Missouri. 
314/342-3280 

St. Paul, Minnesota 
Michigan, Minnesota, North 
Dakota, and Wisconsin. 
612/221-0646 

Ornaha, Nebraska 
Iowa, Nebraska, South Dakota, 
and Wyoming. 
402/444-3500 

Wichita, Kansas 
Colorado, Kansas, New Mexico, 
and Oklahoma. 
316/264-5371 

Houston, Texas 
Texas. 
713/652-8500 

Sacramento, California 
Arizona, California. Hawaii, 
Nevada, and Utah. 
916/485-6060 

Spokane, Washington 
Alaska, Idaho, Montana, Oregon, 
and Washington, 
509/456-7340 

Central Bank for Cooperatives 
Denver; Coloradb 
Serves District Banks for • 
Cooperatives. 
303)773^404 

Goopcrafives 
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Introduction 

Coiitribulions lo llii.s Section coinprisc ihirly one 
li;i|U-i-.s. logclhcr wilh some very receni dtila, in Ihc form 
ol personiil comiiumiciilions. which wil l be lei'errecl lo 
in (he iippiopriatc phices. The I'ieiil ol' subjects covered 
is very wide, tiiiiging from fund;imenl;il studies of the 
uripin uf liyiliolhermnl systems to descriptions of hibora
tory eiiiiipmenl and tcehniques. IVlosl of the fiekl ex-
p!or;iiion metiiods diseussetl in Ihe Rome Conference ' 
in l"^Cil linve since been lesteti in new fields, ami the 
time is tluis o|-iportune for a critieal review of (liese 
niellioJs, and their value and applicability in diirerenl 
eireumstanees. Besides i-efiiienients and inereases in 
elfecliveness of e.xisting field exploralion systems, sonie 
enliiely new seliemes have been proposed and j;ivcn 
preliminary tests, and some useful new programmes-
initialed. A notable feature is tiie intioduetion of new' 
itieas in data recording aiKi proeessing. taken from the 
etimiii'iiiieation and space reseaieii cliseiplincs, olfering 
|-)os;-iliilities lor gathering and refining field datn in ways 
ul i icl i would have been far beyond the scope of existing 
manual melliocis. The true value of tiiesc proposals has 
still (o lie establislied, Init, at least as researcli tools, 
they appear to justify tlioruugli (rials, with the expecta
tion (hat, if they do nothing else, they wil l serve to 
revise some established ideas, and deepen our under-
staiuling of liydrotiieniial systems. 

I'ro.spcctiiiK' and exploration 

C>I'.(>TIII;KMAI. uiisi-uvoius 

,v Alihougii (here are many points of similarity be
tween petioleuin and peollieinial energy, and many ex-
pkualiun and produetion teehnit)ues ean be usefully 
Iransfenecl from one fielcl to the- olher, there arc some 
very important dilferences wliieli are necessary (o have 
in mind when discussing and evaluating exploration 
melluuls. At the present time, geothermal exploration 
is following the course taken by the petroleum industry 
al (lie lime of i(s rapid initial development about the 
end of (lie nineteeiitli century. Al l (he fields eunently 

* IZncrgy Seelion. Resources and Transport Div., United 
Niiiions. New "I'ork. USA. 

exploited or under development have been found h.v 
drill ing near areas of surface activity, the original dis-
eovery of which owes nothing either to geology or to 
geophysics. Recently, these sciences have begun to play 
an ineieasing part in exploring the true- extent of tlie 
reservoir, identifying the geological structures and physi
eal eoiulilions within i(. and assisdng in the siting of 
exploration ami production (.Irilllioles. Since this mellioil 
has met with eonsiderable success in the early stages 
of both industries, and since there are still many knciwn 
areas with lio( springs and fumarolic acdvity widi ap-
pareiK promise sdll unexplored, it is likely to be advan
tageous to follow similar tactics for some time (o eoiiie. 
wliile improving and extending cxploiation anil evalua
tion techniques of all kinds. However, the oil indus(r\ 
has moved far beyond this stage of reservoir deteetion. 
and major oil deposits are now found liy a proeess o\ 
geologieal analogy, supported by geophysical me;!-ure-
ments. So it is worth eonsidering the athisahility ol' 
andeipadng similar developmcnis in geodierm.-il e;--
ploration. 

The presenee of petroleum seepages at the surface 
iiii|ilies that a reservoii- lias been breaelied h.\ erosion 
or faull movement, and its eon(en( is being dissipaleil 
hy (his natural leakage. Thus, the larger (he see|''a,i:-
and (he long.er it has been going on. the less are (he 
eiianccs that a eommercially useful quantity of petri'l-
eum sdll remains in Ihc reservoir. It is thus not sur
prising (ha( peduleum exploration lias turned toward"; 
the search for deeper seated and well sealed i-eser\-oirs. 
unmarked by any surface evidence. The possibility (li;i( 
geodiermal leservoirs can likewise be formed in (lie \ \ \ i -
per part of the crusl by slow heating of masses î r waler 
and roek is discussed by two eontributois to (his Svin-
posiuni. j . Gor.ui-;i. and A. |. Iti.1.i.s. The firsl author dis
cusses a very wide range of possible liydrothei-mal sys
tems, ranging from the freely convecting to the virtually 
elo.sed type, healed perhaps at quite irregular and slow 
rales from a deeper souree of steani or hot \va(er. I( 
should be also noled lhat he. discusses the possibilities 
of exploiting areas of hypernornial or even normal geo
thermal gi-adient,oA;.|icrc the reservoir, if the associatecl 
technical and economic pioblcnis can be resolved, is vir
tually world-wide. Gocuui. (1970) bases his arguments 
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on physical and thermodynamic grounds, and die deep, 
nearly closed reservoir, is oniy one of several models coii
sidered. However, ELLLS-(1970) laking account of the; 
probable rales of chemical leaching in a typieal circulato
ry sysiem of the Wairakei type, considers that the observ
ed cite of circulalion cannot have been maintained for 
more dian a lew thousand years, l-ie therefore suggests 
that strong surface activity represents only a phase of mi
nor duration, due perhaps to breaehing by tectonic activ
ily of a slowly accumulating heal reservoir, and lasts 
for a period of only aboul one thousand years, whereas 
heating of the reservoir takes perhaps 10' years. Hence, 
on (he reasonable assumption (hat Ihc frequency of-
oeeurreiicc of surface thermal aetivity over the earth 
docs not change greatly with time, ihcrc must be about 
one hundred (imcs as many hydrothermal reservoirs in 
process of formalion. or marked by little or no surface 
aetivity. as there arc strongly active areas. Assuniing 
that many of these scaled reservoirs arc still in an early 
stage of development, and contain loo little heat to be 
of interesl, this hypothesis still suggests thai future ex
ploration should not be limited lo the vieinity of areas 
of heat escape, and that areas with small surface heat 
diseli:irge arc not necessarily unimportant. Furthermore-, 
the deteetion of such reservoirs, even if completely 
sealed against convection to the surface, is nol difficult. 
Calculation of the conductive temperature distribution 
over a reservoir of moderate size with its upper surface 
at say 2 km depth, shows lhat the resulting tenipcratiire 
anomaly would approximately double the normal geo
thermal gradienl over an area of a few square kilo
metres, so that surface gradient measui-cmcnts in holes 
penetrating below the level of ground waler disturbance 
would suffice to locate Ihis type of reservoir. Possibly, 
some of the areas with moderate hypernornial gradienis, 
which- arc known to oceur in ccrlain places, may be 
due to such closed reservoirs. It should be noted, how
ever, lhat regional heat flow anomalies, if they arc 
distributed uniformly over large areas, do not neces
sarily correspond to this type of localized reservoir. 
Indeed, if we consider Ihc global heat flow patlern. 
such as that illustrated in Figure 4 of the publiealion 
licvicw of Heal Flow l')(iUi, by Li-w: and UYKDA 
(196,5), there is remarkably little resemblance to the 
distribution of known geothermal areas. The ciicum-
Pacifie volcanic belt is not represented at all. and Ihe 
principal positive heat flow anomaly is situated in 
central Africa ('), where, admittedly, little geothermal 
exploration has been done. Only Larderello, on the 
northern flank of the African high, ean be considered to 
have any possible iclalion lo the global patlern. Thus, 
the known geothermai fields represent an even more 
fundamental anomaly when considered in relation lo 

(') However, recent temperaiure measurements in this 
iiiea linve failed to confirm the presence of Ihc anoiiiiily, A. 
liiTK, pers. comm. 

the global pailern, and are pcL-̂ sibly the result of some 
quite different heal Iransfer mechanism. 

In this Symposium, three contributors to Section IV 
have presenled papers having some bearing on this 
problem. These are NACAKI TODOKI . who deduces a 

niodel of crustal movement and fraediring in japan 
from a study of surface structure pattcins. G. V. Ki.i.-
i.i-:i<. who has used newly developed deep eleetrical 
sounding teeliniques to locate an apparent deep heat 
souree in the New Zealand thermal area, and M \ S \ . M I 
MAVAKAWA, who has used improved seismic exiiloradon 
methods to locate an apparent heat source in the Matsu
kawa geothermal field in Japan. These three divei-.se 
appioachcs have led to conclusions regarding the form 
and depth of the heat transfer zones underlying liydro-
Ibernial systems, which are reasonably concordant, l l 
thus appears that it may be possible, with some further 
development of geophysical methods of observation, to 
find the depth and localion of heat sources within (he 
crust, and thus predict the existence of hydrothermal 
systems associated with them. 

• TODOKI (1970) proposes a inodel for the lapanese 
area in which a westward convection in (he upper iiiande 
has produced a nearly regular padern of crustal failure 
into an array of tilted blocks. Magma produced in the 
region of the mantle just below the crusl rises tlirough 
the fraetuies between the blocks, so causing alignments 
of volcanoes or hydrothermal systems, and it is sliown 
that these alignments, together with other fracture sys
tems recognizable in aerial photographs or from deUiil-
ed surface studies, form a regular pattern of intersecting 
lines over the Japanese islands. Theerusi is representei! 
as being about 55 km thick, and the niagma ri.-̂ es in 
Ihe fractures to within 5 to 10 km of the surface, form
ing the reservoirs from which voleanie eruptions de
velop, and above some of which hydrothermal systems 
may be found. 

Kp,i.i..nR, in the paper referred to (1970). descrihes 
the results of deep electrieal soundings made along and 
across die Central volcanic area in New Zealand. Cur
rent sources used were switched DC wiih step ampli
tudes up lo 60 ampere, and .̂ iource lengths ranged nom 
1.6 to 16 kilometres. The receiving arrangements con
sisted of liorizoiila! loops with areas between half a 
million and five million square mel res. used in com
bination with mutually perpendicular eleetrode pairs to 
measure DC i.-esistances. This survey shows that there 
is a conductive region, wilh resistivity in the r;iiige from 
100 to 200 ohm metre, at deplhs heiwecn 25 (o 52 
kilometres, except within a narrow belt where most of 
(he geotliernial manifestations occur.' Within (his belt, 
the main ihermal areas of Tauhar.i. Rotokawa. Hroad-
laiids and Waiotapu appear to lie along a eoiiduelive 
verlical slab, having a width of a kilometer or Iwo. 
and a depth extent of at leasl five kilometers. The 
resistivities within this slab lie in the range from 5 
to 10 ohm metre, or some two to four limes the rcsisti\-
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ity of molten basall. Hence, this slab could conslimlc 
the heating surface for Ihe hydrothermal sysiems above; 
with a partially molten interior from which heat is trans-
.ferred to ground water circulating over both faces. It 
is not possible to judge from the data available whelher 
the molten rock inside the slab is still circulating, and 
thus, transferring heat continuously from a deeper source, 
or whether the low resistivity zone delected in this 
survey is the latest of a scries of dikes which are in
jected into Ihe upper crust from lime to lime, each 
supplying only the store of heal conlained in it at the 
time of injection. The dike rocks so emplaeed in the 
crust over a long period of time covrid be accommodated 
by a lateral expansion of the thermal belt as a whole, 
and would ihus avoid some of the dilliculties associaied 
with the large volume of magma which must be in
jected into the area to maintain hydrolhermal activily 
at rates comparable wi(h present values, over (he periods 
of time for which there is geological evidence for their 
existence (BANWELI. 1963). If the multiple dike mod
el is eoncct. there should be a volume of between 
10̂  and 10" cubic kilometres of dike maicrial intruded 
into the crustal rocks and there is the possibility that an 
intrusion of this size could be detected by its contrast 
in physical properties (e.g. resistivity, density, seismic-
velocity, niagnetic susceptibility, and the like). 

The electrical cross section found by Kin.LBU (1970) 
along a profile crossing the Broadlands thermal field 
shows an upper zone of relatively low resistivity, and a 
few kilometres thick, which may be identified with the 
permeable surface volcanics, underlain by a high resis
tivity region (over 1000 ohm metre), supposedly repre
senting the greywacke basement and underlying roeks 
of the upper crusl, which extends to a dcplh of some 
30 km from the surface. It is into this high resistivity 
region that the low resistivity slab penetrates from' 
below. 

HAYAKAWA (1970), using reflection methods with 
computer processing of the field data tb remove noise 
and multiple reflections, has been able to extend seismic 
exploration lo aboul 4 km depth. In the Matsukawa 
geothermal field a possible heat source has been iden
tified at a depth of about 1500 metres or a little 
beyond. 

Besides these Symposium papers, the attached list 
gives several publications dealing with possible rela
tionships between microearthquakes and geothermal 
power. This list accompanies a report, received as a 
personal communication from |. B. KOHNIG of the Divi
sion of Mines and Geology, Dept. of Conservation, Cali
fornia. The report deals with dala from a study of The 
Gey.sers geothemial field in California. An array of six 
seismometers was used, centered about 7.5 km SW of 
the field. Over a period of 120 hours, 29 local shocks 
were recorded, of which 18 were found lo iie within 
the fault system adjacent to Big Sulphur Creek, at depths 
from 1.6 to 6 km. It is staled lhat a network of this 

kind can pinpoint epicentres within 100 ineties. and 
yield a three-dimensional map of earthquake sources. 
ll would evidently be of great interest to carry out 
simultaneous deep electrical soundings and detailed 
seismic surveys of this kind in nrcas where an apparent 
heat source has already been located (such as in the 
N.Z. thermai area). Since the seismic niethod is rela
tively simple, and can be undertaken from points outside 
the known or supposed geotheimal field, il may have 

-considerable application for exploration on a regional 
scale, if a sulficiently close connection with usable geo
thermal reservoirs ean be established. This niethod of 
survey is possibly lelated to, but nol necessarily iden
tical with, the geolhermal ground noise teeliniquc, which 
appears to be coiieeriied with the surface patterns of 
continuous low frequency noise arising within certain 
hydiothermal systems. This will be dircusscd further 
below. 

Geothermal type areas 

Since the geological age and rock type of potential 
oil-bearing forniations are known from previous ex
perience, the search for new fields on a global scale in
volves the identification of similar formations in areas 
accessible to drilling, and their detailed exploration by 
geophysical niethods. followed by prospection drilling 
and further geological study. In the case of geotliernial 
fields, the available experience is mueh more limited, 
and the roek types in which exploitable reservoirs have' 
been found are much more varied. In New Zealand and , 
Japan, production is obiained from acid volcanic rocks. I. 
in Larderello from fractured limestone and dolomite, iiili 
The Geysers, fraciured greywacke. in Cerro Prieto (NW 1 
Mexico) and Niland (Imperial Valley) from river della 
sedimenis, and from fractured cavernous basaltic lavas 
in Iceland. The Pathe field in the stale of Hidalgo. Me
xico, is situated in highly fractured volcanic roeks of 
die Middle Tertiary, in the Central volcanic bell. The 
geolhermal fields currently being explored in northern 
Taiwan are made up of both acid, volcanic roeks and 
some sedimentaries. WUN-TSF. CHUNG (1970) considers 
that lhe reservoir rocks in morethan half the developed 
geothermal fields in the world are « competenily frac
tured forniations ». See also Hooouu (1970) « Geolog
ical criteria ». 

From the foregoing examples it seems probable that 
geothermal fields and geodiermal reservoirs owe their 
existence morc to deep-seated tectonic processes and 
physieal conditions, Ihan to any particular geological 
environment. As a general rule, the known geodiermal 
fields arc as.sociated with various forms of volcanic ae
tivity. ancl with faulting, graben formation, tilling and 
foundering of crustal blocks, all possibly the eonimon 
result of processes in the upper mantle, while the rock 
types present and the character of. the volcanic rocks 
ejected are no more than a rcfleetion of the composilion 
of. the crust in that neighbourhood. However, it must 
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ic recognized that tlic area so far sampled hy geother
inal exploration is a very-small fraction of the earth's 
surl'acc. and the selection has been strongly biased 
towards obvious surface activity. Consequently, program
mes involving large-scale regional surveys of possibly 
relevant quanlities such as temperature giadient or heat 
flow are to he encouraged, though, at the present time, 
they must be regarded as research projects with ihcir 
most iniportant applications in the future. Two cOntri-
bulio.ns to this Symposium fall in this class. The first, 
by Ki-:iii.r-:, SCIIOF.PI'I;I. and DKFOKI) deals chiefly with 
propo.'Jcd dala processing techniques for application to 
the temperature data from oil, gas and waler wells, for 
determining thermal regimes on a continental scale. The 
data from such sources arc frequently gathered under 
far from optimum conditions and subjecl to accidental 
bias, and the authors discuss filtering and rejection 
methods by means of which they consider the clfcci of 
some of these faults can be removed. The paper is 
concerned chiefly wilh programming, but .two sample 
gradient maps of Oklahoma, based on well logs, arc pre
sented to illustrate the results obtainable. The average 
gradients are low. though nol remarkably so in com
parison with those quoted by Li-;i; and UVI-:I)A (1965) 
lor North America. The second paper, by Kunsi. and 
NOVAK deals both with technic|ues for the measurement 
of thermal conductivity of rock samples and with the 
results of heat flow measurement in the region of the 
Bohemian Cretaceous system and the Carpathian Neo
gene basin of Czechoslovakia. The aulhors show a pos
itive conelation betweeii heat flow and Bouguer anom
alies in both areas, the graviiy anomalies being con
sidered to be indicative of basement topography. A 
group bf anomalous points on the gravity/heat flow 
diagram is attributed to the presence of nunierous acidic 
and basic magma bodies in the crystalline basement 
rocks. It may be noted that these anomalous poinls lie 
in the low or normal heat flow part of the diagram, 
whereas a considerable fraction of the points are above 
normal (up to 2.7 microcal/cm'"' sec), so the presence 
of magmas (of whatever age) in the basement is ap
parently not associated wilh high heat flow in this 
region. 

The peothermal reservoir 

Before proceeding to a detailed discussion of ex
ploration programme and field rnethods, it is desirable 
10 consider the probable dimensions of the reservoir, 
its depth, and the necessary physical conditions prevail
ing within it. Taking first the question of the volume 
of a reservoir wilh a power polential that would justify 
exploitalion for electric power production, wc mighl 
assume a minimum objective of say 100 megawatt for 
twenty years, or 2000 megawatt year of electric power 
delivered by the generating plant. The power potential 

per unit volume of a mass of heated roek has been 
discussed by GOGUiii. (1970) and by the writer (BAN-
wiii.L 1963). GoGui-L, considering the case of vaporiza
tion of pore waler present in the rock, and the leduction 
of an initial rock lemperature of 250 "C by 50 "C, calcu
lates a practically realizable yield of 450 megawatt-year 
per cubic kilometre, which is to be compared with the ' 
theoretical Carnol energy conlent of 3500 megawatt 
year, if all the heat is supposed to have been cllicienlly 
used down lo a lemperature of 50"C (BANWUI.L 1963,-
Part 1, Figure 4). Cooling the rock to 200"C, the range 
considered by GG&UI;I.. would theoretically give 1500 
megawatt-year. Lvidcntly, these difTcTcnt results arise 
•merely from dilfcrent assumptions of a practical en
gineering character, where the increased cost'bf plant 
to use heat down lo a lower temperature, and the pos--
sible difficulties and costs of artificial injection of heal 
transfer fluid into the syslcm, have to be balanc-ed 
against the value of the electric power produced. For 
tlie purposes of the present discussion, it will be assumed 
that GoGum.'s figure mighl be doubled withoul laising 
production costs too much, so that the volume of a res
ervoir 10 meet the slated objeelive of 2000 megawatt-
year would be about 2.2 cubic kilometres. A spherical 
region of lhis volume would have a radius of 0.8 km. 
ancl a cross seedonal area of 2 km'. A structurally more-
probable slab moclel would have a thickness of say 0.5 
km and a horizontal area of 4.4 km'. This then is the • 
kind of target to be sought by geophysical exploration, 
renicinbering that some of the larger systems already 
explored have volumes which may be from five lo ten 
limes larger. 

I 

The minimum dcplh to the top of such a hydru-
thermal system can be calculated from the thickness of 
the overlying water or rock column necessary to contain 
Ihc vapour pressure of water at the assumed temperature. 
Thus, at a temperaiure of 250"C. water has a vapour 
pressure of 40.5 kg/cm' abs. and the height of a cold 
waler column lo balance this at sea level almosphcric 
pressure is 395 ineties. If the systeni is covered by an 
impermeable rock foimation of density 2, the clepth 
will be reduced lo aboul 200 iiielres. The maximum 
depth at which such a sysleni might be found and ex
ploited is limiled on the one hand by the probability 
of decreasing porosity and permeability, and on the 
other by drilling cosls, and n provisional upper limit 
under present condilions is perhaps 2 km depth to tlie_ 
top of the sysiem. This limit might well be increased in 
areas where high cost of electrie power justified higher 
drilling costs, and where tectonic or structural factors 
maintained high permeabilities to greaier depths. I'or-
tunalely. several of the survey methods described in 
this Symposiuni can indicate the presence of permeable 
hot waler or steam bearing formations at depth, so that 
some estimates of the possibilities of exploiting such 
systems can be made before drilling begins. 
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I'roicssins of geophysical data 

In virtually all the geophysical surveying techniques 
covered in this Symposium, instrumental sensidvhy 
ancl preeision of measujement have advanced lo the point 
wliere random noise of some kind, or .irrelevant varia
tions in the quantity being measured, play a dominant 
part in clata interpretation. Consequenlly, there has been 
an increasing interest in nieans for eliminating or mini
mi-zing Ihese unwanted efTects, and techniques taken 
over from the communications, and other fields have 
been introduced. Some of these have led lo such im
portant gains in sensitivity or resolving power, that 
many of the older types of equipment still in use have' 
become elfectively obsolete, while certain survey meth
ods, which have shown liitle success with the older 
apparatus, arc now proving capable of throwing mueh 
new light on the structure and mechanism of hydio-
diermal .systems. 

All these methods for improving signal quality in
volve some version of known stadslieal procedures 
whereby the mcasuienient is repeated a number of limes, 
and the results combined in some way so that the 
wanted signal adds directly while the noise adds ran
domly. In principle, the ratio of signal to noise am
plitudes increases as the square root of the number 
of sepiirale and independent nieasurements made. The 
resulling gain in cfTeclive signal can be used to increase 
die range or penetration of the survey, or reduce trans
mitter power in a signal generating systein. An example 
of a more sophisticated voltage detection technique, 
using cross-power analysis of the signals from a dipole-
dipole resistivity array, is given by MCEUF,N (1970), 
including a mathematical analysis of the steps involv
ed. A coniputer was used for real time processing of 
the data, and a dipole-dipole spacing of up to thrce-
iiiiles was achieved with a transmitter current of 5 nni-
peie. The iransmiller was triggered by telemetry from 
the receiving point to oblain lhe necessary lime cor--
lelation with the received signal. 

Field techniques for data enhaneenient arc general
ly classified under the following headings: 

a) Stuck ing 

• This is elTcctively some form of the statistical 
meihod described above, and can be applied to mosl 
seismic and resistivity survey sysiems. A visual equi
valent of slacking occurs when a map or photograph 
is made of an area scanned by a series of adjacent lines 
(one example is provided by the infrared scanner pic-
lures of thermal areas). The eye readily picks out details 
which correlate from line to line, while ignoring mod
erate random variations along the lines. 

b) Speclra! analysis 

This method involves the filtering of data from 
traverse lines or maps to ermiinate noise or delail due 

lo siruciures nol relevani to the )')ioblem in hand. 
STUANGWAY (1970) discusses this in relation to the 
graviiy and magnetic patterns obtained over buried 
bodies of simple shape. He stales lhat the general 
filtering approach disciussed lias led to spectacular results 
in areas of voleanie cover, since in general, voleanics 
lend to have high frequency palterns. It should he noled 
that SrnANc;wAv's paper is nol direcdy coneernecl wilh 
geothermal fields as such, but with the general problem 
of geophysical exploralion through geologie cover. 

c) Stripping 

In this case, the ellecls of known or inferred stiue-
lures are sublraeleil fiom the observed geophysical 
pattern, leaving residuals which can be furiher refined 
by similar steps. A good example is provided hy the 
normal Bouguer graviiy anomaly map. which is arrived 
al by subtracting the elfects of known variables, such 
as elevaiion, local terrain, and assumed geologieal slriic
iure clown to some chosen level. Hociisri-.i.N' and HUNT 

(1970) show that, while the gravity method is of little 
use in determining geological structure within the vol
canic cover in the Broadlands thermal area of New 
Zealand, the second order gravity anomaly ]iatlcrn 
correlates extremely well with the distribution of hydro-
tlicrmally altered (and denser) roeks wiihin the volcanic 
cover. . ••• 

In concluding this section of the repori. il should 
be j'Joinled oul that certain kinds of noise visible in 
geophysical maps, or encounlered in 'lhe course of fielcl 
measurements, may have iiiterpretative value on (lieir 
own accounl. On a regional scale, bolh detailed graviiy 
anomaly maps and magnetie maps show great complexiiy 
of delail and large local anomalies wiihin lhe areas 
svhere geothermal fields have been found lo occur (i.e. 
generally in volcanic areas), whereas the palterns oul
side these areas may be comparatively regular, show
ing only low-frcqueney regional anomalies. This is es
pecially striking in the central voleanie area of New 
Zealand, where both regional gravity and airborne mag
netic surveys are available exieiuling well oulsicle die 
volcanic area itself. The variability is no doubt due (o 
several factors normally cluuacteristic of areas of high 
tectonic and volcanic activity and, at leasl in New Zea
land, its diagnostic value is not very greal heeause the 
areas ean be recognized in any case by a superficial 
geological study. l-lowever, where similar areas aie dis
guised by sedimentaiy cover, for example, Ihe only sur
face evidence for their existence may be the highlv 
ambiguous iiuliealions provided by faulting, and regional 
gravity and niagnetic stuveys (or a careful study of 
existing geophysical maps) may well indicate new areas 
justifying further study by more direet methods such 
as heat flow survey. If geothermal reservoirs can he 
formed and inaintained by Ihe inlrusion of dikes into 
the crust, as KI-LI.UK'S work in New Zealand (1970) 



/•uggesls. it is noi necessary (hat geologically ohservahle 
voleanism be present'anywhere in the area, whereas the 
intruiled dike material may give a distinguishing geo
physical anoinaly pattern al the surface. 

Time-variable eleclrical and acoustic noise is known 
to be present in the neighbourhood of active geotheinial 
areas, and usually cause some dilliculties with conven-
lional electrical, magnetic and-gravity surveys. Acoustic 
noise paUerns within certain frequency ranges seem 
likely lo provide a further useful and relalively simple 
method for detecting and mapping certain types of'geo
themial areas, and CI.ACY (1968) has described some 
early trials in certain parls of the New Zealand thermal 
area. Wi inurouo (1970) has conducted a detailed acous
tic survey of a known .geothermal field and its surround
ings in New Zealand, and also finds a significani noise 
increase over the active area. High natural eleclrical 
potenlials are commonly observed in the course of resis-. 
tivity surveys of thermal areas, and their clfcci on 
measuremenis is removed by injecting suitable backoff 
potentials into lhe receiving circuit. ITowever, these 
natural potentials have never been measured systemali-
eally over a Ihermal area and its surroundings, and il 
is possible that the polential veclois, which are easily 
observed, may form a recognizably dilfcrent pattern over 
the thermal area. Methods of this kind arc sometimes 
u-sed for the detection of certain types of buried Ore 
bodies characterized by electro-chemical activily, and-
there are theoretical reasons for expecting that thermal 
gradienis in pore waler eleclrolylcs and contact poten
lials between bodies of ground water of dilTering tein
perature niM} chemical composition may also give rise 
to measurable eleetrical anomalies. Polential suiveys of 
this type would be atlraetive in thai they wi l lhave some 
depth penetration, and point by poinl observations can 
be made wilh relatively sniall eleclrode spacings. 

5'Gcophy.sical field survey metiiods 

This section of the report w i l l be devoted to the 
discussion of the various field survey methods currently 
in use in geolhermal areas, illustrated by examples from 
the papers presented. The discussion wi l l include a crit
ical review of the purposes which each technique is 
supposed to serve, the practical value of this for ex
ploralion and development of the field, and the success 
achieved in attaining these objectives. In the past, there 
has oflen been some confusion over the prc^cise purpose 
lor which a given survey has been underlaken, and 
surveys of eonvenlional type, often made at considerable 
expense, have produced data and maps which now 
apjiear lo havo little bearing on the central problem 
of finding useful geotheimal reservoirs. This procedure 
cannot of course be completely coiidemned in the early 
slages of a new field of investigation, and much interest
ing information of both practical and scieniific value 
lias emerged, but it is becoming clear that many of 

these surveys are at besl of dubious value, wliile odiers, 
while possibly justifiable.on a regional scale as part of 
a natural resources invesligaiion. are not worth doing^ 
al all on a purely local basis. 

Geophysical surveying ean be considered to have 
two general objectives. These are: 

As AN A U X I I . I A R V to CKOl.OGV 

G e.QpJiy..sicaL J.n c a s.iLL"c mjen j Sj_c sprcja 11 y_ g ra v i 1 y 
seismic surveys, ean often JDC used lo sharpen and quan-
liJy^deUiils of the underground structure infeircd from 
surfaec^_geological st.iKlies.̂  Scmetimes Ihc geological 
model can be shown lo be doubtful (c f . HOCIISTUIN and 
H U N T 1970) and often useful quantilalive modifica
tions can be made in the proposed model. In some 
geolhermal fields, such as Larderello and neigh-bour-
ing areas in Italy, where the sleam reservoir coin
cides wi lh a geologically recognizable structure, geolog
ical methods, backed by geoph.ysies. including special 
incasurements such as lemperatuie gradient (BDKGA.SSI 
F.T AL. 1970; Si:sTiNi 1970) have been able to indicate 
promising, areas for more inlensivc sludy. However, 
even where the geological model does not have any ap
parenl or useful connection wilh the geothennal reser
voir sought, i l still may be of value for suggesting geo
physical targets, or aecounling for some of non-relevant 
anomalies in the geophysical patterns, and for construct
ing significani residual anomaly maps, l l is essential in 
such cases to converl the geological forinadons into their 
equivalenl physical palterns of densily, seismic velocity, 
inagnetic susceptibility, penneability. porosity or the 
like, by laboratory measuremenis on aciual roek samples 
where available; otherwise by the use of data for similar 
materials. 

If a geophysical survey of any kind is underlaken 
solely as part of a geological study; it is important to 
be quite clear as. to the precise reasons for doing the 
survey, and whelher or not it is likely lo make any 
material conTribution lo the qualily of the geological 
picture obtained. Unless it forms part of a more ex
tensive investigation aimed at galhering relevant physi
cal dala. the survey should be limited strictly to 
stated objectives. 

foR nil- ' i)i-:ri-:c:TiON AND MAIMMNG OI- c;i:oriii;uMAi. KHS-

I-:RVOIUS • 

Some possible regional ;ippliealioiis of geophysical 
meihods for iilentilying promising areas for geothennal 
exploration have' already been discussed above, but. in 
addilion lo ihcse, it is now apparenl that geothermal res-. 
ervoirs or their immediate surrounding.s have certain 
speeific physical cjiaracteristies whicii are susceptible lo 
detection and mapping by geophysical meihods. The 
piincipal of tliese characieristics known at preseni arc: 
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Eleclrical resistivity 

In the case of hot water reservoirs, the higher elec
trical conduciivity of saline hot water produces an 
anomaly whicii can be readily mapped, and estimates of 
its depth and thickness can be made. A review of various 
survey methods, theory, field meihods and results is 
given by KF.LI.F.R (1970). This review covers both in
duction and direct current methods, and their appli
cability over a wide range of depths. Near surface 
surveys by the eleclromagnelic method are described hy 
LUMH and MACDONALD (1970), and RISK F.T AL, (1970) 
describe the use of D. C. resistivity surveying lo in
vesligale a geolhermal field to a depth of 3 km. They 
also show the effects of crossing a resisliviiy bound
ary, and use this to map the limits of Ihc field and 
find its horizontal area. MFIDAV. (1970) discusses the 
factors determining the electrical conduciivity of fluid 
saturated rocks, and presents several resistivity pro
files for the Imperial Valley area, California. Low 
resistivities, down to 0.3 ohm metre, are found in sev
eral traverses, and a discontinuity across the San An
dreas fault on lhe NE side of Sallon Sea. Resistivities are 
plotted in the sections down to depths of 2500 feet. Mc 
EuiCN (1970) also working in the Imperial Valley, shows 
a resistivity profile crossing the Niland geotiiermal field, 
where a marked resistivity low occurs. McEuEN also 
compares magnetic intensity wilh apparenl resistivity 
along the same traverse,, and finds a set of anomalous 
points wiihin the Niland steain field. 

Resistivity measurements may experience inlerfer-
encc from the presence of clays, whicii have high con
ductivity even when cold. However, this conductivity is 
generally non-ohmic and the form of the potential/time 
curves after switching olT the injection current can be 
used to distinguish clay conductivity in many cases. The 
presence of clays may also be suggested in some cases 
by geological evidence. Steam filled zones will not be 
characterized by resistivity lows, though surrounding hot 
water halos may be, and resistivity surveying under 
these circumslanccs may be better dircclcd towards 
mapping structure. 

Two other su.rvey leeliniqucs, which depend on re
sisliviiy variations in the forniations explored, should 
be mentioned. Neither is very new, but since Ihcy have 
nol been extensively tested in geothermal fields, they 
must still be regarded as experimental. 

The magneto-lelluric method is referred to by 
KFI.LFR (1970) and STRANGWAY (1970). This method, 
which makes use of natural fluctuations of niagnetic 
miciopulsadons in Ihe ionosphere al sub-audio fre
quencies and thunderstorms al audio frequencies, has 
sufficient penetration in the lower part of the availa
ble frequency range to make electromagnelic sound
ings of the crust and upper manlle, while the audio 
frequencies are useful for shallower' penetration. For 
reconnaissance in geothermal areas. KELLER (1970) 

suggests the frequency range from about 8 Hz lo as 
high as 20 kHz. He describes a programme of mag
neto-lelluric measurements made at 99 locations in 
and about the thermal areas of die North Island of 
New Zealand, using a combination of ground electrodes 
10 delect the electric field and an induction coil lo 
detect the perpendicular magnclic field. A map of resis
tivities measured wilh a frequency of 35 Hz is presenled, 
logelher with the locations of die known thermal areas, 
where the resistivities (as ineasured by the magneto-
lelluric inethod) lie in the range from 5 to 20 ohm me
tre, while the majority of the resistiviiics outside the 
thermal areas lie in the range IOO to 1000 ohm nielrc. 
Ki-i.i.F.R draws attention to a few anomalously high 
values which were deicrmined close to a contact be
tween high and low resistivity material, where il can 
be shown iheoietieally that Ihe magneto-lelluric com
ponenis are strongly anisotropic. Kiii.i.F.u also quotes as 
an example the results of measurements made in 
Hawaii. Typical curves of apparent resisliviiy as a func
tion of frequency are shown, all exhibiting lesistivily 
dect'casing with depth. At localions well away from 
the aclivc Kilauea volcano, die increase in conduciivity 
is associated wilh the waler lable. at depths up to 1 
kilometre. Near Kilauea caldera, the presenee of a zone 
of rock with very low resistivity is attributed to molten 
rock. KFI.LFR considers Ihal the audio niagnelo-lelluric 

- method provides a t-econnais.sanee tool which is extreme
ly easy to use. and is effective over a wide range 
of depths, liowever, inductive methods in general have 
the disadvantage thai the procedures used to detennine 
resistivity from field measuremenis arc more involved 
than dio.sc used with diiect-curi-ent methods. 

STRANGWAY (1970), presents a set of curves show
ing the field strengths due to natural micropulsations 
as a funclion of frequency, and their variations with 
place, time of day, etc.. also an example of an ap
plication of three layer curves in an area with a low 
surface resisliviiy laver, and a high resisliviiy inler-
mcdialc layer. He also discusses a proposed sysiem 
involving the use of an artifical source, located perhaps 
a few miles from the area to be surveyed. This would 
avoid some of the disadvantages of using natural pulsa
tions, which occur irregularly and oflen limit observa
tions considerably. 

STRANGWAY also discusses the possibilities of using 
radiofrequeney inlcrferomctry lo investigate underground 
slruclure. The penetration depth of radiofrequeney 
waves into the earth is normally severely limited by 
skin elfect, ancl he presents a diagram showing skin 
depth as a funclion of frequency and soil type. In very 
dry soil or high resisliviiy basalt, peiietration depths 
of the order of lens to hundreds of metres are possible. 
Significant penelraiion is possible if the conductivity is 
of the order of 10-' mhos/m or less. This is not common, 
but may occur in areas of volcanic cover free from 
water, in areas of primarily granitic country rock, in 
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(fee cuvered or fro'/.en areas, and in salt layers. In appli
caiion, the intcrfei-LMicc pallcrn belween the surface 
wave from a transmitter and the wave from a reflecling 
hori'zon at the base of a transparent or partially Iraiis-
parenl layer is observed, cilher as a function of distance 
from the transmiiter, or as a funclion of transmitter 
frequency at a fixed point. There are ccrlain complicat
ing factors due to dilfcrent modes of wave propagation 
over the surface, but, by using a large range of fre
quencies, il is possible in principle to separate out the 
dielectric conslant, the loss tangent and lhe thickness 
of the upper layer. 

Graviiy 

The existence of various forms of hydrothermal 
alteration of reservoir rocks in geothermal areas is well 
known, and petrological study of drill core samples 
has shown a close relation between the rank and in
tensity of alteration and temperature. However, until 
recenily, no corresponding attempt was made to cor
relate the physical properties of these altered rocks with 
temperature. RF.X'(1968. quoted in personal coinmuni-
calion by MFIDAV (1970)) pointed put, lhat i,( .had 
been known for some time that an empiricaF corie-
lation existed between high heat flow areas and grav-
iiy__higlis...and HOCHSTEIN and HUNT (1970) have 
shown, by measurements on a total of 77 samples, 
thai there is a significani increase in.density with in
crease in rank of hydrothermal alieraiion, and thai there 
iTa density contrasi of 0.3 \o 0.4 g/cin' between hydro
thermally allered and unaltered rocks of the same geolog; 
ical jinit. As has been mentioned earlier in this report, 

IL they have also shown that the second order graviiy 
anomaly pattern in the Broadlands geotherinal field can 
be entirely explained by the presence of hydrothermally 
altered roeks within the volcanic cover. Thus, provided 
there is enough quantitative information available to 
allow the disturbing elfects of nonrelcvant structure in 
the area to be removed, it may be possible in many 
cases to extract useful data from detailed gravity survey 
palterns. 

A further gravitational cITccI, although it is not 
directly related to primary exploralion, is. the change 
in gravity over a geothermal reservoir during exploita
lion. 11 is readily shown that the mass of hot waler with
drawn from a field such as Wairakei by exploitalion, 
if nol replaced by inflow, should give measurable grav
ity changes in die course of a few years. ITUNT 
(1970) describes observations of graviiy changes over 
the Wairakei field for Ihe periods 1961-67 and 1967-
68. From these observations he concludes thai, be
tween August 1961 and April 1967, from 20% to 
35% of the water withdrawn was replaced. The pailern 
of changes over the area also shows lhat water has 
been drawn from western parts of the area faster Ihan 
it has been replaced, but there does nol appear to be 

any geological explanation for this, -rhe rate of graviiy 
change for the period December- 1967 lo April 1968 
is much smaller, suggesting that inflow now almost 
balances drawolf. 

Seisinic velocity, absorption and wavelength 

ll should be noled Ihal this section of Ihe report, 
docs not deal priniarily with the normal applications 
of reflection or refraction seismometry for determining 
structure. Anomalies in claslic wave propagation which 
appear to be attributable to the presence of steam or 
hot water in the formations, or to hydrothermal altera
tion of these formations are given most attention. 

HAYAKAWA (1970) has used a magnetic tape re
cording systeni and digital data processing of seismic 
reflection soundings in two fields in Japan. The in
lroduclion of these data processing techniques has 
made it possible to remove undesirable noise and mul
tiple reflections from the records, permitting the deeper 
structures down to interfaces as deep as 2 km to be 
studied. Compared with refraction surveys, the reflection 
method has the advantage lhat it can deal with both 
low and high velocity layers and their boundaries, where
as refraction methods are necessarily limited to the 
inapping of die boundaries formed by a high velocity 
layer underlying one of lower velocity. 

HAYAKAWA firsl describes seismic prospecting carri
ed out at Showa-Shinzan. where a new phase of vol
canic acliviiy. associaied with the underground intrusion 
of a large mass of magma, began in-Dec. 1943. From 
lhe velocity profiles obtained he deduces the probable 
presence of a solid magniatic mass, still at high lem
peralure, extending laterally underground from the ex
truded lava dome. Similar sludies in the Mats.ukawa. 
Onikobe and Olake geolhermal fields lead lo the general 
conclusions that in geothermal areas "partly continuous 
horizontal reflection phases can be delected and the 
patterns related to lhe existence of fault structures can 
be seen. Also, in areas of compact rock forniations. high 
ficquencies with small wave anipjiludes predominate, 
while, in the hydrothermal reservoir area, low fre
quencies with large wave amplitudes arc present. How
ever, wave energy attenuation is fairly rapid. In the 
Maisukawa field, two possible hot waler or steam res
ervoirs at different levels are identified. The first ex
tends from 160 to 550 metres depth, and the second 
from 980 lo 1300 metres. Below ihis, to 2000 melres, 
Ihere should be a green tulf fonnation .and, from the 
seismic records, the presence of vertical fissures, pos
sibly providing paths for steani or water, can be pre
dicted in it. Drilling sites were selected by taking these 
data into consideration, and the results from the drill
holes confirmed the conclusions of the geological and 
geophysical prospecting. HAYAKAWA slates thai a com
bination of various kinds of geophysical prospecting, 
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(ogellier wilh geological'and geochemical sludies, will 
be the most eircctive exploration method. 

ITociiSTEiN and HUNT (1970) describe seismic 
exploralion carried out in the Broadlands geolhermal 
field in New Zealand, using refraction inethods through
out. They find that the attenuation and velocity of 
eompressional seismic waves in volcanic rocks wiihin 
a thermal area dilfer from those oulside, the attenuation 
conslant for a refracted pulse frequency beween 20 
and 50 Hz ranging from 1 to 20 X 10""'̂  m inside, while 
the value outside is less than 2 X 10"'̂  m. The attenua
tion conslant increases with distance between 0.5 and 1 
km. which points lo an increase of atlenuation wilh 
deinli. The authors note the seemingly anoinalous re
sult that dilfcrent vahies of Ihe attenuation are observed 
when the sholpoint and receiving posilions arc inter
changed, and they accordingly consider that it is nol 
possible to use this parameter for geothermal prospecting. 

The same authors have used seismic refraction 
profiles lo construct a contour map of tbe refractive 
interface underlying the pumice-tu(f-siltstoiie sequence 
in lhe Broadlands field. The map shows two large and 
iwo small seismic structures al shallow depths (0.05 
to 0.5 km), the two larger being found by drilling to 
be rhyolite domes. Holes drilled on top of one of these 
produce steam, whereas only limiled production has 
so far been obtained from holes over the other. A seis
mic velocity map of the same area shows that high 
velocities, increasing laterally towards the centie of the 
domes, occur in lhe rhyolites, the highest velocities being 
found in the high steam producer. An investigation of 
velocities by an ultrasonic pulse method showed that 
the velocity in highly altered rhyolite is higher than 
in the fresh rock (a result that would not have been 
expected from the decomposed appeaiance of lhe altered 
maicrial). It thus appears that a close correlation exists 
between seismic compressional wave velocity, rank of 
alleration, and temperature. This appears lo conflict 
with the laboratory results obtained by HAYAKAWA 

(1970) who stales thai longitudinal wave velocity decreas
es with increase of lemperature, but il must be realized 
lhat HAYAKAWA is studying a bulk effect in a porous, 
fluid filled medium, where the only variable change 
is lhe lemperature, whereas FIOCIISTEIN and HUNT are 
observing the velocity along the boundary between two 
formations where the physical properties of the rock 
itself have been changed by chemical processes brought 
about by prolonged- exposure to hoi mineral bearing 
waler. In effect, ITAYAKAWA'S niethods will detect res
ervoirs filled with hot fluid, while those of I-IOCKSTF.IN 

and 1 IUNT show'the presence of zones of mineral change 
produced by the hot fluid. These zones of change, wbose 
connection with high temperalures is already well 
eslablished, may coincide wilh regions where lhe physi
cal condition of the fluid changes, e.g. by the separation 
of a vapour phase, or where active circulation of the 
hot fluid leads to changes in mineralization of the rock. 

Geothennitl grotinil noise 

This surveying method has nlveady been referred 
to above. WHITEFORD (i970), in the Waiotapu geo
lhermal region of New Zealand, has made noise level 
nieasurements with slow-speed magnetic taj'c reeorclcrs 
and also with seismic amplifier-chart recorder units. Fre
quency analyses of the lecords were made over the range 
from 0.3 llz to 50.7 Hz. and the diurnal variations of 
amplitude al eleven dilTerent frequencies in this band 
have been plotled. Within a distance of 1 to 2 kilo
metres of the surface lliermai activiiy the average ground 
velocity is greater than 1.5 X 10~' cm/sec. Furiher away, 
die amplitude of ground movement decreases by a factoi-
.of about 5, and the diurnal variations which oecur al 
mosl sites become dominant. At S5';() of the stations 
(60 sites in all were occupied) a peak between 1.9 and 
2.3 Hz occurs in the speclra. and the amplitude of this 
dominant frec|uei'icy shows the least diuri-ial variation, 
l-lowever, neidier shape of the spectra nor dominanl 
frequency conrorm lo any regional pattern. There is a 
close coincidenee belween the areas of high ground 
noise and those where the apparent resistivity obtained 
by a Wenner (a = 550 m) survey is less than 5 ohm-in. 
whereas the areas of surface activity are displaced by 
about 1.5 to 2 km relative to the noise pattern, ll is 
thus concluded that the source of die ground move
ment lies at some depth-below the surface. 

Ground noise surveys have since been carried oul 
in Mexico and in ccrlain areas in lhe U.S.A.. where 
there are indicalions of possible geolhermal reservoirs. 
In Mexico, a conspicuous noise pailern has been mapped 
in the Los Negritos area, in Michoacan (for furdier in
formation about this area see BANWF.LI. and GOMI-Z 

VALLE 1970). The noise pailern lies within an exten
sive low-resistivity aiea which was subsequenlly map
ped and sounded by die Schluniherger sysiem. At 
the time of writing this report, test drilling is in 
progress and il is hoped that results will be available 
for the Symposium. Possibly, some of the areas survey
ed in the U.S.A. will also have been explored and data 
available by this time. If the validity of the ground 
noise survey systein as a means for delecting hydro-
thermal systems can be established by these trials, it 
will have very impori.inl applications, since a survey 
consists simply of'separate poinl measuiemenls. mi 
transmitter is requiiccl. power consumption is sniall, 
and the apparatus is light and readily portable. 

ll is possible that furdier information about the 
position and depth of the noise source or noise generat
ing zone can be obiained by siinullaneous recording 
with an array of sLilions, followed by time-correlation 
of the records, but such projects-arc still in the research 
stage. 

Sarjacc leinperalitres antl heat jlow 

These observations represent one of the longcsl-
establishcd survey niethods. and provide the mosl rapid 
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and direct way of making a first estimate of the size ;md 
continuous power potential of a system with surface 
activity. Instruments and field techniques for mapping 
shallow temperalures, and lor measuring hcnt flow 
frorn steaming ground, fumaroles, boiling pools and the 
like have already been described in the literature (c f . 
DAWSON and DICKINSON 1970, for an extensive list of 

publications), liowever, tests of some of these methods 
in new areas, have shown certain practical limitations, 
and some improved field and laboralory techniques 
have been proposed and tested, resulting in several 
interesdng contributions to this Symposium. 

An almost universal overriding factor whicii must 
be laken into accounl when making or interpreting vir
tually any shallow heal flow, temperature or gradient 
survey, is the possible elTvxt of movement of shallow 
ground water across die survey area. A relalively slow 
movement of meleoric water can carry away the con
ductive heal flow from even a strong thermal anomaly 
with very little lemperalure rise, surface lemperature 
palterns can be displaced, and gradient measureinents 
in deeper holes made unreliable by niovcmciils in sub
surface aquifers. It is llius important, when planning 
a shallow survey, to take account of hydrological con
dilions .in the area, including lhe possible rale and di
rection of ground waler movemenl, and the depth to 
which it may extend. In addition, it is always desirable 
to niake temperature measurements at a sufTicienl num
ber of poinls in holes drilled for gradienl measuremenl 
lo ensure that the hole has penetrated to a sudicient 
depth into an undisturbed temperatiire 'zone. What is 
possibly an extreme example, but still indicative of wliat 
can happen in volcanic formations, is given by MON-
GEi.i.i (1964). A hole drilled to a dcplh of 53 m in dry 
volcanic tulfs gave a very low gradient, about 10°C/kni, 
which he alliibutes to the presence, at a greater depth, 
of a large mass of cooling water., permeating the 
structure. 

The quantity of heat carried away .from a thermal 
area by groundwater seepage to neighbouring streams, 
rivers, lakes or seawater forms a variable but some-
limes important fraclion of the total discharge. Detailed 
measurements of flow and lemperaiure rise in the Wai-
kalo river, which passes through the Broadlands field 
in New Zealand, recenily carried out by THOMPSON ET 
AL. (1966) has shown lhat hitherto unsuspected seepage, 
of hot water to the river represents a niajor part of the 
total heal discharge. The discharge of 45,000 kcal/sec 
quoted by DAWSON and DICKINSON (1970) for Ihe 

Broadlands field, includes a large seepage contribulion, 
and more recent measurements, made at a time of re
duced river flovv, have almost doubled Ihis lotal (M. 
HOCHSTEIN, pers. comm.). 11 should be noted Ihal chem
ical sampling of the river water at points above and 
below the thermal area did not show a corresponding 
increase in chloride, suggesting that the heat is carried 
predominantly by fresh ground water which has been 

heated by steam. This would considerably inerease the 
calculated enthalpy of. the discharge, and thus remove 
an anomaly resulting fr.)m the apparently low enthalpy 
of the surface discharge compared with the measured 
temperatures al depth in the field. Both the Wairakei 
and Broadlands fields in New Zealand, and two areas 
in Iceland, (BODVARSSON 1964) have measured natural 
heat discharges much larger than the largcsi quoted for 
olher fields in the world, including Japan (FUKUDA 
ET AL. 1970). but it seems possible that, at least in 
some cases, the measured heat flows are loo lou' be
cause the seepage coniribution has been seriously under
estimated. Evidently, the hydrological conditions in each 
area niusl be considered when discussing such a pos
sibility. 

YuiiARA (1970) describes field apparatus for.meas
uring lhe heat discharge from fumaroles and steain 
wells, and gives the necessary formulae for converting 
the nieasured data to heat and mass flow. He also de
scribes a calorimeler for measuring weaker sleam flow 
from sleaming ground, and a probe for liieasuring the 
ihcrmal conduciivity of the soil near the surface. These 
techniques are used to make a detailed study of the 
Owakudani geothermal field, Japan, where there are 
areas of sleaming ground and fumaroles, hot springs, 
and several drillholes discharging steain or sleam/watcr 
mixlures. A., map of lemperature distribution al one 
metre depth is also included. Calculation of lhe enlhalpy 
of the various heat sources, using the heal and mass 
flows quoted by the author, shows that the average 
enthalpy of tlie discharge from the steam wells cor
responds to an initial water lemperalure of about 161 "C. 
whereas the eircctive teinperature of the water maintain
ing the natural activity (fumaroles. hot springs, con
duction etc.) cori-espoiids to a source teiiiperaiure of 
only aboul 52"C. This is clearly too low, since fumarole 
discharges arc found, and temperatures of up to 156"C 
have been measured in some .sources (presumably in 
drillholes). It thus seems possible either that the sur
face springs, etc. have become diluted by consiclerahle 
quanlides of cooler ground waler, or dial the total 
natural heat flow has been gready iindcrestimaled. pos
sibly because seepage losses to the local ground water 
and stream systeni have not been included in lhe niea.';-
uremenls. The sleep topography of the Owakudani area 
certainly suggests that ihere could be important move
ments of ground water across the thennal area and inlo 
the main river sysiem. 

YuiiARA (1970) gives eslimalcs of die lolal re
lease of heat energy from the whole area of japan, in 
units of 10-'' ei'g/.vear. of 7.3 for normal heal flow, 
0.7 by volcanic eruptions. 0.2 from geothennal areas, 
and 1.1 from hot springs. These proportions are quite 
difTerent from those in the New Zealand central vol
canic area, where the natural heat discharge from the 
geothermal areas is estimated to be several times larger 
than the lotal for all kinds of volcanic activity. Possib-
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rjy, (he relalive levels of hydi-olhernial activity in Japan 
and New Zealand are very different, but it is .also 
possible, on the evidence available at present, that the 
geotherinal heat flows in japan have been under-
cslimalcd. 

FUKUDA (1970) and DAWSON and DICKINSON 

(1970) include in their contributions descriptions of 
equi|iment and field lechniqiies for measuring the dif
ferent forms of heal discharge from geotheimal areas. 
The laiter aulhors also describe a niethod of measuring 
the heat discharge from fumaroles by black and white 
aerial photography of Ihe sleam clouds. They state that 
the use of black and white and infrared photography 
has reduced the cost in man hours for surveying the 
Karapiti thermal area from 640 man hours using con-
venlioiial methods, to 40 man hours. They estimate 
that the error in assessing heat losses from warm ground 
using infrared photogiaphy is about 10%. while lhe 
black and while method for fumaroles gives results 
within 12% of those obiained by direct methods. The 
aerial photographic method is especially useful for 
making periodic repeal surveys in order lo measure 
possible changes in heat output and size of a Ihcrmal 
area. 11 is also likely to be useful for surveying new 
fields after calibralion by ground measurements at rep
resentative points. 

Probable instrumental and field errors using ther
mistor probes lo measure temperatures down to a depth 
of two metres are discussed by DEDKQVA F.T AL. (1970). 
A field probe and its calibration is described, the 
overall instrumental error being estimated to be be
tween 0.01 and 0.05 "C. After discussing the random 
effects on shallow lempcralurcs due to seasonal and 
weather changes, variations in surface cover, etc. the 
authors recommend a differential nielhod. tempera
tures ineasured withiii the thermal anomaly being 
always referred lo similar measuremcivls made in normal 
ground at regular intervals during the survey. They also 
discuss the best season of the year for making measure
ments, suggesting Ihe end of winler as being the best 
for phenomena involving an upward heal flow. Taking 
all Ihe probable sources of error inlo account, the small
est lempeiature anomaly thai can be mapped reliably 
is 0.5"C al 2 metres depth. In anolher conlribulion lo 
lhis Syirposiiim, KRCNIAR ET AL. describe lhe use of 
Ihis instrument to explore two hot spring localities in 
lhe area of the Low Taira, and anolher two in soulhern 
Serbia. Maps of the study areas are shown with lem
peralure contours at 1.4 metres depth, and gradient 
contours. In general, Ihe form of the palterns obiained 
corresponds well with known faults and with known 
high temperalures, allhough it is suggested that ccrlain 
delail wiihin the patterns may indicate the possibility 
of the existence of fissure zones normal to the trend 
of the known fault zone. One of the objects of the 
surveys was to evaluate the bol waler distribution below 
the surface, wilh a view to increasing the output of 

tliermal mineral water by means of wells or drillholes. 
The usefulness of lenipcrature and gradienl nieas

urements al depths of the order of 1 iiielre may be limited 
by the elfects of ground waler circulalion in some areas, 
and in olhers hy hard surface rocks, whicii make il 
necessary lo drill Ihc probe holes. In lhe laller case, 
the wortliwliileness of the one metre survey beconies 
doubtful, because of the increased cost and reduced 
rate of pi-ogress. and il is advisable lo rely on a smaller 
number of deeper holes, in whicii I em peratu res ancl 
gradienis can be measured more accurately and with 
greaier .sensitivity, so that lhe Irue limiis of the field 
can be determined with greater certainly. 

Inlennctl'tatc deplhs 

This includes holes drilled to depths ranging from 
a few lens of melres lo between 100 and 200 metres. 
They may provide both geological and chemical in
formalion, bui measurements of temperature and gra
dienl al a sulficicnt number of points in these holes 
can provide important data relating to underground 
temperature disiribulion in the area. In many cases, 
it is probable that an array of such holes, properly dis
tributed over the fielcl, and supported by resistivity 
soundings, can supply all the infonnation necessary for 
planning a deeper explpiation and production program
me. Several contributions lo the Symposium include re
ports on drilling programmes of this kind, some of a 
research character, and some forming part of a general 
invesligaiion programme. 

BURGASSI I-:T AI... (1970) describe a geolhermal 
gradienl and heat flow survey carried out with 61 
shallow holes (average depth 33 in) distributed, over 
an area of about 300 km" in Ihe Radicofani region, 
east of Monte Amiata. Ilaly. T'he choice of area was 
based in part on ihepiesenee of Upper Pliocene vol
canic'aciivily in the aicii, and in pail on the orientation 
of the -patlern of ihermal anomalies established by 
earlier surveys of the Monlc Amiata region. The exis
tence of a ihick cap rock,.consisting of impervious and 
more or less homogeneous clays, provides nearly ideal 
conditions for heal flow and lemperalure survey with 
shallow holes. Gradients were measured by means of 
a pair of high precisioii platinum resistance thermom
eters located 5 m aparl near the bottom of each well. 
A third iherniomeler piaced cquiclislant from lliese. was 
used as a check. Holes were cored contiiiuotisly over 
the bollom 5 lo 10 m. and ihermal eonducdvily of (he 
core niaterial was measured by a needle probe nielhod. 
An accuracy of gradienl values in the range of 12'!<' 
to 1.5% was csiimaied. 

The iso-grailienl ancl iso-flow maps obiained in 
lhis survey jndicale dial the thermal anomaly in the 
region surveyed represents no more than the margin of 
the main Monte Amiata anomaly, where il declines to
wards normal values. The conclusions are thus negative 
as far as geothermal prospects are concerned, but il 
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lias been possible in this way to exclude a large area 
from furiher consideration in the present field extension 
programme. 

SESTINI (1970) describes very detailed measure
menis of temperature and thermal conductivity in-Ihree 
holes drilled lo a depth of 80 metres between Iwo 
productive wells in Ihc Piancastagnaio field, Monte 
Amiata, Italy. The site was chosen because the under
ground struclure and temperature are well known. 
There is an upper impervious complex 450 metres thick, 
beneath which are the permeable reservoir rocks, with 
lemperaiures at the lop of 188 lo 192"C .beneath Ihe 
experimenlal sile. The reservoir lemperalure, as measur
ed in successive production holes, has increased wilh 
lime, and the author- concludes that the original un
dislurbed temperaiure was approx. 160"C, compared 
wilh a teniperatui-e of 180"C nieasured in Well PC8 
in March 1965. However, calculadons of the rate at 
Vvhich a lemperature disturbance propagates lo the sur
face by conduction shows lhat the tliermal regime in 
the shallow prospection wells is slill stationary and is 
dependent on the lemperalure prior lo cirilling in lhe 
field. SESTINI shows thai, allhough die measured gra
dients vary considerably both with depth and between 
the wells, the heal flows calculated from lhe measured 
loc'il gradienis and ihermal conduclivilies arc ncariy 
conslani. and aboul len limes the normal value of 1.5 
mierocal/cni" sec. He therefore recommends very ac
curate heat flow ineasurcments as a means for prospect
ing geotherinal fields. He suggests that three or four 
measurements be made at points 1-3 km apart, on the 
apices of a polygon, so as to permit a reliable deter
mination of the inagnitude and direction of horizontal 
increase in heat flow. In this way, further heat flow 
measurement sites can be programmed so as to locate 
both the central productive zone, and lhe boundaries 
where production ceases to be profitable. This proposal 
must be contrasted with the allernalive of gridding the 
area with a regular patlern of holes in which relatively 
less accurate measurements are made (e.g. of teniperature 
and gradient only). Possibly, SESTINTS niethod would 
allow the thermal anomaly to be mapped wilh a smaller 
lolal nuinber of holes, but iis elfecliveness in otlier 
lerrains would no doubl depend on the absence of any 
important disturbances by ground water convection, 
which could alfecl Ihe heat flow measurements con
siderably. 

MoNGELi.i and Ricci iE'rn (1970) report the use 
of lemperature measiuemenls in three IOO metre dri l l
holes to study a weak therma! anomaly in the area 
of the Cahdelaro fault and Gargano headland, Ilaly. 
The area is dislinguished by a few warm springs (maxi
mum temperature 27 "C shown in map) and a -v '̂cll-
defined gravity anomaly. Crustal seismic surveys show 
lhat Ihe Moho discontinuity rises sensibly under the 
Gargano area, and the authors suggest that bolh the 
gravity and thermal anomalies may be due to a local 

decrease in the thickness of the crusl. Gradients measured 
in the tliree holes, drilled along the Candelaro faull, 
which crosses part of the base of the headland on its 
SW side, are l " C / l 2 . 5 m , l "C/13.5m and 1'^725 in 
respectively, decreasing in a NW direction along the 
fauh. Calculated heal flows, using estimated conductiv
ities are 2.88. 4.15 and 2.88 microcal/cm''^ sec re
spectively. The nieasured ihermal anoinaly is thus a weak 
one, although, since the three holes are almost in line, 
there is no information aboul possible varialions in heal 
flow perpendicular lo the faull. Also, to judge from 
the patlei n. of ground waler movement indiealed by 
the authors, bolh the warm spiings around the headland 
and the heat flow anomaly indicated by the drillholes 
could be maintained by a single anomaly centered near 
the root of the headland. The strength (heal flow and 
tcm|3Ci-ature) of this supposed anomaly cannot be judged 
from the dala provided, but some estimati: could be 
made if the total heal discharge of the springs around 
the headland were known. Without more positive infor
mation, the most likely estimate of the anomaly is that 
it is trivial. 

DuPRAT (1970) describes lemperature and gra-
. dicni measuremenis in IOO metre holes in the Denizli-

Saraykoy area of Turkey. Measurements are made at 
three points in each hole, normally at 60, 80 and 
100 melres depth.. The measurements were made as 
far as possible in homogeneous formations representa
tive of the surface cover. In addilion, locations sub
ject to disturbance by surface activily (hot water, fuma
roles) were avoided, as well as alluvial areas where 
the gradient was considered likely to be disturbed by 
water movement through the aquifer: This selection has 
resulted in a considerable area forming the valley floor 
between the Kizildere and Tekke Hamam being cMnilted 
from the survey, so Ihal the true thermal condilions 
in the formations beneath the valley are unknown, 
although the resisliviiy survey data show low values 
there. Both the lemperalure and gradient palterns show 
closed maxima on the northern (Kizildere) side of the 
valley, the maximum gradient areas enclosing 3-4 km' 
(wiihin 5"C/10m conlour). Another high gradient area, 
lo the ENE of the main field is also apparent, but it 
has not been completely mapped, and has not been 
investigated further in die course of the present survey. 
Temperature data from the Tekke Hamam area, on 
the southern side of the valley, were not used because 
they were considered loo subject to disturbance by 
conveclion lo be represenlalive. The maps of 100 metre 
lemperaiures and gradienis. based on 57 measuring 
poinls, correspond well wilh lhe tectonic map deduced 
from the resistivity surveys. A few further gradient 
holes were drilled on a local graviiy high at Karakova. 
some 22 km to the ESE of Ihe Kizildere fielcl, which 
has been inlerpreied as a possible basement high. How
ever, the gradients found (0.7 to 1.55"C/10 m), although 
considerably higher than normal, are nol considered to 
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Titale an important anomaly, and no further explora-
•^ion in this area is conteniplated al present. 

l-'ive deep holes drilled in or near lhe Kizildere 
grailienl and temperature highs have produced a mix
lure of stenm and hot water, while a sixth hole, drilled 
on (he .soudiern side of (he valley near Tekke Hamam 
was unpioducdve because of reservoir impermeability. 
Comparing the depth of the reservoir deduced from the 
eleclrical soundings with that calculated from the gra
dient at the same poinl on the assuinption that the res
ervoir tcmpeialure is 200''C. and plotting the resulling 
ralio on a map, DUI 'RAT concludes that while there may 
be a zone where the reservoir teniperature approaches 
200"C. its area is ralhcr limiled. 

Setting aside the possibility that the reservoir 
extends to the south,' or east (upstream) under the 
valley floor, where it is disguised by Ihc cold aqui
fer above, and ignoring also the still unexplored high 
gradient area to die ENE of Kizildere, the preseni 
production area bears .some likeness to the field of 
Ixllan de Los Flcrvores, in Michoacan, Mexico. The 
results of exploration of this field-are discussed by 
BANWELL and GOMEZ V A L L E (1970) and il is conclud

ed that the surface phenomena are mainlained from 
a shallow reservoir having an area of maximum lem
peralure of about 2.3 km" and a thickness of 150 
metres. The maximum lemperalure is csiimaied from 
drillhole measurements and chemical evidence to be 
aboul 160"C. The Kizildere reservoir is probably slightly 
holler, and has a somewhat larger volume but, in 
both eases, the best prospect of finding a field capa
ble of substantial power produclion lies in localing, 
if possible, some deeper reservoir from which Ihe 
upper one is fed. An allernalive, in bolh cases, is 
to use the heat from the upper reservoir for induslrial 
purposes, converting only a ininor part inlo eleclrical 
energv. This approach could make Ihe exploitation of 
even these relatively sniall reservoirs economic. 

CoRMv ETAL. (1970) havc carried oul a series 
of surveys, using different techniques, including gra
dient holes, in Ihermal areas on the islands of Mar
tinique and Basse-Tcrre (Guadeloupe) in the French 
Aniilles. Twelve gradienl holes were drilled lo depths 
of belween 75 and 185 melres over an area of 25 km' 
betweeii Lamentin and Ducos, in the vicinity of an 
area of hot springs on the island of Martinique. A 
furiher scries of holes to measure surface temperature 
and gradient between 0 and 50 metres was drilled in 
and around a hot spring area on lhe shores of Bouillante 
Bay, Guadeloupe. TTie gradienl pailern al Lamentin 
shows a zone, elongated in a NW-SE direction, which 
includes the thermal springs within the l " C / 1 0 m con
lour. and has a maximum contour of 3"C/10in which 
encloses an area of rather less than 1 km'. The align
ment of the area does not havc any obvious relationship 
wi lh die fracture patterns seen on aerial pholographs. 
All the hot springs mapped lie in the SE part of the 

patlern, belween the I "C/10m and 2"C/10m contours, 
only one being localed on die 5 "C / I0 i i i conlour. A 
deep hole (771 metres) was drilled at a position ap
proxiinately on the 2"C/10ni conlour, near one of Ihc 
hot springs on the SE side of the maximum. Temper
atures in this hole increased lo 91"C at 150 m, remain
ed constant from 150 lo 250 in, at aboul 93"C. then 
decreased slowly lo 70"C at the bottom. An extremely 
violent eruption of water at 90"C. accompanied by CO;, 
occurred during cirilling. just after placing casing follow
ing heavy lo.'̂ .ses of dril l ing nuid between 150 and 180 m. 
T'his eruption-was conlrolled afler three weeks, in part 
as the result of abundant deposition of calcareous tra
vertine, resulling in a partial self-sealing. The chemical 
composilion of the waler discharged was very similar 
to that found in the neighbouring springs, with high 
NaCl (about one third that of sea water) and high boron, 
about ten limes thai of sea water. The Na/K ratio of 
the erupted waler was likewise very similar to both 
sea waler and neighbouring hot spring values. ludging. 
from the chemistry, the hot spring and drillhole water 
could be forined of a mixture of local sea waler (Na/K 
ralio) healed by dry or superheated steam (contributing 
the boron) and diluted by some fresh ground water 
(since condensalion of enough steam to produce die 
observed dilutioii Oi" Ihe sea watei- would have resulied 
in much higher leinpeiatures. or have required im
portant conduclive heat losses)'. The loeal spring tem
peralures are very nioderate (max. 46"C in the maximum 
gradient area), ancl there is no evidence of imporiant 
steam discharges. The authors conclude that the walers 
at 9I-95"C have reached the surface from a deep reser
voir by a channel fonned by a wide fraclure '/.one now 
completely silicified. The fractures are inclined and the 
drillhole, after culling Ihem, finds less altered and cooler 
formalions below. 

.The other area explored, in Bouillante Bay. shows 
a giadient pattern wilh a maximum of 15"C/10in. 
running in a norlli-easterly direclion along the shore of 
the bay, and still open c>n the seaward sicle. Two deep 
holes were drilled in this area, oiic to 800 metres be
lween the 5"C/10m and 10"C/10m contours on the 
SW side of the anomaly, and the other to 558 metres 
just outside the 15"C/10in contour near the cenire. 
The firsl hole showed a more or less regular increase 
of lemperature to 220"C at the bottom, but because 
of Ihe low permeability of the formalions,. the sleam 
production was inlermilleii l, the well functioning as 
a geyser.. The. second hole reached a temperature of 
about 240"C at about 550 m depth. First production 
tests yielded 140 tons per hour of steani and water 

.at 160"C. lhe steam discharge alone being about 45 
tons per hour. This hole was drilled in a fracture 
zone marked by the strongest thermal activity, clo.'ic 
to a discharge whicii appeared lo be associaied with 
die existence of a flow of steam condensed close lo 
lhe surface. It may be remarked lhat the chemical com-
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))L)silion uf this discharge has a much lower Na/K 
ralio (5.1) than any of the waters sampled in Ihis or 
any of the other areas listed in this paper, and the 
Bouillante springs as a whole have much lower Na/K 
ratios ihan any of those of the Lamentin area. 

Although the number of deep test holes in these 
two areas totals only llirec, the results obiained sug
gest that there is good agreement between the- indi
calions of Ihe chemical dala (Na/K ratios), the Icm-
peraiure gradienl maps,- and die pioducdvc capacily of 
the areas. The productive hole drilled might almbst have 
been sited on chemical evidence alone, but the coiifir-
niation from the gradient magnitudes, combined with 
the indication given by Ihc gradient maps of the posi
tion and size of the potential productive area, is evident
ly of considerable value. The productive area indieated 
by the gradient map at Bouillante is not very large, 
and if this area, or lhat al Lamentin, are fed from lar
ger and hotter reservoirs at depth, these must be sought 
by survey methods with greater pcnelraddn, such as 
deep resistivity, backed by seismic surveys, to indicate 
struclure and, possibly, the acluai presence of steain 
or hot water filled permeable reservoir formaiions. 

CHENG (1970) describing a prospecling and dril
ling programme in the Tahuanglsui and Maisao geo
tliernial areas of the Tatun volcanic region, northern 
Taiwan, reports on Ihc, results obtained by detailed 
magnetic and resistivity (traverses and soundings)- in 
these two areas. He also menlions the drill ing of 29 
shallow holes ranging from 47 m to 155 m in dcplh. 
and three exploratory wells from 519.5 (o IOOO in in 
depth, drilled in the Tahuanglsui field prior to or during 
the resistivity survey. Al l of the exploratory wells and 
8 of the shallow holes have produced steam and hot 
waler. The locations of the holes are shown on a resis
tivity conlour map, from which it appears lhat lhe three 
deep ancl productive holes are siluated wiihin or ve'ry 
close to the minimum resistivity contour plotted (20 ohm 
metre), while the shallow holes are distributed over 
an area which extends well outside the resistivity IQWS. 
However, no further informalion is given about these 
holes or any numerical data obtained from them, and 
reliance for deep hole siting appears tu havc been placed 
chiefly on the resistivity pattern, possibly laking account 
of the positions of the eight shallow holes which were 
found lo discharge steam and waler. The top of the 
hot waler reservoir tapped by the shallow holes appears 
to be at a relatively small depth, indicating that the 
tempeiature cannot be very high. 

The calculation of conduclive heal flow from lem
perature gradients measured in drillholes requires a 
precise knowledge of (he thermal conductivity of the 
rocks in which the gradienl is measured. Various ways 
of measuring this quantity, cither /;; silu or on core 
samples, have been described and some have been 
referred to by contributors. LOI;DO (1970) considers 
the case of heat conduction in an infinite thermally 

insulated region bounded by two parallel planes, heated 
by a plane source at conslant rate per unil area and 
lime. A malhenialical solulion of lhe problem is given, 
and the necessary tables of special functions, as well 
as several graphs, are included in the repori. The 
author shows how such a solution can be utilized for 
measuring the thermal conclucliviiy of rocks in lhe 
laboratory, using a cylindrical core sample cul inlo two 
parls perpendicularly lo the axis, and heated by a plane 
source inserted between the jiarts (i.e. essentially a 
form of the divided bar method). The specimen is 

-supposed lo be situated in an insulating region cluring 
the measuring period. Measureinents havc been carried 
oul on samples and show (lie method to be cITecdvc. 
but il is found that certain limitations must be put on 
the core length. In the case of rocks of low conduc
tivity (e.g. /v = 2-10' •' cal/cm sec"C) the sample length 
must be not less than 8-10 cm. and for high conduc
tivity (.K = 7- IO"'' cal/cm sec"O nol less than 12-15 cm. 

Eleclroin'.ignctic radiation, including infrared 

Proposals for delecting or niapping thermal activhy 
by nieans of the radialion emitted (principally in the 
near or intermediate infiarcd) have been made in manv 
occasions over Ihe past few years, and several conlrib-
u(ors (o (his Symposium have submitted papers deal
ing dircclly with this type of survey or making some 
reference lo i l . Besides emission mapping, reflccdve 
meihods have been tried, using natural irradiation from 
the sun. and near infrared/visual colour photography 
has been developed for a nuinber of purposes besides 
geolhermal. In this case, a very convenienl way of dis
playing Ihe dala is by means of false-colour reproduc
tions, in which the contribulion of the infrared part 
of the picture, represented by some chosen colour, is 
combined with simultaneously recorded photographic 
data from other parts of the siiectrum. Reproductions 
of this kind w i l l often show loeal changes in vegetation 
or soil from difTerent causes, including abnormally high 
temperatures or hydrothermal alteration. 

Longer wavelength infrared emissive or reflective 
surveying is carried out by special scanning equipment, 
whicii may be adapted for ground or airborne use. ancl 
nonnally operates in the 3-5 micrometre (micron) or 8-14 
micromclre Iransmission windows in the almcisphere. 
Blackbody emission from a warm surface at say 20"C has 
a maximum at about len micrometres, so that llic 8-14 
micrometre band wil l give the greatest sensitiviiy for 
detecting weakly active areas. However, it' can readily 
be shown, from llieoretical considerations, tluit even a 
relatively insensitive infrared detection system can re
cord surface temperature dilferences of the order of 
I 0 ~ ' "C in this band, and since differences of emissivity 
or thermal conduciiviiy of surface materials, or micro
climatic factors, can give local temperature diD'crcnccs 
much larger than this, infrared surveying is efTectively 
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'n noise-limited system. That is, the primary prohleln 
lies in separating Ihe wanted features of a recorded 
picture (in this case Ihose relaled to Ihcrmal anomalies) 
from a variable background, made up both of random 
and regular components. HOCHSTEIN and DICKINSON 

(1970) find that Ihe minimum heal flow detectable 
ranges from 150 to 350 microcalories/cm'''' sec. that is 
between IOO and 250 times the normal geolhermal 
heat flovv. This corresponds to a lemperature of be
lween 55 "C and 45 "C ai 15 cm below the surface in 
thermal aieas (DAWSON 1964)'. so lhat the infrared 
emission nielhod can be expected to be much less sensi
tive than direel ground temperature measurements as a 
means of detecting thermal anomalies. Nevertheless, in
frared surveying may have applications in areas where 
access is difficult and, in particular, it may be useful for 
showing the presence of hot waier seepages into rivers 
or large water bodies adjoining thennal areas. 

ITOCHSTEIN and DICKINSON (1970) have used an 
infrared scanning equipment, operating in the 4.5 to 
5.5 micron band, in a scries of trials to determine 
whelher infrared surveys can be used to monitor chan
ges in the boundaries of discharge areas over periods 
of a few years. The equipment, whicii makes thermal 
pictures at a rate of 16 frames/sec for presentation on 
a cathode ray tube display, was mounted in a light air
craft and flown over the test area (Kaiapiti area, near 
VVairakei, New Zealand) at an altitude of 4000-ft. A 
trial run was made at noon on an overcast day over 
the selected test strip, and comparison with panchro
matic and reflective infrared photographs, and near-sur
face temperature patterns, showed lhat the infrared 
scanner picture displayed all the essential thermal fea
tures, but in much greater detail than any of the other 
methods. It was found that the temperature at 15 cm 
depth under all features showing up wilh a lighter grey 
shade in the infrared picture was at least 40"C, and this 
also held for spot features. Similar measurements in 
areas with dark shading showed that here Ihe tem
perature was significantly less than 40"C. The scanner 
equipment is relatively inexpensive, and can be installed 
in a light aeroplane, so lhat thermal surveying by this 
inethod, within its limits, can be both rapid and cheap. 
The fact that daytime operation is possible, at least 
under certain weather condilions, is. also a considerable 
advantage for navigation and aircraft operadon. 

PALMASON ET AL. (1970). have conducted aerial 
infrared surveys over two of 15 liigli-tcinperature ther
mal areas in Iceland. An airborne scanner systeni 
was used, utilizing radiation in the 4.5-5.5 micron wave
length hand. Supplementary ground geological studies 
were made in two areas in order lo identify features 
depicted on the infrared imagery, and to relate zones-
of high heat flux lo Icctonic struclure. In addition, a 
temperature survey was made of one area (Reykjanes) 
al 0.5 metre depth, and some striking similarities were 
found between the infrared and temperature patterns. 

An opdcal-mcchanical line-scan systeni was used for 
the infrared surveys, .which were carried oul al night, 
when the elTects of solar irradiation of the surface were 
at a niinimum. The aulhors include a useful diagram 
showing the spectral distribution of reflected solar ra
diation and .emitted radiation from surface rocks at 
500"K, and of lhe positions of the transmission win
dows in the atmosphere over the wavelength ranee of 
interest. Under the conditions chosen for the surveys, 
blackbody emission frciii ambicnt-leinperalure terrain 
features and geodiernial sources was the dominant ther
mal radiation from the ground surface. In the firsl series 
of suiveys. made in 1967. recording of the image w.is 
by photography of a moving cathode ray tube spot, lhe 
brightness cif which was .modulated by the infrared 
signal. In the 1969 surveys, Ihis was supplemented by a 
video tape recording system. The authors discuss the 
many advant.'iges of the tape system, one of the more 
imporiant of which is the much greater range of signal 
levels the tape is capable of recording without distor
tion. This permits a signal-amplitude' slicing lechnique 
lo be used, by means of which the full range of radia
tion intensities from ground al normal ambient tem
perature up to features al boiling poinl or greaier can 
be accommodaled in a single record and subsequenllv 
reproduced as a set of selected radiation intensity (i.e. 
appaient ground lemperalure) bands. 

The 1968 imagery of 'the Reykjanes area is dis-
pla.vcd in the form of eight separate patterns obtained 
by means of the amplitude slicing technique, wlieieby 
signals below the chosen level are cut olT. The' levels 
chosen are nol slated, bui the patterns show a clear 
progression from the most sensitive, which shows tonal 
contrasts produced by dilTerential heating by the sun 
and by difTerences in vegetation, as well as true thermal 
anomalies, while the least sensitive shows only the 
strongest anomalies. By comparing the most sensitive 
image and the measured temperature al 0.5 nielre dcplh. 
the authors conclude that anomalous heat flows down 
to about 200-700 microcal/cm' sec can be recognized 
wi lh some confidence. This is in good agreement bolh 
with theoretical predielions and with the field results 
obtained by other workers. It is concluded that lhe 
infrared lechnique is nol very efficienl for delecling 
weak heal flow anomalies, bui dial it can still give 
very useful information, particularly in areas which are 
poorly mapped by ground survey. The pattern of anom
alies can in places be related to kiiosvn structural 
features and may al.so indicaic previously unmapped 
structures which control the ihcrmal activity. Also, lhe 
imagery provides a map record at a specific lime, which 
can be compared wilh similar records made al olher 
times to document changing palterns of thermal emis
sion. 

The authors also quote some in(eresting cost figures 
and aerial coverage rates for infrared imagery. Using a 
Cessna 195 airciafl (cruising speed 240 km/h) , flying 
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;in assumed altitude of 1 km over the terrain, and 
'.-issiiming a scanner semi-angle of 56". an area of aboul 
2000 km' can be covered in a pL-riod of eighl hours, 
which includes 2 hours en roule and turning lime. The 
cost, which includes conversion of taped signals to ima
gery, but no further dala processing or •interprelalion 
costs, which may be considerable, is approx. US $ 1.26 
per square kilometre. This relates lo surveys in" North 
America in 1969. and does not include items such as 
mobilization/demobilization cosls when operating in 
another country. The authors estimate that Ihcse cosls 
would be aboul SUS 20,000 in a country such as Aus
tralia, which means thai, in the case of a survey lasting 
say eighl days and covering 16,000 km', the above rate 
per square kilomclre would be doubled. However, if the 
infrared could be included with other airborne surveys, 
e.g. black and white, colour, or infrared colour photog
raphy, inagnetic. or the like, the infrared instrument 
costs would amount to only aboul SUS 0.80 per km' , 
plus a share in overall charges and extra cosls for night 
flying where Ihis is found necessary. 

GOMEZ V A L L E ET AL. (1970) report on an air
borne survey and ground conlrol programme carried 
out in the Ixllan de Ios Flervores-Los Negritos ther
mal area, in the State of Michoacan, Mexico, on Apri l 9 
and 11. 1969. Twelve flight lines covering about 900 
knr were surveyed twice, once at midday,- and again 
al predawn, for a total of 1024 km of flight lines. Ekta-
chrcime aerographic and eklachromc infrared aero-
graphic photography was used during the day-lime 
flight, and infrared imagery in the 3.0-5.5 and 8-14 
micron bands during bolh Ihe day and predawn flights. 
The entire area has been subjected to inlensivc geologi
cal and geophysical surveys in the preceding twelve 
months, as part of a geolhermal investigation program
me carried oul by the Mexican Federal Electricity Com
mission, and bolh the principal thermal areas of Ixllan 
de los Hervores-EI Salitre and Los Negritos had been 
covered by detailed surface lemperature (1 metre probe) 
and resistivity surveys. In addilion all known thermal 
features, including warni and boiling springs, small 
geysers and steam venls had been studied, their tem
peratures ineasured, and chemical analy.ses of the water 
ancl gases run. The area thus provided a very good 
background for an airborne survey study programme, 
and in addition ground truth dala (i.e. air temperaiure 
ancl surface wind speed, ground surface and selected 
thennal pool temperatures, and humidity) were gathered 
at multiple poinls at the tinies of the flights. It should 
be noted that the purpose of the flights was not solely 
for geothermal investigation, but only the latter aspects 
wil l he discu.sscd here. 

The daytime infrared aerographic photography (in
frared colour) produced pictures whicii proved lo be 
of considerable value for identifying patlerns of ther
mally altered ground, both in Ihe presently active areas, 
and in areas of extinct, but presumably receni activity. 

Some of these apparently exlincl areas were nol shown 
on lhe phologcologic maps made before die flights, and 
they have not yet been subjected to detailecl surface 
invesligaiion. so it is not known wlicther there are any 
residual signs of thermal activity, such as niinor heal 
flow anomalies. None of them appears as a recognizable 
ihermal anoinaly in the infrared scanner pictures. 

Bolh the 5-5.5 micron and 8-14 micron infrared 
scanner positives sliow water surfaces as dark (cooler 
than surroundings) during the daytime flights, and as 
light (warmer Ihan surroundings) during the predawn 
flights. The quality of the 8-14 micron predawn images 
is much belter Ihan those of the 3-5.5 micron band, and 
they show hot springs and their associated hoi slreams 
clearly, whereas the 3-5.5 micron pictures show only a 
few hydrothermal features. However, since all water 
surfaces in the 8-14 micron predawn images, including 
rivers, canals, minor lakes and the sector of Lake Cha-
pala covered by the survey are of a uniform white shade, 
indistinguishable from Ihe known thermal features, the 
infrared images currently available fiom lhis survey 
are of negligible value even for selecting areas for closer 
ground surveys. Since a tape record of the scanner out
put was made during the flight, and this can accom
modate a much wider range of signal levels than Ihe 
photographic fi lm widioul distortion, it may be possible 
to produce images with better discrimination by a level 
slicing technique similar to that described by PALMASON 
ET AL. (1970). but attempts to do this have nol pro
duced significantly better results up lo die prescnl lime. 

The chief value of Ihe infrared scanner images ob
tained to date lies in their ability to pre.sent pictures with 
tonal vaiucs, associated with different surface formalions. 
which differ materially from those obtained by normal 
or infrared colour photography. Most of the survey 
area is covered either by recent alluvium or by Quater
nary basaltic lavas and ash, and bolh the contacts.be
tween difTerent forniations and detailed surface structure 
are very well shown, especially on the volcanic rocks. 
Using the predawn 8-14 micron images, it has been 
possible to map several faults which do not appear on 
the photogeological maps, and further detailed study of 
these images can be expected to produce olher new in
formalion of geological significance. However, since few. 
if any, of these geological features appear to have 
anything more than a very general relation to the pos
sible existcrice of further geolhermal reservoirs, the value 
of this information for geolhermal survey purposes is 
very limited. 

IToDDER (1970) discusses the conditions necessary 
for passive infrared imagery in the 8-14 micron band, 
and also passive microwave radiometry at 16 and 19 
GHz (1.875 cm and 1.58 cm wavelength resp.). He 
concludes that airborne infrared surveys are besl car
ried out during Ihe period belween two and four 
hours before dawn,, when geolhermal zones should 
appear warmer dian the surrounding terrain, radiani 
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/c-;nperalure sensidvily may be of the order of ().5"C. 
/Microwave relative lemperalure sensidvides are in the 
I to 5"C range, and a penetration depth of 1 to 10 me
tres or greater is predicted for basalts lo dry alluvium 
and wavelengllis of 3 lo 50 cm. Thus, surveys carried 
out in the microwave range may be less alTected by 
surface temperature variations than infrared, since solar 
heating elTects beconie negligible below aboul one metre 
depth. However, the microwave peneliation will be 
much reduced in moistand belter conducting soils, which 
occur very commonly, especially over active thermal 
areas, so that, in many areas, the advantage of using 
microwave meihods may nol be great. HODDER reports 
experimental surveys of several known hot spring and 
thermal areas in California, and also of one sile, Heise 
Springs, where evidence of previously unknown ther
mal activity was located. Reproductions of 8-14 micron 
nighl-iime imagery of several of these areas are presented, 
some false colour analyses, and several profiles in whicii 
infrared or microwave traces are coinpared with sub
surface lempcralurcs at I metre depth. Il is dilficuit to 
judge the quality of.the scanner images obtained from 
die reproductions supplied, but discrimination between 
thermal waters and olher water surfaces, presumably 
at normal temperaiure, does not appear to be very def
inite ('). The infrared scanner plol along a traverse in 
the lleise spring area shows wide random variations 
(noise) and a very dubious eorrclation wilh the 1 metre 
probe ground lemperaiures, ineasured along part of Ihe 
same line. A similar traverse across the Casa Diablo 
thermal area compares 19 GHz microwave and infrared 
scanner dala with near surface temperature probe data, 
and in lhis case a definite correlation can be seen, though 
the patterns appear to be strongly afTccted by accidental 
features such as a highway near the area. In another 
example of 19 and 16 GHz daytime imagery traces 
across the same area, irregularities in Ihc traces which 
seem to have no relation to thermal features are predom
inant, and one hot spring coincides wilh a minimum 
in the radiation lemperature. It is possible that some 
of the efTects of noise in these records would be diminish
ed if several adjacent lines could be correlated, as would 
occur in a scanned pattern, but it is always a useful 
exercise to ask whether an observer, presenled with a 
considerable length of one of these traverse patlerns, and 
lacking any other information, would be able to pick 
out the significant anomalies with any certainty. It seems 
to be even uncertain whelher he could limit the num
ber of possible anomalies lo the point where there would 
be any gain over making a coniinuous probe lempera-
luie survey along the whole of Ihc (raverse, or, in (he 
case of a feature like Casa Diablo, simply walking 
along the traverse line, keeping his eyes open. 

(M Copies of ihesc images seen hy ihc writer al Ihis Sym
posium show much bellcr discrimination, and a colour sepa
ralion map shows a Ihcrmal anomaly very clearly. 

Nulc lidded in proof. 

CORMY I:T AL. (1970) repori an airborne i'nfrarcd 
(hennographic survey which was carried out over the 
two islands of Guadeloupe and Marlinique, in the 
French Antilles, as part of a survey programme to 
localize the thermal zones more accurately. They stale 
that, unfortunately, the elTects of the heavy cover of 
vegetation and Ihe sniall area of the thermal anomalies 
due lo hoi springs made die method inelTective. al leasl 
as far as the direct use of the records obiained was 
concerned. 

As a general conclusion from the above examples, 
il nuiy be said thai infrared surveying, while it may be 
capable of detecting and mapping relatively strong ther
mal anomalies under favourable conditions, using opti
mum equipment and data handling faciilitics, il is very 
subject to various random noise effects and olher un-
certainlies which can oflen reduce its usefulness to 
praclically zero. Special eireumstanees may sometimes 
justify its use. but these should be carefully considered 
before it is undertaken. 

Maiiiielisin: airhiirne and surface 

Both local and regional airborne surveys have heen 
made over ihermal areas, and various ways of inter
preting Ihem in geolhermal terms have been proposed. 
Thus, it has been suggested that, since hydrolhern.al 
alteration of rocks may cause mineral changes which 
convert magnetic materials to non-magnetic, bolh the 
remanent and induced magnetisation of the rocks 
in a geothermal area may be reduced, and the 
area may be distinguished by a magnetic low. ITow
ever, experience shows that a typical magnetic pattern 
in many areas where hydrolhermal systems oceur is 
oflen very complex, and many of lhe lows have no 
evident relalioh at all lo present-day thermal activity. 
Conversely, the majority of known areas of thermal 
activity arc not marked by conspicuous lows. This may 
be due in part to a different distribution of hydro-
thermal systenis over the area in the pasl, but STRANG

WAY (1970) points oul that at least some of the delail 
in Ihc magnetic patlern may be due lo reversals of 
the earth's field, a huge number of which have been 
found to havc occurred in geologic time. Thus, de
pending on the Slate of .the field at the time lhe dif
ferent volcanic roeks were laid down, the fields of 
superimposed layers may be additive or subtniclive, 
and features such as lows may in many cases be tSwc 
simply lo a chance cancellation of the fields of .several 
layers. STRANGWAY (1970) emphasizes dial die mag
nclic technique, aided by shipping and fillering teeli
niques to get rid of surface effects, seems to have a par
ticular application lo the search for magnetic deposils 
beneath areas with volcanic cover. Some of the deposils 
may possibly consist of intrusive volcanic rocks which, 
if slill hot (but necessarily below Ihcir Curie point) 
could constitute a heat source for a hydrothennal sys-
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/^/ii. hut the connection is reinolc, and most of the de
posils (lelected may now be thermally insignificant. 

MCEUEN (1970) discussing a particular area, the 
Imperial Valley in California, suggests that magnclic 
intensity, r.s deduced from the airborne survey, is 
solely dependent on depth to basemenl. ITc further 
suggests thai Ihe most likely geothermal targets cor
respond to the intersection of major faults in zones 
of lower than average apparent lesistiviiies. Taking as 
an example the apparent resistivity aiid airborne mag
netic maps in an area of known geothermal potential, 
he identifies bends in the magnetic pattern at two points 
which he suggests are most probably localions on the 
down-thrown side of niajor basin and range faulting, 
while the apparent resistivity dala at these points in
dicate that lower than average resistivity will be en
counlered at depth. 

ITOCHSTEIN and HUNT (1970) have carried out 
a magnedc s(udy of (he Broadlands. geothermal field. 
New Zealand, as part of a more general survey, al
ready, referred lo above. Total force measurements 
were made al each gravity slalion over the area wilh 
a proton precision magnetometer, and volume suscep
tibility of cores from deep drillholes was measured. Il 
was found that the biilk of the rocks so far sampled 
wiihin lhe geolhermal field havc practically no suscepti
bility. On the olher hand, core sainples from shallow 
holes (lo about 20 m) had appreciable susceplibililics, 
and highly variable remanent magnetisation, so the sur
face material has a much greater magnetisation lliart 
the rocks below. The first order niagnetic anomaly 
pattern reveals two magnetic highs and one low. There 
is not enough information about the niagnetic properties 
of rocks in the vicinity of the first high to show whether 
it can be accounted for in this way, but the second 
may be caused by a portion of a known buried rhyolite 
dome which has retained its inagnctisation, and a reason
able magnetic model can be devised to account for 
its position and magnitude. Flowever, model calculations 
show that the magnetic low cannot be caused entirely 
hy non-magnetic material within the Broadlands geo
thennal field itself, and non-magnetic material must 
extend well beyond die field. The authors conclude 
that, although part of lhis negative magnetic anomaly 
may result from hydrothermal alteration of magnetic 
rock lo non-magneiic rock, the inagnetic low is of lillle 
value in outlining Ihc hydrolhermal system at depth 
because it is not confined to the present field. They 
suggest lhat the irregular second order anomalies ob
served in the field are due to the presence of magnetic 
material in the top 20 m, and theoretical calculations 
havc confirmed this. 

DUI'RAT (1970) suggests the use of the magnetic 
method to complement resistivity surveys. This may 
permit a distinction to be made between conducting 
zones due lo permeable formalions containing hot 
water, and those resulting from the alleration of vol

canic rocks into conduclive niaterial. It may be as
sumed that, other things being equal, magnetic suscep
tibilities will be different according to the cause of 
the resistivity anoinaly. However, as is evident from 
the results reported by HOCHSTEIN and HUNT (1970). 
the connection between the magnetic anomaly pallcrn 
and a present-day hydrothemial system may be far 
from simple, and any field work based on an assumed 
relationship must be regarded as highly tenlative. 

CHENG (1970) presents a series of maps of the 
T'ahuangtsui and Maisao geolhermal fields in north 
Taiwan .showing niagnetic and resisliviiy contours, hy
drothermal alteration zones and topography. In ad
dilion, the Tahuanglsui area has been explored by 
three deep drillholes (519.5 to 1000 m), all of which 
produced slcam and hot waler from produclion depths 
estimated to lie between 100 and 500 m from the sur
face. The magnetic surveys (surface vertical .intensity) 
were made with station intervals between 150 and 
200 ni, which was increased in bad terrain to 500 me
lres and shortened in some areas for detailed measure
mcnl. Eslimated overall accuracy was aboul 50 gamnia. 

The magnetic pattern for Ihc Tahuanglsui field 
and the surrounding area has seven magnclic lows (less 
than 500 ganima ol which one of the smallest lies in 
an area of low resisliviiy and hydrothermal alteration). 
Mosl of the considerable area.distinguished by both 
hydrothermal alteration and low resistivity shows no 
special magnclic features, and mosl of the magnetic lows 
mapped are distributed round the base of a volcano 
(Shamaoshan) which is itself distinguished by a pro
nounced inagnetic high (3500 gamma). Of the pro
ductive holes referred to above, two are located in the 
common low rcsisdvity/hydrolhci-mal alleration zone, 
one of them close to the magnetic low mentioned, while 
Ihe Ihird hole is jusi oulside a .separate resisliviiy low. 
nol far from a weak niagnetic high. 

In the Maisao area there are nine niagnetic lows, 
two of which cover part of the hydrothermal alleration 
zone. However, the lows coneenied also lie around 
the base of another volcano (Mafengshan) where there 
is a strong high (4500 gamma) and several of the other 
lows likewiseappcar lo be associated wilh nearby strong 
highs. The resemblance belween the resistivity and mag
netic contours at Matsao is possibly a lillle greater than 
in the other field, although CHENG slates that the verti
cal eleclric sounding curves for Maisao show very com
plicated fornis. indicating a high complexiiy of sub
surface geology and structural featuies. Six exploralory 
wells (o depths ranging from 441 lo 1500 m have been 
drilled in the low resistivity zone, all finishing in an
desite. Two holes were not completed owing lo drill
ing difTicullies. but the other four produced steain. the 
maximum being 30 t/h from the deepest well. 

A very common difficulty in using magnetic maps 
(surface or airborne) for the selection of areas of in
ierest for geothennal exploration, or for correlation 
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n'illi other survey methods, is that the number of fea-
jiires having a possible significance for these purposes 
(the lows) is very large, especially in volcanic areas, 
and mosl of ihem, laken alone, seem lo mean very 
litde. Even with the assistance of other information, as 
some of the examples quoted above show, Iheir value is 
al besl doublful. However, the observation that many 
lows tend to cluster around or near major highs could 
be useful in eliminating some of lhe irrelevanl ones. 
Since there is a theoretical basis for this association of 
highs and lows, it should be possible to eliminate some 
of these features by means of a combination of Iheoied-
cal models and field experience, so that a magnetic 
anomaly map can be produced whicii is free from these 
secondary and prediclable effects (cf. STRANGWAY 

1970). It is still far from certain whether such a map 
would be of much material value for geolhermal 
prospecling. bui. uniil this has been tried, il would 
perhaps be unjustifiable lo dismiss magnedc suivey-
ing as being of lillle or no value. 

MONGEI.LI and RICCIIETTI (1970) have included 
regional and local magnetic surveys in Ihe sludy of 
heat flow in the Candelaro faull, Gargano headland 
area of Italy (.see under Intemiediate depths above) 
in order lo determine whether magmatic inlrusion 
in the area could account for the heat flow anomaly. 
Positive magnetic anomalies on Ihe northern side of 
the headland appear to be associated with magmalic 
rocks, and intrusions in olher parls of lhe area are 
ihought to be possible. A detailed magnetic survey 
round the gradient holes along the Candelaro fault show-
ed two anomalies of opposite sign, which might be 
due to an inlrusion. However, the authors conclude 
that, since these intrusions are between Cretaceous and 
Miocene age, il is unlikely that they are slill warm 
enough lo produce any significani thermal anomaly. The 
most probable causes of the thermal anomaly are con
sidered lo be the rise of Ihe Moho discontinuity under 
the area and the presence of the Candelaro fault in 
the ease of one of the drillholes, and the elfect of a 
magmatic intrusion and of a local varialion in Ihe ther
mal conduciivity for the other two holes. 

Exploration reports 

A great part of the field work discussed above has 
been concerned with tesls of new methods in fields 
already well knowii and often extensively explored by 
drilling: the object has been as much lo test the methods 
as to further investigate the field. However, in addition 
lo these sludies, geothermal investigations have been car
ried to a significant stage in no less Ihaii Ihirteen fields 
whicii arc new or not completely reported previously. 
Six of these fields (including Cerro Prielo) are in Mexico 
(BANWI:LL and GOMEZ VALLE). IWO in Taiwan (CHENG). 

(wo in the French Antilles (CORMY), and one each in 
Chile (LuMii and MACDONALD), and El Salvador. Ex
ploralion in several other fields is known to havc reached 

various stages, but . no reports are available for this 
Symposium. 

The exploralion data from Denizli-Saraykoy (lur-
key), Tahuanglsui and Matsao (Taiwan), and Bouillante 
and Lamentin (French Antilles), as well as production 
rcsulls where tesls have been' made, have been fully 
discussed under various headings above, bui a few more 
delails from the olhers appear to be in order. 

The fields covered in the Mexican report are Cerro 
Prielo (Baja California). Los Negritos and Ixllan de 
Los Hervores (Mich), Los Humeros (Pue). Los Azufres 
(Mich) and La Primavera (jal). 

The Cerro Prieto field is situated at the norihern 
end of Ihc lower California peninsula, aboul 50 km 
soulh of the border wilh die U.S.A.. It. lies in the prolon-
galion of the Imperial Valley, and the formations ih 
which it is situated are very similar to those of the 
Niland field. 'Fhe field and its surroundings were in-
vesligaled by means of refraction seismic and graviiy 
surveys several years ago. and the quanlitative features 
of the siruclural inodel of die area were initially based 
mainly on data from these surveys, but havc since been 
cheeked and generally confirmed by drillhole data from 
the SE part of the field, although it is thought that 
the major thermal anomaly in the area has not vei been 
encounterecl. In an area of 10 km' 42 holes havc been 
drilled lo deplhs ranging from 900 to 2000 metres, and 
22 of tli-;in produce a steam/water mixlure at high 
lemperalure and pressure. The waler component is 
highly mineralised, and it is planned to extract ccrlain 
elemenis which are considered to be present in com
mercial quanlities. Plans and cinnstruction work are 
well advanced for a generating plant with an initial 
capacity of 75.000 kW. which is scheduled to begin 
operalion in 1971. 

A review of die available graviiy and seismic dala 
from the Cerro Prieto field shows certain anomalies, 
and a fresh evaluation, based on some of the new ideas 
presenled in some of die olher contribulions lo this. 
Symposium, would appear to he both interesting and 
profitable, especially "with regard lo possible further 
extensions of the production area. 

Los Nep.rilos field is identifiable on the surface 
only by a small area of mud volcanoes and warm pools 
with gas bubbles. Nearby are two lagoons, both eold. 
but the larger (La Alberca) was fornied in 1902 by a 
violent phreatic eruption, following a series of earth
quakes. Its present area is about 250.000 ni". This active 
area lies in the floor of a circular valley covered wilh 
lake sediments, enclosed on three sides hy volcanic 
rocks consisting principally of Tertiary basalts. The 
valley floor forms part of the Lake Chapala basin, and 
lies some three nieties below the maximum level of 
the waters of Lake Chapala. The eruption debris sur
rounding die La Alberca lagoon includes large quanlities 
of sinter apparently made up of cemented lake sedi
ments, and small blocks of basall, some heavily coated 
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V/(h sinter deposits. Visible drainage is towards Lake 
Chapala. the drainage basin having an area of 930 
kil l ' , of which 705 km' is made up of volcanic material 
and 225 km' of lake sediments. 

A one-metre probe surface tcmpeialure survey was 
made with a bimetallic thermometer on a grid covering 
5.6 X 10' nr', based on a reference poinl coinciding with 
the niajor mud volcanoes. The temperaiure anomaly 
covered an area of 2.78 X 10"" in'"', the calculated anom
alous heat flow (conductive) being 312 kcal/sec cor
responding to an average rate of 11.2 miciocal/cm'"' sec, 
or 7.5 limes nonnal. 

Resistivity traverses and soundings (Schlumberger) 
were made over the lake sediments, using a switched 
DC systeni wilh a 0.3 sec switching cycle. For the 
traverses, a fixed spacing of 1 km was used between 
die current electrodes, a total of 414 measuring points 
being used to construct the isoresistivity map. Topo
graphic control was provided by a survey nel covering 
342 knr. Eleclrical soundings were made al selected 
poinls ranging from the vicinity of lhe area of surface 
activity to the vicinity of Lake Chapala, a distance of 
some 25 km. Several low resistivity layers were found, 
descending from near surface near die thermal area to 
65 metres clcplh near Lake Chapala. 

The isoresistivity map showed a low resisliviiy area 
(less than 5 ohm ineire) covering an area of 40.7 km', 
whicii encloses the suiface activily near its easlern limit, 
and exiends westwards and northwards towards Lake 
Chapala. The 10 ohm metre zone extends inlo Lake 
Chapala, and encloses an area (including lhe 5 ohm 
metre zone) of 151 km'. A resisliviiy traverse line run 
over the lake sediments as far as the thermal area of 
Ixllan de Los Hervores, which is aboul 27 km distant 
in-a direel line, showed no evidence of connecdon be
tween die two fields. 

Since the low resistivity area is located in lake 
sedimenis which are estimated to be belween 400 and 
500 metres thick, and water- table is very close to the 
surface, there is a possibility that the low resistivity 
values in some parts of the area may be due to the 
presenee of alluvial or hydrothermal clays, ralher ihan 
lo'high lempcralurcs. Also, many of die eleclrical sound
ings show evidence of higher resislivides al dcplh, so 
lhat the underlying formations could consist cither of 
cooler non-alluvial material or a steam reservoir. Under 
these circumstances, a direct nieasuremenl of tempera
ture is the appropriate step, and five test drillholes have 
been sited in relation to the resistivity pattern so as to 
check both temperatures and siruclural details at cril i
cal points. Projected hole depths are bciween 500 ancl 
400 metres, and the drill ing programmes and equip
ment wil l be selected so as to minimize the risk of 
eruptions and loss of the hole if high temperatures or 
steam ate encountered. Dala from these holes should 
be available in time lor discussion at the Symposium. 

Although geochemical studies wil l be discussed in 

another section of this Symposium, the possibility, that 
certain geochcmi.cal data may be used for preliminary 
temperature csiimalion is sulTiciently iniportant to de
serve mention here. Several chemical or isolopic equilib
ria between elements and compounds found in hydro-
thermal sysiems arc known lo be tcmpeialure sensitive, 
and some of ihese equilibria appear lo be slable enough 
for the constituents to reach the surface while still 
retaining the proportions ihey had at depth. In lhe 
case of the surface activiiy at Los Negritos, there is 
virtually no visible water discharge, and the equilibria 
of the minerals in solulion may therefore be alTected 
by surface condilions. but there is a relatively free flow 
of gas and steam from sniall vents in many of the mud 
volcanoes. The CO.^CH, ratio in Ihesc gases corre
sponds lo a temperature of approx. 227 "C average. If 
we accept this as the base temperature of a hot water 
syslcm, the two-phase zone should extend to a depth 
of 750 metres under boiling-point/depth conditions, and 
the power potential of such a system, extending over 
40 km', would be aboul 50,000 megawatl-year, assum
ing an cxlraclion cITieicncy of 25% of the theoretical 
yield of mechanical energy. This would rcpresenl a 
very large power potential indeed, but il must be empha
sized that il resists at present only on indirect evidence, 
and more direct tesls are essential. In particular, it 
would be desirable to have several indepcndenl eslimates 
of underground temperature fi;dm dilTerent chemical or 
isotope ratios in the suiface discharges, and it is hoped 
lhat some of these wil l be discussed, and their 'relia
bility and accuracy evaluated, in some of the sessions 
of the Chemical Section. 

The field' of l.xllan de l.os Hervores is situated 
aboul 27 km NE of Los Negritos, and its zone of sur
face aciivily is distributed along a strip on the lake 
sedimenis, close to the boundary with Qualcrnary basall 
flows immediately- to the norlh. The surface activity is 
much more intense'than at Los Negritos, consisting of 
numerous small boiling springs discharging chloride 
water, a few small semigcysers, and areas of steaming 
ground and small steani vents. Mueh of the surface is 
covered with sinter deposits. 

A 1 inelre lciii|ieratui-e and heat flow survey was 
carried out over a 5 km' rectangle, the area of the thei-
(nal anomaly found being 1.3 km' and the heal flow 
1790 kcal/sec, corresponding to an average rale of 
9.2 times normal. A resisliviiy survey, using Ihe Wenner 
systein, was carried oul over the thermal area and into 
the adjoining basalts and lake sediments. For traverses, 
a Wenner « a » of 500 metres was used, wilh crossed 
spreads al each poinl. T'he Lee partition meihod was 
used in. the polential incasuremeiKs, giving four values 
for the resistivity at each poinl, a pi-ocedure found desir
able because of the rapid horizontal variations in resis
tivity occurring in lhe area. This permitted a very detailed 
resistivity map to be drawn, and this correlated very 
well bolh with the geochemical maps, and with struc-

51-



,î . (iirai DClails deduced fi'oiii aerial pliotographs luid fiei.tl 
work, T'he low resisliviiy area (under 5 ohm mcfic) 
cxt.eutls ovct- the lake scdinicnts and is cloiigatcd' in 
an E-W direction^ The;area enclosed is about 2.3 km",, 
while -the greatest depth of the. hydi-oihcrmal syslcm, 
deduced from the; souhdiiigs, is about ISO ni. 

Underground tcmpcrafures, deduced froni Na/K 
ratios and SiOj concen tra liqii> of the hoj spring .waters, 
[ire of the order gf 13() ty L50."C, a little snuillcr than 
[hose ineasured in. IWQ clrillholcs: put down in the area 
sever.-)I years previously. The j:)dwer potential oT the 
hot zone, calculated as for Los Negritos, is about 150 
inegavvall years, wi(h a possibiiity of extension to about 
420 liicg/iWtTIi-year if the area wilhiii lhe ten phni mc-
(rc cbn tour proves to be liot. However, since even this 
poten lial is rather loo sniall to justify dcvcl opine irt for 
power production; a series of spundings was carricti 
out over the surrounding .area, cp.vcrliig a total cjf 15 
knr, in order to determine whetlier tiny', evidence of a 
larger and dcejpcr resci-yoir could be foiind. Low resist 
tivijies at depth wcie found lii several soundings, and 
silCa for five drillholes for core saiMpling 'and tenipcra-
llirc measIIrement; havc been selected. Planned deptlis 
are from 300 to .400 ,ineti-es. 

Surface activity iri .the Les Huincrm field, Ruebla, 
consists of small flows.oT steam from a few fumaroles, 
and se-veralarciis of weakly steaming ground in collapse 
basins about 10 metres jn diameter. Gases accompany-
ing the steam sonsisl principally of COj (85-95%) and 
smaller quanlities of methane and Q.xygcn and, in a 
few cases, hydrogcn,;sulphide. Fumaroles Gontaining die 
latter gas also dcposil smali cjuantilies of,'sulphur. A one 
iiietie pro he suiTcy was carried out over an area of 
about ,2 km', tlie ihermal anoiiialy coveriiig about 1,8 
km' witliin this. Thci'c ts evidence of an extension of 
[lie aiuiinaly oulside the surveyed area, huj thjs was 
not fully explored .0(1 this pccasit)n. A resistivity survey 
over the s,a;ne area showed rcfatiycly high rcsisdvidcs. 
despite-die presence of extensive zories of kaolinization 
-qn llie suiface, leading to the Gonchision that a steam 
system exists at sy(nc depi.h. This exploration iiiusl be 
i-egaritied as a reconnaissaiiec only, aiTd further investi-
siation by geocheniical aiUtlyse's to e'stimatc reservoii" tem-
ticralufc, by dci;pcr electrical soundings, followed by 
driltihg at siilccicd site's, will be- necessary before this 
area eim b-ipropevly cvaluaVcd. 

Los Aziijres (Mich) is.siiunlcd in high aiid rugged 
country. The most ijnpoi-tant I'orni of surfiiee activity 
cpsisisls of several 'active funiiivolc's discharging super-
healed istc.im,. some boiling, iiiiid pools, a few boiling 
pools, and a large warm lagooii with active gas bubbling-. 
Se\ei"yl small fumaroles iicar the lagooii dep.osil sul
phur and have given die area itS; name. There are also 
many huge zones; of, hydiodicrnial alleration. on .the 
niount.ain ,sides', some.of thehl.uscid as kabliii quarries. 
The total iirea 16 be explored is about 50 km'-'; on pres
cnl estimates, most of it with tlieinial activity of spnie 
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kind. Observailonat work to date comprises leinpcralurc 
mcasurenienl.s in stinie g,f die- larger fliniargiesv- where 
superlie_at up lo about 19"C has been fquiul, cheinical 
aiialy,ses of sonic of the hot spring •waters, and the 
cstablishnicni qf a first, benclimai:k net for topographic 
Qpntrbl. Some phoTogcolbgical work has also been done'. 

The ruggedness qf (his laiea will present some 
special problems for geopliysic;al surveying, and iniliai 
resisliviiy measureinents woiald be iii.qst'conveniently in 
lhe form of :deep soundings from the occagional level 
basjn ni-cas that occur. Resisdvily travci'ses inay be po^-
sihle in some places, but point' niethods, such as niag-
netblclluric sDunditigs and ground noise measuI'Cmeiits, 
appeal' lo be inost pi-actical, at least for exploi-alovy 
surveys. Geodieiniciil studies qf uniicrgi*ound icinpei'-
ature, using funiarojc- gas equilibria, wqukl also be 
very approprialc in an .area 'of this kind. AUogcthcr, 
Los Azufiies, appcai-s to be n pGicniially''vevy •'mipoltanl 
area, possibly a steam field,- which will present some 
intcrel'iling- survey problei'iis. 

The ilist Mexican field wlniiji is. cuireivily .being 
•investigated is Lo Prhnavcni, in. lhe Stale of Uvli;-,co. 
about 20, km to tho-svcsl of Guadalaiara". Power devcTop-
m-jni here \yquld be atlraciive because of die nearness 
of ihc field to a large cily, but the mdunlaiiious nature 
of the area, which is very siiiiilar to Los Azufres, will 
lead to siinilar survey problems;. Siructuraliy, die zone 
is a caldera, with both funiaiolic and tid! spring acliviiy 
wilhiii it. Geological and phqlbgeo^.qgical maps of tbe 
area are ali-eady available, and a pi-ogranime of- resis
tivity surveying, grpund noise; arid them ical sampling-
is currently in progress. On Ihe basis of the.'ic surveys. 
lesl Jioles fqr gradient measui-cniciits'will be drilled (o 
depdis of apfSrbx 30 metres" a( selected si(cs. 

Rcpoiis UM resistiviiy smveying in" the ,/;'/ •/'(///(/ 
, field., in nqrthcrn .Chile, are given by LUMH -MK] MAC-

noNAi.i) (1970). A shallthv sui-vey, wilb an effective 
penetration, of about 25 nieiies. was cai-ricd uui by 
an inductibli niethod (the « Eltxirqnuignelic Gun-»), 
The priiiciptes of .induction surveying have been re-
ferred tu above, and (he inclhod is a vei-y ebhvenieiVt 
one for shaliqw surveying. The equipment is light and 
readily .portable^ and the transmitler-rceeiver spacing 
used (50 metres in tliis case) is sniall enough to make 
cro.ss-counlry working- rchnively. straiglilfor.wartl over 
most tcrfaihs. tliougii ji should be nqlcd thai a cqnnecl-
ing cable is necessary. The ciTective penctiiatfon is about 
half llie Ivansmillei-i-cccivcr spacing, .so that, in cire.uiVi-
stanccs where .smaller- pcnelralio.n î s acceptable, this 
distance can be reduced. 

A shallbw teinperature survey was also made over 
ilie El Talio area al two melres depth, using dnlled 
hblcs'. Over most of ihc area to be-surveyed, the ground 
surface was, too hard, to use, (he one nicivci prahc, and 
il .now seems projjablc that, if ihc induction equipment 
had .been availabic in linic. the tcinperatiu'c siii'vcy at 
two metres cbuld have bcGii dispensed wilh. The in-
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\ 4 * i ^ ' ° " (c lec troiii agn ciic) survey gave a resisliviiy, 
,̂7((crn which resembled the two nielre leiiipefalui-cs in 

(/leir essenliaI,s„ but was more cOmJDiete and covered a 
greater area. The field work was eoinplcled' in only .13 
days, com paced with 6 inonths taken for the tcmpcra-
liu-e sui-vey bver the same area. 

A further DC i-es'istivity svirvey v.'as made over the 
area using a Schliiinbergcr. elcctrqde cojiTigurndon, with 
a disiance of 10(30 metres befwecn (he current clectrD-
des.'". The, resistivity padern is now much, larger; aiid 
exteiiiis well outside bqth tJic: surface tempe rature nnd 
elect I'oniiign el ie survey pa I terns, rind indeed -also outside 
parts of lhe chosen survey ai-ea. 

The field of Alntachapait, in El Salvador, has been 
investigated by resistivity survc,y,s and tcmperauiTc hblcs. 
Dccpet; cxplpratpry and production holes have also been 
dl filed, but no detailed report has been presehied for 
(his Symposium. 

Explor.ition prdRrJamme for new fields 

On the basis of ihc foregoing data, including cx-
.pcrienccJiqm receni exploralibii.piogrammcs, the fisHow-
ing series of stages fbr ah Optiiiial exploration prograni-
mc is suggested. Each stage is intended to provide the 
necessary informatibn for piannihg and carrying,out llic 
next in the most rapid and economical inanner, and 
only those survey methods are incluclec) which, in (he 
light of prescnl experience, appear (o give informalipn 
qf dii-c,cl value for tlic primary bbjective, that is, findliig 
steam, in payable quantities. Tlie idea of c'arrying on 
parallel research programin'cs is ifdl excluded, since 
research infocmation may indeed be extremely valuable 
ill. tile ruUifc, and siiiGC the cxpToialbi-y methods sug
gested here arc not iicecssarily final, Flowever-, rescarcii 
and exf5erinicn(al prbgram mes should be veeognizcd for 
what they arc, and conducted and funded aceordingiy. ll 
may be said that, if an exploration programme is 
wrung more than 25% of the tiine, it is faulty arid needs 
i:evisioii,whcT-cas. if research piogramincs arc right more 
than 25̂ (> cif llTc I iiiii: their sponsors are let ting, theii-
eaution get .die better of (heir imagination, 

Praclically all (he survey methods discussed above 
s.iifTGr from some, degree of ariibiguily or uiic'cvtainty of 
inlevprelalicin in certain •ciiciiiiVslanccs, arid-some dupli-
.cadon of methods is ihiis gehGrally justified to prqvidc 
the necessary cross-checks. 

FIRST S'IACJE, R!:CONNAISSANCE AND. MEASURI-MCNTS 

Ass 11 (ning; (hat the field is already known by iis 
siirl'iice aciivily, the area lo be cxplcircd inilially is 
relalively limi(ed, and lire lbcalibn of a preliminary 

(') OeiiiilccI clijjolc surveys iis well .is nwpiiing usjiip 
AJi/Z =.;.M1 m imd Al!>: = 1000 ni haye'nisci been tiiadc. a.'nd 
these will he reported elsewhere. M, ItoensiniN. pers., cornm.. 

survey Gcnlcc can be establislied. Basic inforriiadon de
sirable beforehand will be ibpqgrajihic maps (scale 
I; fob,000 '(iy fargcr) showingr I'oads, rivers, lakes, 
drainage paltci:iiS and lhe like. a?id mclcorological in-
fonnaliqri (inean annua! rain I iili and tcmperaiuie., and 
variatibris thibtigliou( die year). 1/ ihey ai.'c available, pr 
bbfainable wilboiit excessive delay, slereqsGqpic. aei-ial 
p lib log; a phs witli a SGaic of ap|?rq\. | : 10,000 are very 
usefiil fur planning surface siirvcys, aiid positiunnl con
lrol. 'Nonnal and Inf raved cqi'o.uf phoidgraphs oil the 
same, scale can also be useful for but lining possible hoi 
areas: in lhe bITicc bcfbi-c procGGdlng to the field. 

The field party should have as its primary objective 
saihpling of the surface actiyity (fumaroles, hot, springs 
and streariis, geysers and the like) in order to find the 
conccnlrations and .ratios pl. llie significani elements, 
compoundsr and isolepes' present. The object of tlvesc; 
dcierniinaiions. is lb classify- the activity as far as this 
is; possible, to seek indlGadons-bf the hature of the res
ervpir, fluid (e.g. sl'eaiii, hbl -ivatcr) and the mode of 
heat transfei- to the su (face, and to cslimate, as accu i.a I e-
ly as possible, lhe teniperature in (he reservbir. The 
apparatus .taken to the field should be the mininnim 
ncccssai-y lo coMcct the .samples anci tletci-inine uiisuible 
or reacli vg Compounds and 'Glemeiiis, the reinalnder of 
the a rial yi ical ww^ being d'tine in the labqt-alpry, 'Fhe 
pbints -of saJhplllig shuuld be clearly identified and 
mapped wilh, i-efci:eiiGe to suitable landmarks or special 
survey marks sp linn they can be idcnlified and re^ 
sampled, if (lec.e.ssary, by la lei- pardcs. 

Other field obsei-vatioiis during; this visit should 
'include tein peratu re: mca.surcn'icnls .arid discharge esii-
niales for all die major tliermal fcaluies, including local 
slreams lirid lake's, and obse rval iqns of the charac
teristics of the ground surface, iti order Ip.deeide whether 
there is enough soft cpvering, male fia! over enough ol 
.the area (q, pernd[ shajlow teniperalure surveying (e.g. 
15. cm and I nielrc). 

After •cbhi'pleiibir of (he analyses, diey should bi-
irilerprclcd by the appioprlale geqcliciirlGal ciKeria (u 
decide- icservoh- characterist ics, including tempera hire 
as one of the inore- Iniportant parameters. If (empci'a-
ture estrinales by dUTei-ejH niethods a;gi:ec salisfaciorlly. 
and the temperature appearstPrbe high eiiPugh to juSt'tFy 
further ^explpradon. the next stage should be planned, 
pllierwisc further work in the area should be., a bah d.o neck 
unless die lnler|)retaiibli is bbvluus'ly Gonlradieled by 
cjiaifac-lefrslics of th'c- surf LIC c discha I'gc. Inconchislve 
chciniical temperature dala would np( justify re jec I ion 
-*bf the area wiihbut biliei supporting evidence. 

After lhe geocheniical dala havc been used to de-
tcriiitne reservoir cliaraGlcristics.. Includirig probable tem
perature, a dcpi5.1.011 can be made abbul die next stage 
pf. the survey. Fllgh or inconclusive tciiiperature would 
jusliry prp.cecding. but a • Ibw cnlculated lenipcrature 
would nbl necessarily ciondemn (he field. 
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The second field parly wi l l consisl of a leam of geo
physicists with equipment for measuring heal and mass 
flows diroughoul the area, including discharges inlo 
streams and rivers, and for mapping.shallow tcnipcralurc 
paderns. The choice of method for the latter wil l depend 
on information brought back by the first party, and 
upon the etiuipmenl actually available. If the surface 
cover consists of puinice soil, ash or sediments over 
most of the expected survey area, the one mclre 
probe nielhod, using a perforating tool and a bimetallic 
iherniomeler is both rapid and inexpensive. If the terrain 
is rocky or covered with hard sinter deposits,' il wi l l 
be expedient lo use induction methods, such as the 
electromagnelic gun mentioned above, to carry oul a 
resistivity survey with a penetration of between 25 ancl 
50 metres. Subject lo lopography, it is generally con
venient to carry out such a survey on a rectangular grid, 
with station spacing pf 50 to 100 m. The larger spacing 
should slill be close enough not to miss any features 
of importance, since a geothennal field of minimum 
economic size is unlikely lo cover less than two lo three 
square kilometres, but i l may be necessary to change 
the spacing at certain points to avoid obstacles or to 
oblain greater detail over rapidly varying features. 

When the heat ancl mass flow measurements have 
been completed, the enthalpy (ratio of heat lo mass) of 
the surface discharges can be calculated and compared 
wi lh thai lo be expected from the geochemical esli|nate 
of reservoir temperature. If agreement is good, or if the 
direct measuremenis give a higher enthalpy, the result 
can be regarded as satisfactory, but if it is much lower, 
a more careful check should be made of possible routes 
of surface heat loss (e.g. discharge to lakes or rivers at 
low temperature, or removal of heal from' the area by 
general ground water niovement through permeable sur
face formations). The form and position of the low 
resistivity, area shown by the eleclromagnelic survey 
should also be considered in relation to possible di
rection of ground water movement, as indicated by the 
topography and general drainage direction through the 
area. If dislurbances of ihis kind are large, it is possible 
that the true position of the reservoir region at depth 
may be considerably displaced in an upstream direction 
from the surface palterns and possibly also from the 
area of surface activity. 

I'llIRI) SI'AGE. UEI-:i' ELECTRICAL EXIM.ORATION AND GRA

DIENT DRILLING 

This slage wil l probably proceed as a conlinuation 
of the previous one, or may begin befoie this is eoin
plcled. as soon as some preliminary dala beconie avail
able as lo size and localion of the shallow temperature 
pattern. The recommended niethod wil l generally be 
a series of Schlumberger traverses over the grid, logether 
wi lh a number of soundings al selected poinls, using for 

preference a dlrecl-curi-enl syslcm. 'lhe depths lo whicii 
the .soundings can be carried salisfaclorily may be limiled 
by the size of the field, or nearness .to the apparent 
boundary. Subject to these limitations, the soundings 
should he carried up lo "penetrations of about 3 km, lo 
oblain as complete a profile as possible. These sound
ings should show whether the probable reservoir is filled 
principally wilh hot waler. or wi lh sleam-, and thus 
check the conclusions of the previous surveys. A hot 
waler reservoir cari be mapped readily by nieans of 
traverses, using a current electrode spacing of the order 
of 500 metres, giving an elTeclive penetration of some 
250 melres. In the case of a slcam reservoir, it is pos
sible that overlying confining forniations wil l have a 
lower rcsistjvily than lhe reservoir rocks, and the latter 
may therefore be identifiable by a resistivity rise in lhe 
soundings. However, il may be dilTlcull lo distinguish 
between a steain-Tllled permeable formation and im
permeable cold rock outside the reservoir, and checks 
by gradicnl measuremenis become advisable. 

The gradient holes must be drilled deep enough 
to penetrate any surface formations liable to be disturbed 
by ground water movement, and extend far enough into 
the undisturbed zone below to give reliable gradients. 
Allhough il may sometimes be possible lo estimate the 
thickness of the disturbed layer, it is very desirable to 
check whether the hole is deep enough by measuring 
temperatures at multiple points spaced about 2.5 m apart 
over die bollom 20 metres of the hole. If Ihe ineasured 
lemperaiures fall on a straight line when plotted against 
depth, the gradient deduced is most probably reliable. 
Otherwise, the hole must be deepened or the area avoid
ed. In general, very lillle wil l be learned by dril l ing 
gradienl holes too close to the area of surface activiiy. 
The gradients wil l be liable to disturbance by upward 
movement of hot waler or steam, and the holes wil l be 
liable lo erupt. 

The patlern on which gradient holes are drilled re
quires some consideration. One proposal is that they 
should be drilled at the intersections of a regular grid 
which covers the entire area of Ihe shallow lemperature 
and resisliviiy anomalies, tind extends some disiance 
oulside. In the case of a very large field, the program
me mighl be curtailed somewhat by considering the 
probable reservoir area required to maintain a desired 
maximum power producdoii. Flowever, few areas of 
this size are known (Cerro Prielo, in Mexico, is a pos
sible example, in relation lo the currently projecleil 
power development, but. even here, there seems to be 
a good ciisc for full exploralion with a view lo future' 
planning). Assuming i\ one kilometre hole spacing, an 
anomaly of reasonable size, covering say 10 km', could 
be explored, inclusive of niargin areas, by an array 
of 20 to 30 holes. BURGASSI ET AL. (1970) give an 
example of a survey of this lype. where 61 shallow 
holes (average dcplh 55 m). were disiribuled over an 
area of 500 km'", i.e. an average density of one hole 
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•^•r 5 km". However, reference lo one of llicir maps 
(Figure 2) shows thai the Piancastagnaio ihermal anom
aly, whicii covers an area of aboul 50 kni", is effec
lively idendfied and can be mapped by some Ihirly 
of the much larger number of holes spread over the 
surrounding country. It should be pointed oul that the 
aulhois are reporting work in a limited region (Radi
cofani), some distance from the Piancastagnaio anomaly, 
to check for possible extensions, and a lower coverage 
density would be justifiable, judging from the results 
presented, no anomaly of importance is likely to havc 
been missed in ihcir survey. 

FOURTH STAGE, POSSIBLE FURTHER SURVEYS 

So far, no mention has been made of the various 
olher field techniques which have been used in past 
geothermal surveys or have been recommended .from 
lime to time. These include magnclic, graviiy, seisinic 
(reflection or refraction), geological, infrared colour and 
infrared scanner, microwave, radiofrequeney inlerfcr-
encc, ground noise and microseismicity, or some com
bination of these. None has been mentioned because, 
in the idealized survey discussed above, none seems lo 
be required lo bring the investigation lo the point where 
a deep exploratory hole can be planned and sited. Jji^ 
an acjual survey, problems might arise which some,of_ 
ihese..techniques.could.help lo resoIve,..and. soriie_anp.nr_ 
alies in.the lemperature or resistivity palterns-might 
be accounted fpr, but jhe c]2.oice„of. lechnique, .andjhe 
justification for using it, at all,..musj arise in and be 
defmcd^by the progress of, lhe original survey."Thus" 
a seismic survey would be of possible value if i l per-
inillcd the discontinuities or other features of the resis
tivity soundings to be identified in terms of olher physi
cal properties, or their depths, areal extent, and thick
ness to be checked. Seismic surveying would likewise 
have a potential value if it could locate zones of low 
velocity, low wave frequency, or high attenuation, which 
could be associated with a steam or hot waler reservoir 
(see HOCHSTEIN and H U N T 1970, and HAYAKAWA 1970). 

In the same way, a ground noise survey (although its 
precise application is still under trial at preseni) mighl 
be used to check the reservoir location suggested by 
lhe Olher surveys, and a geological sludy would be 
of value if it could provide relevani advance infor
malion aboul the physical properties (porosity, permea
bility, density, seismic velocity, depth, thickness and 
continuiiy) of the underground formations. 

FIFTH .STAGE, DEEF EXPLORAIORY DRILLHOLE 

Fhe foregoing programme should havc outlined lhe 
surface projection of the presumed steam or hot water 
reservoir, its dcplh and -probable temperature, and the 
sequence of formations to be traversed, together with 
some indication of their physical properties. An im
portant object of lhe deep hole is to lest the proposed 

inodel by providing quantitative dala, firsl from cores, 
and later from temperature measuiemenls, followed by 
produclion tests if the hole laps a productive zone. 
Projected depth wil l depend on the expected reservoir 
depth and thickness, but it is suggesicd that a minimum 
of one kilometre should be planned for, unless special 
circumslanccs suggest some modification. 

If i l is considered imporiant that steam be produced 
from the first hole, it wi l l be desirable to try to locate 
it so as lo intersect permeable formations at reservoir 
depth. A conneclion belween surface faull traces and 
the existence of permeable '/.ones in the reservoir has 
been claimed in some fields, and FIAYAKAWA (1970) 
suggesis dial Ihe presence of both verlical and hori
zontal fissures, which might provide sleam or gas 
paths, can be predicted from seismic records. He slates 
thai drillholes sites were selected in the Matsukawa 
field on the basis of a combination of seismic and geolog
ical data, and good results were obiained. The use of 
the surface fault ci-i(erion. taken alone, usually leads to 
a severely noise-limited approach, in lhat a very large 
nuinber of fractures and fault traces can oflen be 
mapped by a systematic sludy of aerial photographs, 
combined witb field work, while only a very few of 
these features proves to havc any conneclion with ther
mal activily or reservoir permeability. A possible method 
of narrowing the choice is to look.for signs of alignment 
in the surface activity, and try lo correlate this with 
one of the fault traces. If then (he dip of the suggested 
fault zone can be estimated in some way ,a site for the 
hole can be selected so that it should cross the fault 
zone in the reservoir. 

However. Ihis can by no means be regarded as an 
infallible way of finding or (by absence of produclion) 
disproving reservoir permeability. 

Although the foregoing crileria suggest that, in the 
absence of more deflnile infoimadoii, lhe hole should 
be sited in relation to surface activily, i l is impor
tant to locale i l far enough to avoid difficulties due 
lo blowouts in the firsl 50 lo 100 metres, before suf
ficient protecdve casing can be placed. Areas wilh heavy 
sinter deposils are potentially troublesome, because of 
high steam and gas pressures that may be contained 
beneath them, not far below the surface. A good example 
of this is given by CORMY ET AL. (1970) in the La
mentin area (Martinique) where a hole, drilled in the. 
vicinity of a hot spring syslcm with high surface gra
dients, through a heavily ceineiited zone containing 
silica, ealcile and dolomiie encountered severe mud 
losses between 150 and 180 in and erupted hoi water 
and gas wilh great violence. This eruption limited ilself 
progressively by deposition of travertines lo the point 
where it could be conlrolled after three weeks of en
deavour. 

The coring programme for this hole should be 
planned to provide enough samples to allow the relevant 
physical properties of each of the forniations identified 
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'oy the preceding surveys to be determined with sulTicicnl 
aectiracy lo be used for interpretation. In addition, sam
ples are needed from zones characierized by their physi
cal slale, that is, temperature, presence of steam or hot 
water in the pores, or cenieniation by mineral deposi
tion or Iransfonnalion. Petrological examination of core 
material can also be used lo show significant mincnil 
changes due to the liydrothermal alleration, and the 
nature and extent of these changes can give an indica
tion of the temperature al whicii they look place. 

"I'he core dala can now be used, in conjunclioii 
with the models derived from the previous surveys, lo 
construct a series of sections showing the way in which 
physical properlies are distributed lhrough the volume 
sur\eyed. riiese sections can then be used lo reinterprel 
and refine the earlier survey dala, and possibly suggest 
other surface surveys which would be profitable. It 
can be decided, for example, whether any features of 
the density disiribulion are important for evaluation of 
die field, and whether they wil l give large enough anom
alies al the surface to justify a gravity survey. Nole 
also that the core data can be used for the construclion 
of geological sections if this seems justified, or is of 
sulficient. general interest. 

Afler compledon of the hole, temperature meas
urements over lhe full depth, made at regular intervals 
until slable values are reached, should be made. Aquifer 
pressure nieasurements should also be made at several 
levels (assuniing the hole is parlly filled with water), 
and chemical samples takeii from levels of interest. 
After this the hole, if hot enough, should be allowed 
to di.schargc. and the output ineasured and sampled 
chemically by methods which wil l be discussed in other 
sections of this Symposium. 

T'he foregoing can be considered to complete the 
initial exploralion programme. The planning of furiher 
holes, including site selection, drill ing depth, coring and 
casing piogrammes, vvill clearly be influenced so much 
by the data from the first hole, and from further sur
veys that may be undertaken, that it is scarcely possible 
to lay down even a provisional programme. However, 
the general plan of checking previous assumptions, im
proving quantitative observations, and fil l ing in the 
detail of the physical picture as the programme pro
gresses, is quite obvious. There remains just one basic 
principle of exploratory hole siting Ihal should nol be 
overlooked — loo many of the holes should nol be sited 
in a single line. Two is usually enough, and Ihe thiid 
should, if practicable, be stepped olT perpendicularly 
lo this line by a disiance roughly equal lo the spacing 
of the firsl Iwo. Correlation of core and temperature 
data from the three holes can Ihen be used to begin 
huildiiig the essential ihrce-dimcnsional picture of the 
field and reservoir. 

As an allernalive lo the foregoing « progressive » 
s.vslem for siting further deep exploration holes, a grid 
distribution has also been advocated. This assumes that 

Utile or no guidance is available from surface features, 
and that some of die .seismic methods suggesicd by 
conlributors for finding productive zones in the reservoir 
are slill unproven. These questions are evidently im
portant enough lo merit thorougb debaie. 
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A T THE 1970 United Nations Conference on the Develop-
f i menl and Ulilizalion of Geothermal Resources held in 
Pisa, Italy, delegates described the wide number of uses to 
•*hich the geothermal resources of their countries are being 
applied. The primary use, of course, is electric power gen
eration, which is proving to be competitive with conventional 
Ihermal power geheration in developed countries (Facca, 
1970). 

For example, in California, the Geysers geothermal 
:-!ant produces 1 kwh at a eost of 4.91 mills; the cosl of con-
• cntional power is 7 mills/kwh (McMillan, 1970). In a coun-
ir>' wilh no reserves of fossil fuels, geothermal power is a 
.-nore attractive proposition. Geothermal resources are also 
used for space heating, both domestic and agricultural, 
-nduslrial cooling, fish breeding, alligator farming and 
.-ecreation. In Japan, 150 million people annually visit hot-
•arings for cures, recuperation and recreation, in the proc-
"Jti spending one billion dollars per annum (Komagata, 
el al, 1970). Such areas are now off-limits for olher geother
rnal development. 

In the United States, exploration and development of 
-eothermal resources has lagged behind other countries 
T.ainly due to legislative problems. However, Congress 
.•emoved the ban on geothermal development on public 
jiids in December, 1970 (which President Nixon subse-
,jcntly signed inlo law), so that there will probably be an 
vpsurge of activity in this field in this country. Part of the 
jiiraclion of geothermal power is lhat it is comparatively 
wllulion-free. So far, the Geysers geothermal area has 
proven to be the largest producing steam reservoir in the 
ii.S. and by 1972 it will have a generating capacily of 193,000 
vx. Plans are afoot for further development of this area 
Koenig, 1970). Exploralion is presently being carried out 

the Salton Trough to examine the possibilities of using 
{fothermal waters for desalination as well as power gen-
u-ation (IVIeidav, 1970), Also, ther'ie are small plants for 
pace heating in Boise, Idaho, and Klamath Falls, Oregon 
Ross, 1970). 

The geothermal areas whiCh have so far been developed 
.ccur in regions of recent tectonic and volcanic activity, 
lamely, in the Pacific "ring-of-fire" and in the Alpine-
Himalaya orogenic belt. In this environment, areas of anom-
jkus heat flow are produced when hot rock is intruded into 
BS'cr-filled crustal rock. Heating takes place and the sub-
t?quent reduction in density causes the water to rise. Cold 
water then flows laterally to the heating area and a convec
tion cell is set up (Figure 1). Such a process leads to the 
(i.-niliar hot springs and geysers of Yellowstone National 
?ark. 

Other sources of hot water at high temperatures and 
;Tessures which were widely discussed at the U.N. confer-
mce are the deep sedimentary basins. Although hot oil-field 
itiines have been known for many years, until recently little 

•{» lUrthlll received his IM.Sc. (1968) ond D.Sf. (I%9) degrees—both in Geophysical 
UliarrrinK — 'i-om Ihe Colorado School ol Mines. 
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Fig. 1 Art ist 's concept of a geothermal cell. 

has been done to utilize the energy. The amount of energy 
contained in the sedimentary basins is staggering; Tikhonov 
and Dvorov (1970) calculate that 50-60 per cent of the Soviet 
Union is underlain by thermal waters which are available 
for economic applications. In Siberia thermal waters are 
used for space heating, while a Freon generation plant is 
at work which develops 680 kw from water whose tempera
ture is only 81.5 C. Arctic Canada and lhe north slope of 
Alaska are similar geologically to the northern provinces 
of the U.S.S.R.; geothermal resources could revolutionize 
their development. 

Such widespread uses of geothermal energy sparked re
newed interest in exploration at the Pisa conference. From 
the papers presented there, it became clear the geophysical 
methods of measuring electrieal resistivity have proven to 
be of greatest utility in geothermal exploration (Banwell, 
1970). In this regard, electromagnelic techniques developed 
in the Ceophysics Department al the Colorado School of 
Mines have been used to investigate geothermal areas in 
New Zealand (Keller, 1971a), Hawaii, Nevada, Nicaragua 
(Harthill and Keller, 1971) and Indonesia. The new tech
niques have proven to be more effective in terms of logistics, 
simpheity of field measurements, and in amount of informa
tion provided than older techniques (Jacobson, 1969; Keller, 

.1970). 
The electrical resistivity of a rock is measure of the re

sistance to the flow of electrical current through the rock. 
It is defined by the relation 

E - pT (1) 
where E is the imposed eleclric field 

J is the current density 
p is the electrieal resistivity. 
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Fig. 2 Increase in salinity decreases (-ock resisfivity. 

The resistivity of a rock is determined primarily by the 
resistivity of the water contained in its pores; the water-
resistivity, in turn, depends on lhe nature of the dissolved 
salts and on temperature. With an increase in amounts of 
dissolved salts and temperature, the resistivity of a rock 
will decrease as shown in Figures 2 and 3. (Keller and 
Frischknecht, 1965; Keller, 1971b). II is easy to see that 
the resistivity of the rock comprising a geothermal cell must 
be greatly reduced in comparison with that of the surround
ing rock. The ratio of the resistivity of the host rock to that 
in the geothermal cell is defined as the Geothermal Resis
tivity Index or G.R.I. If the salinity of. the pore water is 
the same in the geothermal cell and in the host rock, then the 
G.R.I, is a very good indication of the elevation of temper
ature inside the cell. A geothermal cell must have a G.R.I, 
of at least five if ills to produce power. 

The methods, developed or refined, in the Geophysics 
Department of the Colorado School of Mines, which are 
applicable to the various phases of geothermal explora
tion are: 

Audiomagnetotellurics -
Detailed Dipole Survey 

Reconnaissanee 
- Intensive survey 

RATIO E:H 
1> 

RATIOMETER 

^ (̂  

AMPLIFIER 

fr 
AMPLIFIER 

f> 
SIGNAL 

CONDITIONER 
SIGNAL 

CONDITIONER 

JL_ 

MAGNETIC FIELD 
SENSOR 

ELECTRIC FIELD 
SENSOR 

Fig. 4 Audiomagnetotelluric method: equipment layout. 

.14 

TEMPERATURE 

Fig. 3 Increase in temperature decreases rock resistivi: 
unti l boiling-'jioint is reached. 

Loop-loop Sounding — Determination of depth and dril 
ability -,';••-. 

Wire-loop Sounding.— Investigation of regional struclur-
hydrology and deep sources. 

1. Audiomagnetotellurics (AMT) is an excellent tC' 
for the rapid delineation of variations in resistivity lo 
depth of a few hundred meters (Harthill, 1967). The princip' 
of the method is that lightning strikes-cause electromagneti 
waves to be propagated through the earth at frequenci' 
ranging from about 8 Hz to greater than 20 kHz. By measui 
ing orthogonal, horizontal components of the eletric ai; 
magnetic fields at a series of frequencies (Figure 4), it i 
possible to compute apparent resistivities at differei 
penetrations; the lower the frequency, the greater the pent 
tration. The relation between apparenl resistivity and tf 
electromagnetic field is: 

^ >"Uy. Ĉ. 

where p is apparent resistivity 
/I is the magnetic permeability of the rock (= 4"Tr x IO'" > 
w is the frequency of the electromagnelic field in radia 

per second 
Ex is the electrical component of the field 
Hv is the magnetic component of the field orthogon; 

to Ex. 
One method of presentation fur the interpretation > 

audiomagnetotelluric data is to plot resistivities, frequd 
cies and locations as a pseudo section as shown in Figure 
Having determined areas for further calculaiion. a detail 
dipole survey should be undertaken. 

2. Detailed Dipole Survey. In geothermal prospecling ti 
results of a detailed dipole survey are the mosl diagnosi 
in locating hot water up-welling from depth. The areas i 
upwelling commonly appear as circular patlerns on dipol 
contour maps (Figure 6). To implement a dipole suryey. 
grounded wire source (Figure 7) is located somewhat oui 

Fig. 5 Audiomagnetotelluric pseudo section showing con
tours of apparent resistivity. 
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I. 6 Detailed dipole survey: contours of tota(-field appar
ent resistivity. 

e the prospect area in order to achieve sufficient pene-
lion in the prospect area. In this way, a large volume of 
earth can be energized by a single source (Furgerson, 
I). The signal transmitted by the source is a square 
ce of period 20 seconds and of amplitude up to several 
idred amperes. The flow of current in the ground gener-
s an electric field which is detected by two orthogonal 
-trie dipoles oriented paraUel and perpendicular to the 
ice (Figure 7) so that the field coinponenls in these di-
'ions can be added vectorially to find the total field. Field 
rations are very simple logistically as only a lightweight 
oiver is necessary. In addition, the method is insensitive 
•iigged topography and penetrations of up to 2 km can be 
eved. 
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,j Histogram of apparent resistivities obtained by the 
ed dipole survey. The ratio of median resistivities 
(side and inside the thermal area gives a G.R.(. of 7. 
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Fig. 7 Detailed dipole survey: equipment layout. 

Apparent resistivities are computed for the parallel, 
perpendicular, and total electrie fields under the assumption 
that the earth is completely uniform. Although fhese resis
tivity values are inappropriate for an inhomogeneous earth, 
the behavior of the values is diagnostic of the electrical 
structures of the area mapped. In this way, the areal extent 
of the geothermal reservoir may be delineated. Also, the 
results of the detailed dipole survey provide a minimum 
estimate of the depth of the reservoir so that the volume of 
the reservoir can be eslimated reasonably accurately. If 
the apparent resistivities inside the cell are compared 
statistically with those outside the cell, then the G.R.I, is 
found (Figures). 

At this slage, knowing the volume and the temperature 
within limits, the decision can be made as to the viability of 
the prospect. If the indications are good, further evaluation 
can be implemented; if not, the program can be terminated 
or deferred before drilling costs are incurred. 

In volcanic terranes, the drillability of the rocks can vary 
widely over short distances. Before drilling, an effective 
way to determine the nature of the rock to a depth of Vz km 
or so is by means of loop-loop sounding. 3. Loop-loop Sound
ing. The analysis of inductive coupling between two hori
zontal loops will determine the vertical variation of resis
tivity beneath the receiver (Figure 9). The trasmitling an
tenna is a loop of wire excited by a sinusoidal current whose 
frequency is varied discretely from 20 Hz to 20 Khz; the 
signal is detected by a second loop. The e.m.f. generated in 
the receiver when the measurements are made over a multi
layer earth is; 

e.m.f. 
2-7rR HRl 2 I R J not i l L ) 

(3) 

MOTOR 
GENERATOR 

OSCILLATOR 

POWER 
AMPLIFIER VOLTMETER 

TRANSMITTING 
ANTENNA 

RECEIVING 
ANTENNA 

Fig. 9 Loop-loop sounding: equipment. 
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F ig . 10 Examples of loop-loop sounding data f rom the is
land of Hawaii..The dashed.curves are reTerende curves with 

which the data, crosses and circles are being compared. 

where Ar is the effective area of the receiving loop 
M is the source moment, area multipliiad by current, ol 

the transmit'tiiig loop. 
R is'the.separaticin between the loops 
Jo is the Bessel tunction of the first type, or.der zero 

• no.is a moaitied wave number in air, given as 
no2"= ra? +iw)je 

m is the dummy variableiof integration 
f is;the diel.ectric constant of air 
Hj is a modified wave numb'er in the j ' " layer given by 

n j •=- m 

• Q i = 

Ri 

i - R j e £ rij-1 hi-1 

i ^R je - :2n i - i h j -

nj - nj u. nj ( nj -IQj 

As the frequency is decreased-, rock at successively 
greater depth is sarripled. -An apparent resistivity iS; calcu
lated for each frequency and plotted against it to make a 
souriding COTve. A prelminary inter-pretation qt the sounding 
curve may be macle by cdrnparirig it with reference curves 
(Figiiffe 10:). A more exact inte.rpretation may be made by 
computing'a.modeiof the earth whose responsejto Iqop-bop 
sounding^is the same as; the actual data (Crous, 1971), 

At the end of detailed mapping of a geotherraal region, 
resistivity variations are known over an area of a.few tens" 
of square kilometers down to a depth "of perhaps'S km. Yet, 
commonly, there is no under-standing of the sourcie of the' 
geothermal cell which may be all important guide to the 
long.ev.ity of the cell. To determine the,depth to the soiirce, 
the'̂ qptirrial tool is-wire-loop sdunding. 

4. Wife-Loop Sounding, The "source and transmitted sig
nal for, wire-loop sounding.is tlie same as thatfor the detaileci 
(iipole survey but instead of electric fields, the vertical com^ 
ponent of the magnetic fielcl'is measured (Figure .11). Be
cause the power spectrum oif a square wave is very strorig 
in low 'frequencies, penetrations of up to 10 km can be 
achieved.. The received signal is a traiisient ih the time 
domain (Figure'12) and can be represented by the;*following 
expression when rneasurements arelrriade over a multilayer 
.earth (Jafcobson,i969). 

(4) 

-cos(ut}Jd(mR) did dm e.m.f.: 2 A r t L 
nf^ i y .rri (n'oi-Oi. 
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The.interpretation of wire-loop sounding data4s carried ou 
ina, manner similar to that of loop-loop sounding data. Be 
cause magnetic fields propagate iriore strongly in rock ir 
low resistivity than electric fields, this methpd is partieLi 
larly useful in investigating deep sedimentary basins (Karl 
hill, 1969). 

If they "so justify it, the result's c)f the," surface geophysic 
can-now be"used to plan a limited test.drilling program whiri 
is the final .stage in geotherrnal exploration. 
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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 
Office of Resource Analysis 

345 Middlefield Road 
Menlo Park, California 94025 

This information packet is compiled to acquaint you with 

the history, uses, data types, and forms currently avail

able and in use concerning the GEOTHERM Project. 

You are encouraged to read through the material. If you 

have suggestions or questions about the project, please 

feel free to contact Geotherm personnel at: 

U.S. Geological Survey 
Office of Resource Analysis 
Mail Stop 84 
345 Middlefield Road 
Menlo Park, CA 94025 

Telephone: (415) 323-8111, x2906 

Sincerely, 

9' 
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2. Printout Format for records in the Geothermal Fields 
File. 

3. Input Form for the Sample File, showing possible 
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GEOTHERM - GEOTHERM RESOURCES FILE 

Victor N. Teshin, James R. Swanson, 
and Greta J. Orris 

U.S. Geological Survey 
Menlo Park, CA 94025 

ABSTRACT 

GEOTHERM is a computerized geothermal resources 
file operated by the U.S. Geological Survey. The 
file was designed to be used in geothennal resource 
assessment and to provide a rapid, efficient and 
economical means pf disseminating geothermal data. 

GEOTHERM consists of three sub-files-dealing 
with geology and production of geothennal fields, 
analytical data, and drilling records. The file 
was used to support the 1978 U.S.G.S. geothermal 
assessment and is currently used in the ongoing 
Department of Energy state-cooperative geothennal 
project. All data in the file are available to 
anyone on request. 

INTRODUCTION 

GEOTHERM is a computerized file created and 
presently operated by the U:S. Geological Survey as 
part of its Geothermal Research Program (Swanson, 
1977a, 1977b). It was Initiated as part of the 
International Geothermal Information Exchange Pro
gram (IGIEP) at the First Geothermal Implementation 
Conference in New Zealand in 1974. Its objective is 
to provide for the prompt exchange and dissemination 
of new geothennal information and data (Clark and 
others, 1976). GEOTHERM contains information con
cerning the physical characteristics, geology, geo
chemistry, and hydrology of national and some in
ternational geothermal resources. The data include 
published information and data from other computer 
files, personal communications, and compilations by 
various government and private organizations. 

GEOTHERM Is not a software package but a file 
which uses the data storage and re.trieval system 
GIPSY (General Information Processing System). 
GIPSY is a program developed at the University of 
Oklahoma (Addison and others, 1969; University of 
Oklahoma, 1975, 1977) which provides utilities for 
the input, retrieval, manipulation, presentation, 
and maintenance of information composed of numeric, 
codified, or natural language data. GIPSY is oper
ational on the U.S.G.S. IBM 370/155 computer in 
Reston, Virginia. 

Since Its inception, GEOTHERM has existed as 
a public file. With this in mind, the philosophy 

of the file has been to provide standardized, well-
documented data. Each data item in the present 
format is designed both for further manipulation 
and for visual presentation. Therefore, GEOTHERM 
data can be used for subsequent computer'processing 
or for printed output. 

PURPOSE 

GEOTHERM was created for use in the character
ization and assessment of geothermal resources and 
to provide a central location for a potentially 
large volume and variety of data. Recent interest 
in geothermal energy has caused a vast proliferation 
of geothermal resource data. Using the GIPSY re
trieval program, GEOTHERM can make highly selective 
and rapid data retrievals in an assortment of out
put modes that would be difficult to accomplish 
using conventional techniques (figs. 1 and 2). 

The U.S.G.S. has been active in geothennal 
assessment and has recently published an assessment 
of these resources in the United States (Muffler, 
1979). GEOTHERM played an active role in this 
study in the aieas of data acquisit1-:n, editing, 
manipulation, and display. GEOTHERM is also being 
used by the Department of Energy for a state-
cooperative project to produce state maps illustra
ting low-temperature geothermal resources (see 
"Applications"). 
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GEOlMEaMOHETEHS IC) 

CATION 
NA-K-CA 11/11 174 
NA-K>C* (<•/!) 1*1 
NA-K 167 

SILIC* 
AOIASATIC 12* 
CONOUCTIVE 126 
CHALCEOONT 99 
CHISrOBALITE 76 
UPAt 7 

RESEUVOIH PMO P E R T I E S 

SUBSURFACE TE-̂ P (Ct 
MINIMUM 
99 10) 

MAXIMUM 
179 III 

MOST LIKELT 
126 IAI 

MEAN 
135 

STO. OEV, 
17 

UNCODEO TEHPEHATUWE INDICATES SUBJECTIVE JUDGEMENT 
Al QUARTZ CONDUCTIVE Fl CRISTOBALITE 
Bl QUARTZ CONDUCTIVE! PH.CORRECTED G) AMORPHOUS SILICA 
C> QUARTZ AOIABATIC 
0) CHALCEOONT 
E) CMALCEOONT, PM-CORRECTEO 

H) NA-K 
II NA-K-CA 
Jl NA-K-CA, 

MAXIMUM 
2.0 
2.5 
3 

STO. OEV. • 
STO. OEV. • 

, HG-CORRECTEO 

MOST LIKELT 
1.5 
1.5 
2 

0.9 
0.3* 

Kl SULFATE GEOTHERMOMETER 
Ll SURFACE TEMPERATURE 
Ml WELL TEMPERATURE 
N) MIXING MOOEL 
01 RENNER ANO OTHERSt 1976 

MEAN 

I.T 
2.0 

STO. DEV. 

0.3 
0.* 

MINIMUM 
DEPTH TO TOP IKM) 0.5 
THICKNESS IKMI 1.0 
SUBSURFACE AREA IKMP>2I I 

BASED ONI STANDARD ESTIMATE 

VOLUME |KH«P3I 3.3 

THERMAL ENERGTIIOPPIB J ) . i.os 

COMMENTSI L 0 « SUHFACE T E M P E H A T R E AND HIGH FLOW RATE SUGGESTS THAT SURFACE TEMPERATURES HAT BE NEARER TO 
M I N I M U M E S T I M A T E OR THAT THE WATER MAT BE MIXEO. 

REfEBENCESI DUFFIELD ANO FOURNIER. 1 9 7 * 1 REEO. 1975 

COMPILED BT I BROOKi C . y 

FORT B I D W E L L A R E A • CALIFORNIA 

F i g . 2 P a r t i a l f i e l d record o f For t Bldv<ell A rea , C a l i f o r n i a (Mar iner and o t r . e r s , 1978). Geothermal r e s e r v o i r volun<e and energy , 
and a l l neans and standard d e v i a t i o n s were c a l c u l a t e d from data i n GEOIHERM. — 

SCOPE 

GEOTHERM is currently composed of three sub
files or section: Section A, Geothermal Fields/ 
Areas (fig. 2 ) , Section B, Sample data/Chemical 
analyses (fig. 1 ) , and Section C, Geothermal Wells/ 
Drill holes. Due to space limitations, samples of 
the forms are not Included here. Format informa
tion Cdfi be sent upon request. 

Section A: Geothermal Fields/Areas - This sub-file 
includes data on locality, surface manifesta
tions, industrial developments, subsurface tem
peratures and dimensions, basic chemistry, 
thennal energy, general geophysics, geology, 
and other related information of a geothermal 
field or area. This sub-file contains approx
imately 510 records. Of these, 290 of the 
field records cover geothermal fields from the 
1975 U.S.G.S. Geothermal Assessment (White and 
Williams, 1975; Renner, 1975), and 220 records 
are from the 1978 U.S.G.S. Geothermal Assess
ment (Muffler, 1979; Mariner and others, 
1978), some of which are updated versions of 
the 1975 data. 

Section B: Sample data/Chemical analyses - This 
sub-file includes chemical analysis data from 
thermal springs and wells. Space is provided 
for three types of analyses - water, conden
sate, and gas. Data items include source 
identification, locality, sample description, 
collection conditions, and physical and chemi

cal characteristics of the fluids. This sub
file contains 4600 records on wells anc< springs 
in the United States (Table 1 ) , New Zealand, 
and Mexico. 

Section C: Geothermal Wells/Drillholes- This sub
file contains physical data from wells dri 1 led 
for geothermal production or development. In
formation includes depth, casing, flow rates, 
and other physical data. The 436 records cur
rently in this sub-file were provided by the 
U.S.G.S. Conservation Division, and are an 
inventory of geothermal wells and drill holes 
in the United States. 

The scope of the file is obviously (Concentra
ted on data related to hydrothermal convection 
systems. However, GEOTHERM has the flexibility to 
include other sub-files as deemed necessary. The 
information in GEOTHERM Is public and no proprie
tary data can be stored. 

SPECIFICATIONS 

Each basic record on GEOTHERM consists of in
formation furnished on a single reporting form. 
Each record is assigned a unique record number and 
each bit of information on the form is identified 
by a unique label. All records are stored on disk 
in one location and can be easily searched, 
indexed, or sorted by item label. Some of the file 
specifications are as follows: 
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- numeric data are all converted to metric 
units 

- all numeric fields in the file are formatted 
alike so they can be retrieved and manipu
lated as an array 

- the file allows variable amounts of signifi
cant figures 

- qualification codes exist for numeric data 
.(Example: L = less then, E = estimate, and 
T = trace) 

- locality information is required (latitude 
and longitude preferred) 

- documentation is provided in the form of a 
reference to the sources of information and 
the name and affiliation of the person who 
compiled the record (some of the organiza
tions that have sent information are listed 
in Table 1). 

C o n t r l t n i U r t o f U.S. Spr ing <nd i i t l l O i U 

I 

suu 
Alaska 
A r i i o n a 
C l l i r o m l a 
Colorado 
H t m t l 
Ida ho 
Hon u n a 
V v a d a 
N » Mtilco 
Oregon 
-te«at 
UUh 
U j i n l n g t o n 
lafominq 

Or^nlzatlOA 

83 
220 

H 2 9 
24g 
28a 

94 
32 

758 
347 
216 

29 
1055 
212 

79 

Ceophyslcal I n i t l t u U , U n i . . o f A l a s k a , F a l r i u n k s ; U.5.G.S. 
Bureau o f Geology and H I n c r a l Technology. Tucson; U.S.G.S. 
O W I s i o n o f Mines and Geologty, Sacranento: U.S.G.S. 
Colorado Geological Survey, Denver 
Ha>afl I n s t , o f Geophysics. Un l« . o f H a v a l l . Hono lu lu 
D e p a r t n n t o f U a u r Resources, Boise-. U.S.G.S. 
Bureau o f Nines and G e o l o g , B u t u 
Bureau o f Mines and Ceology, Seno; U.S.G.S. 
New Mexico C n e r ^ I n s t i t u t e . Las Cruces: U.S.G.S. 
Oregon Dept. o f GeoloQy and Minera l Resources. Sa les : U.S.G.S. 
U.S.G.S. 
Utah Geological and Mineral Survey, Salt lake City 
Battelle Pacific Nort-^est Laooratory. Richland 
University of Uyoalng, Oept. of Geology, Laraaie 

(5) Data display - GEOTHERM was important for 
rapid retrieval, sorting, and display of data. An 
open-file report of the Intermediate- and high-
temperature systems was published using a printout 
from GEOTHERM (Mariner and others, 1978) (fig. 2 ). 

Other agencies are also Involved In geother
mal resource assessment; the Department of Energy 
is currently involved in a program to produce 
state maps depicting low-temperature geothermal 
resources(Gr1m and others, 1978). DOE has made co
operative agreements with the concerned states to 
produce these maps. The first phase of this state-
coupled program is to compile information on ther
mal wells and springs from the various sources and 
to enter the data into the GEOTHERM file. Much of 
the information currently on tlie sample file has 
been entered by these state agencies (Table 1). 
The GEOTHERM staff will also work closely with the 
National Oceanographic and Atmospheric Administra
tion, which will produce some of the maps. 

GEOTHERM has provided Information to private 
Industry, government agencies, and foreign govern
ments, beyond the work on the assessments mentioned 
above. There were only 6 requests for information 
in 1976, 21 in 1977, 39 in 1978, and 29 for the 
first half of 1979. This increase in requests for 
data reflects the growing importance of geothermal 
energy and the part that GEOTHERM can play in meet
ing the need for this type of information. 

AVAILABILITY 

APPLICATIONS 

In January 1979 the U.S.G.S. published the 
second assessment of the geothermal resources of 
the United States (Muffler, 1979). GEOTHERM"s 
contribution to the 1978 assessment can be con
sidered a model for the application of a resource 
data file. The file was used for two aspects of 
the assessment, the intermediate- to high-tempera
ture convective resources (Brook and others, 1979), 
and a first-time comprehensive assessment of the 
low-temperature resources of the United States 
(Sammel. 1979). GEOTHERM's role in the assessment 
was in the following areas: 

(1) Data acquisition and filing - Over 2000 rec
ords of warm springs and wells were entered into 
the file for use in the assessment of low-tempera
ture areas, and 220 records from intermediate- to 
high-temperature geothermal areas were added to the 
file. 
(2) Data editing and maintenance - Changes or ad
ditions to records were easily made with the GIPSY 
update program. 
(3) Map plots - Over 60 maps with various scales 
and projections were produced using coordinates 
stored in GEOTHERM. 
(4) Data calculations and manipulations - The data 
in GEOTHERM were used in many operations Including 
geothermometric calculations, gradient calculations, 
statistics, determinations of volume and contained 
heat, point graphs, and regressions. In addition, 
estimates of recoverable heat and work available 
were calculated (fig. 2) for the intermediate- and 
high-temperature systems. 

Currently, computer retrievals from GEOTHERM 
are made using the batch mode so that the file is 
not available on a timeshare basis. Plans are be
ing made to place GEOTHERM on General Electric's 
Mark III Infonnation Services Network. At that 
time the file will be available by computer termi
nal to subscribers of that system. 

Retrievals are available in a variety of for
mats which include tape, punched cards, listings, 
and tables. To obt.iin information from the file, 
it is necessary to -rnd a letter of request speci
fying the exact inturmation wanted. The present 
policy is to charge the requester for the computer 
time used running the retrieval. 

The mailing address for requests is: Project 
GEOTHERM, Mail Stop 84, U.S. Geological Surrey, 
Menlo Park, CA 94025. 
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Item #2 Field record for 1978 assessment. 
This printout form was used for 
publication. 

HECOHD OOOO'* 

(ItLD NAME................ GILLAHD HOT SPRINGS 
KCJRA OR OTHER NAME,. ,. GILLaRO, HOT SPRINGS KGRA 
CIRCULAR HEFERtNCE.,,,.,,, 022 

, GEOGRAPHIC LOCALITY 
STATE, ^.,.... ARIZONA 
COUNTY GREENLEE 
LATITUDE 32-Sfl,5 N 
LONGITUDE... 109-21,0 W 

- MAPS,, ,,,,,,,,.',,,, GUTHfiie 1162.500 

TowMSHip RANGE- SECTION BASE K; MER TO IAN 

OSS 29E 27 NE OF NE GILA AND SALT RIVER 

GENERAL INFORMATION 
ELEVATION (Ml.. ,, ., 1025 
SUHFACE ACTIVITY,,..,.,,,,..,,,.,,,,,, HOT SPRINGS 
NO,. DF SPHINGS,,.,,,.,, ,.,,., 5 
SHHING TEMPERATURES (C),i, 82 

- "HOCK TYPESi TERTIARY 9ASAL.T AND INTERaEODEO KANGL0M£RATE 
GEOPHYSICSI GRAVITY I MAGNETIC . 

CHEMISTRY 
SAMPLE SOURCE,,., MARINER ANO OTHEHSI 1977 
COLLECTION OATE., 197<I/12/00 

TLMP(C) 5102 CA MG NA K HC03 C03 S04 CL 
as 95 22 0,H ^50 14 216 180 490 

F a PH DEL O(ia) S04 DEL Otlfl) H20 DEL D H20 
U 0,*tl. 7,35 -0.31 -10,87 -86,5 



PAGE 0008 

GEOTHERMOMETERS (C) 
CATION 

N A - K - C A (1/3) 138 

NA-K-CA (4/3) 130 
NA-K. 79 

SILICA 
AOIABATIC 130 
CONOUCTIVE 134 
CHALCEDONY 107 
CHISTOdALITE 84 
OPAL 14 

SULFATE 
CONOUCTIVE 169 
ONE-STEP STEAM LOSS.... 157 
CONTINUOUS STEAM LOSS,. 159 

RESERVOIR PROPERTIES 
SUBSURFACE TEMP (C) 

MINIMUM 
107 (0) 

A) OUARTZ CONDUCTIVE 
8) QUARTZ CONDUCTIVE. PH-CORRECTEO 
C) OUARTZ ADIARATIC 
D) CHALCEDONY 
E) CHALCEDONY, PH-CORRECTEO 

MINIMUM 
DEPTH TO TOP (KM) 0.5 
THICKNESS (KM) 1.0 
SUBSURFACE AREA (KM«><»2) 1 

BASED ONt STANDARD ESTIMATE 

VOLUME {KM003) .1,3 
THERMAL ENERGY(10»»1R J ) , 1.09 

MAXIMUM 
169 (K) 

MOST LIKELY 
134 (A) 

URE INDICATES SUBJECTIVE JUOi 
F) CRISTOBALITE 
G) AMORPHOUS SILICA 
H) NA-K 
I) NA-K-CA 
J) NA-K-CA, MG-CORRECTEO 

MAXIMUM 
2.0 
2.5 
3 

MOST LIKELY 
1.5 
1,5 
2 

STO. DEV. n 0.9 
STD. DEV. = 0,33 

MEAN 
137 

STD. DEV, 
13 

K) SULFATE GEOTHERMOMETER 
L) SURFACE TEMPERATURE 
M) WELL TEMPERATURE 
N) MIXING MODEL 
0) RENNER ANO OTHERS. 1976 

MEAN 

1.7 
2.0 

STO, OEV, 

0,3 
0.4 

REFERENCESI HEM, 1950J SAUCK AND SUMNER. 1970« WEST AND SUMNER. 19731 MARINER AND OTHERS. 1977AI RENNER ANO 
OTHERS, 1976 

COMPILED BYt BROOK. C, ANO M A P I N E R . R , 

GILLARD HOT SPRINGS . ARIZONA 



GEOTHERM Sample File 

SAMPLE SOURCE IDENTIFICATION 
N a m e o f s o u r c e 

KGRA 

W e l l / S p r i n g no . 

API n o . 

V^faring n o . 

B20 . 

B l l . 

B 1 1 6 . 

COMPILATION INFORAAATION 
* C o m p i l e d by ASO 

A I O 

A20 

t o w n s h i p 

B?2 I i | - i _ 

B15 . 

r a n g e 

J L | - L 

sect ion 

I I I 

lettei-s 

* D a t e ( Y Y / A M r t ) A60 

* A f f i l i a t i o n A70 

C o m p i l e r i ndex A75 

last 

j / l 1—J 

f irst 

GEOGRAPHIC DESCRIPTION 
* Coun t r y 

* State 

* Coun ty 

BSO 

B60 

B65 

G e o l o g i c Prov ince B128 

M a p r e f e r e n c e B82 

Other loca l i ty i n f o rmo t i on 

Lat i tude J Long i tude 

* 870 i__i I - , L J . L J _ 
deg rees 

BSO I I- I 

minutes N / S 

d e g r e e s 
J - L L 

ming les E/W 

* Townsh ip 

• Range 

*Sec f i on (s ) 

Quar ter (s ) 

M e r i d i a n 

B95 L 

B105 L 

B115 _ 

8117 L 

B I 2 5 _ 

J I { ex .07N) 

_, (ex . 007E) 

-J of 

B83 

SAMPLE DESCRIPTION AND CONDITIONS 
* Source type (c i rc le o n e } 

Point of co l lec t ion 

Sample type (c i rc le o n e ) 

Analysis(s j in this repor t 

Sample n u m b e r 

Col lect ion do te (YYYY/AAAfl/DO) AA200 L 

Collector(s} ( last, f i rst, m.i.) S20 _ 

A 3 4 

P55 

SIO 

A31 

M l 90 

SPRING Vt/ELL FUMAROLE O t h e r : 

WATER STEAAA 

WATER CONDENSATE GAS 

J A l A 

Sample temperaturei ("C) 

Ambien t tempera tu re ("C) 

Discharge (we l l or spr ing) 

Deposits or a l te ra t ion 

Vi^ater treotment da ta 

Pertinent l i thology 

Other sample i n fo rmo t ion 

AA210 

M26 

/A220 

S30 

M 2 3 4 

M235 

. J ^ At dep th AA210A 

lAx. 

Flow units M 2 2 3 

FOR WEUS: 

Depth ( m ) 

G rad ien t ( "C / km} 

W e l l h e o d pressure ( kg / cm^ ) 

Isf separa t ion pressure ( k g / c m ' ) 

2nd separa t i on pressure (kg /cm=) 

3rd separa t i on pressure ( k g / c m ' ) 

Mass f l o w of s team ( k g / s ) 

Total f l o w en tha lpy { j / g } 

>JS 
,iS 

M 2 5 I , ) i , 

M 2 7 |_ 

N30^ l _ 

P60 !_ 

P70 |_ 

peo L 

N50 L_ 

N60 L 

lAu 

,-», 
I J6 I 

iA±. 

S50 

* Reference 

* REQUIRED 

M 7 9 0 



Basic Instructions or Hints 

1) Please observe that certain data items are required. 
2j Avoid abbreviations in names and comments fields. 
3J If there is not enough room for the information, then continue on the lower half of this page. 
V Additional analytical information should be entered on the bottom of the third page. 
=>) Please enter solutes in mg/l or ppm. If values occur as micrograms/1 iters or parts per billion, 

divide by 1000 before entering. 
°) If in doubt abour qualifying information, then enter it. 
/; Numeric fields in GEOTHERM are formatted as follows: 

then 

L 1 J^, I , 
Code Blank Number 

Code - Optional qualifying code, G=Greater than; L=Less than; N=Not detected; T=Trace; E=Estimate 
Blank - Indication for blank in data processing. 
Number - Enter with decimal points. If values are in units other than those listed, then enter the 

units. The values will be converted to standard units. 

Continuations; 



4 It . 

DEFINITIONS FOR DATA ITEMS IN SAMPLE FILE. (Draft) 



S e a r c h C o d e : ID 

K e y p u n c h CocJe: A ID 

GEOTHERM 10 NUH3ER 

E x a m p l s ( s ) : 0 0 0 2 1 5 5 
0 0 7 6 1 1 1 

D e f i n i t i o n : A u n i q u e 7 - d i g i t number a s s i g n e d t o e a c h r e c o r d i n 
t h e f i l e by t h e GEOTHERM s t a f f . 

GEOTHERM CROSS-INDEX 

Search Code: 6E0XIN 

Keypunch Code: A20 

Definition: This i nf o r.iia t i on is entered by the GEOTHERM staff. 
This label indexes related GEOTHERM records by listing their ID 
numbers. 

COMPILER 

S e a r c h C o d e : COMPILR 

.Keypunch C o d e : ASO 

F o r m a t : L a s t narrie* F i r s t / M . I 



Example(s): M o s i e r / D a n 
Teshin/ V. \'./ and Hall/ J. J 

Definition: Identifiction of the person(s) 
submitted the information to GEOTHERM. 

who co^np iled and 

COMPILATION DATE 

Search Code: COMPDAT 

Keypunch Code:. A60 . 

Format: 
y r mo 

Example(s): 79/12 
77/03 

Definition: Date the record was compiled, 

COMPILER'S AFFILIATION 

Search Code: COMPAFF 

Keypunch Code: A7(3 

Exainple(s) U.S. Geological Survey 
Nevada Bureau of flines and Geology 

Definition: Company/ governmental agency/ or group with which 
the compiler is affiliated. Abbreviations (except "U.S." for 
United States) are not used. 



COMPILER HJDEX 

Search Code: COMPXIN 

Keypunch Code: A75 

Definition: Soace in which the compiler can 
to cross-index GEOTHER T" record with the 
records.. 

record informatiDn 
compiler's files or 

NAME OF SAMPLE SOURCE 

Search Code M A .̂ 1E 

Keypunch Code: B20 

Definition: some neans of identifying a thernal 
may be any. of the following: 

T) name 
2) meaningfull synonyms 
3) name of thermal group or 

area 
A) .desig.nation code 
5) unnamed 
6) owneror well-driller 
7) reference location 

Only one of the above need be used. 

phenomena that 

Trotter Warm springs 
Victor (Lisa) Hot- Spring 

Steamboat Springs 
Cerro Prieto Well M-52 
unnamed spring 
warm spring on J. Qausch Ranch 
unnamed uell near Summer City 
Additional information may 

be found'in Other Locality Information 

KGRA 

Search Code: KGRA 



Keypunch Code: Dl 1 

Example(s): The Geysers 

Definition: Known geothermal resource area.. This is a 
classification of public lands valuable for geothermal steam and 
associated geothermal resources as established by the Geothermal 
Steam Act of 1970 (Godwin and others/ 1971). 

WELL/SPRING NUM3ER 

Search Code: W/SPNO 

Keypunch Code: B116 

Example(s) 30S-3AE-4-abc2 
31S-22W-33-abs 
10N-2W-14-k 

Definition: Many publications have unique identification codes 
•assigned to wells or springs based on townshio/ range/ and 
section* along with a letter code for quarter sections. The 
method of coding the quarter section varies from state to state 
and publication to publication. The particular system used va ' / 
generally be found i n ' each publication (referenced in the 
record). 

* Note that township/ range/ and section a r e found elsewhere 
in the record. 

AMERICAN PETROLEUM INSTITUTE NU''13tR 

SearcT Code: APINO 

Keypunch Code: 012 



F- o m a t : 12-c ha r act e r a Ipha numer i c field 

E X a m p I e C s ) 

D e f i n i t i o n : ' 
nu.T; be r, 

A m e r i c a n P e t r o l e u m In s t i t u t e's w e l l d e s i g n a t i o n 

W A R I N G N U M B E R 

i&.jrch C o d e : WAR NO 

K e y p u n c h C o d e : El 5 

Ex'amp I e C s ) : 2BA 

Definition; S p r i n g / u e I L n u TI b e r a s, I i s t e d i n : 
• Waring/ G. A./ 1965/ Thermal s-prin.gs of the United States, 

a n d 0 t h e r coun tries of the world: U.S. Geologieal 
Survey Professional Paper 4 92/ 385 P-

""'any,/ but not all/ spr i ngs are included in t h is inventory. 

COUNTRY 

Search Code COUNTRY 

Keypunch Code: E50 

E X a m p I e C s ) : U n i t e d S t a t e s 



S e a r c h C o d e : S T A T E 

K e y p u n c n C o d e : B 6 0 

S T A T E 

E x a m p l e C s ) : C a l i f o r n i a 
B r i t i s h C o l u m b i a 

D e f i n i t i o n : S t a t e / p r o v i n c e / or. o t h e r s e c o n d a r y g e o g r a p h i c a l 
d i v i s i o n in w h i c h s a m p l e l o c a t e d . A b b r e v i a t i o n s a r e not u s e d . 

C O U N T Y 

S e a r c h C o d e : C O U N T Y 

K e y p u n c h C o d e : 5 6 5 

E x a m p l e ( s ) : F a i r f a x 

D e f i n i t i o n : T h i r d - o r d e r g e o g r a p h i c s u b d i v i s i o n s 
all U n i t e d S t a t e s r e c o r d s e x c e p t A l a s k a . 

R e q u i r e d for 

G E O L O G I C P R O V I N C E 

S e a r c h C o d e : G E 0 P R 0 V 

K e y p u n c h C o d e : B 1 2 3 



Exdmple(s): Rasin and Range 
Appalachians 
Columoia Plateau 

Definition: Wanes of areas with common geologic or physiographic 
features. These. desi gnations are not neant to correspond with 
any one published map/ but to represent the compiler's judgement. 

MAP REFERENCE 

Search Code: MAP 

Keypunch Code: 882 

F o r m a t : n a m e s c a l e ( 1 : X X X X X ) 
m u l t i p l e l i s t i n g s s e p a r a t e d by c o i m a s 
w i t h l a r g e r s c a l e ' maps f i r s t 

E x a m p l e ( s ) : ' A u r o r a 1 : 2 4 0 0 0 / M e n z i e 1 : 2 5 0 0 0 0 
.Baker 1 : 6 2 5 0 0 

Definition: N3me(s) of map(s) containing samole location 
followed by the scale (s) of the map(s). 

LATITUDE 

Search Code: LAT 

Keypunch Code: 370 

Example(s): 34-22.682N 
34-22.62 N 
2B-22. S 
34-51.3 N 

'liMrtfiminirill i l i nnn i iinl ii W ill ii l i i w i l i i i l l i i i l i i m n n i i i i M limnmM i i im i immni in U M I I I » I I I « m i i i n 



Definition: varying accuracy 

Keypunch Code: BSD 

LONGITUDE 

Example(s) 087-31. E 
091-44.6 W 
101-44.78 W 
100-21 .1 H E 

Definition: varying accuracy, 

TOWNSHIP 

Search Code; TOWN 

Keypunch Code: 595 

E X ample(s): 25S 
04 N 

RANGE 

Search Code RANGE 



Keypunch Code: B.10 5 

Example(s > 001 E 
103W 
7.5E 
1 S . 5U 

S ea r£ n Code SeCTIO.N 

K e y p u n c h C o d e : 3115 

E x B.-T. p I e ( s ) 22 
01 
0 7/18 

SECT I ON 

QUARTER SECTI O.VS 

S e-a r c h C o d e : 0 U A R T E R 

K e y p u n c h C o d e : B 1 1 7 

F o r m a t X.X o f XX XX 
. s m a l l e s t t o l a r g e s t 

E x a m p l e ( s ) SE- of NE NE 

Definition dot located in the SE 
cuarte.r of the ME 
quarter of the NE 
quarter of section 
26 



MERIDIAN 

Sea rch C ode; NER ID 

Ke/puncn Code: B125 

E X a n p . l e ( 5 ) : I t : . D i a b l o 

D e f i n i t i o n : Th;e name o f ' t h e p r i n c i p l e me r i d i.a n . f r o m w h i c h t h e 
l o w n s h i p a n d r a n a e d i v i s i o ri s a r e m" e a s u.r e d . 

OTHER L O C A L I T Y I N F O R M A T I O N 

S e a r c h C o d e .OTH LOG 

K,ey p u n c h C o d e : BS3 

F o r m a t ; CO m m e n t 

Definition: Co h:fien t field for: 
1.) Spr ing/w-e I I owners name if not used as Name of- Source; 
2) additional Location information 

relative locat ian to another known spot,, 
of the exact soot at i^hich the sample was 
under Point of Collection. Point of 
d e s c r i p t i o n̂ s s u G lr as "Samp le: col Lec f e.d a t 

s u eh a;s L an d.-narks or 
Note t h a-t a d-,e s c r i p t i o ri 
collected can be Li st's d 

Cot Iect ion contains 
wel Lhead". 

10 



S O U R C E T Y P E 

Search. C o d e S O R C T Y P 

K e y p u n c h C o d e : A 3 4 

X a m p I e ( s ) : S p r i n g 
G e y s e r 

D e f i n i t i o n : D e s c r i p t i v e o n e - or t w o - w o r d t e r m f o r t h e s o u r c e of 
t h e s a m p l e . P o s s i b l e t e r m s i n c l u d e : s p r i n g / w e l l / f u m a r o l c / 
g e y s e r / s e e p / t u n n e l / m i n e s h a f t / e t C i 

P O I N T OF C O L L E C T I O N 

S e a r c h C o d e : C O L P T 

K e y p u n c h C o d e : P 5 5 

F o r m a t : c o m m e n t 

E x a m p l e ( s ) •1) l O f e e t d o w n s t r e a m f r o m s o r i n g o r i f i c 
2 ) S a m p l e c o l l e c t e d at w e l l h e a d . 

D e f i n i t i o n : D e s c r i p t i o n of p o i n t at w h i c h s a m p l e w a s c o l l e c t e d , 

S A M P L E T Y P E 

S e a r c h C o d e : S A M P T Y ? 

11 



K e y p u n c h C o d e : S I O 

F o r m a t : W S G 
w h e r e W = w a t e r / S = s t e a m / G = g a s 

Ex amp I e ( s ) : W 
W S G 
W G 

Definition:- Designation of type of sample collected/ whether 
water/ steam/ gas/ or a combination. 

TYPE OF ANALYSES-

Search Code; ANLTYP 

Keypunch .Code: A31 

Format W C G. 
where W = water/ C = condensate/ G = g.as 

Example(s) W C G 
G 
WG 

Definition: indicates that the record contains a partial or 
complete analysis of water/ condensate/ or gas. All three may be 
present. 

SAMPLE NUMBER; 

Search Code: SAMPNO 

12 



Keyounch Code: •''•190 

Example(s): 19C 
SS19-A 

Definition: Number/ or other designation/ assigned to sample by 
collector or analyst. May also be sample numoer listed in the 
reference. ' . ' 

COLLECTION DATE 

Searc'i Code: COLOAT 

Keypunch Cpde:. . M200 . 

Forrr.at: /__/__ 
y r -no day 

Example(s) : 1971/33/14 
1-590/00/00 

Definition: Date sample was collected. D a t e ' sample was 
chemically analyzed should be listed under Analysis Date. 

COLLECTOR (S) 

Sparc.n Code: COLECTR 

Keypuncn Code: S20 

format: Last name/ (First or Initials) 
ond/or 
Organization (no abbreviations) 

13 

T^'"\'\\ fi|i i>" I II" 1l|"'Wi"Mi"itf'i •<<•," M y i L U B i . , , rw,fri|.|i^P'uiii.^l^ri"„i,|'f»^|'flf,.'ffa!gggSg!^^grgOT 



E xamp L c{s) Hall/ Ji W. U.Si Geological Survey 
Roberts/ S, A, 
U t a h D e p a r t m e n t o f H e a l . t h 

Ci e f i n i t i a n ; 
s a m p l e . 

J h e p e r s o n a n d / o r o r g a n i z a t i o n t h a t c o l l e c t e d t ' n e 

S e a r c h C o d e : TEMP 

K e y p u n c h C e d e : M 2 1 0 

SAMPLE TEMPERATURE 

Fo rm 'a t nume r i c 

i n T t s : d e g r e e s C e n t i g r a d e 

D e f i n i t i o n : M e a s u r e d t e m o e r a t u r e o f w a t e r o r s t e a m a t t i m e o f 
s a m p l i n g . D e p t h a t w h i c h t e m p e r a t u r e was m e a s u r e d f o r w e l l 
s a m p l e s s h o u l d be s p e c i f i e d i n D e p , t h o f T e m p e r a t u r e M e a ' s j r e m e n t . 

DEP TH D f • T EM P E R ATURE ME A S U R E M ENT 

S e a r c h C o d e : TDEPTH 

< e y p u n c h Co d-e : M 2 0 A 

F 0 f ma t nu-Tier i c 

U n i t s : m e t e r s 

14 



D e f i n i t i o n : D e p t h in -well at wh i c h t e m p e r a t u r e was measured. 

A M 3 I E N T T E M P E R A T U R E 

S e a r c h C o d e : A M B I E N T 

K e y p u n c h C o d e : M 2 6 • 

F o r m a t : n u Tl e n c 

U n i t s : d e g r e e s C e n t i g r a d e ' 

D e f i n i t i o n : m e a n annual s u r f a c e t e m p e r a t u n 

Search C o d e : DISCH 

vceypunch C o d e : f'l 220 

D I S C H A R G E 

F o r m a t : numeric 

•Jni t s: L/MIN v o l u m e flow 
KG/S m a s s flow 
s p e c i f i e d in D i s c h a r g e U n i t s 

D e f i n i t i o n : w a t e r d i s c h a r g e or flow of spring or well 
flow should be listed u n d e r .Mass Flow of S t e a n . 

S t e a m 

15 
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D I S C H A R G E U N I T S 

S e a r c h C o d e : D I S C H U 

K e y p u n c h C o d e : M 2 2 3 

D e f i n i t i o n : U n i t s in w h i c h d i s c h a r g e or f l o w is e x p r e s s e d . 
V o l u m e f l o w is r e c o r d e d in L / M I N a n d m a s s f l o w in K G / S . 

S e a r c h C o d e : D E P T H 

k e y p u n c h C o d e : M 2 5 

D E P T H OF W E L L 

:• o r m a t: n u m e r1c 

U n i t s : m e t e r s 

D e f i n i t i o n : D e p t h of w e l l f r o m w h i c h s a m p l e t a k e n . T h e r e i s 
a l s o a f i e l d to l i s t t h e d e p t h at w h i c h t h e t e m o e r a t u r e w a s 
m e a s u r e d ( D e p t h of T e m p e r a t u r e M e a s u r e m e n t ) . 

S e a r c h C o d e : G R A D 

K e y p u n c h C o d e : M 2 7 

G R A D I E N T 

F or ma t n u m e r 1 c 

16 



Uni t S Deg C / KM 

D e f i n i t i o n : 
the s i t e . 

G r a d i e n t / - i h c r e a s e in t e m p e r a t u r e w i t h d e p t h / f o r 

W E L L H E A D P R E S S U R E 

S e a r c h C o d e : W H P R E S 

.<eypunc.'i C o d e : N 3 0 

F o r m a t n u m e r i c 

u n 1 t s : K G / C M * * 2 

D e f i n i t i o n : P r e s s u r e as m e a s u r e d at t h e w e l l h e a d . T h i s is 
„:.u-ally measur.ed for w e l l s d r i l l e d for g e o t h e r m a l p r o d u c t i o n a n d 
t e s t i n g . 

F I R S T S E P A R A T I O N P R E S S U R E 

S e a r c h C o d e : S E P I 

K e y p u n c h C e d e : P 6 0 

F o r m a t : n u m e r i c 

U m t s : K G / C .V * * 2 

D e f i n i t i o n : T h i s f i e l d a n d t h e t w o f o l l o w i n g ( S e c o n d a n d T h i r d 
S e o a r a t i o n P r e s s u r e s ) a r e f o r the s e p a r a t i o n p r e s s u r e s the w a t e r 
o r s t e a m h a d u n d e r g o n e b e f o r e s a m p l i n g froTi a g e o t h e r m a l w e l l . A 
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well nay have two seoarators and a silencer/ each of which has a 
separation pressure. This field is for the pressure at the first 
seoarator. 

SECOND SEPARATION PRESSURE 

Search Code; SEP2 

.Keypunch Code: P70 

Format: numeric 

U m t s ; K G / C M * * 2 

D e f i n i t i o n : S e e the d i s c u s s i o n u n d e r F i r s t S e p a r a t i o n P r e s s u r e . 
T h i s f i e l d is f o r the p r e s s u r e at the s e c o n d s e p a r a t o r of a 
g e o t h e r m a l w e l l . 

T H I R D S E P A R A T I O N P R E S S U R E 

S e a r c h C o d e ; SEP3 

Keypunch Code: P80 

Format: numeric 

Units: K G / C M * * 2 

D e f i n i t i o n : S e e the d i s c u s s i o n u n d e r F i r s t S e p a r a t i o n P r e s s u r e . 
T h i s f i e l d is f o r the p r e s s u r e at the s i l e n c e r of a g e o t h e m a l 
wel I. 
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M A S S F L O W OF S T E A M 

S e a r c h C o d e : S T M F L O 

K e y p u n c n C o d e : N 5 0 

F o r m a t : n u m e r 1 c 

Uni t s: K G / S 

D e f i n i t i o n : T h e m e a s u r e m e n t of t h e m a s s of s t e a n i s s u i n g fron a 
g e o t h e r n a l w e l l . The m a s s f l o w of w a t e r s h o u l d be l i s t e d u n d e r 
d i s c h a r g e . 

E N T H A L P Y OF T O T A L F L O W 

5 e a r cn Code: E NT H 

Keypunch Code: N60 

r 0 r m a t n u m e r i c 

Jni t s J /G 

D e f i n i t i o n : E n t h a l p y of c o m b i n e d w a t e r a n d s t e a n i s s u i n g f r o m a 
g e 0 t h e r m a I w e 11 . 

D E P O S I T S .OR A L T E R A T I O N S 

Searcli C o d e : D E P O S I T 
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Keypunch Code: S30 

Format: comment 

Example(s) 1 ) T r a v e r t i n e . 
2) Spring issues from large tufanound, 

Definition: Description of deposits and alterations due to the 
presence of thermal surface phenomena. 

•/J ATER TREATMENT DATA 

i earch -Code: T R E A T " 

^eypunch Code: M234 

ormat: comment 

Example(s): Sample acidified with HCL 

Definition: Description of any action performed on a sanple that 
could alter its chemistry or reactions/ e.g. addition of a 
b u f f e r . ' 

Infomation on special oreoaration or treatment of the samole. 

Search Code: LITH 

Keypuncn Code: M.235 

PERTINENT LITHOLOGY 
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Format c o m m e n t 

E x a m p l e ( s ) a) S p r i n g i s s u e s from a l l u v i u m - g r a n i t e c o n t a c t 
b) L a y e r e d T e r t i a r y b a s a l t s . -

D e f i n i t i o n : D e c r i p t i o n o f : . 
1) a q u i f e r l i t h o l o g y 
2) rock types in the area of the s a m p l e 
3) i m m e d i a t e s o u r c e rock type 
4 ) n a m e s o f f o r m a t i o n s 

5) ages of f o r m a t i o n s . 

O T H E R S A M P L E I N F O R M A T I O N 

S e a r c h C o d e : O T H I N F O 

< e y o u n c h C o d e : S50 

o r m a t : c o m m e n t 

D e f i n i t i o n : A c o m m e n t s field for i n f o r m a t i o n that will not fit 
in a set label and is n o t c h e n i c a l (Other A n a l y t i c a l I n f o r m a t i o n ) 
cr l o c a t i v e ( D t h e r L o c a l i t y I n f o r m a t i o n ) in n a t u r e . 

Search C o d e : REF 

y p u n c n C o d e : M 7 9 0 

R E F E R E N C E 

F o r m a t : g e n e r a l l y - a u t h o r / d a t e ; a u t h o r / d a t e 

21 



Exafnple( s) Mariner and others/ 1974 
U.S. Geological Survey/ unoublished data 

Definition: Source of the data listed in the record. Not 
intended to be a complete bibliography of the site. Entire 
literature references are stored in the reference subfile BIBLI.O 
(see discussion under the scope of GEOTHERM). 

WATER ANALYSIS DATE 

Search Code: ANLOAT 

Keypunch Code: M233 

0 r ni a t : /__/__ 
y r n o d a y 

.̂  .\ a n: p I e ( s ) 1977/12/06 
1890/00/00 

Definition: Date water was analysed, 

WATER ANALYST 

Search Code: NLST 

Keypunch Code: M236 

Format : Last name/ (First/Initia Is)-
Organizations (no abbreviations) 

Ex^.Tipl e ( s ) : H a l l / J . W . 
N e v a d a W a t e r Q u a l i t y B o a r d 

22 



D e f i n i t i o n 
a n a l y s i s . 

T h e o e r s o n or lab t h a t d i d t h e w a t e r s o l u t 

S e a r c h C o d e : PH 

K e y p u n c h C o d e : M 2 0 

PH 

F o r m a t : n u m e r 1 c 

D e f i n . i t i o n : P H of s a m o l e . A s s u m e d to be t a k e n at S a m o l e 
T e . r p e r a t u r e u n l e s s s t a t e d d i f f e r e n t l y in PH T e m p e r a t u r e . PH is 
a l s o a s s u m e d to oe a f i e l d m e a s u r e n e n t u n l e s s s o e c i f i e d 
- i f f e r e n t l y . 

PH T E M P E R A T U R E 

S ? a r c h C o d e : P H T E M P 

K e y p u n c h C o d e : M 2 0 A 

F o r m a t : n u n e r1c 

'.j n 1 t s : D e g r e e s C e n t i a r a d e 

D e f i n i t i o n : T e m p e r a t u r ? at w h i c h s a m p l e oH m e a s u r e d u n l e s s t h e 
5 il n e ll s S J n o I e T (' Tl 3 e r 9 t u r e . 
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SPEC IFIC GRAVITY 

Search Code: GRAV 

Keypunch Code: M91 

Format modified numeric 

Example(s): 1.0039 

Definition: The specific gravity of water sample 

SPECIFIC CONDUCTANCE 

Search Code: COND 

Keypunch Code: M21 

Format: n u .n e r 1 c 

Uni t s : micromhos/centimeter (umhos/cm) 

WATER ANALYSIS UNITS 

Search Code: UNITS 

Keyounch Code: M341 

Example(s) PPM 
MG/L 
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• Definition: Units for all water chemistry including total 
dissolved solids/ alkalinity/ and total suspended solids. 

Sear.c.h Co.de: ALK 

Keypunch Code: M22 

ALKALINITY OF WATER 

Format nume r 1 c 

Uni t s: see M341 (U-NITS) 

Definition: Whether alkalinity expressed-as CaC05 or HC03 
recorded in "Alkalinity measured as ..."'. 

1 s 

ALKALINITY MEASURED AS 

Search Code: ALKTYP 

Keypunch Code: M28 

Definition:- See Alkalinity, 

TOTAL DISSOLVED SOLIDS 

Search Code: TDS 
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K e y p u n c h C o d e : M 2 3 

F o r m a t n u HI e r 1 c 

U n i t s : s e e W a t e r A n a l y s i s U n i t s 

T O T A L S U S P E N D E D S O L I D S 

Search Code: TSS 

Keypunch Code: M24 

Format : numeric 

Uni t s; see Water Analysis Units 

WATER SOLUTES 

Al 
As 
Au 

B 
3a 
Be 
Bi 
Br 
Ca 

Ca+Mg Fe(tot) Mn Rb Ti 
Cd Ga • Mo S U 
Cl Ge ' Na Sb V 
Co HC03 Na+K Sc W 

C03 Hg Nb Se Zn 
Cr H2S NH4 Si 0 2 
C s I N i S n 
Cu K N03 S04 
F Li Pb Sr 
Fe+3 Mg P04 Ta 

Search Code: Same as Elemental Symbols 

Keypunch Code: see Table A 
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Format nume r1c 

Uni t s see Water Analysis Units 

Definition: Some of these solutes may be neasured for condensate 
and gas. See Condensate Solutes and Gases. Solutes not listed 
here may be in Other Analytical Information. 

DEUTERIUM IN WATER 

(Del (d ) D Water) 

Search Code: 'DH20 

Keypunch Code: 0250 

For ma t : numeric 

Uni t s: parts per thousand (o/oo) 

Definition:' May be measured for Condensate, 
be measured in CH4 and H2 of gas. 

Deuterium may also 

018 IN WATER 

(Del(d) 018 Water) 

Search Code; 0ri20 

Keypunch Code: C;270 

Format: numeric 
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Units: parts per tnousand (o/oo)-

Definition: May be measured for Condensate, 
measured in S04 of water or condensate. 

OIB may also be 

Search Code: OS04 

Keypunch Code: Q200 

0 18 IN S04 

(Del (d)' 018 S04) 

Format numeric 

Units: parts per thousand (o/oo) 

Definition: May be measured for Condensate, 
measured in H20 of condensate and water. 

018 may also be 

Search Code: SS04 

Keypunch Code: 0190 

S34 IN S04 

(Del S34 S04)-

Format: numeric 

Units: parts per tnousand (o/oo) 
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Di* finition: May be measured for Condensate. S34 may also oe 
me'asured in H25 -of water/ condensate/ and gas. 

S34 IN H2S 

(Del (d) S34 H2S) 

Search Code: S H 2 S 

Keypunch Code: G185 

Format: numeric 

Units: parts per thousand (o/oo) 

Definition: May be neasured for Condensate and Gas. S34 nay 
also be measured in S04 of water and condensate. 

C13 IN C02 

(Del (d) C13 C02) 

Search Code: C13 

Keypunch Code: 0153 

ror,T!3t: numeric 

Units: parts per thousand (o/oo) 

Definition: '-lay be measured for Condensate and Gas. C13 nay 

also be measured in CH4 of gas. 
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Search Code: TRIT 

Keypunch Code: Q186 

TRITIUM 

F 0 rmat numeric 

Units: t r i t i un un i t s 

De finition: Tritium may also be measured for Condensate (S260) 

C14 CONTENT OF C02 

Search Code: C14 

Keypunch Code: Q187 

Format: numeric 

Units: 

Definition: May also be measured for condensate and gas. 

ANALYSIS DATE - CONDENSATE 

S?arcn Code: AMLOATC 

Keypunch Code: S70 
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Format: / _ _ / _ _ 
y r no day 

ExamDle(s): 1976/04/01 
1899/03/00 

Definition: Date chenical analysis of condensate was done, 

ANALYST - CONDENSATE 

Search Code: ANLSTC 

Keypunch Code: S80 

=̂  0 r .T. a t : L a s t n a m e / ( F i r s t / 2 i n i t i a l s ) 
O r g a n i z a t i o n 

E x a m p l e ( s ) : H a l l / J o h n 
U . S . G e o l o g i c a l S u r v e y / W a t e r R e s o u r c e s D i v i s i o n 

PH - CONDENSATE 

S e a r c h C o d e PHC 

. k e y p u n c h C o d e : . .'; 1 9 1 

F o r .m a t nume r i c 
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TEMPERATURE OF PH - CONDENSATE 

Search Code: PHTEMPC 

Keypunch Code: N191A 

Fo rma t: numeric 

Uni ts Degrees Centigrade 

•SPECIFIC GRAVITY. - CONDENSATE 

Search Code: GRAVC 

?ypunch Code: S140 

Format numeric 

SPECIFIC CONDUCTANCE - CONDENSATE 

Search Code: CON DC 

Keypunch Code: S150 

/ormat: numer i c 

Uni t 3 micronhos per centimeter (umhos/cn) 
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UNITS- CONDENSATE 

Search Code: UNITSC 

Keypunch Code: T500 

Definition: Units for reporting solutes, 
dissolved solids of condensate. 

alkalinity and total 

ALKALINITY - CONDENSATE 

Search Code: ALKC 

Keypunch Code: • SI 70 

Format: numeric 

Uni ts: see Units - Condensate 

Definition: Whether alkalinity expressed as CaCD3 or HC03 is 
recorded in "Alakalinity Measured As ..." - Condensate. 

ALKALINITY MEASURED AS - CONDENSATE 

Searcn Code: ALKTYPC 

Keypunch Code: S17 3 A 

Definition: See Alkalinity - Condensate, 
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TOTAL DISSOLVED SOLIDS - CONDENSATE 

Search Code: TDSC 

Keypunch Code: S180 

Format numeric 

Units: see Units - Condensate 

CONDENSATE SOLUTES -

As Cl HC03 K . NH4 S04 

B C03 Hg Mg Sb 

Ca F H2S Na Si 02 

Search Code: same as elemental symbols 

Keypunch Code: s e e T a b l e B 

Format: nume r1c 

Uni t s : see Units - C o n d e n s a t e 

Definition: Solutes also under Water Solutes/ so-ne under Gases. 
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DEUTERIUNI IN WATER - CONDENSATE 

(Del (d) D water) 

Search Code: 0H20C 

Keyouncn Code: 0240 

Format: numeric 

U m t s: parts per thousand (o/oo) 

Definition: May he .measured for water analysis, 
also oer. easured in CH4 and .H2 of gas. 

Deuterium may 

018 IN WATER - CONDENSATE 

(Del(d) 018 water) 

Sea rch Code: 0H20C 

Keypunch Code: G260 

F o r m a t : n u n e r 1 c 

U n i t s : p a r t s p e r t n o u s a n d ( o / o o ) 

D e f i n i t i o n : May oe m e a s u r e d f o r w a t e r a n a l y s i s 
• m e a s u r e d i n 5 0 4 o f w a t e r o r c o n d e n s a t e . 

D18 may a l s o oe 
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018 IN S04 - CONDENSATE 

(Del (d) 018 S04) 

Search Code: 0S04C 

Keypunch Code: S230 

Format: numeric 

Units: parts per thousand (o/oo) 

Definition: May be measured for water analysis, 
measured in H20 of condensate and water.. 

015 may also be 

S34 IN SO 4 -CONDENSATE 

(Del (d) S34 S04) 

Search Code: SS04C 

KevDunch Code: S240 

F 0 r ,n a t n u m e r i c 

U n i t s ; p a r t s p e r t h o u s a n d ( o / o o ) 

D e f i n i t i o n : May b e m e a s u r e d f o r w a t e r a n a l y s i s , 
m e a s u r e d i n H2S o f w a t e r / c o n d e n s a t e / a n d g a s . 

S 3 ^ may a l s o oe 
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S34 IN H2S - CONDENSATE 

(Del(d) S34 H2S) ' 

Search Code: SH2SC 

Keypunch Code: S2 50 

Format numeric 

Un-j t s parts per thousand (o/oo) 

Definition: May be measured for water analysis and gas. S34 may 
3lso oe measured' in'S04 of water and condensate.-

C13 IN C02 - CONDENSATE 

(Del (d) C13 C02) 

Search Code: C13C 

Keypunch Code:. S220 

Format: numeric 

Lim t s parts per thousand (o/oo) 

Definition: May be measured for water analysis and gas 
a I. so ne .n. eas ured in CH4 of gas.. 

C13 may 
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TRITIUM CONTENT OF CONDENSATE 

Search Code: TRITC 

Keypunch Code: S260 

Format numeric 

Units: Tr i t i jn Un i t s 

Definition: Tritium may also be measured for water analysis. 

C14 IN C02 - CONDENSATE' 

Search Code: C14C 

Keypunch Code:- S270 

Fo rma t: numeric 

Uni: 

Definition: May also be neasured for water analysis and gas, 

GAS ANALYSIS DATE 

Search Cede: AMLDATG 

Keypunch Code: UlO 
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Format: I _ _ l ^ _ 
y r mo day 

Example(s); 1971/12/31 
1979/13/00 
1900/00/00 

Definition: Date chemical analysis of gases was dom 

ANALYST - GAS 

Search Code: ANLSTG 

Keypunch Code: U 2 0 

•J r m a t Last name/ (First/2 initials) 
Organization 

cxampleCs) Burton/ R. 
U.S. Geological Survey 

GAS TO WATER RATIO 

Search Code: GAS/H20 

Keypunch Code: U30 

Format numer1c 

0.° finition: Ratio of the moles of total gas to the noles of 
water. 



UNITS - GAS 

Search Code: UNITSG 

Keypunch Code: N233 

Example(s): volume % 

GASES 

Ar C2H6 - H2 . Hg .. N2 - . Rn 

CH4 C02 He H2S 02 

Search Code: same as elemental symbols-

Keypunch Code: s e e T a b l e C 

Format numer1c 

U m t s : see Units for Gas Analysis 

Definition 
analyses. 

some constituents also under water and condensate 

C13 IN C02 - GAS 

(Del(d) Cl3 C02) 

Search Code: C13G 
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eypunch Code: U60 

Format: nume ric 

Units: parts per thousand (o/oo) 

Definition: May be neasured for condens ate and water analysis 
C13 may also be measured in CH4 of gas. 

C13 IN CH4 - GAS 

(Del(d) C15 CH4) 

Searcn Code: C13CH4 

keypunch Code: 0170 

r -1 r ms n u m e r i c 

U n i t s: p a r t s p e r t h o u s a n d ( o / o o ) 

D e f i n i t i o n : C 1 3 n a y a l s o b e m e a s u r e d in C 0 2 of 
c o n d e n s a t e / a n d c i a s - . 

w a t e r / 

D E U T E R I U M IN C H 4 - G A S 

(Del(d) D CH4) 

Searcn Code: DCH4 

Keypunch Cede: U 9 0 
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Units: parts per thousand (o/oo) 

Definition: May be measured for water analysis and .condensate. 
S34 may also b= measured in S04 of water and condensate. 

C14 CONTENT OF C02 - GAS 

Searc'n Code: C14; 

Keypunch Cede: U70 

Format: numeric 

;ni t s; 

inition: ^iay also be measured for water and condensate. 

RATIO AR40/AR36 

Search Code: AR40/AR36 

<eyiiunch Code: G293 

i- 0 r ,n a t : nume ric 

OTHER-ANALYTICAL DATA 
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4 « 

S e a r c h C o d e ; O T H A N L 

K e y p u n c h C o d e : M 7 8 0 

F o r m a t : c o m m e n t 

D e f i n i t i o n : C o m m e n t f i e l d f o r a d d i t i o n a l c h e m i c a l d a t 

Q U A L I F I C A T I O N F I E L D 

S e a r c h C o d e : Q U A L I F Y 

K e y p u n c h C o d e : n o t o n i n p u t forrri. 

o r m a t : c o m m e n t 

D e f i n i t i o n : C o m m e n t s f i e l d f o r a d d i t i o n a l 
i n f o r m a t i o n f o r a n y of t h e n u m e r i c f i e l d s . -

or m o d i f y i n g 

U T M Z O N E N U M B E R S 
•:-:--i^..,:--±'.i 

-.•:.-•-= ̂  n i y 

S e a r c h C o d e ; U T M Z C N E 

K e y p u n c h C o d e : n o t o n i n p u t f o r m 

E x u m p l e C s ) : •fio 
-05 

D e f i n i t i o n : Z o n e n u m b e r of the Uni ve r sa I ' T rin-. v» r se M e r c a t o r 
S y s t e m . For UTM the e a r t h is d i v i d e d into 6D s f ' o s . Each s t r i p 
c o v e r s a 6 d e g r e e l o n g i t u d e . The norther-. .̂̂ ^ s o u t h e r n 
h e m i s p h e r e are i n d i c a t e d by a p o s i t i v e - a"«l -"^-gative v a l u e 
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r e s p e c t i v e l y . A ooint w i t h i n a zone is located by a horizontal 
axis ( e a s t i n g ) a n,d a v e r t i c a l .axis ( n o r t h i n g ) . T h e s e are listed, 
under tneir r e s p e c t i v e labels in G E O T H E R M . 

The zone n u m b e r is p r i n t e d o n the Lower Left corner of U . S . 
G e o l o g i c a l Sur v e y t o'pog r a ph i c m a p s . 

N O R T H I N G 

Sea rch C o d e : rjCRTH 

K e y p u n c h Code'; .not on input form 

Jn 1 t 5 : ire t ers 

Li a m p l e C s , ) : 5S938;85 

?ef i n i t i o n : The' v e r t i c a l ax'is in the UTM s y s t e m . See UT.M Z O N E . 

EASTING. 

S.e a rch C o d e : E.AST 

K e y puh c h G p:d e.,: n p-t on input form 

Jn 1 t'S,: met ers 

E x a m p l e ( s) ; 9 0 1 2 1 . 

D? fin it i o n : t h e h o r i z o n t a l axi:s in tne UTM s.yste'.n. See [ }Tyi 
Z O N E . 
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D U P L I C A T E 

S e a r c h C o d e : DUP 

K e y p u n c h C o d e : , not on input f o r m 

D e f i n i t i o n : T h i s is a c o d e to i n d i c a t e that the r e c o r d is a 
d u p l i c a t e of a s i t e a l r e a d y listed in the f i l e . T h e 
d u p l i c a t e - s i t e r e c o r d m a y h a v e d a t a from a n o t h e r e v e n t / a n a l y s i s . 
U n i q u e s i t e s c a n be r e t r i e v e d from the f i l e by s e l e c t i n g the 
r e c o r d s that do not c o n t a i n t h i s c o d e . 
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Item #5. Printout Format for Records in Sample File 
PAGE 00>*b 

cFcnHo onom 

GtOTMESH SAMPLE FILE GFOTME»M qECOHD IDl 0n007H6 
NftMF. OF S A M P L E S O U R C E U N N A M F O hOI bPRlNG AT TMRFE F O S K S 

MAILING MO <̂ Ĉ 
LOCATION 

COUNTRY UNITED STATES 
S T A T E / P H O V I N C E OREGON 
rouNTY M A L H E U R 
LATITUDE ,. '•a-32.0 N 
LONGITUDE 117-10.<) W 
UTM ZONE NU «ll 
NORTHING <.70n796. 
FASTING <*850fll. 
T O M N S H I P 35S 
R A N G E OuSZ 
SECTION 03 
MAP REFERENCE JORDAN VALLEV LLZSOOOO 

SAMPLE DESCRIPTION AND CONDITIONS 
C O L L E C T I O N O A T E 1 9 7 3 / 0 0 / 0 0 
COLLECTOWlSI H A R N E S GROUP 
SAMPLE TEMPERATURE i i ^ .o 
niSCMARGE OF KELL OR SPRING.. ".OOO. 
DISCHARGE UNITS L/MIN 
WATER TREATMENT..... PRESSURE-FILTERED THROUGH A ,*5 MICROMFTRE MEMBRANE, PORTION ACIDIFIEOt DltUTED. 
PERTINENT LITHOLOGY ROCK TYPF I BASALT 

WATER ANALYSIS 
WATER ANALYSIS DATE 1973/00/00 
WATER ANAL^fSTis) B A R N E S G R O U P 
P H R.ll 
SPECIFIC CONDUCTANCE... 33fl. 
UNITS USED FOR ANALYSIS MG/L 
AG I- 0.0? 
AU L O.I 
R 0.11 
RA L O.I 
RF L 0.1 

. CA II. 
CO.... L 0.01 
CL IH. 
CO L O.OS 
C03 1. 
CS L O.I 
CU.... L O.OI 

. F >..?. 
F E I T O T A L I L 0.0? 
HC03 IOH. 
K I.? 
LI 0.0<> 
MG 0.7 
MN L 0.0? 
NA f i \ . 
PH '. . . . L 0.0A 
RR L 0.0? 
SR L 0.2 
SIOZ ••0. 
SC* 3't, 
SR 0.0r> 
OEL 0 OF WATER -127.<. 
OFL 0118) OF WATER -Ift.09 

REFERENCE AND IDENTIFICATION 
COMPILED RY S A N F O R D . L I N D A 
COMPILATION DATE 76/0'' 
COMPILER AFFILIATION U.S. GEOLnGICAL SURVEY 
COMPILER CWOSS INDEX......... 18 
REFERENCE MARINER AND OTHERS. 197<,l MARINER ANO OTHERS. 1975 



Item #6 

State 

Alaska 

Arizona 

California 

Colorado 

Georgia 

Hawaii 

Idaho 

Montana 

Nevada 

New Mexico 

New York 

North Carolina 

Oregon 

Pennsylvania 

Texas 

Utah 

Virginia 

Washington 

West Virginia . 

Wyomi ng 

GEOTHERM 

Well 

42 

244 

481 

23 

3 

237 

32 

5 

547 

2 

3 

85 

1 

10 

863 

7 

1 

0 

Sample Inventory 

May 1980 

Spring 

41 

43 

915 

226 

4 

62 

77 

767 

15 

2 

2 

125 

2 

19 

299 

24 

10 

4 

88 

Other 

1 geyser 

51 tunnels 

1 mud volcano 

9 fumeroles 

1 mine 

3 geysers 



Item §7 

Data Sources in Sample File 

Alaska Geophysical Institute, University of Alaska 
U.S.G.S. 

Arizona Arizona Bureau of Geology and Mineral Technology 
U.S.G.S. 

California California Division of Mines and Geology 
U.S.G.S. 

Colorado Colorado Geological Survey 

Hawaii Inst, of Geophysics, University of Hawaii 

Idaho Idaho Department of Water Resources 

Montana Montana Bureau of Mines and Geology 

Nebraska Nebraska Geological Survey 

Nevada Nevada Bureau of Mines and Geology 
U.S.G.S. 

New Mexico U.S.G.S. 

Oregon Oregon Dept. of Geology and Mineral Industries 
U.S.G.S. 

Texas U.S.G.S. 

Utah Utah Geological and Mineral Survey 

Washington U.S.G.S. 

Wyoming University of Wyoming, Dept. of Geology 



Format for GEOTHERM Tape 

Item m 

GEOTHERM record # 
Name of sample source 
KGRA 
Well/spring no. 
API no. 
Waring no. 
Country 
State 
County 
Latitude 
Longitude 
Township 
Range 
Secti" on 
Quarter sections 
Base & Meridian 
Map reference 
Geologic province 
Other locality info 
Source type 
Point of collection 
Sample number 
Collection date 
Collector 

Deposits or alteration 
Water treatment data 
Pertinent lithology 
Other sample info 
Analysis date 
Analyst 
Units used for solutes 

Length Length 
10 Specific gravity 10 Nuir 
50 Specific conductance 
30 Alkalinity 
20 Total dissolved solids 
15 Total suspended solids 
5 Ag 
15 Al 
15 As 
25 Au 
10 B 
11 Ba 
3 Be . 
4 Bi 
5 Br 
14 Ca 
20 Ca + Mg 
50 Cd . 
30 Cl 
100 Co 
10 CO3 
25 Cr 
15 Cs 
10 Cu 
30 F 
7 Fe+3 
50 Fe (total) 
100 Ga 
100 Ge 
400 HCO3 
10 Hg 
30 H2S 
10 I 

Form of alkalinity measure 5 K 
Temperature 
Depth of temperature 
Flow 
Ambient temperature 
Depth 
Gradient 
Wellhead pressure 
1st separation pressure 
2nd 
Srd 
Steam flow 
Total flow enthalpy 
pH 
pH temperature 

1 

* 

) Numeric Li• 

1 \ 

Mg 
Mn 
Mo 
Na 
Na + K 
Nb 
NH4 
Ni 
NO3 
Pb 
PO4 
Rb 
S V / > 

er-ic 



Format for GEOTHERM Tape (continued) 

Length 
Sb 
Sc 
Se 
Si02 
Sn 
SO4 
Sr 
Ta 
Ti 
U 
V 
W 
Zn 
Sd v;ater 
60(18) water 
60(18) SO4 
6S(34) SO4 
6S(34) HpS 
6C(13) CO2 
Tritium content 
C(14) of CO2 
Other analytical data 
Qualifying information 
Reference 
J^eporting Organization 

10 Numeric 

V 
10 
10 

100' 
100 
50 
40 

Specifications 

Created by: 
Format: 
Record length: 
Block length: 
Label: 

IBM 370/155 
fixed 
2344 bytes 
unblocked 
non-label 

Character set: EBCDIC 
Tape type: 9 track 
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ABSTRACT 

Well costs vary rouyhly exponentially v/ith 
well depth. Plots indicating this have been nade 
using data from nineteen geothermal v/ells of 
varying depths. These plots indicate both the 
.average costs to drill wells and the costs to 
drill wells without problens. Average well 
costs are above estimates based on the assumption 
that the well proceeds according to plan. The 
average costs should be considered for planning 
programs in which large numbers of wells a r z 
involved. Estimates based on the assumption that 
the well can be drilled according to'plan may be 
used for planning programs involving one or two 
wells, but the average costs should be considered 
in contingency planning. 

INTRODUCTION 

This is an attempt to look at well construc
tion costs statistically, using actual costs of 
completed geothennal wells as the basis. The data 
base consists of nineteen wells drilled as part of 
the Department of Energy geothermal programs 
managed by the DOE Idaho and Nevada Operations 
Offices. Eight of the wells were completed at 
Raft River, seven were completed under the DOE 
Industry Coupled Program, three were completed 
under the Project Applications Program, and one 
was completed at the Idaho National Engineering 
Laboratory site near the eastern end of the Snake 
River Plain. There a r e a variety of well types, 
geological environments, depths and bore hole 
sizes represented, and although this is a small 
sample, trends can nevertheless be seen. 

The objectives of this study are to provide 
general guidance for the geothermal well field 
developers, public or private individuals or 
groups considering the geothermal option, proposal 
writers or evaluators, and geothermal policy 
makers. Of course, when estimating the cost of a 
particular well, one should list the tasks to be 
done and the material to be purchased, estimate 
the cost of each and aggregate, so that the 
peculiarities of the site, anticipated production, 
and other variables can be taken into account. 
Data presented here should be used only as a 
general guide although there is one other impor
tant use. Aggregated estimates like the one just 

described i r & usually valid only if things proceed 
according to plan. Some have said that actual 
well costs often depend on two aspects of well 
drilling which a r e not quantifiable: the luck of 
the driller and the detennination of the operator. 
Looking at past experience, which is the approach 
taken here, at least gives one some idea as to the 
levels these two unquantifiables have pushed past 
drilling costs. 

DRILLING COSTS VS. OEPTH 

Drilling costs versus depth are shown in 
figure 1. NOTE: The vertical scale is logarithmic. 
Logarithmic plots tend to create the illusion 
that little scatter of the data exists when in 
fact there is a considerable scatter. However, 
the logarithmic scale was used because of'the 
general exponential trend of the data and to 
facilitate a linear regression analysis. 

The mean regression line shown in figure 1 is 
not representative of costs which would result 
from an aggregated estimate obtained by listing 
tasks and materials, estimating their costs and 
aggregating. These estimated well costs i r e 
approximated by the heavy dashed-line at the 
bottom. The mean line simply represents the 
average real costs of the nineteen wells in the 
sample, and this in turn is a strong function of 
the problems encountered and the determination of 
the owners to complete the wells. Note that 
aggregated estimate approximated by the dashed 
line is below all the well costs. This may at 
first seem irregular until one considers that this 
type of estimate is almost always optimistic 
because, by nature of the estimating procedure, 
only predictable tasks and material purchases are 
considered, and contingencies are not included. 

Wells indicated by the circular symbols and 
the diamond symbol were paid for entirely by DOE; 
wells indicated by the square symbols were funded 
mostly by DOE and partly by private or local 
public entities. Wells indicated by the tri
angular symbols were paid for mostly by private 
concerns, most of whom have an oil background. 
Referring to figure 1 with this in mind, it is 
interesting to note that public or private owner
ship of the well had little to do with costs. 

Note that the detennination of the operators 
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Chappel l , e t al 

to complete three of the we l l s in sp i t e of adverse 
d r i l l i n g cond i t ions resu l t ed i n anomalously high 
cos ts . In f a c t , they are so f a r above the mean 
that a s t a t i s t i c i a n would consider them " o u t l i e r s " 
and d iscard theiii. This was done, and f i g u r e 2 
shows the e f f e c t of t h i s a c t i o n . Note tha t the 
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t I I I 1 _ 

Upper one sigma 
^, limit 

,• Mean line_ 

. / / / " 
/ / / 

/ / /Approximate 
/ / aggregate 

/ / estimate 
^ / --
/ : 

• 

° Rait River wells 
t Industry coupled Viiells 
• Direct use application 

projects \ 

O INEL deep well 

1 1 r 1 1 

3 4 5 6 7 8 9 10 11 12 

VJeU depth (thousands of leet) INEL-A-IS I03 

Figure 1 Well costs versus depth. A l l data i n 
cluded. Corrected to 1978 p r i ces . 

mean lowered n o t i c a b l y . Also note tha t one we l l 
was considerably lower i n cost then the o the rs . 
This was due p a r t l y t o t h i s wel l being an i n j e c 
t i o n we l l and p a r t l y t o lack of problems encoun
t e r e d . Th is w e l l was a l s o e l i m i n a t e d as an 
" o u t l i e r " . ' W i t h o u t t h e s e f o u r " o u t l i e r s t he 
standard dev ia t i on was lowered as shown in f i gu res 
1 and 2. 

F i gu res 1 and 2 can be u s e f u l t o v a r i o u s 
i n te res t s but i n d i f f e r e n t ways. Pol icy makers 
i n t e r e s t e d i n p r e d i c t i n g c o s t s f o r p r o j e c t s 
i nvo l v i ng large numbers of we l l s w i l l probably get 
best r e s u l t s by u s i n g t h e nean f rom F i g u r e 2 . 
Whereas, a d e v e l o p e r c o n t e m p l a t i n g one or two 
we l ls may wish to use the heavy dashed - l ine, but 
c o n s i d e r t he mean or t h e s tandard d e v i a t i o n 
coup led w i t h i n f o r m a t i o n on expected d r i l l i n g 
c o n d i t i o n s i n d e c i d i n g on a p p r o p r i a t e c o n t i n 
gencies or f o r p lann ing a l t e r n a t i v e s because once 
d r i l l i n g has s t a r t e d , d e c i s i o n s must be made 
q u i c k l y . 

DATA BASE DESCRIPTION 

Table I shows we l l costs on which t h i s paper 
was based. A l l we l l costs are f o r completed we l l s 
i n c l u d i n g t h e w e l l head , s p e c i a l c o m p l e t i o n 
t echn iques such as a c i d i z i n g , l o g g i n g and a l l 

o 
• a 

in 
• a 
CZ 
10 

"lOOO 
o 

o 
u 

o 

5 

100 

Approximale 
aggregate 
estimates 

o Raft River wells 
'> Industry coupled wells 

° Direct use application 
o projects 
o INEL deep well 

1 2 3 4 5 6 7 8 9 10 11 12 

Well depth (thousands of feet) INEL-AIS IO2 

Figure 2 Well costs versus depth. " O u t l i e r s " ex
c luded. Corrected to 1978 Drir..;s. 

prob lem s o l v i n g o p e r a t i o n s such as f i s h i n n , 
d i r e c t i o n a l d r i l l i n g , e tc . " Any f low t e s t i n g which 
o c c u r r e d a f t e r removing t h e d r i l l r i g was not 
inc luded. 

Two o f the Raft River we l l s were m u l t i l egged 
w e l l s . The depth on these we l l s could have been 
de te rm ined by add ing a l l t h e legs t o g e t h e r . 
However, the dec is ion was made (somewhat a r b i 
t r a r i l y ) t o use the depth of the deepest leg as 
the wel l depth. 

Cost breakdowns were ava i l ab le f o r some of 
t h e w e l l s . See t a b l e I I . U n f o r t u n a t e l y t h e 
breakdowns were not a l l made using uni form pro
cedures, so there are some blanks and i n t e r p r e t a 
t i o n s are d i f f i c u l t . Breakdowns are ava i l ab le f o r 
a l l th ree of the " o u t l i e r s " which were omi t ted 
from f i g u r e 2 f o r excessive cos t . They are Raft 
River # 1 , Raft River #5 and Industry Coupled #7. 
Unfor tunate ly a breakdown was not ava i lab le f o r 
t h e low " o u t l i e r , " Ra f t R i v e r #7. I n d u s t r y 
Coupled §6 was not discarded as an " o u t l i e r , " but 
was, never the less , an expensive w e l l . 

The u n u s u a l l y h i g h c o s t s f o r I n d u s t r y 
Coupled. #6 and #7 were in d r i l l i n g f l u i d s , ce
menting and added r i g t ime due t o loss of c i r 
c u l a t i o n and caving t o porous fo rmat ions . This 
a l s o o c c u r r e d i n INEL #1 but t o a much l e s s e r 
degree. Raft River #1 and §2 were high in d r i l 
l i n g and m i s c e l l a n e o u s c o s t s . Ra f t R i ve r #1 
experienced a co l lapsed casing and Raft River #2 
•,.as d r i l l e d 500 fee t i n t o hard basement rock f o r 
geolog ica l research. 
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Description 

Raft River #1 
Raft River #2 
Raft River #3 

Raft River #4A 
Raft River; #4B 

Raft River #5 
Raft River §6 
Raft River #7 
Industry Coupled #1 
Industry Coupled #2 
Industry Coupled #3 
Industry Coupled #4 
Industry Coupled #5 
Industry Coupled #6 
Industry Coupled #7 
Project Applications 

Year Depth 
Drilled (feet) 

#1 
Project Applications #2 

75 
76 
76 

77 
78 

78 
78 
78 
74 
76 
75 
78 
78 
78 
78 
79 
79 

Project Applications #3 78 

INEL #1 79 

5007 
6551 

*5917' 
*5532 
*5853 
2840 

*5427 
*5115 
4925 
3888 
3858 
4300 
5100 
4000 
5400 
6000 
7735 
5200 
1500 
2176 

4266 

10356 

TABLE I TOTAL WELL COSTS 
(Corrected to 1978 Prices) 

Casing Diameter 
(inches)/Depth (feet) 

13-3/8 to 3534 
13-3/8 to 4227 
13-3/8 to 1385: 

13-3/8 to 1820 
13-3/8 to 1820: 

13-3/8 to 1500: 
13-3/8 to 1698 
13-3/8 to 2044 

9-5/8 to 4255 

9-5/8 to 3408 

Bore diameter at surface was 
17-1/2 inches narrowing to 
8-3/4 inches at target depth. 

16 to 700: 7-7/8 to 1300 
10-3/4 to 800: 7, 500 to 2175 

(perphorated) 
10-3/4 to 1000: 7-5/8 to 3722: 

5 to 3900 
13-3/8 to 3359: 9-3/8 
to 6796 

Cost Inflation 
(lOOO's) Factor 

810 
800 
662 

305 
9-5/8 to 3457 830 

995 
325 
275 
385 
370 
290 
550 
800 

2,079 
1.232 

214 
296 

452 

2,960 

1.38 
1.26 
1.26 

1.12 

1.63 
1.26 
1.38 

.93 

.93 

.93 

Chappell, et al 

Costs Corrected to 
1978 (lOOO's) 

1,118 
1.008 
834 

342 

628 
456 
400 

199 
275 

2,753 

Multilegged wells. 

TABLE II COST BREAK DOWN 
(Not Corrected to 1978 Prices) 

Well 
Identification 

Well Depth 

Item Description 

Location Preparation 
Mobilization and 

Demolilization 
Drilling 
Drill Bits 
Drilling Fluid 
Cement ing 
Equipment Rentals 
Transportation 
Supervision 

Logging 
Casing 
Well Head 
Miscellaneous 

Project 
Applications #2 

2176 

491 
36,000 

72,910 
6,938 
26,958 
28.904 
5,208 

26,260 

12,510 
23,435 
15.664 
40.984 

Industry 
Coupled #6 

7735 

67,044 

687,131 
107.755 
181,643 
554,149 
111.321 
102,635 
36.400 

159,481 
25,878 
45,964 

Industry 
Coupled #7 

5200 

81,888 

404,201 
46,400 
104,149 
329,066 
70,467 
70,363 
24.600 I 

72,780 
12,466 
15,270 

Raft . 
River #1 

5007 

16,600 
37,700 

319,600 
23,200 
3,500 

95,000 
56,900 
9.300 

n Dril ling 
Cost 
58,200 
91,400 
41,000 
57,600 

Raft 
River S2 

5917 

14,300 
45,700 

185,400 
59,100 
4,000 
74,800 
69,900 

In Dril ling 
Cost 

58,000 
83,600 
37,000 
30,400 

Raft 
River #5 

4925 

11,400 
9,000 

418,800 
35,200 

52.500 
72,700 

21,900 

123,000 
45,700 
44,000 
160,500 

INEL #1 

10356 

227,800 
350,000 

749,750 
70.592 
92,710 
252,301 
89.168 
1,810 

71,400 

51,330 
339,585 
74,304 

589,544 

•̂OTAL 296,262 2,079,401 1,232,150 810.000 662,200 994,700 2,960,294 
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Mobi 1 i z a1;;i on a nd demo.bi Ti za t i on cos t s va r i ed 
r a d i c a l l y froin one we l l t b another i 'hd icat ing tha t 
these expenses may have been .accounted f o r i n 
d i f f e r e n t ways. This and. other nonun i f o m i t ies-
suggest tha t the Idaho Op'erations O f f i ce should 
consider i n s t i t u t i n g un i form accounting procedures 
f o r f u t u r e wel l d r i l l i n g programs. This' would 
enable one t o p lo t cost ;of var ious items versus 
depth as wel l as t o t a l cost , which may prove usefu l ' 
i n e s t i m a t i n g u s i n g t h e a g g r e g a t i o n app roach . 

SHALLOW WELL COSTS 

The s h a l l o w e s t we l1 used i n t h i s s t u d y i s 
1500 f e e t . I t i s obvious from f i gu res 1 and 2 
t h a t i f . t he s t r a i g h t 1i ne. f i ts we re ext rapblated 
t o shal low we l l depths,, the cost would be unrea
sonab ly h i g h . Thus i t appears t h a t a bre'ak-
must occur in the l i n e s meaning tha t cost v.aria^ 
t i o n w i t h depth is d i f f e f e n t f o r shal low w e l l s . 

The i mp b r t a nee o f sha l lov / w.e 11 c o s t s t o 
- d i r e c t use of geothermal heat niakes such a eost 
s t u d y i m p o r t a n t . U n f o r t u n a t e l y , however , the 
w r i t e r s had too l i t t l e data on sshallow w e l l s to 
warrant t h e i r i n c l u s i o n . 

CORRECTION FOR INFLATION 

WeTl costs have been inc reas ing ove r ' t he past 
t e n yea rs a t . a h i g h e r r a t e t hdn t h e n a t i o n a l 
average i n f l a t i o n r a t e , p.art ly due -tO: envi i ron
menta l and i n s t i t u t i o n a l B a r r i e r s and p a r t l y 
due t o t h e Kigh demand f o r d r i l l r i . g s . W.A. 
Glass shows cos ts f o r ari average w e l l a t t h e 
Geysers i n c r e a s e d f rom $400,000' t o $1 ,000 ,000 
betweeri 1972 :arid 1977 

As the data i n t a b l e I were' f i r s t pu t t o 
gether t o ob ta in f i g u r e s 1 and Z, t he i n f l a t i o n 
c o r r e c t i o n was made by c a l l i n g d r i l l i n g companies,, 
mud companies etc-, and asking them f o r p r i ces i n 
the 1974 t o ' 1978 t i m e p e r i o d . However, many 
ebinpaiiies responded by simply stat' in'g t h a t pr ices 
had i n c r e a s e d at abp.ut t e n pe rcen t per y e a r . 
Some, howe'ver, gave ac tua l p r i ces wHich ind ica ted 
t h a t , ;some i tems such as d r i l l r i g r e n t a l had 
increased by mol'e than tv /e r i t y - f i ve percent i n some 
years and" averaged about f i f t e e n percent per year . 

These data were w e i g h t e d by t h e impact o f 
each item on the tc i ta l cost .using data froni t a b l e 
H i a'nd the' i n f l a t i o n ' f a c t o r s showri by 'the c i ' f -
c u l a r symbols in- f i g u r e 3 wer̂ e ob ta ined. Later 
the data from the t a b l e on page 88 of re ference 2 
were converted t o i n f l a t i o n f a c t o r s . These ark 
shown by the square symbols i n f i g u r e 3;. Since 
the f a c t o r s from re ference 2 data were so d o s e t o 
fac ; tp rs genera ted by t h e w r i t e r s and t h e da ta 
bas'e was b roader {aTthough f rom o i l and. gas 
w e l l s ) , the reference- 2 based fac to rs were used. 

CplCLUSIONS 

D r i l l i n g costs f o r geothermal we l l s between 
1500 arid 10,000 f e e t deep appear t o r i s e roughly 
exponen t ia l l y w i th dep th . However, costs at any 
given deplih vary ap'preciably according t o ' d r i l l i n g 
cond i t i ons and unexpected problems. The r e s u l t i s 
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tha t the mean cost, is co i is iderab ly higher than 
would be p red ic ted by the aggregat ion method of 
es t ima t i ng . Therefore, when planning a w e l l , the 
mean cost alorig w i th d r i l l i n g cond i t ions should be 
considered f o r cont ingency p lann ing. When p lan 
ning la rge pro*grams i n v o l v i n g many wel ls however, 
the mean costs' would provide a b e t t e r est imate. 

Since 1974, wel l d r i l l i n g costs have alino.st 
do.ubled. This is h igher thari the. natural i n f l a 
t i o n r a t e . ••Such an inc rease , makes i n f l a t i o n a 
v i t a l c o n s i d e r a t i o n i r i l ong ran'ge p l a n n i n g . 
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Just as in the case of hydrogeology and petroleum engineering, well testing is an 
invaluable tool in assessing the resource deliverability of geothermal reservoirs. While 
the techniques of production testing and interference testing already developed in 
hydrogeology and petroleum engineering provide a strong foundation for geothermal 
well testing, the latter is challenged by some special problems. These special problems 
stem primarily from the difficulties associated with the measurement of mass flow rate, 
pressure and temperature under the hostile environment prevalent within geothermal 
wells. This paper briefly looks into the stateK>f-the-art of geothermal well testing and 
provides a few illustrative field examples. 

INTRODUCTION 

Well test, or aquifer test, as it is commonly understood in hydrology, is 
mainly carried out to evaluate the hydraulic parameters of the groundwater 
reservoir. It essentially consists in producing water at controlled rates from 
one or more wells and simultaneously monitoring water level or fluid 
pressure changes in the producing well(s) and/or neighboring observation 
wells. The data so collected are then interpreted in terms of time, distance 
from the production well and other factors to arrive at quantitative estimates 
of the parameters of the reservoir: reservoir geometry; leakage of water from 
adjoining groundwater bodies; hydraulic efficiency of the well and so on. 

Traditionally, hydrogeologists have been concerned with groundwater 
systems seldom hotter than 60° C, from which the required data can be col
lected relatively easily and interpreted. A lai^e body of literature currently 
exists both in hydrogeology and in the allied discipline of petroleum 
engineering on designing, executing and interpreting such well tests. 
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In recent times, especially within the past decade, there bias grown, in the 
U.S.A. and elsewhere, a tremendous interest in the exploration and exploita
tion of geothermal groundwater systems. These systems are generally 
characterized by temperatures of up to 360° C or more. They may either 
contain water entirely in the liquid phase (Raft River Valley, Idaho; Imperial 
Valley, Caiifomia; Cerro Prieto, Mexico); or contain water entirely in the 
steam phase (The Geyser in northem Caiifomia; Larderello in Italy); or may 
have water and steam coexisting vrithin the reservoir (Wairakei, New Zealand 
during the exploitation phase). The elevated temperatures, the presence of • 
more than one fluid phase and the high concentrations of dissolved gases and 
solids usually present in geothermal fluids render geothermal well testing an ^ 
especially difficult field task. Although weU-testing experience so far gained -v" 
in hydrogeology and petroleum engineering has provided a strong 
foimdation, considerable research and development remains to be carried out 
in order to meet the problems peculiar to geothermal reservoirs. 

The purpose of this paper is to briefly evaluate the state-of-the-art of geo
thermal weU testing. In scope, the paper wiU be restricted to hydraulic tests 
conducted after well completion and development. 

NATURE OF REQUIRED FIELD DATA AND THEIR MEASUREMENT 

From the point of view of reservoir dynamics, field data primarily sought 
after in geothermal well testing include: (a) mass flow rates from production 
or injection wells as a function of time; (b) variations in reservoir fluid 
pressure as a fimction of space and time; and (c) the temperature of the 
reservoir fluid as a function of space and time. Of the three categories of 
data listed, variation of reservoir temperature even after several months of 
well testing may generally be so small that for normal transient well-test 
analysis it is usually siifficient just to know the static distribution of 
temperature rather than its dependence on time. Recent studies by 
Lippmann et al. (1978) suggest that in geothermal reservoirs dominated by 
horizontal flows, the isothermal assiwiption is a reasonable basis for analysis. 
Data on mass flow rate and fluid pressure variations constitute, therefore, 
the most important well test data to be collected from geothermal systems. 
Additionally, it may be possible, in some cases, to collect such ancillary data 
as the content of dissolved solids or dissolved non-condensible gases in the » 
geothermal fluids. While these ancillary data help in an improved under
standing of the reservoir as a whole when considered in conjunction with the • 
well test data, they are not essential for interpretation of reservoir dynamics. l̂ 

Measurement of mass flow rates 

Many geothermal wells, with water temperatures exceeding 150°C, are 
known to be self-flowing. The well-head pressures in these wells, while the 
well is discharging, may generally be less than the saturation pressure corre-
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sponding to the fluid temperature. As a result, the boiling effluent firom the 
well is a two-phase mixture of steam and water, unless special efforts are 
taken to apply sufficient back pressure on the effluent to prevent boiling. 
The "steam quality" or the mass proportion of steam to that of water is a 
fimction of the water temperature and the exit pressure. The steam quality 
at the well head may vary from less than 1% in liquid-dominated systems to 
more than 99% in vapor^lominated systems. In these wells, the initiation of 
flashing may take place either in the dischai^e pipe, at the weU head, or may 
take place at depths of several hundred meters below groimd level, 
depending on the pressure—temperature r^ ime of the flowing fluid. 

In order to measure the mass flow rates of such two-phase effluents one 
could, when possible, maintain sufficient back pressure on the effluent 
through the use of orifice plates to assure single-phase flow. The flow rate 
can then be computed by measuring the pressure drop across the aperture. 
The measurement of flow rates of water by means of orifice plates in water 
wells (Anderson, 1977) as well as in gas weUs (Frick and Taylor, 1962) are 
weU known. Witherspoon et al. (1978) used the aforesaid technique for 
measuring hot-water flow rates (150°C water) in The Raft River Valley, 
Idaho. A similar technique is routinely used in The Geyser's geothermal field 
of northem Caiifomia to measure steam flow rates. 

When sufficient back pressure cannot be applied to prevent the formation 
of steam, one can measure flow rates by letting the hot-water flash at the 
discharge pipe, passing the two-phase mixture through a steam separator, 
running the separated steam and water phases through two distinct orifice 
meters and measuring the flow rates separately. A schematic diagram of this 
raethod, as used by the Republic Geothermal Inc. at East Mesa in the 
Imperial Valley of Caiifomia is shown in Fig. 1. This technique was success
fully used to measure total mass flow rates of up to 55 kg/s with steam 
quality of approximately 15%. In using orifice plates, it is customary to 
record the pressure differentials across the orifice on continuous recording 
charts providing a permanent document of flow variations. 

A less accurate, but acceptable method of measuring flow rates may be to 
pass the water phase coming out of the separator through a V-notch weir and 
to eveduate the liquid-phase flow rate from the level of fluid at the V-notch. 
Simultaneously, the temperature and pressure are monitored at the 
separator, from which the steam quaUty is estimated. With steam quality and 
the flow water of the liquid fraction known, the total mass flow rate can be 
computed. Obviously, this method may not be very accurate, especially 
when steam quality is high. 

An approximate but inexpensive and extremely useful method of 
measuring total mass flow rate and the heat content (enthalpy) of a 
two-phase geothermal effluent from a discharge pipe was su^ested by James 
(1963—1964) and has been used in several geothermal fields. This method, 
developed from the concept of critical flow of fluids (that is, when a com
pressible fluid travels at the velocity of sound), consists in flowing the geo-
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Fig. 1. Schematic of measuring mass flow rate of water and steam separately (courtesy 
of Republic Geothermal, Inc.). 

thermal fluids to the atmosphere through a pipe of uniform cross-section and 
measuring the fluid pressure a fraction of a centimeter behind the lip of the 
discharge pipe. The lip pressure is then used to estimate the total mass flow 
rate, the mixture enthalpy and steam quality provided that the Uquid rate 
can be measured (Ramey, 1978). A diagram of a setup for implementing the 
James technique is shown in Fig. 2. 

In using the orifice meters of the James technique, a problem that is often 
encountered is that of scaUng. Due to the sudden decreeise of pressure down
stream of the orifice, or due to shock phenomena accompanying critical 
flow, calcium carbonate and other materials may be deposited causing scale 
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Fig. 2. Schematic setup for measuring mass flow rates by the James method. 

formation. These scales will often reduce the aperture diameter and affect 
flow-rate computations. In order to minimize errors due to this problem 
during well tests, one could have two sets of orifice meters with a by-pass 
arrangement or use replaceable orifice plates. 

The problem of variable flow rate 

For ease of interpreting well-test it is often most desirable to conduct the 
weU test at a constant rate or a step-wise rate, changing from one constant 
rate to another. However, it may not often be possible to maintain constant 
flow rates from geothermal weUs. Some geothermal wells may no longer be 
self-flovdng when they are shut-in and allowed to cool. In these wells, the 
increase in the weight of the cool-water column may be such that the natural 
flow is choked. Indeed, at Niland in the Imperial Valley of Caiifomia where 
the geothermal brine has total dissolved solids in excess of 25-iC ppm, it is 
known (J. Morse, pers. commun., 1978) that on shutting-in and 
cooUng the geothermal well, the fluid level can drop down to as much as 
50 m within the well, creating a partial vacuum in the weU casing between 
the fluid level and the weU head. In order to make these cold wells flow once 
again, they may have to be stimulated by means of air lift or some other 
method. During the initial phases of the well production, therefore, there 
could be important departures from the desired constant flow rates and 
these departures have to be duly accounted for in interpreting the well-test 
data. 

Measurement of fluid pressures 

Other important data collected during a weU test are the fluid pressures. 
In most weU tests in hydrogeology, such data consist of water-level 
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measurements either made manually with a steel tape or measured automati^. 
caUy with different types of water-level recorders. 

It is quite weU known that weU-test analysis is based on the interpretation 
of pressure changes (drawdown, buildup) rather than the magnitude of 
absolute pressures. In a producing weU where the temperature of the fluid 
column varies but Uttle (as in most water wells) the pressure at the sand face 
is immediately reflected in water-level fluctuations in the well-bore storage 
effects) since the water density varies very little with depth in such weUs. 
This, however, is not the case in a producing geothennal weU. Indeed, due to 
the thermal gradients within the weU bore and because of flashing within the 
weU bore, the pressure changes at the sand face are considerably modified 
as they are transmitted to the weU head. In fact, it is often noted that when 
a cold geothermal weU begins to produce, well head pressure will actuaUy 
rise for a time due to the lightening of the water column, before it begins to 
drop. Hence, to monitor reservoir pressure changes in the producing weUs, 
well-head pressure measurements are of very little use and one has to rely 
almost exclusively on down-hole measurements. The most chaUenging 
problems of geothermal well-test instmmentation are directly related to this 
need for down-hole monitoring in producing geothermal weUs. 

Fortunately, such is not the case for non-producing observation wells. If 
such wells have positive weU-head pressures and hence are completely fiUed 
with water, even small changes in the reservoir pressure are transmitted 
instantaneously to the surface due to the very low compressibiUty of water. 
Thus, in these wells, reservoir pressure changes can be accurately monitored 
by measuring weU-head pressures. Witherspoon et al. (1978) were successful 
in using such weU-head measurements on non-producing wells to obtain 
interference test data in The Raft River Valley, Idaho and at East Mesa 
Caiifomia. 

Down-hole pressure monitors 

Currently, three different types of down-hole pressure monitors are used 
for down-hole pressure measurements in geothermal wells. The first of these 
is the "bomb-type" device (Amerada bomb; Kuster bomb) which is lowered 
by means of a wire line to any desired depth within the well. EssentiaUy 
the bomb-type device consists of two parts; a pressure monitor and a timing 
device. The pressure monitor is a Bourdon® tube type instrument connected 
to a time-driven stylus. The stylus, driven by the clock along one axis and by 
the pressure sensor along the other, scratches the pressure-^time curve on a 
small glass plate. On retrieval of the plate, the pressure—time data can be 
read off from the etched line with the help of a magnifier. 

The bomb-type devices are compact (~ 2.5 cm in dia., and 1.8 m long) 
and are simple and robust enough to withstand temperatures as high as 
300° C. They also measure the actual reservoir pressure variations at the 
point of observation. However, they have two disadvantages. Firstly, the 
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resolution of the etched data is very much related to the total pressures (e.g., 
2% of full scale). Thus, if the reservoir pressure is 17.2 MPa (2,500 lb. in."^). 
which can be expected in a 1800-m weU, the accuracy is only about 0.03 
MPa (5 lb. in."^). Secondly, once the bomb is lowered into the weU, data 
wiU become available only on retrieval of the bomb and examination of the 
glass plate. Therefore, little is known about the success or progress of the 
test during the test itself. This is a significant handicap, since, ideally, one 
would like to modify the pattem ofthe test depending on the reservoir 
response observed during its progress. 

A second type of down-mole pressure monitoring system is the Sperry-
Sun® system which consists in monitoring the fluid pressure at the sand face 
but making the read-out at the land surface. This system is schematicaUy 
shown in Fig. 3. A narrow tube (0.75—1.25 cm dia.) made of a corrosion-
resistant aUoy such as stainless steel or Inconel® is lowered to the desired 
depth in the weU. At the bottom, the tube is attached to a chamber (~ 2.5 
cm in dia.) through a Micropore® filter. The chamber, in tum, 
communicates with the weU fluid through one or two openings of suitable 
size. At the weU head, the tubing is connected to a pressure transducer. 

Gas source 
under pressure -^==5a M- ^4=0 

Pressure 
transducer 

•Discharge 

Filter 

Gas 

Downfiole chamber 

Water 

Fig. 3. Schematic of down-hole pressure monitoring setup using the gas-transmitter 
system. 
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In order to set up the system, the tubing is first lowered to the desired 
depth and a suitable gas (nitrogen or heUum) is passed through it under 
pressures in excess of the expected reservoir pressure. When this is continued 
for several hours, the weU fluids are expeUed from the chamber and the gas 
•vnH begin to bubble into the weU. At this time, the supply of gas is cut off 
and the reservoir fluid, under existing pressure, compresses the gas and flows 
into the system. When carried out properly, the interface between the fluid 
and the gas wiU exist within the chamber. In this state, there exists a finite 
volume of gas in the tube—chamber system. As the reservoir pressure 
changes, the fluid—gas interface in the chamber will also change, causing the 
gas vbiume to increase or decrease. This volume change is reflected as a 
pressure change in the pressure transducer at the weU head. Obviously, the 
pressure monitored at the weU head wiU differ from the dovm-hole pressure 
by an amount equal to the weight of the column of gas and an appropriate 
correction has to be made in this regard. This pressure monitoring system 
has been used with success in geothermal weUs in the Imperial Valley of 
Caiifomia and elsewhere. 

Because of its simplicity and the absence of any precision device down-
hole, this system has no temperature limitations, provided that the tempera
ture gradient within the weU is stable. However, during the early stages of 
production when temperatures are changing within the well, this system has 
some drawbacks. 

Narasimhan et al. (1978) found during a geothermal weU test at East 
Mesa, Caiifomia, that the nitrogen pressure monitored by the Sperry-Sun® 
system indicated an increase in the fluid pressure as much as 0.86 MPa 
(125 lb. in."^) during the first few hours of production whUe in fact pressure 
would be expected to show a decline with production. This anomalous 
increase in pressure was attributed to the heating up of the nitrogen tubing 
concomitant with the weU flow. To some extent this effect was later reduced 
in a subsequent test by increasing the tubing diameter from 0.8 to 0.13 cm 
(0.31 to 0.54 in.). Another way of minimizing the temperature effect on the 
gas is to replace the gas in the tubing with an inert Uquid such as SiUcone® 
oil, since oU has much lower thermal expansivity than gas. Nevertheless, 
even in this case the early pressure data is noticeably perturbed by thermal 
effects (R.C. Schroeder, pers. commun., 1979). "• 

MiUer and Haney (1978) have studied the transmission of a pressure-
change signal in a fluid-fiUed capUlary tube. They found that the signal is 
noticeably distorted if there is temperature change along the tubing or if the 
pressure transient is large. WhUe even a sm£dl change in temperature (0.5° C) 
can accentuate the distortion, increasing the diameter of the tubing (from 
0.07 to 0.25 cm) tends to decrease it. Of the two fluids, SiUcone® oU and 
nitrogen, oU is preferable at h^h but steady temperatures while nitrogen is 
recommended when temperature varies significantly with time. In order that 
one could estimate sand-face pressure changes from weU-head pressure data, 
not only must the exact time of flow-rate changes, but also the time-
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dependent variation of .temperature within the well must be known. 
The;third category of pressure measuring de-vites is the jprecision quartz 

crystal device that has become!practical in thepast few.yeatfs, thanks to 
the progress in electronic technology. This device, makes use ofthe 
extremely predictable piezo-eleetric property of quartz crystal. Essentially^ 
the pressure .sensor consists'of a carefully chosen riatural untwinned quartz 
crystal. The crystal is cut and driUed to have a precise shape with reference 
to its crystallographic orientation, The. resonance frequency of this crystal 
is very closely related to ite shape.,Hence, asthe crystal is deformed under 
even very small pressure, its resonance frequency changed in a detectable 
and .predictable fashion. Thus, the instrument consists of an electronic 
oscillator circuit whose frequency is controlled by the quartz sensor and an 
external fieqiiency counter. The actiial pressure measurement corisists of, 
countihg the frequency of vibration ofthe crystal system at the existir^ 
pressure arid reading the corresponding pressure from the calibration tables. 

Inasmuch as the firequency of quartz is also dependent on temperature, an 
accurate knowiedge ofthe temperature, at the point of measurement is 
essential for an accurate pressure determination. Ideally, a simultaneous 
down-hole temperature iheaisuremerit is veiy desirable in using the device; 
which has an succuracy of about 70 Pa (0:01 Ibv in,"^) over a pressure range of 
70 MPa (10^ lb. iri,-^). 

The down-hole quartz crystal devices invariably have a certain number of 
electronic components associated with them.. Although the quartz crystal 
itself possesses very regular frequency properties up to temperatures of 
260°C or more, the electronic components can.seldom withstand 
temperatures of more than 150° G, While reliable down-hole pressure 
measurements can be. made at temperatures of up to 150°C (Witherspoon et 
al., 1978) bveir prolonged periods 6f time using" these devices, such measure
ments at h^her teriiperatiires are not posible at present. Recent research at 
the Saridia Laboratories (Veneruso, 1977) indicates that the use of field 
effect transistprs {FE9) instead of popular bipolar siUcon transistoira can 
extend the appUcation of quartz crystal device to temperature of 325°G. 

Inthe environment where they can be used, however, the quartz crystal 
devices can prpvide data of extreme precision at very frequent intervals 
which can enable'some very sophisticated reservoir interpristations that have 
not been possible so far. The pressure data coUected from an observation 
weU located 1200 m from the producing weU in the Raft River gepthermal 
area of Idaho.sire preserited ih Fig. 4. The data are coUected with aquartz 
crystal gauge placed at a depth of about 300 m below surface. In Fig..4, pne 
can clearly discern periodic fluctuatipns in pressure which are to be attrib-
ted to effects of earth tides (Witherspopn et al., 1978). In addition, one can 
also see the long-term, pressure decUne caused by the interference effect of 
the production weU, The availability of suchpreeise data as shovm in F^ , 4 
opens up the possibility of ariaiyzirig the response of aquifers to earth tides 
as a means of determining reservoir parameter. 
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Fig. 5. Buildup data from a geotherma] well in Raft River -Valley, Idaho, showing 
resolution of early-time data. 

In order to give an idea of the firequency vdth which drawdown or buUdup 
can be measured with the electronic devices, the buildup data from a 
producing geothermal well in the Raft River VaUey of Idaho is given in 
Fig. 5, Note from this figure that within the first 60 s more than 40 data 
points are available for analysis. In this particular case the instrument was 
located at a depth of 1,500 m where the reservoir temperature was about 
148° C. Although in this case the early-time data faUed to reveal the presence 
of significant well-bore storage effects (unit slope) or the presence of 
fractures (half slope), the value of such early-time data in weU-test interpre
tation cannot overlooked. 

SOME FIELD SAMPLES 

The first example relates to an interference test conducted at the Raft 
River VaUey geothermal field by Witherspoon et al. (1978), The interference 
data from this test is given in Fig. 6. The primary problem in analyzing this 
data was to eliminate the perturbation on the fluid pressure data caused by 
earth tides. The fact that the data showed an exceUent correlation between 
computed earth tides (dotted line in Fig. 4) and the fluid pressure in the 
weU, enabled a simple method of eUmination of earth-tide effects. Thus, one 
had only to choose the pressure values corresponding to those instants when 
the computed earth-tide effect was zero and join those points by a smooth 
Une (Fig, 4). This smooth line was then used for interpretation using the con
ventional Theis type-curve analysis, as in Fig. 6. Note from Fig. 6 that a 
barrier boundary is clearly suggested by the drawdown data. 

The next iUustration relates to a step-drawdown test conducted on a pro
ducing geothermal weU at East Mesa in the Imperial VaUey of southem 
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Fig. 6. Interpretation of interference test between two geothermal wells in the Raft River 
Valley, Idaho. 

REPUBLIC TEST I, Production Well (38-30) Pressures 
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Fig. 7. Step-drawdown data from a geothermal well at East Mesa in Caiifomia. 
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-CaUfomia (Narashimhan et al., 1978). In this weU, about 2200 m deep, 
down-hole pressiure data were monitored during production with a Sperry-
Sun® nitrogen gas system. The pressure data so coUected is shown in Fig. 7, 
Note from Fig. 7 that at the commencement of production and at each time 
the flow rate was raised, the measured pressures show a perceptible increase. 
This is due to the fact that every time the flow rate is increased, the 
temperature regime in the weU also increased, causing heating of the nitrogen 
gas. 

As can be inferred from Fig. 7, the flow rate during each step was variable 
and as such the data cannot be reUably analyzed using constant flow rate 
concepts. Therefore, the data were analyzed using the variable flow rate 
andysis of Tsang et al, (1977). This computer-assisted analysis was used 
to treat all the data in Fig. 7 (drawdown as weU as buildup). The analysis 
indicated a permeabihty-thickness product {kH) of 730 mD m (milUdarcy 
meters). 

Note that in the case of geothermal reservoirs, the conventional concept 
of transmissivity (which is defined for water at a temperature of 16° C) is of 
Uttle use since different reservoirs have markedly different temperatures and 
hence markedly different fluid viscosities. Therefore, a more meaningful 
parameter to use is the absolute permeabihty, k (miUidarcies) or the product, 
kH. 

The next example serves to Ulustrate the fact if detaUed interference data 
are avaUable from a single-phase geothermal reservoir, one could use the 
hydrogeological techniques of weU-test interpretation to decipher reservoir 

REPUBLIC Geothermal Well Field, East Mesa, California. 

Im 38-30•^' 
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,56-30 

^38-30 78-30 

31-1 

31 

29 28 

•16-29 
18-28 
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Fig. 8. Well-test analysis leading to inference of barrier boundary, E ^ t Mesa geothermal 
reservoir, California. 
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geometry. Several interference tests were conducted in the East Geothermal 
Field at East Mesa (Narasimhan et al,, 1978) using multiple observation weUs 
equipped with quartz crystal pressure devices. The layout of the weU field 
can be seen in Fig, 8. 

During the interference tests, wells 38-30 and 16-29 served altemately as 
production wells whUe wells 31-1, 56-30 and 16-30 were used as observation 
wells. The data from 31-1 and 56-30 clearly picked up the effect of a barrier 
boundary and arcs drawrn from these weUs showed two possible locations for 
the image weU. However, observations made on weU 16-30 showed that this 
weU did not show any communication with 38-30 or 16-29. Based on this 
third piece of information the image weU location was uniquely chosen as 
shown in Fig. 8 and the location of the barrier boundary was fixed 

The next iUustration pertains to a non-artesian geothermal weU in the 
former French territory of Afars and Issas in Africa (Gringarten, 1978). This 
weU was characterized by two-phase flow in the weU bore although the reser
voir itself remained water-dominated. The 1130 m deep weU pierces a 
reservoir with a temperature of about 250°C and a pressure of about 8.3 MPa 
(1,200 lb. in."^ ). When shut-in and cold, the weU is non-flowing with fluid 
level at about 200 m below the surface. On stimulation, the weU could self 
flow at rates varying.fi:om 6.3 to 23 kg/s with the flash point (boiling point) 
within the weU varying between 700 and 870 m below ground level. The weU 
was subjected to seven different flow periods ranging from a few hours to 
several days with intervening shut-in durations. The flow rates were variable 
as already indicated. During the tests, a bomb-type pressure device was used 
to measure down-hole pressure at a depth of 1050 m, A careful study of 
the pressure data showed that weU-bore storage effects were clearly 
discernable during early times of drawdown and buUdup, Moreover, two of 
the tests, involving low flow rates, indicated a change in the nature of the 
weU-bore storage effect, from one in which it was controUed by the liquid 
level change to one in which it was controUed by the compressibUity of the 
steam—water mixture. Gringarten showed that if sufficiently long-duration 
data are avaUable so that the semi-log approximation to the Theis equation is 
vaUd, then one can compute the reservoir permeabihty (in this case kH = 
16 D m), and evaluate the extent of weU-bore damage. To take into account 
the variable flow rate prevalent during the test, Gringarten was able to use a 
technique proposed by Odeh and Jones (1974), which essentially consists 
in superposing the semi-log solutions corresponding to each flow segment. It 
was found during this test that weU-bore effects lasted for a longer period 
during production than during buUdup, Moreover, after ~ 6 h of shutting 
down production, the buUdup data was so markedly perturbed by effects of 
steam condensation that it was of no more practical use in interpretation, 

A log-log plot of the pressure data coUected durii^ the different tests is 
presented in Fig. 9. 

The final iUustration pertains to a geothermal weU test from a steam well 
at The Geyser's geothermal field in northem CaUfomia. It is very weU knovsTi 
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Fig. 9. Log-log plot of pressure transient data from several tests on a two-phase 
geothermal well in Africa (after Gringarten, 1978). 

in the petroleum literature that the radial flow solutions valid for Uquid-
fiUed systems (aquifers, oU reservoirs) can be appUed to gas-fiUed systems if 
one were to replace drawdown, p by the quantity (p^ — p-^) where p is the 
pressure at a given time and pi is the initial static pressure. Using this 
approach, Ramey and Gringarten (1975) analyzed data from a steam 
producmg well at The Geyser, as iUustrated in Fig. 10, Note that the data 
could be analyzed to compute such information as reservoir permeabihty. 

ID"' IC 10° 10' 10* 10* 
At, hrs 

Kg. 10. Well-test interpretation of a steam well at The Geyser (after Ramey and 
Gringarten, 1975). 
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storativity, weU-bore storage (unit slope section, and presence of firactures 
(half-slope section). 

CONCLUDING REMARKS 

Geothermal weU testing is, in many respects, simUar to weU testing as 
practiced in hydrogeology and petroleum engineering. Experience so far 
gained in testing geothermal wells shows that under many field situations it 
is stiU possible to directly apply conventional weU-test theory to evaluate 
geothermal reservoir parameters, geometry and weU-bore damage when the 
reservoir is either liquid-dominated or vapor-dominated. The greatest 
chaUenge to geothermal weU testing, then, consists in developing 
instrumentation to provide dovsm-hole pressure data from producing 
geothermal weUs, This impUes that we need instruments with abiUty to 
measure down-hole pressures accurately over prolonged periods of time at 
temperatures in excess of 150°C, 

On the theoretical side, existing weU-testing techniques are inadequate to 
handle those conditions in which the weU pierces a reservoir under two-phase 
conditions. Considering the fact that geothermal systems are usuaUy several 
hundred meters thick, it is likely that a single weU may be exposed to pure 
water at the bottom and steam at the top of the reservoir. The testing 
procedure becomes compUcated in this case and it may be essential to make 
pressure measurements at more than one location within the weU for proper 
interpretation. Only very recently have workers tumed their attention to a 
systematic study of evaluating two-phase geothermal reservoirs. As a first 
step in the study, Gai^ (1978) and Pruess et al. (1978) have considered a 
simple system in which the flash front is vertical and moves lateraUy outward 
from the weU. Their study shows that under certain assumptions, the 
pressure transient behavior in such a system is simUar to the semi-log 
solution frequently encountered in hydrogeology. Nevertheless, these studies 
have not yet been appUed to actual field situations. Further research work in 
this area should prove to be of great practical importance. 
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ABSTRACT 

I niensclow-temperature hydrothermal alleration of deltaic 
.sediments of the Colorado River occurs in the discharge 
portion of a geothermal system located at the southeast 
niargin of the Salton Trough. The temperature gradient in 
a 612-m-deep borehole is complex vvith ma.>;ima of 104°C 
at 104 m and 285 m depth. The fluid encountered is a sodium 
chloride brine containing up to 4000 ppm of total dissolved 
solids. 

The aquifers are stratigraphically controlled with seven 
zones of intensively silicified quartzites developed in the 
upper 318 m. Shale beds of low permeability separate these 
silicified horizons from poorly indurated sandstones which 
are cemented by varying amounts of hematite, calcite, 

^^^ gypsum, and montmorillonoid clays. The silicified zones 
\ y were formed in what were originally much more permeable 

sandstones and conglomerates. Potassium and silica meta-
somation in these permeable rocks produced void filling 
and replacement quartz, adularia, pyrite, hydromuscovlte, 
illite, and the disappearance of montmorillonite. calcite. and 
hematite. The resultant rocks arc dense, vitreous, sublithic 
quartzites with densities as high as 2.55 g m / c m ' and 
porosities as low as 3%. 

Hydrothermally altered sands have a net chemical gain 
of SiO, and K , 0 . and loss of CaO, N a , 0 , FeO, and MgO. 
relalive to unaltered surface sands, due to reaction with 
silica-.saturated hydrothermal solutions having a high 
K-^/H* activity ratio. Subsequent retrograde reactions, 
in> olving the o.xidation of pyrite and replacement of authi
genic silicates by calcite, occurred within fractures in silici
fied strata, and arc associated with local temperature gradient 
reversals. Textural relationships indicate that episodic incur
sions of hydrothermal solutions and cooler, more oxidizing 
solutions have occurred as this system evolved. 

jTj Hot brines migrated laterally ralher ihan vertically through 
| 1 the formation. Hydrothermal metasomatism reduced the 

permeability of the aquifers forming a dense cap rock which 
modified the hydrology and provided a geophysical explora-

, tion target. 

INTRODUCTION 

This sludy concerns self-sealing in stratigraphically con
trolled sedimentary aquifers in Ihe discharge portion of a 
hydrolhermal system, located near the margin of an intra
continental rift valley. By documenting the water-rock 
interactions responsible for hydrothermal sealing in these 
aquifers, Ihc investigation may prove helpful in the exploita
tion and exploration of olher geothermal sy.slems. Under
standing the problem of mineral deposition in boreholes, 
pipes, and turbines requires a thorough knowledge of the 
geochemical processes responsible. Furthermore, allhough 
the Dunes geothermal system has no surface expression 
a recognizable geophysical signature within the low densily 
sediments has been produced by mass transfer due to 
hydrothermal metasomatism (Bird, 1975). Thus, silicification 
may define a useful exploration largel in similar hydrolher
mal systems located in other sedimentary filled basins. 

The Dunes geothermal system is located in the southeast
ern part of lhe Imperial Valley of California, USA. The 
Imperial Valley forms the northern end of a physiographic 
province known as lhe Sallon Trough which is a structural 
extension of the Gulf of California into the continent of 
North America (Fig. 1). The Salton Trough is a complex 
rift valley, parlly filled to a depthof 6 to 7 km with sediments 
of lale Tertiary and Quaternary age (Elders el al., 1972). 

The Dunes system covers an area of 2.5 km- on an arid 
alluvial plain of low relief, about 38 km nonhwest of the 
apex of the Colorato delta at -Vuma, Arizona, and I km 
west of the Algodones sand dunes (Fig. I). At this location 
a shallow temperature gradient anomaly is associated with 
a 2 mgal positive residual graviiy anomaly (Biehler, 1971), 
heal flow values exceeding len times the world-wide average 
(Combs, 1972), and an electrical resistivity anomaly of 2 
ohm-m. (Black et al., 1973). The elongation of these anoma
lies parallel to the structural trend of the San Andreas fault 
suggests they are at least partly fault-controlled. 

In 1972. the California Deparlmenl of Water Resources 
drilled a 612-m-decp borehole (DWR No. 1) on this anomaly 
(Coplen et al., 1973). The ihermal gradient in lhis borehole 
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Figure 1. Map of fhe Salton Trough showing the location 
of the Dunes borehole (D). 

is complex (see Fig. 2). Five lemperalure gradienl reversals 
are found in the upper 150 m. The maximum temperaiure 
is I04°C at 285 m, with a temperature gradienl reversal 
below this depth. The highest temperalures recorded are 
all either in shales or in intensively silicified sands (Elders 
and Bird, 1974). 

Drilling recovered-96.25 m of unorienled core together 
with cuttings taken al 3-m intervals. Formalion fluid is a 
dilute sodium-chloride solulion wilh less than 4000 ppm lotal 
dissolved solids. Oxygen and hydrogen isotope investigations 
indicate the source is partially evaporated Colorado River 
water (Coplen, in Elders el al., 1974). 

STRATIGRAPHY AND DETRITAL MINERALOCY 

Rocks recovered from this borehole are all terrigenous 
detritus, consisting primarily of medium- to fine-grained 
sands, interbedded with fine-grained silts, clays, and occa
sional pebble-bearing sands and conglomerates. Approxi
mately 70 to 75% of the sedimentary section consists of 
moderate to well sorted, medium to fine sand size, arena
ceous sands and silty sands, generally wilh much less than 
5% interstitial clays. The general lithologic types and their 
distributions are shown in Figure 2. Based on sedimentary 
textures and fabrics, four sedimenlary types were recog-
ni-/.ed, designated delt:iic sand, lacustrine, dime-braidcd 
stream, and channel-fill facies (Bird, 1975). Deltaic sands 
are characterized hy moderate to very poorly sorted, medium 
to fine sand size, silty sands, which aro typically interbedded 
wilh lacustrine silts and clays. The poorly sorted pebhle-
bcariiig s;mds of the channel-fill fiicies arc gradational into 

very well sorted, medium to fine sand si'ze, clastic sediments 
of the dune-braided stream facies. The.se two facies occur , 
only in the upper 318 m of the borehole. This part of the 
sedimentary section is shown in more detail in Figure 3. 
For example, three cycles of deltaic sand deposition may . 
be recognized. 

Mineralogical modal analyses from sand-size fractions for 
23 samples representative of various sedimentary textures 
and fabrics of the recovered cores are given in Figure 4A. 
The sands analyzed exhibit a high degree of mineralogical 
homogeneity. All the sands analyzed are sublithic to lithic 
arenites (sand classification from Petiijohn et al., 1972). 
Comparison with other sands of known origin from the 
Salton Basin indicates that the sediments from the Dunes 
DWR No. I borehole are Colorado River sediments (Fig. 
4B). 

POSTDEPOSITIONAL ALTERATION 

The distribution of postdepositional alleration minerals 
is stratified in DWR No. 1 borehole. Seven zones of 
intensively silicified sands and conglomerates in the top 
318 m range from 5 to 35 m thick (Fig. 3). These are primarily. 
within the more permeable strata of the dune-braided stream 
and channel-fill facies. Excluding these silicified zones the 
sedimentary section consists of poorly indurated, friable 
sandstones and shales of the deltaic sand and lacustrine 
facies. 

The distribution and relalive abundance of the authigenic 
minerals in the upper 320 m of the borehole is also shown 
in Figure 3. A distinclion can be made belween mineralization 
occurring as cement in the interstitial pore spaces and that 
occurring in later fractures. 

THERMAL PROFILE DUNES DWR No. 1 
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Figure 3. Postdepositional alteration. Dunes DWR #1 borehole. 

Interstitial Mineralization 

Four distinct mineral assembleges are observed cementing 
the sediments. 

Hematite-calcite cement. From the surface to a depth 
of 66 m semiconsolidalcd pink to tan colored sands are 
intercalcaied with brick-red silty sands and shales wilh only 

slightly altered primary sedimentary fabrics. The major 
cementing agents are calcite. red ferric oxides, and minor 
amounts of very fine-grained kaolinite and monlmorillonile. 

Hematite-adularia-quartz cement. An alteration en
velope about silicified zones 11 and III (see Fig. 3) contains 
variable amounts of red ferric oxides, quartz, adularia, and 
phyllosilicaies. Shales are typically brick-red, while coarser u 
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• COLORADO RIVER SANDS' 

O ALGODONES DUNES' 

a BEACH SANDS' 

O BASIN MARGIN SOURCE SANDS' 

• COLORADO RIVER SANDS^ 

• BASIN MARGIN SANDS^ 

OATA FROH 

I PC. VAN DE CAMP (19731 

Z. MERRIAM 1 BANDY (1965) 

FELDSPAR LITHIC CLASTS FELDSPAR LITHIC CLASTS 

Figure 4. Mineralogical modal analyses of sands from the Sallon Trough in terms of quartz, total feldspar, and lithic clasts 
(including chert and calcite). (a) Dunes DWR No. 1—sands only; solid hexagons—deltaic sand anij channel-fill facies; 
open symbols—dune-braided stream facies; squares—poorly sorted sands; triangles—well sorted sands, (b) Comparison wilh 

other sands in the Salton Basin. 
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Figure 5. A. Silicified zone I at 69.5 m depth, thin section 
in ordinary light. Pale red sublithic sandstone wi lh incipient 
quarlz anij hematite cemeni. B. Silicified zone II al 115.1 
m, Ihen section crossed polars. Dense gray quartzite with 
overgrowths of quartz and adularia .almost f i l l ing pore space. 
Note adularia overgrowth and replacement in cleavages of 
detrital feldspar. C. Silicified zone V at 243.3 m, then section 
crossed polars, showing optically continuous, synlaxial, quarlz 
overgrowths. Nole absence of pore space. D. Adularia coaling 
a fraclure surface at 246.6 m. Scanning electron microscrope 
picture. E. Pyrile coating a fracture surface at 148.7 m. Scanning 
electron microscope picture. F. Hematite replacing pyrite at 
133.5 m in silicified zone II. Scanning electron microscrope 

picture. 

detritus is variable in color from tan-pink to brick-red. Those 
sediments are typically friable and very poorly to moderately 
indurated. Calcite is notably ab.sent from these strata. 

The upper alteration zone (silicified zone I, Fig. 3) consists 
primarily of deltaic sand with locally variable cementation 
(Fig. 5A). Authigenic silica in the form of crystalline quartz 
occurs as synlaxial overgrowths on detrital quartz grains 
and forms up to 5% of the sandstone. Authigenic adularia 
occurs as discordant overgrowths on detrital microcline and 
microcline perthites anil forms less than I to 2% of the 
saiKlsionc. Orthoclase rarely has adularia overgrowths and 
detrital plagioclase lacks adularia overgrowihs. rJelrital 
clasis in this rock arc coated with a mixture of red ferric 

oxides and montmorillonoid clays. A sequence of shales 
with interbedded sands and silts separates this alleration 
zone from the underlying silicified zone II. 

A similar lype of alteration is found underlying silicified 
zone III. separated from il by a 2-m-thick, brick-red, clay 
bed at 155 m. This alteration extends to a depth of about 
172 m with a gradational contact to the underlying calcite-
gypsum assemblage. Authigenic quartz is notably absent 
from this alteration zone so that the sands are very poorly 
indurated and friable. 

vAloO 

K?0, 

A U G . OUARTZ 

.MUSCOVITE 

,Q ILLITE 
CLPYRO-

3VPHYLL1TE 
^T%ADULARIA 

PLUS HgO 

Figure 6. Relations belween authigenic mini;rals observed 
in the Dunes hydrothermal sysiem. Solid symbols indic.ite 
observed phnsos. Open circles represent idcali/cd nid-
niembor composiiions oi (oniinon hydrolhi.'rrii.il iniin'r.ils not 
seen in this well. Triair,',li-s represent hydroiiuismvilc, and 
hex.i|^oiis .m iron-iiWHni-siiiin illiie. Numhcrs on tin- lii-.linos 

correspond lo re.x tions in T.ihlc I (alter liird, l'l/'''i). 
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Table 1. Clicmical leaclions Ix.'iwccn coexisting authigenic mineral ph.i.ses in hydiolheimal aquifer saiiiK.* 

' . :• Sit );„„.,„„ + A l - M K- -I I ' l l , ( 5 = : KAISi , ( ) „ „ „ „ „ , + 4 H' 

-J. K , „ (A I , „MR„ „ , l c , - , < „ ) lA l , . „S i „ , , 0 .,) (O l l l , „„ ,„ ,„„„ . . + .l.f.l K' + 10.22 H,SiO, " O.'l") KAISi ,0|,„,„,,.„, + O.O.SM,;'.' +0.111 ! . • • ' 

+ 3 . 1 5 l f + 21.(mMjO 

.1, K , „ I A I , , „ M R „ „ . , F c ; , i , ) ( A l , , 5 S i ^ . „ 0 „ „ ) 1 0 l ( ) , . „ , „ k . „ , „ „ ^ , , + 1H.«1 H ' = I.IWK- -I-5.49 Al " + (..2.-; SiO .̂,..u.ui + O.O.'i Mg • .i 

+ O . l B F o " -I- ) 1 . 6 2 H , 0 

'*- K, . „ (A l , . .^MRo, , ,Fe5J„) (AI „« .S i , . „0„ „ , ) (QH), ,^ „ „ , „ „ „+ 14.24 H « = 7..34 S iO„ „ „ „ „ + 1.30 K • + 3.62 A l - ' + O.G4Mg'' 

+ 0.40 F f ' + 10.435 H , 0 

S. K , „ ( A l j , ^ M g „ „ F e l i , ) ( A l o ^ S i , . , . 0 „ „ , ) ( O H ) ^ „ „ , „ ^ , , „ , - + 2.32 K • + 3.52 H,SiO. = 3.62 K AiSi jO„ „ , „ ^ „ „ + 0.64 M g - ' 

+ 0 .40Fe- '+ 10.235 H^O + 0.24 H -

I 

0 
'NumbcTi on cliemicai ro.iciions corrcstxind lo lie-lines in Figuie 6. 
tAnalyses from Bird, iy75. 

Quartz-adularia-pyrite cement . Six horizons of gray 
to tan, vitreous-appearing, dense, very well indurated, silici
fied clastic sedimcnis are found in the upper 318m (silicified 
zones II through VII, Fig. 3). The potassium silicate meta
somatism which formed these zones occurred primarily in 
sediments of the dune-braided stream and channel-fill facies. 
Low permeability shales or interbedded sands, sills, and 
shales separate siljcificd zones from poorly indurated deltaic 
sands with different types of post-deposilional alleration. 
The degree of silicification is usually greatest immediately 
below these low permeability strata. The degree of silicifica
tion also increases wilh a higher degree of sorting of the 
sands (Fig. 5B and 5C). 

Authigenic mineral phases within these six silicified zones 
consist of quartz, adularia, hydromuscovite, illite (?), and 
pyrite. Calcite, kaolinite, red ferric oxides, and montmoril
lonite are absent. However, retrograde alteration of authi
genic pyrite lo red ferric oxides is associated with the 
temperature gradient reversal between IOO and 150 m depth 
(see Fig. 3 and Fig. 5F). 

Lithification of the clastic sediments is accompanied by 
a decrease in porosity to as low as 3 to 4%, and increase 
in the bulk density to as high as 2.55 gm/cc . This results 
primarily from precipitaiion of quartz and adularia within 
pores or voids in the clastic sediments (Fig. 5B). However, 
other types of chemical reactions involving inlergranular 
and/or intragranular alteration have also occurred. These 
include alleration of ferric oxides to pyrile^ and complex 
replacemeni fabrics of rounded detrital clasts consisting of 
mineral assemblages of chert-adularia-hydromuscoviie, 
cheri-adularia, and chert-illite-pyriie. Complex interlocking 
bonding contacts belween neighboring detrital clasis are 
developed as a result of this alteration (Fig. 5C). 

The composition and phase relationships of authigenic 
minerals are similar for silicified zones II, III, V, and VI. 
Mole fraction ternary diagrams representing the chemical 
composition of coexisting authigenic silicate mineral phases 
are shown in Figure 6. Tielines in Figure 6 represent chemical 
reactions belween coexisting mineral phases. Combined 
hydrolysis reactions depicting these chemical reactions are 
reported in Table 1. Chemical reactions were written con
serving aluminum in the solid phase. 

Caicitc-gypsum cement . From 172 m to the bottom 
of the borehole (612 m). excluding silicified zones IV through 

0 

VI, the sedimenis are brownish-gray to green in color, friable, 
and very poorly indurated. The main authigenic mineral 
phases are calcite, phyllosilicaies, and minor amounts of 
gypsum. Red ferric oxides are nol found below a depth 
of 191 m. 

Calcite cemeni is very common throughout this section 
and calcite concretions, up to 8 cm in diameter, occur in 
the lower 200 m of the borehole. Gypsum is primarily 
restricied to fine-grained silts and shales, where it typically 
forms thin veinlets. Excluding areas of calcite cementation, 
phyllosilicaies coat all detrital clasis in the sandstones. X-ray 
investigation indicates the presence of a montmorillonoid 
clay (basal spacing 17 to 19 A), a chloritoid mica (basal 
spacing 14 A), and a 10 A mica. 

Fracture Mineralization 

Brittle fractures are found within the silicified zones. Their 
dips are indicated symbolically iri Figure 3. Five different 
typesof mineralizations are observed in fractures at different 
depths. 

Qua r t z mineralization. Fractures in the upper portion 
of silicified zone II (112 lo 115 m) are nearly vertical. 
Mineralization is similar to interstitial mineralization in 
adjacent strata, principally quarlz wilh lesser amounts of 
adularia and pyrite. At least two episodes of fracturing 
occurred. In bolh, potassium silicate mineralization was 
followed by later oxidation of the authigenic pyrite to red 
ferric oxides. Many of the earlier fractures are completely 
sealed by this mineralization. In the second episode of 
fracturing, medium-grained sand entered the fractures and 
was partially cemented by quartz. Trace amounts of cinnabar 
(O.OI mm long) are associated with quartz crystals that are 
up to I mm long. 

Hemati te mineralization. Oxidation of authigenic 
pyrite to hematite has occurred around 137 m depth both 
in fraciures and in adjacent sediments. Hematite pseudo
morphs afler euhedral pyrile are also common in the more 
permeable basal portions of the graded sand sequences 
between 122 and 134 m. associaied wilh a local temperature 
gradient reversal (see Fig. 3 and Fig. 5F). 

0 
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Table 2. Bulk chemistry of medium to fine-grained sands and sandstones, dunes DWR No. 1 borehole. 

10. 11. 12. 13. 14. 16. 18. 

SiO, 
TiO, 
A l , 0 , 
MgO 
Fe ,0 , 
MnO 
C T O 

N a , 0 
K , 0 

Toial 

No. 

1. 

2. 

3, 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Depih 
(m) 

0.15 

84.25 

113.90(A) 

113.90(B)-

115.06 

137,77 

149.93 

150.94 

171.16 

18.91 
0.18 
5.12 
0.42 
1.15 
0.03 
2.09 
1.01 
1.68 

87.02 
0.20 
5.27 
0.70 
1,46 
0.04 
2.33 
0.94 
1.68 

91.04 
0.12 
4.51 
0.21 
0,94 
0.02 
0.35 
0.44 
2.37 

89.04 
0,24 
3,58 
0.07 
2.67 
0.02 
0.27 
0.29 
2.22 

91.08 
0.11 
4.43 
0.04 
0.63 
0.02 
0.23 
0.22 
3.05 

92.34 
0.08 
3.65 
0.05 
0,40 
0.02 
0.24 
0.28 
2.26 

90.38 
0.14 
4.36 
0.33 
1.74 
0.02 
0.33 
0.12 
2.42 

90,78 
0.15 
4.34 
0.04 
0.54 
0.02 
0.18 
0.12 
3.21 

91.23 
0.08 
4.38 
0.06 
0,64 
0.02 
0.22 
0.15 
3.20 

88.59 
0.16 
5.52 
2.53 
0.97 
0.02 
0.34 
0.68 
2.76 

85,90 
0.15 
7.00 
0.98 
0.94 
0.02 
0.53 
0.17 
4.51 

92.40 
0.24 
3.75 
0.22 
0,65 
0.02 
0.22 
0.08 
2.47 

91.66 
0.21 
3.86 
0.14 
0.35 
0.02 
0.21 
0.10 
2.65 

91.32 
0.09 
4.63 
0.14 
0.42 
0.02 
0.24 
0.39 
2.57 

92.00 
0.11 
3.75 
0.12 
0,60 
0.02 
0.23 
0.37 
2.11 

92.75 
0.12 
3.78 
0,12 
0.76 
0.03 
0.26 
0.43 
1.93 

82.05 
0.16 
6.27 
0.27 
1.04 
0.03 
7.27 
0.54 
3.67 

86.97 
0.16 
6.31 
2.59 
1.04 
0.03 
1.04 
2.48 
2.92 

100.59 99.64 100.00 98.40 99.81 99.32 99.84 99.38 

Oescriplion 

Surface sample, Algodones Dune sand, 1 km easi o( DWR No. 1 borehole. 
Unconsolidaled subarkpsic arenile. 

Surface sample, deliaic sand I. Unconsolidated, subarkosic arenile, minor 
ealcile ccmonl. 

Core sample, deliaic sand I, silicified zone 1. Red, moderalely induralix), 
sublithic arenile. Red iron oxide and phyllosilicate cemeni with < 1 % of 
quartz and adularia. 

Core sample, deliaic sand I, silicified zone II. Cray, vitreous appearing, dense, 
very well indurated, sublilhic arenile w-ilh opaque minerals. Quartz, cherl, 
adularia, K-mica, and pyrile cemeni. 

Core sample, deliaic sand I, silicified zone I. Light gray, vitreous appearing, 
dense, very well indurated, sublithic-sutarkosic arenile. Cement similar lo 
No. 4. 

Core sample, deltaic sand I, silicified zone II. Cray, vitreous appearing, dense, 
very well indurated, sublithic arenile. Quartz cement, together with 
adularia, K-mica, and chen. Pyrite altered lo ferric oxides. 

Core sample, dune sand, silicified zone II. Tan-lxiff, well indurated, quartz 
arenile. Contains aulhigenic quartz, pyrile, adularia. and K-mica. 

Core sample, graded sand sequence, silicified zone III. Light gray, vitreous 
appearing, dense, very well indurated, sublilhic arenile. Quartz, chert, 
adularia, K-mica, and pyrite cenieni, Atlularia in fractures. 

Core sample, graded sand sequence, silicified zone III. Light gray, vitreous 
appearing, dense, very well indurated, medium to coarse sand-size lithic 
arenite. Adularia cement, logether with quartz, chert, K-mica, and pyrite. 

Core sample, dune sand. Brick-red, poorly indurated, quartz arenite. Iron 
oxides logether with very fine-grained phyllosilicate cement. 

99.98 101.57 

No. 

11. 

12. 

13. 

14. 

IS. 

16. 

17. 

18. 

100.20 

Depth 
(m) 

207.11 

241.10 

243.55 

286.73 

289.56 

296.36 

495.27 

612.00 

100,05 99.20 99,82 99,33 100.18 101.30 103.54 

IDescription 

Core sample, deltaic sand II. VAliile, ver>- poorly indurated. 
sublilhic-subarkosic arenile. Very fine-grained phyllosilicaies coat detrital 
clasis «1-2%). 

Core sample, deliaic sand 11, silicified zone V. Lighi gray, vitreous appearing, 
dense, very well indurated, sublilhic-subarkosic arenite. Quartz cement 
with adtifaria, K-mica, and pyrite. 

Core sample, deltaic sand il, silicified zone V. Lighi gray, vitreous appearing, 
dense, very well indurated, sublilhic-subarkosic arenile. C>Jartz cerr^nt 
logelher wilh adularia and pyrite. 

Core sample, deliaic sand II, silicified zone VI. Light gray, dense. »ery well 
indurated, sublilhic-lilhic arenite. Quartz cement together wilh adularia, 
chert, K-mica, and pyrite. 

Core sample, deltaic sand II. silicified zone VI, Light gray, dense. \ery well 
indurated, sublithic-sulvirkosic arenite. Quartz cemeni together wilh 
adularia. chert, and pyrite. 

Core sample, channel fill conglomerate, silicified zone VI. Light gray, dense, 
very well indurated sublilhic-sutjarkosic arenile. Quartz cemeni. tosether 
wilh adularia, and pyrile. 

Core sample, deltaic sand III. Light greenish-gray. \i?ry poorlv i.idurated, fittv 
sublilhic-subarkosic sandstone. Contains detrital calcite (2%), ceme.il (1%). 
and inlerslitial clays (3-5%). 

Core .sample, deltaic sand III. Crayish-while, poorly induraied. friable, 
sublilhic-subarkosic sandstone. Calcite cement (2%). and Interstitial davs 
(5-8%). 
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Pyrite. In silicified zone III nearly vertical fractures 
;irc cemented by adularia, and younger friicliires wilh dips 
of 0 lo 32" are associated wilh primarily pyrite mineialization 
(Fig. 5F.). The pyritized fractures typically have a black 
••illeralion envelope lhat extends up to I cm inlo Ihe adjaceni 
sands. This alleration halo consists of fine-grained chert 
together with niinor amounts of aduhiria and a K-Mg-Fc-
phyllosilicale. 

Adularia mineralization. Fractures in silicified zones 
III, V, and VI are lined with uniform layers (less than I 
mm thick) of euhedral crystals of adularia as the only 
authigenic mineral (Fig. 5D). 

Calcite mineralization. In silicified zone VI three types 
of minerali'/.ation associated wilh al least iwo episodes of 
fracturing occurred. Older fractures are mineralized by 
quartz with lesser amounts of adularia and pyrite; a second 
episode of fracturing was followed by precipitation of 
adularia; finally, calcite postdated and parlly replaced the 
older mineralizations. 

MASS TRANSFER 

In the core samples from the Dunes DWR No. 1 borehole, 
sands having similar sedimentary lextures have almost 
identical mineralogy and therefore similar bulk chemisiry 
(Fig. 4). Hence, relative chemical gains and losses involved 
in the cementation of sand to sandstone can be inferred 
by comparing unaltered surface sands wilh subsurface sand
stones having similar sedimenlary textures. 

Eighteen samples of sands and sandstones wilh similar 
sedimentary textures and detrital mineralogy were analyzed 

by a combinalion of X-ray fluorescence iind alomic absorp
tion meihods (Table 2). Sample deplhs and hulk densities 
;ii"c shown in Figure 3. Two untillcrcd surface sands, twelve 
subsurface sandstones from silicifieil hydrolhermal aquifers, 
and four subsurface sandstones not wilh silicified hydro-
thermal aquifers are included. The chemical composiiions 
are shown in Figure 6 as mole fractions of various oxide 
componenis. 

Unaltered surface sands from the Algodones Dunes and 
from Ihe borehole site arc chemically similar. In the silicified 
hydrothermal aquifers the three mosl abundant oxides are 
SiOj (90%). AUOj (4.3%), and KjO (2.2%). They are 
enriched in potassium and silicon with respect to the surface 
sands due to postdepositional alteration. These sandstones 
are quite uniform in KjO, N a , 0 , AKOj , MgO, CaO, and 
SiOj (Fig. 7b-f). Silicified zone 111 has the largest amounl 
of authigenic potassium silicates (5 to 8% by volume) and 
silicified zone I the least (I lo 2% by volume). The variability 
of FcjOj and MgO in silicified zone II is due to variable 
amounts of detrital, opaque minerals (Fig. 7a). 

Other features which can be noled in the analyses of 
the sandstones nol from silicified zones, are the increase 
of CaO due to cementation by calcite in analysis 17, at 
495.3 m, and an increase in Na^O due lo formalion of 
Na-rich clay minerals (smectites) in analysis 18, at 612.0 
m. 

Two models for the nel chemical changes involved in 
the hydrolhermal alteration of sands to silicified rock are 
given in Table 3. Two assumptions are the bases of these 
models. First, sands having similar sedimenlary lextures. 
and fabrics have the same original mineralogy and bulk 
chemisiry. Secondly, the bulk density of unaltered sand 
increases wilh depth due lo burial compaction. The measured 

FejOj+MgO AUO, 

No,0 

MgO 

HYDROTHERMAL 
AOUIFER 
SANDSTONES 

AUO, 

HYDROTHERMAL 
AQUIFER 
SANDSTONES 

K,0 

HYDROTHERMAL 
AOUIFER 
SANDSTONES 

KjO MgO 

HYDROTHERMAL 
AOUIFER 
SANDSTONES 

Figure 7. Chemical composition of the sands and sandstones (Table 2). Crosses represent unaltered surface sands (analyses 
1 and 2), open symbols silicified zones (analyses 3-9 and 12-16), and solid symbols other sandstones (analyses 10, 11, 
17, and 18). The arrows represent paths of chemical change during silificalion. The roman numerals in Figure 7a correspond 

lo the silicified zones of Figure 3. 
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Tal)le "1. Chcinlral );ains (•!•) and Insscs ( —) for sandstones in silicified liydiolhermal .Kjiiilers' 

S i O , g m / r c 

A l , 0 , g m / c c 

M g O g m / c c 

F e , 0 , g m / c c 

CaO g m / c c 

N a , 0 g m / c c 

K , 0 g m / c c 

Avi-r.!)',»• 
for 
hy(fr<illi(;(rn.i 
silicificfj 

;H|iiilcrs* 

•f0,594 

-1-35% 

0,000 

— 
- 0 . 0 1 0 
- 6 9 % 

- 0 . 0 1 0 
- 3 5 % 

- 0 . 0 3 7 
- 8 1 % 

- 0 . 0 1 4 

- 7 6 % 

-1-0.030 
- f 9 1 % 

II 

+0.546 
-1-32% 

- 0 . 0 0 2 
- 2 % 

- 0 . 0 0 8 
- 5 8 % 

- 0 . 0 0 2 
- 7 % 

- 0 . 0 3 7 
- 8 1 % 

- 0 . 0 1 3 
- 7 0 % 

•I-0.030 
+ 9 1 % 

M.i^«. li.insfiT 

AVI-r.l) 

sil 
III 

+ 0.563 

+ 3 3 % 

+0,008 

+ 8% 

- 0 . 0 1 0 

- 7 3 % 

- 0 . 0 1 1 
- 3 8 % 

- 0 . 0 3 8 

- 8 3 % 

- 0 . 0 1 6 
- 8 7 % 

+0,048 

+ 146% 

ii i i«l i- l 1 ' 

e (nr i ix l iv idi ial 
ci f icd /Lini", 

V 

+0 .628 
+ 3 7 % 

- 0 . 0 0 7 

- 7 % 

- 0 . 0 0 9 
- 6 6 % 

- 0 . 0 1 6 
- 5 5 % 

- 0 . 0 4 0 
- 8 8 % 

- 0 . 0 1 6 
- 8 7 % 

+0.032 
+ 9 7 % 

VI 

+0.621 
+ 3 6 % 

- 0 . 0 0 2 

- 2 % 

- 0 . 0 1 1 
- 8 0 % 

- 0 . 0 1 4 

- 4 8 % 

- 0 , 0 3 9 

- 8 5 % 

- 0 . 0 0 9 
- 4 9 % 

+ 0.023 
+ 70% 

AVIV . in r 

(.« 
hydmt lu ' i nn 

s i l i r i f iw l 
aquifers' 

+0 ,842 
+ 5 8 % 

+ O.O 15 
+ 17% 

- 0 . 0 0 7 

- 6 0 % 

- 0 . 0 0 9 
- 3 7 % 

- 0 . 0 3 2 
- 8 2 % 

- 0 . 0 1 0 
- 6 5 % 

+0.037 

- ^ 1 3 1 % 

II 

+0.H05 
+ 56% 

+0,014 

+ 15% 

- 0 . 0 0 6 

- 5 1 % 

- 0 . 0 0 9 
- 3 7 % 

- 0 . 0 3 0 
+ 78% 

- 0 . 0 1 1 
- 7 0 % 

+ 0.035 
+ 125% 

Vt.iss liansliT 

AviT.i 
sil 

III 

+0,822 
+ 5 7 % 

+ 0.023 
+ 26% 

- 0 . 0 0 8 
- 6 9 % 

- 0 . 0 0 7 

- 2 9 % 

- 0 . 0 3 2 
- 8 1 % 

- 0 . 0 1 3 
- 8 3 % 

+0.053 
+ 189% 

ni iKlr l I I ' 

IU for individual 
cifiLfl zrjnes 

V 

+0.884 

+ 6 1 % 

+0.009 
+ 10% 

- 0 . 0 0 7 

- 6 0 % 

- 0 . 0 1 2 
- 5 0 % 

- 0 . 0 3 4 

- 8 6 % 

- 0 . 0 1 4 

- 8 9 % 

+0.034 

+ 132% 

VI 

+0.877 

+ 6 0 % 

+0.015 
+ 17% 

- 0 . 0 0 8 

- 6 9 % 

-0 .0O9 
- 3 7 % 

- 0 . 0 3 3 
- 8 5 % 

- 0 , 0 0 6 
- 3 8 % 

+0.028 
+ 100% 

' Reported in grams of oxide componenl (i) per cubic centimeter of sand. Percent cliange is relalive to unaltered surface sand, 
'Using bulk densily equivalent to a surface sand with closed-packed quartz spheres, 

'Using bulk densily equivalent to a surface sand wilh grain density of pure quartz and 37% porosity. 

' Average of 11 analyses. (See Table 2 and Fig. 3) 

bulk density of uncompacted surface sand from Ihe borehole 
sile is 1.5 gm/cc . In the first model the density of unaltered 
sand in the subsurface is assumed lo be equivalent to lhat 
of close-packed quartz spheres (porosity 25.9%, bulk density 
1.962 gm/cc). This model is considered to represent a 
minimum original porosity, and hence the lower bound for 
the amount of mass transfer during alteration. In the second 
model the density of unaltered sand in the subsurface is 
estimated assuming a grain density of pure quartz and a 
porosity of 37% (porosity from "average curve for medium-
grained sandstones" at a burial depth of 200 m [Perrier 
and Quiblier, 1974, Fig. 13]; bulk density 1.67 gm/cc) . This 
model is taken to represent the maximum amount of mass 
Iransfer because of the small density difference assumed 
(0.17 gm/cc) between the uncoinpacted and compacted 
sands. 

The mass of an oxide component (i) per unit volume 
of rock is delermined from the following equation: 

Bulk density x wi% oxide (i) mass of component (i) 
per unil volume of rock. 

The net chemical gains and losses during hydrothermal 
alteration are then obtained by subtracting the mass of oxide 
component, (i), per unil volume of the unaltered surface 
sands, from the equivalenl amount in the silicified aquifer 
sands. Algodones dune sand (Analysis No. I) is used as 
the unaltered sand in the dune-braided stream facies (Analy
ses Nos. 7 and 8). Surface sand (Analysis No. 2) is used 
as the initial composition for the deltaic sand and channel-fill 
facies. Diagenetic chemical changes prior lo the intense 
silicification of these sands are ignored in this model. 

In both models the silicified aquifers gained SiO, (35 
to 50%) and K , 0 (91 to 131%), and lost CaO-Na^O^Fe'^Oj-
MgO in comparison to the original sands (Table 3). A U O , 
is con.scrved in Model I, but in Model II it is increased 
17%. The increase of SiO, and KjO reflects the addition 
of authigenic silica, adularia, and poiassium-phyllosilicaies. 
Dissolution of calcite causes the depletion CaO. and loss 

11 

of NajO-FCjOj-MgO may be due to the breakdown of 
smectites. 

GEOCHEMICAL IMPLICATIONS 

The geochemical processes inferred from the phase rela
tions can be conveniently discussed, on a qualitative basis, 
under the headings of precipitation, congruent and incon
gruent dissolution, and oxidation-reduclion. Chemical reac
tions representing these inferred processes are shown in 
Table 4. Hydrolysis reactions were balanced, conserving 
aluminum, which appears lo be the element least changed 
by the reactions. For simplicity, theoretical end member 
compositions of mineral phases were used. 

Precipitation 

The mosl obvious chemical changes involve addition of 
silica and potassium as shown by precipitation of void-filling 
quartz and adularia (Reactions 1 and 2, Table 4). As the 
solubility of silica (and mosl silicate minerals) decreases 
with decreasing temperature (Morey. el al., 1962), precipi
tation of quarlz and adularia probably occurred upon migra
tion of hot brine to a cooler environment. 

Incongruent and Congruent Dissolution 

Monlmorillonile, kaolinite, and calcite are not found within 
the sediments of the hydrothermal aquifers. The ab.sence 
of these minerals, together with the replacement fabric of 
adularia-quartz-hydromuscoviie, can be interpreted as re
sulting from metasomatism involving the addition of potassi
um and loss of hydrogen and carbon dioxide (Hemley and 
Jones, 1964). 

In Ihc silicified sands adularia is replacing quartz (com
bined Reactions I and 2) and replacing both quartz and 
hydromuscovite (Rcaclion 5B). This indicates ihal lhe 
K -̂  / H * activily ratio of the solutions was within the slability 
range for K-feldspar and above the slability range of kaolin-
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I.ihle 4. Infcncd (I tc i i i i tal reactions for solution-mineral inler.iclion in hydrolhermal a(|ui(ers. 

Pri'i i|)il,)lHtti 
1. II^SiO.::=; 2 H , 0 1 Sir)„„„„„ 

2. l H . S i O , + A l ' " ^ K ' = KAISi,CJ,„.,,,4„,.|+ 4 (C + 4 H , 0 

lrK:i>ni;iurnt ilisMiluliiin 

3. 3Al,Si..O,IOH)„L,., ,+ 2K- = 2 KAl,Si , 0 , „ (OH) „ „ . „ „ . „ „ + 2 H ' + 3 H , 0 

4. N a „ , , A I , , , S i j t , 0 , „ ( 0 H ) „ „ . „ „ , „ „ „ „ „ + (1.78 K' + 2.67 H , 0 — 0.78 KAl,Si,0,„(0H)..,„„,,„,. . , + O.U Na ' + 1.33 H^SiO, + 0.45 H • 

.Sa. KAl ,S i .0 , „ (OHI . „ „ „ , „ . , „+ 2 K« + 6 H.SiO. = 3 KAlSi.,0,„„„u„„ + 2 H • + 1 2 H , 0 

.51.. K A I , S i , 0 , „ ( O H ) „ „ ^ „ ^ , + 2K ' + 6 SiO , „ , „ „ „ = 3 KAISi , 0 „ ^ , „ „ , + 2 H" 

6, NaAiSi ,0»,, i„. , + K- =: KAlSi,0„,.„,„u„,+ Na' 

Coni;rui.nl (lisM)luli(»n 
7. C.iCO„„ , + H* — Ca- + HCOj-

OxirLiI il >n-ri<)uc1ir)n 
8a. F e , 0 , + 45" - + 6 H * = 2 FeS„„,.„ + 3 H , 0 + 2 e* 8b. F c , 0 , + 2 S , = 2 FeS, + 1,5 O , 

ite, montmorillonite, and possibly muscovite (see phase 
diagrams in Helgeson et al., 1969, p. 31; Hemley. 1959. 
p. 246). Therefore, montmorillonite and kaolinite, which 
are common detrital minerals in Colorado River delta sedi
ments (Muffler and Doc, 1968), are ab.sent in the hydrother
mal aquifers, Hydrothermal alteration of these phyllosili
caies to adularia-quartz-muscovite is shown in Reactions 
3 to 5b by reactions with hydrothermal solutions having 
high K + /H"^ activity ratios. Reactions 3 lo 5b add H"" 
to the solution increasing its H* activity. 

Hydrogen ion activity in the hydrolhermal solution may 
be controlled by equilibrium wilh silicate minerals. As an 
increase in H ' activity tends to dissolve calcite, the stability 
of calcite may depend on hydrolysis reactions of silicates. 
This assumss CO, escapes from the reaction site (Reaction 
7 ) . " . • 

Some of the chemical analyses and lextures of authigenic 
adularia and detrital feldspars indicate that caiion exchange 
among feldspars occurred (Reaction 6), Crystals of adularia 
typically contain less than one mole perceni of albite; 
however, adularia coexisting wilh albite has up to 5.5 mole 
percent albite. Caiion exchange of detrital feldspars is 
suggested by textural relationships (Fig. 5B). 

Oxidation Reduction 

Red ferric oxides are nearly ubiquitous in the sedimentary ^1 £ 
section above 190 m except for in Ihe silicified zones. The ^ • 
presence of euhedral pyrile in the hydrothermal aquifers 
indicates reduction of ferric oxides to pyrite occurred. The 
source of the sulfur for this reaction may be organic-rich 
.•irgillaceous clasts. and gypsum in the lower 300 m (Reaction ^ 
8). 

DISCUSSION AND CONCLUSIONS 

Variations in the depositional textures of the deltaic ^ 
sediments initially controlled the flow of subsurface solutions 
in the Dunes hydrothermal system. These stratigraphic 
constraints Iherefore affecied lhe distribution of postdeposi
tional alteration. The hydrologic regime has been continually 
modified by postdepositional mineralization, faulting, and 
compaction of the sedimenlary pile. 

Two types of postdepositional chemical alterations are 
seen in the sediments. The first typifies diagenetic alteration, 
forming montmorillonoid clays and varying amounts of 

hemalite and calcite above 191 m depth, and calcite and 
gypsum below this depth. The second lype is hydrothermal 
alleration. which formed adularia. quartz, hydromuscovite, 
illite, and pyrile. 

This potassium silicate hydrolhermal alteration is restrict
ed tb strata which had initially high permeability, typical 
of the channel-fill and braided stream-dune sediments. 
Deltaic sand and lacustrine sedime'nts typically are only 
diagenetically altered. The potassium silicate alteration zones 
are stratified within the sedimentary section. Shale strata 
separate these zones from the sedimenis showing normal 
diagenesis. This implies lhat hydrolhermal solutions moved 
laterally thiough Ihe formalions constrained by the initial 
permeability. This, together with the temperature gradient 
reversals and the absence of hydrothermal alteration below 
318 m, indicates that the DWR No. 1 borehole penetrated 
the discharge portion of a hydrothermal system which was 
stratigraphically'controlled. 

Precipitation and incongruent dissolulion of silicates by 
hydrothermal solutions with a high K * / H " activity ratio 
decreased the permeability of Ihe sediments, scaling the 
aquifers from further flow. Subsequent flow was restricted 
to fractures'Which are concentrated within the silicified 
rocks. Mineralization in fractures was cyclical, consisting 
of both.prograde potassium silicate mineralization and retro
grade replacement of authigenic silicates by calcite. Retro
grade alteration of prograde potassium silicate metasomalism 
is associated with oxidation of authigenic pyrite in zones 
of temperature gradient reversals. This indicates lhat epi
sodic incursions of bolh hydrothermal solutions and other 
cooler solutions responsible for diagenetic alteration have 
repeatedly entered the aquifers as the sysiem evolved. 

A schematic model of the inferred hydrologic features 
of the Dunes hydrothermal system which is consistent with 
the petrologic observations is shown in Figure 8. Depiction 
of subsurface features is idealized. For example, the high 
angle faults shown dipping loward Ihe center of a rifl valley 
are conjectural. Three distinct features of this hydrothermal 
sysiem are the recharge, discharge, and heating volumes 
(after Elder, 1966). 

Regional ground water flow from the Colorado River into 
the Salton Basin is shown at (A), largely stratigraphically 
controlled. Near lhe basin margin, at (B). the sediments 
are cut by faults which modify the flow of the ground waters. 
Waters from both (A) and (B) may act as recharge waters 
to Ihc healing volume. Flow is mainlained by a difference 
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Figure 8. Schematic diagram of the inferred hydrologic fea
tures of the Dunes hydrothermal system. A.D. = Algodones 

dunes. See text for explanation. 

in the levels of the recharge and discharge, and by a pressure 
difference between lhe cold recharge waters (B) and the 
hot discharge waters (C). 

Hydrolhermal solutions leaving the heating volume may 
flow either in the direclion of the regional ground water 
flow (E), or may rise through stratigraphic barriers up 
structural conduits (C). Discharge waters from (C) encounter 
cooler, stratigraphically conlrolled aquifers (D). FHuid will 
flow primarily along the component of the regional ground 
waler flow (G). Mixing of discharge hydrothermal solutions 
and cooler ground waters from (A) may occur al (F). 
Interstitial mineralization eventually seals the aquifer to 
further fluid flow. This produces a well indurated layer 
of sediments which is enclosed by poorly consolidated 
diagenetically altered sediments. This self-sealing will then 
either reduce the amount of recharge at (B) or cause all 
the discharge lo occur at (E). 

Subsequent tectonic activity may then fracture the silici
fied aquifers (D) and fault conduits (C), reopening portions 
of the discharge volume to renewed flow of hydrolhermal 
solutions from the heating volume, and potassium silicate 
mineralizalion. Eventually self-scaling will also occur in the 
fractures, closing off the discharge of hydrothermal fluid 
again and permitting cooler ground waters to produce retro
grade mineralizations observed. Such a sequence has oc
curred at least twice in the sedimentary section penetrated 
by the DWR No. 1 borehole. 

The Dunes system may provide a model for other hy
drolhermal systems in intracontinental rift valleys. Note 
that the location of the silicified aquifers, which are good 
geophysical exploration targets, does nol necessarily define 
the location of the heating volume of the hydrothermal 
system. The structural and stratigraphic complexity of rift 
valley margins may impose severe constraints on the flow 
in the discharge volume. Thus, silicified aquifers near the 
surface may not be directly over the geothermal reservoirs. 
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INTRODUCTION 

The Washington Di-vision of Geology and Earth Resources, under con

tract to Ponderosa Drilling and Exploration, Inc . of Spokane, drilled 10 

shallow temperature gradient-heat flow holes in the Cascade Range of Wash

ington dviring the summer of 1981. The purpose of this report is to convey 

some of the preliminary results of this investigation. In addition, we report 

preliminary data from three holes drilled by the City of North Bonneville 

and one hole drilled near Snoqualmie Pass by Mr. Da-vid Dyer. The investi

gations are par t of a Washington State geothermal resource assessment 

program supported by a contract from the U .S . Department of Energy, 

Di-vision of Geothermal Energy. 

Locations of drill holes, dep ths , dates drilled and logged, temperature 

gradients , generalized downhole lithologies, and other pert inent data are 

reported he re . Additional interpretat ions, such as heat-flow values, and 

geothermal significance of the drill holes will be reported at a later date 

when further investigation has been completed. 

Shallow heat-flow holes were drilled in the Cascade Range of Washington 

for two reasons: 

(1) To obtain "regional" temperature gradient and heat-flow data in 

areas where there were no pre-exist ing wells. These data 

are incorporated into ongoing efforts to evaluate the geothermal 

resources of the Cascade Range. The Snoqualmie, White River, 

Cleair Creek, Sand Ridge, and Tieton Willows holes were drilled 

for this purpose. 

(2) To obtain subsurface data on rate of temperature increase, hydrology, 

and heat flow in the -vicinity of known thermal spr ings . The 

Scenic, Trout Creek, Carson, Klickitat, and North Bonneville 

drill holes were drilled for this purpose, but they also con

t r ibute to the ongoing regional evaluations mentioned in (1) above. 

The descriptions of downhole lithologies are modified from two reports 

by Kent and Associates, Consulting Geologists, Lake Oswego, Oregon, to the 

Washington Division of Geology and Earth Resources and to the City of North 

Bonneville. 



DESCRIPTION OF UNITS PENETRATED BY DRILL HOLES 

Scenic No. 1 

The Scenic No. 1 drill hole penetrated granodiorite eind quartz diorite 

for its ftill dep th . Prat t (1958) assigned these rocks to the Movmt Stuart 

batholith, a lairge granodiorite and queirtz diorite intrusive which becomes 

locally gneissic in the Stevens Pass eirea. Potassium-argon ages rainge from 

80 to 90 million -years before presen t , with an average of 88 m.y . (Engels eind 

Crowder, 1971). 

Scenic No. 2 

This drill hole penetrated landslide deposits to a depth of 33 meters. 

Quartz biotite schist was encountered from 33 to 82 meters, and the remainder 

of the hole was in biotite schist . The rock from 33 meters to the bottom of 

the hole is probably pjirt of the Chiwaukum Schist, of Carboniferous age 

(Prat t , 1958). 

Snoqualmie No. 1 

This drill hole penetrated argillite with several phyllitic zones for i ts 

entire depth. These rocks are par t of the Guye Formation, which consists 

of terrestr ia l carbonaceous mudstone, shale, sandstone, conglomerate, eind 

breccia of Paleocene or Eocene age (Chitwood, 1976). The rocks penetrated 

by the drill hole are somewhat metamorphosed, presumably due to the proximity 

of the Snoqualmie batholith (Miocene) to the nor th . 

Snoqualmie No. 2 

The upper 25 meters of this drill hole is in unconsolidated glacial eind 

alluvial materials. The remainder of the hole is in fine-grained quartzi te . 

The quartzite is probably a par t of the Guye Formation (Chitwood, 1976), and 

it was presumably metamorphosed during the intrusion of the Snoqualmie 

batholith which crops out a short distance to the northwest. 



White River 

The White River drill hole penetrated banded, devitrified pyroxene 

rhyolite which is the intrusive phase of the Clear West complex, a hypabyssal 

rhyolitic ignimbrite and extrusive rheoignimbrite (Fischer, 1970). The 

Clear West complex may represent a caldera filling or , in par t , a very thick 

sill (Fischer, 1970). Hartman (1973) suggests that the complex may be a 

plug dome with associated sills. The rhyolites in t rude the Eocene-Oligocene 

Ohanapecosh Formation eind the early Miocene Fifes Peak Formation. Potassium-

argon age dates indicate an age of 18 to 19 million yea r s , or late eeirly Miocene 

(Hartman, 1973). 

Clear Creek 

This drill hole intersected sandy siltstone and mudstone of the Russell 

Ranch Formation, a Jurassic flysch assemblage (Clayton, 1980). The Russell 

Ranch consists of tectonically deformed and broken argillite eind feldspathic 

graywacke with lenses of greenstone, bedded cher t , chert conglomerate, and 

metatuff (Ellingson, 1972; Swanson, 1978). 

Sand Ridge 

This drill hole penetrated a portion of the Indian Creek Amphibolite, 

a Jurassic complex emplaeed as a solid mass -within the Russell Ranch Formation. 

Composed of interlayered tectonic lenses of amphibolite, dioritic and tonalitic 

gneiss , hornblendite, and lesser amounts of quartz diorite pegmatite, cataclastic 

orthogneiss, and m-ylonite (Ellingson, 1968,- 1972), the formation has been 

interpreted as par t of an ophiolite assemblage (Hammond, 1980; Clayton, 1980, 

unpubl ished) . 

Tieton Willows 

Two holes were drilled about 80 meters (m) apart at this site. The 

first hole was lost due to caving. It was collared in landslide materials, and 

encountered highly weathered and fractured volcanic conglomerates below. 

This hole was probably drilled into or through a steeply dipping or vertical 

fault or fracture zone. 



The second hole, which was successfully completed, encountered 

competent lava flows at a depth of 10 m, and remained in them to i ts total 

depth . The lava flows are thought to be par t of Tieton volcano, a Miocene 

shield volcano, which consists of andesite eind basalt lava flows, breccia, 

and tuff (Sweinson, 1966, 1978). Numerous andesitic radial dike swarms 

are also p resen t . Swanson includes the Tieton volcano as part of the Fifes 

Peak Formation. 

Trout Creek 

This drill hole encountered 3 m of overburden, basedt from 3 to 8 m 

depth, highly variable incompetent materials from 8 to 25 m depth, and 

variably altered volcaniclastic rocks and flows of the Eocene-Oligocene 

Oheinapecosh Formation from 25 m to the bottom of the hole. 

The basalt from 3 to 8 m depth is par t of a Quaternaory lava flow 

which originated at Trout Creek Hill, a small shield volcano centered about 

4.5 kilometers northwest of the drill site (Wise, 1961, 1970). The flow is 

thought to be older than 35,000 yea r s , but younger than 130,000 yeairs 

(Hammond, 1980). 

The unconsolidated material from 8 to 25 m depth probably represents 

valley-filling sediments of fluvial or glacial origin; some of the material is 

weathered bedrock. 

Carson 

. The Carson drill hole was collared in the same Quaternary basalt flow 

as that encountered in the Trout Creek driU hole. At the Carson site the 

flow extends to a depth of 35 m. From 35 to 40 m depth a paileosol and 

glacial or flu-vial sediments were encountered. Below th is , to about 80 m, 

altered volcaniclastic rocks and thin lava flows of the Ohanapecosh Formation 

predominate, but chips of unaltered diorite appeared in several zones, perhaps 

represent ing thin dikes. 

Below 80 m and extending to total depth at 154 m (the hole is completed 

to only 113.2 m because of ca-ving), the rock is quartz diorite of the Buck 

Mountain intrusive (informal name), also informally known as the Wind River 

Gorge intrusive and Wind River fishway sill (Free, 1976). Free describes the 

rock as holocrystalline, augite-hypersthene diorite. If the intrusive correlates 



with the similar rock of the Wind River plug, which intrudes Yakima basalt 

about 4 kilometers southeast of Buck Mountain, the Buck Motintain intrusive 

is middle Miocene in age, or younger . 

Klicki tat 

The Klickitat drill hole is in Columbia River Basalt for i ts entire depth . 

From reconneiissance geologic mapping (Shannon and Wilson, I n c . , 1973; 

Hammond, 1980) it appears that the basalt at the Klickitat drill hole is part 

of the Grande Ronde Basalt (early and middle Miocene), the most widespread 

member of the Yakima Basalt Subgroup. 

Several zones of open fractures were encountered in the drill hole, 

most of which were lined with amorphous opaline silica. Open fractvire zones 

were noted at depths near 10 m, 47 to 50 ra, 62 m, 90 m, amd 115 m. Carbon 

dioxide charged airtesiain water was produced from these zones dtiring drilling, 

especially from the upper zones. The lower fracture zones may have been 

relatively underpressured because artesian flow ceased during the drilling of 

the lower pairt of the hole. All artesian zones were controlled by casing 

and (or) cementing during the process of completing the hole. 

North Bonneville Nos. 1, 2, and 3 

The following description of downhole lithologies was taken from an 

unpublished report to the City of North Bonneville (Kent and Associates, 

Consulting Geologists, 1981). 

Allu-vium and landslide debris extend down to about 40 m at NB-1, 

48 m at NB-2, and 15 m at NB-3. Below th is , conglomerates of the Eagle 

Creek Formation (early Miocene) extend to depths of about 125 m in NB-1, 

115 m in NB-2, amd 70 m in NB-3. The conglomerates are predominantly 

flu-vieJ volcainiclastics. 

The lower portions of adl three holes, beneath the Eagle Creek Formation, 

consist of variably altered tuffs and flows. The consultant 's report in terpre ts 

the unit to be pairt of the Three Corner Rock lava flows, which are estimated 

to be late Oligocene to early Miocene in age. Hammond (1980) describes the 

Three Corner Rock lava flows as interstratified pyroxene andesite porphyry , 

hornblende-pyroxene andesite porphyry , lahairic breccia, and minor volcani

clastic rocks . 



Because of the extensive alteration reported for cut t ings from the 

lower portions of the North Bonneville holes, we believe i't possible that the 

lower par t s of the three drill holes may have penetrated into the Ohanapecosh 

Formation instead of the Three Corner Rock lava flows. 
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FIGURE 1.—Location map for heat-flow dr i l l holes. Cascade Range, 1981. 
(Dr i l l holes: DNR-1 , Scenic No. 1 ; DNR- IA , Scenic No. 2; DNR-2, 
Snoqualmie No. 1 ; DNR-2A, Snoqualmie No. 2; DNR-3, White River ; 
DNR-U. Clear Creek; DNR-5, Sand Ridge; DNR-6A, Tieton Willows; 
DNR-7, T rou t Creek; DNR-8, Carson; DNR-9, Kl ick i tat ; N B - 1 , 
North Bonnevil le No. 1 ; NB-2, North Bonneville No. 2; and NB-3, 
North Bonneville No. 3.) 
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dr i l l hole. _,. 
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TABLE 2.—Geothermal temperature gradient 
measurements fo r Scenic No. 1 d r i l l 
hole, DNR-1 (date measured 9-25-81) 

TABLE 3.—Geothermal teinperature gradient 
measurements for Scenic No. 2 d r i l l 
hole , DNR-IA (date measured 9-25-81) 

Depth 
(m) 

Teraperatvire 
oc 

Geothermal 
'gradient 

°C/km 
Depth 

(m) 
Temperature 

OC 

Geothermal 
gradient 
°C/km 

10.. 

15.. 

20.. 

25.. 

30.. 

35.. 

40.. 

45.. 

50.. 

55.. 

60.. 

65.. 

70.. 

75.. 

5.08̂  

4.87̂  

4.99 

5.28̂  

5.49 

5.71̂  

5.95̂  

6.20 

6.45 

6.71_ 

7.00̂  

7.30̂  

7.62̂  

7.96 

80 8.30 

85 

90 

95 

100 

101.5 T.D. 

8.64 

8.98̂  

9.33 

9.67̂  

9.77 

.-42 

. 24 

. 58 

. 42 

. 44 

. 48 

. 50 

. 50 

. 52 

. 58 

, 60 

, 64 

, 68 

. 68 

. 68 

. 68 

. 70 

, 68 

, 67 

5... 

10... 

15... 

20... 

25... 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

120 

125 

130 

135 

140 

145 

150 

151.5 T.D. ... 

8.34 

5.66 

5.10 

5.40 

5.42 

5.53' 

5.71 

5.86 

6.05 

6.23* 

6.40 

6.63* 

6.83 

6.96* 

7.13 

7.30 

7.47 

7.66* 

7.84 

8.04 

8.22 

8.40 

8.58 

8.75 

8.95 

9.14 

9.33 

9.53 

9.72 

9.91 

9.97 

• • • • 

• • • • • ••••' 

• •••••••• 

.-536 

.-112 

. 60 

4 

. 22 

. 36 

, 30 

. 38 

36 

34 

46 

40 

26 

34 

34 

34 

38 

36 

40 

36 

36 

36 

34 

40 

38 

38 

40 

38 

. 38 

40 

28 



TABLE 4.—Geothermal temperature gradient 
measuremente for Snoqualmie No. 1 
d r i l l hole, DNR-2 (date measured 
10-12-81) 

TABLE 5.—Geothermal temperature gradient 
measurements for Snoqualmie No. 2 
d r i l l hole, DNR-2A (date measured 
10-13-81) 

Depth 
Cm) 

Temperature 
oc/km 

Geothermal 
gradient 
oC/km 

Depth 
1 (m) 

Temperature 
OC 

Geothermal 
gradient 
oC/km 

5. 

10. 

15. 

20. 

25. 

30. 

35. 

40. 

45. 

50. 

55. 

60. 

65. 

70. 

75. 

80. 

85. 

90. 

95. 

100. 

105. 

110. 

115. 

120. 

125. 

130. 

135. 

140. 

145., 

7.88 

6.19* 

5.63* 

5.63* 

5.63* 

5.64* 

5.64* 

5.72* 

5.81* 

5.87* 

5.93* 

6.03* 

6.08 

6.12* 

6.21* 

6.31* 

6.43 

6.59 

6.69* 

6.68 

6.70 

6.77 

6.85 

6.93 

7.01 

7.10 

7.18 

7.27 

7.35 

-338 

-112 

0 

0 

2 

0 

16 

18 

12 

12 

20 

10 

8 

18 

20 

24 

32 

20 

-2 

4 

14 

16 

16 

16 

18 

16 

18 

16 

17 

5. 

10. 

15. 

20. 

25. 

30. 

35. 

40. 

45. 

50. 

55. 

60. 

65. 

70. 

75. 

80. 

85. 

90. 

95. 

100. 

105. 

110. 

115. 

120. 

125. 

130. 

135. 

140., 

7.23 

7.22* 

7.20 

7.22 

7.22* 

7.22* 

7.23 

7.23 

7.24 

7.21 

7.33 

7.38 

7.49 

7.49 

7.51 

7.58 

7.58 

7.66 

7.66 

7.67* 

7.67 

7.68 

7.63 

7.75 

7.76 

7.82 

7.83̂  

7.85 

-2 

-4 

4 

0 

0 

2 

0 

2 

-6 

24 

10 

22 

0 

4 

14 

0 

16 

0 

2 

0 

2 

-10 

24 

2 

12 

2 

4 

10 
141 T.D 7.86 

146.8 T.D. ... 7.38 

29 



TABLE 6.—Geothermal temperature gradient 
measurements for White River d r i l l 
hole , DNR-3 (date measured 9-15-81) 

TABLE 7.—Geothermal temperature gradient 
measuremente fo r Clear Creek d r i l l 
hole, DNR-4 (date measiwed 9-15-81) 

Depth 
1 (m) 

Temperature 
oc 

Geothermal 
• gradient i 

OC/km 
Depth 

1 (m) 
Temperature 

oc 

Geothermed 
gradient 

OC/km 

5. 

10. 

15. 

20. 

25. 

30. 

35. 

40. 

45. 

50. 

55. 

60. 

65. 

70. 

75. 

80. 

85. 

90. 

95. 

100. 

105. 

110. 

115. 

120. 

125. 

130., 

135., 

140.. 

8.48 

6.39* 

6.32* 

6.43* 

6.45* 

6.52 

6.56* 

6.64* 

6.71 

6.79 

6.89 

6.97 

7.05 

7.14 

7.23 

7.32 

7.41 

7.50 

7.59 

7.69 

7.78 

7.88 

7.99̂  

8.11 

8.25 

8.35̂  

8.47 

8.60 

-418 

-14 

22 

4 

14 

8 

16 

14 

16 

20 

16 

16 

18 

18 

18 

18 

18 

18 

20 

18 

20 

22 

24 

28 

20 

24 

26 

11 
143.7 T.D 8.64 

5 

10 

15 

20 

25... 

30 

35 

40 

45 

50, 

55 

60 

65 

70 

75 

80 

85 

90 

95 10.00 

100 ...10.33 

105 10.65 

110 11.02 

115.- 11.35 

120 11.68 

125 12.01 

130 12.32 

135 12.65 

140 12.96 

145 13.34 

150 13.61 

153.2 T.D. ...13.78 

6.51 

5.81* 

6.10* 

6.30* 

6.38* 

6.44* 

6.48* 

6.75* 

6.99* 

7.25 

7.52 

7.78 

8.09 

8.39 

8.71 

9.06 

9.39 

9.70 

-140 

58 

40 

16 

12 

8 

54 

48 

52 

54 

52 

62 

60 

64 

70 

66 

62 

60 

66 

64 

74 

66 

66 

66 

62 

66 

62 

76 

54 

53 

30 



TABLE 8.—Geothemial temperature gradient 
measurements fo r Sand Ridge d r i l l 
hole , DNR-S (date measured 9-15-81) 

TABLE S.—Geothe'xmal temperature gradient 
meaBuremente fo r Tieton Willaus 
d r i l l hole, DNR-6A (date measured 
9-15-81) 

Depth 

1 ̂ ""̂  
Temperature 

OC 

Geothermal 
• gradient 1 

oG/km 

5 

10. 

15 

20. , 

25. 

30 

35... 

40 

45 

50 

55 

60, 

65,.,....^.. 

70 

75 

80 

85., 

90.,. 

95.......... 

100.. 10.18 

105. 10,39 

110 10,60 

115..,....,.,.. 10.80 

125 11.22 

130 ..11.44' 

135.. ,,...11.64* 

140. ,,,...11.85 

145. .,,...12.05 

150.,,. ...12.25* 

153,3 T.D. ...12.36 

8.49 

6.50* 

6.61' 

6.79* 

6.94* 

7.10* 

7.29' 

7,49* 

7,69 

7,94* 

8.17* 

8,39* 

8.62' 

8.85* 

9.09' 

9.31 

9.53 

9,74 

9.96' 

-398 

•22 

36 

30 

32 

38 

4Q 

40 

50 

46 

44 

46 

46 

48 

44 

44 

42 

44 

44 

42 

42 

40 

44 

40 

44 

40 

42 

40 

40 

33 

Depth 
1 ( ' " ) 

Temperature 
OC 

Geothermal 
gradient 
°C/km 1 

5 ,,..,,,,10.89 

10 10.80* 

15,.,... 11,33' 

20... 11,79 

25 12.34* 

30 , 12.71* 

35 .,..13.14* 

40............13,57 

45. ..14.02* 

50.. 14.46 

55 14.94* 

60 .,.15,34* 

65 .,.,,.15.84 

70., i,,.. 16.29 

75 ..16.76 

80.... 17,23 

85 17,71 

90 .18.16 

95, .18.64*' 

100....... 19.17 ' 

105.,... 19,62 

110. 20.09 

115 20.55 

120 .......21.03 

125 ..21.50 

130,.. .21.98*' 

135 : 22.46*' 

140. ....22.93 

145 .....,,23,40* 

150 ....,,.23.87* 

153.4 T.D. ...24.14 

-18 

106 

92 

110 

74 

86 

86 

90 

88 

96 

80 

100 

90 

94 

94 

96 

88 

98 

106 

90 

94 

92 

96 

94 

96 

96 

94 

94 

•94 

79 

31 



TABLE 10.—Geothermal temperature gradient 
measurements fo r Trout Creek d r i l l 
ho le , DNR-7 (date measured 9-10-81) 

TABLE 11.—Geothermal temperature gradient 
measurements for Carson d r i l l hole, 
DNR-8 (date measured 9-14-81) 

Depth 
(m) 

Temperature 
OC 

Geothermal 
• gradient 

OC/km 
Depth 

(m) 
Temperature 

oc 

Geothermal 
gradient 

OC/km 

10 

15 

20 

25 

30 

3 5 . . . . . . . 

40 

45 

7.52 

7.75 

8.13 

8.55 

8.91 

9.28 

9.60 

9.93 

50 10.33 

55.. 10.76* 

60 11.14* 

65 11.57* 

70 12.02 

75 12.47* 

80 12.90 

85 13.40* 

90 13.78* 

95 14.18* 

100 14.63 

105 15.03* 

110 15.50 

115 15.89 

120 16.39 

125 16.82 

130.... 17.28 

135 17.73 

140. 18.15 

145 18.60 

150 19.05 

154 T.D. 19.23 

46 

76 

84 

72 

74 

64 

66 

80 

86 

76 

86 

90 

90 

86 

100 

76 

80 

90 

80 

94 

78 

1.00 

86 

92 

90 

84 

.90 

90 

45 

5 9.87 

10 9.66^ 

15 10.20 

20 10.67^ 

25 10.91^ 

30 11.32^ 

35 11.62^ 

40 13.91^ 

42 15.65^ 

43 15.55^ 

45 13.92^ 

50 13.61^ 

55 14.14^ 

60 14.75^ 

65 15.32^ 

70.... 15.83^ 

75 16.12 

80 16.11 

85 17.66_ 

90 20.00^ 

95 22.26^ 

100 24.03^ 

105 25.82^ 

110 27.16^ 

113.2 T.D. ...27.80 

- -42 

. 108 

. 94 

. 48 

. 82 

. 60 

. 458 

. 870 

,-100 

,-815 

, -62 

, 106 

, 122 

, 114 

102 

58 

-2 

310 

468 

452 

354 

358 

268 

200 

32 



TABLE 12.—Geotheivial ternperature gradient 
measurements for Kl i ck i t a t d r i l l hole, 
DNR-9 (date measured 9-14-81) 

Depth 
1 (m) 

•. Temperature 
OC 

Geothermal 
gradient 

OC/km 

5 . . 13.95_ 

10, ; , . . 13 .72 

15 , . . . 13 ,59 

2 0 , , . ; . .14.50 

2 5 . . . . 14.93 

3 0 . . . . : . . . . 15 ,35 

3 5 , . 15.48 

4 0 . . 15.59^ 

45 15.73 

5 0 . . . , , . . 1 5 . 9 4 

5 5 . . , , . 16.39^ 

6 0 ' , ' . . . . . . . , . 1 7 . 7 0 

65 17.94 

7 5 . , , . , .17.97^ 

8 0 . . . . . . ..18.20_ 

8 6 . . . . . . 18.45 

90 18.71 

95 19.00 

100 19.24 

1 0 5 . . . . . . . 19.50 

110 19,72 

X X D * • • • • • * * * * a « Z O , X ^ 

119.8 T . D . . . . 20 ,06 

-46 

-26 

182 

86 

84. 

26 

22 

28 

42 

90 

262 

48 

-40 

46 

46 

50 

52 

58 

48 

52 

44 

86 

-19 

33 



TABLE 13.—Geothermdl temperature gradient measurements fo r City of North 
Bonneville No. 1 d r i l l hole, NB-1 (date measured 5-1-81} 

Depth 
(m) 

Temperature 
OC 

Geotherraal 
gradient 

. OC/km 
Depth 

(m) 
Temperature 

OC 

Geothermal 
gradient 

OC/km 

0.0 ..,18.22 

3.1... 17.50* 

6.1,..,.,.,.. 9.50^ 

9.1 8.89 

12,2 8.67 

15,2. 8.78 

18.3 8.89 

21.3., 8.89 

24.4 ,, 8.89 

27.4.., 8.94 

30.5..... 9,06^ 

33.5... 9.06 

36.6 9.11^ 

39,6 9.33_ 

42.7 9.60 

45.7 ,,,, 9.72 

48.8...... 9.89 

51.8 . 10.06 

54.9 ,,10,06 

57,9 10.33 

61.0. .,.,.10.60 

64.0.. ..10.67. 

67.1 .....10,78 

70.1 10.89 

73.2 ... ...11.00 

76.2 ...11.06 

79,3 ...11.33_ 

82.3 ....11.39^ 

85.4 11.56 

88.4 .....11.67* 

91.5 11.89* 

, -236 

,-2623 

, -200 

, -72 

36 

36 

0 

0 

16 

39 

0 

16 

72 

56 

72 

56 

56 

0 

88 

56 

56 

36 

36 

36 

20 

88 

20 

56 

36 

72 

36 

94.5.. ,,..12,00 

97.6 12.11* 

100,6.... 12.22 

103,7... ..12,39 

106,7 12.50 

109.8 12.67 

112.8 ...12,83 

115.9... 12.94 

118.9 13.11* 

121.9...... 13.28 

125.0.... 13.44 

128.0 13.61 

131.1 13.78 

134.1 13.94 

137.2. 14.11 

140.2 .....14.22 

143,3..... 14.39 

146.3. 14.61 

149.4 ......14,72 

152.4. 14.89 

155.5 -.15.11 

158.5 15v28 

161.6 15.44 

164.6 15.61 

167.7... ^-.15.78 

170.7.... .16.00' 

173.8. .16.17 

176.8 .....16.33 

179.9 • 16.50 

182.9 -16.61 

186.0 T.D. ...16.67 

,..36 

,,. 36 

..56 

,.. 36 

... 56 

..53 

...36 

.., 56 

.,56 

.. 52 

.,56 

., 56 

,.52 

... 56 

..36 

..56 

..72 

.,36 

-.56 

..72 

.. 56 

.. 52 

..56 

..56 

.,72 

.. 56 

,.52 

..56 

,.36 

..20 

34 



TABLE 14,—Geotheimial temperature gradient measurements fo r City of North 
Bonneville No. 2 d r i l l hole, NB-2 (date measured 9-11-81) 

Depth 
(ro) 

Temperature 
OG 

Geothermal 
gradient 

' OC/km 
Depth 

(m) 
Temperature 

OC 

Geothermal 
gradient 

OC/km 

5 .,.12.16 

10 10.98 

15 11,23 

20... i. ..10.78̂  

25... ....10.33̂  

30 10.61̂  

35. 10,93 

40.... ..11,24^ 

45. ..,,..12.39̂  

50.;.... 14.09̂  

55-. .15.37̂  

60 ..16,50^ 

65 ..17.49̂  

70 ....18,64^ 

75 19.66̂  

80 21.21, 

85 ...21.66̂  

90.. 23.09_ 

95 24.19̂  

100.. ...24.87 

-236 

50 

-90 

-90 

56 

64 

62 

230 

340 

256 

226 

198 

210 

224 

310 

90 

286 

220 

136 

208 

105 .25.91 

110,,.... 26.36 

115. ...27.72 

125 ...28.95 

130 .....29.52 

135- ..29.77 

140 29,85 

145 30.46 

160 . 30.97 

155 31,56 

160....!. 31.71 

166..... ..32.86 

170 33.39 

175... ...33.85 

180 ..34.25 

185 . 34.69 

190 35.06 

195 .., 35.36 

198 T.D, ..,..35.45 

• •' • • t w • 

90 

272 

148 

98 

114 

50 

16 

122 

102 

118 

30 

230 

106 

92 

80 

88 

74 

60 

30 

35 



TABLE IS.—Geotherrml temperature gradient 
measurements fo r City of North 
Bonneville No. 3 d r i l l ho le , NB-3 
(date measured 9-11-81) 

Depth 
(m) 

Temperature 
OC 

Geothermal 
gradient 

OC/km 

( 

10 

15 

20 

2 5 . . . . . 

30 

35 

40 

4 5 . . . . ' . 

50 

55. 

6 0 , , , . . 

6 5 , . . . . 

70 

75 

8 0 . . . . . 

8 5 . . . , . 

90. 

95 

1 0 0 . , . . . 

105 

1 1 0 . . i . , 

115. 

120. ..'•.. 

1 2 5 . . . . . 

130 

135 

140. 

145 , . , . . . , 

150 , 

155 T .D . 

,11,50 

. . . . . . 1 1 . 8 5 

. , 12,28 

12,59 

13.08 

. . . . . . 13.77 

. .14,43 

, . . . . , 1 5 . 2 2 

. , 16.13 

. . . . . . 1 6 . 7 8 

17.56 

. . . . . . 1 8 . 1 3 

18.86 

,19.57 

, 19.85 

. . . . . . 2 0 . 2 3 

, . , , . . 2 0 . 7 0 

21.11 

. . . , , . 2 1 . 5 4 

. , i . . , 2 1 . 9 7 

. . . . . . 2 2 , 5 3 

23.04 

. . . . . . 2 3 . 5 1 

. . 23.89 

, 24.30 

, 24.86 

, . , , . . 2 5 . 7 8 

, . . . , . 2 6 . 1 2 

« « • • • ^ O • J o 

70 

86 

62 

98 

9 m % « » t <• • « * • -• • • 4 X j O 

. . . 132 

158 

, , 182 

, . . . . , 1 3 0 

, 156 

. , , 114 

.146 

.142 

. 56 

. 76 

. 94 

, 82 

, 86 

, 86 

.112 

,102 

, 94 

76 

82 

112. 

98 

86 

68 

52 

36 
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Abs t rac t 

The technology for commercialization of vapor dominated hydro-
thermal geothermal systems has been demonstrated worldwide. Although 
water dominated hydrothermal geothermal systems produce significant 
amounts of electric power in several countries, its commercialization 
has not been demonstrated in the United States. Utilization of the 
geopressure and hot-dry rock geothermal resources is still in the R&D 
stage and not likely to impact significantly on total geothermal energy 
power production until the last decade of the century. Thus, the 
growth in utilization of the hydrothermal resource is of paramount-
importance in the near- to mid-term development of a geothermal industry 
in the U.S. 

An analytical relationship has been developed between the tempera
ture and the number of hydrothermal systems. The information is 
sufficient to estimate various levels of potential development of the 
hydrothermal resources with temperatures high enough for electric power 
generation (T > 150'C) from a low of 100 up to a high of 450 for the 
eleven westem states. Some impacts of the temperature distribution of 
this resource are examined. 

Previous estimates of the grow1:h of geothermal electric power 
production are examined and it is found that all but the most conserva
tive are too high for 1985. The present estimate for 1985 is less than 
4000 MIfe installed. The previous high estimates were all based on a 
significant increase in the growth rate of geothermal generation capa
bility, usually occurring in the late '706. The present information 
shows the past rate of installing generating capacity and its estimated 
growth to 1985 to be at the rate of lOx every 10 years. This is a 
large growth rate and should it continue to 1990, the installed MWe 
will be 10,000. The introduction in utilization of water dominated 
systems in the early 1980s is necessary for this achievement. The 
introduction of power generation from geopressure and hot-dry rock 
resources is necessary for continued high growth beyond 1990. 
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Introduction 

The near-term utilization of geothermal energy in the United 
States is dependent on many factors. A complete discussion of this 
topic could lead us into at least all or some of the following areas: 

- 1 ) — Evaluation-of-the resource base 

2) Estimates of growth in utilization and the assumptions 
in these estimates 

3) The risks as perceived by utilities and how these will 
affect_the_srowth 

4) A..wide._.gamut.of institutional issues — which affect 
development_from.exploration_through_power„production 

5) Environmental problems 

6) Financing 

All these topics are important to the near-term utilization. The key 
issue_in-this-J.s: what's out there — what is the resource? Much of 
the information that we have on the geothermal resource is due to long-
term careful work by the U.S.G.S. This work was going on during the 
40's and 50's long before geothermal energy was considered an attractive 
alternate energy source. 

During that period otJier important efforts which led to the first 
successful U.S. commercialization at the Geysers in 1960 were also 
being made by the farsighted geothermal pioneers. After discussing the 
resource I will address the growth in utilization. I will discuss some 
of the other areas as appropriate. It is my belief that this approach 
will most clearly focus on the utilization of geothermal energy in -the 
next 10-15 years. 

Figure 1 lists the classification of the geothermal resource types 
and the status of their utilization. This information indicates that 
the hydrothermal convection systems will dominate the utilization of 
geothermal energy xmtil near the end of the century. Therefore, an 
analysis of the potential of hydrothermal convective systems is essen
tial to understanding the growth in utilization of geothermal energy in 
t h e next 15 years. All current utilization of geothermal energy is 
from the hydrothermal convective systems. 

CLASSIFICATION OF GEOTHERMAL RESOURCES 

SYSTEIVI TYPE 

HYDROTHERMAL CONVECTION 
Vapor Dominated 
Water Dominated 

HOT IGNEOUS 
Solidified 
All or Partially Molten 

CONDUCTION DOMINATED 
Geopressure 
Normal Pressure 
Normal Gradient 

or Basement 

F i g u r e 1 .. .̂  

WHEN 
UTILIZABLE 

now 
now-soon 

late 1980's 
unknown 

late 1980's 
unknown 

unknown 
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Figure...2 examines the hydrothermal convection systems in more 
detail. Over 99% of the production of electric energy from geothermal 
comes from naturally occurring steam or high grade water dominated 
systeras which flash easily into steam. These are the systems, which are 
least common in occurrence and in a true sense we are hy-grading the 
geothermal resources capable of electric generation. This parallels 
the--pa-st~development" of" other'na tural-̂  resources": An "interesting 
feature of-'this'table-'is-that-'the-̂ lowest' grade"" hydrothermal-resource is 
providing the largest energy utilization world wide. This makes geo
thermal energy somewhat unique from other natural resources in that the 
lowest grade resources can and are being heavily utilized while the 
major high grade resources still exist. This is not the case in the 
United States.-where_522_MWe-are..generated_at_the_Geysers_and less than 
16 MWt elsewhere-dn-non-electrlc-oises.—This_si±uation_is.certainly a 
reflection of-many—different_institutional_factors_operating in the 
countries involved;_i.t-appears—likely-t.hat-the-institutional factors in 
the United States-will-cause this—ratio—to-continue.-into_the near 
future. 

HYDROTHERMAL CONVECTION SYSTEMS 

TYPE 

VAPOR DOMINATED 
(200<>-240°C) 

WATER DOMINATED 

High Temperature 
High Grade 

oaicc) 
High Temperature 
Lower Grade 
(150'>-210°C) 

Moderate"' 
Temperature 

(90O-150OC) 

Low Temperature 
I50'>-90''C) 

NUMBER 
OF 

SYSTEMS 

4 

9 

0 

large 

large 

7975 
WORLD WIDE 
GENERATION 

973 MWe 

336 MWe 

0 

~-5000 MWt 

F igure 2 

UTILIZATION 
TECHNOLOGY 

Steam Turbines 

Flash Steam to 
Steam Turbines 

' Binary Cycle 

Heating, Cooling, 
Drying 

Heating, 
Baleanology, 
Argiculture 

The U.S.G.S.(Ref. 1) has recently assessed the geothermal re
sources of the United States. Figure 3 lists a summary of their 
results. This, figure provides several pieces of important information. 
1) The least abundant energy source is the one currently capable of 
extensive development. 2) The estimated electrical potential for this 
least abundant resource type is large. The energy content equals 
It SOOO MWe cent identified with 4x that inferred; this is large enough 
to provide significant electrical generation capability in the western 
regions of the United States where these resources are located. 3) The 
energy potential in the other geothermal resource types for which the 
utilization technology is in the research stage — is orders of magni
tude larger than the convective systems and represents an almost unlimi
ted potential. 
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ESTIMATED HEAT CONTENT 
U.S. G e o t h e r m a l Resources 

HYDROTHERMAL CONVECTION 
Vapor Dominated 
Water Dominated 

Electric >150''C 
Non-Electric <150°C 

to" ' CALORIES 

-50 

-1600 
-1400 

% 

0.0006 

0.0194 
0.0170 

RELATIVE 
AMOUNTS 

1 

31 
28 

HOT IGNEOUS -100,000 1.21 2000 

CONDUCTIVE 
Geopressure 
Normal Gradient 

-140,000 
-8,000,000 

1.70 
97.05 

2830 

Reference: USGS 

Figure 3 

Distribution of Hydrothermal Convection Systems 

The hydrothermal convection systems reflect in some ways the 
temperature, extent and frequency of occurrence of heat sources near 
the earth's surface. It is for this reason that they play so prominent 
a role in exploration for geotherraal resources. The largest numbers of 
hydrothermal convection systems are found at the lower temperatures. 
As the temperatures increase there should be a sharp decrease in the 
number of systems and at the highest temperatures the occurrence should 
be limited to just a few systems. Hopefully, an examination of the 
distribution of systems versus temperature would behave in an orderly 
manner. If so, it might be possible to improve our understanding of 
them. 

The data contained in Waring "Thermal Springs of the World"(Ref. 2) 
and in U.S.G.S. Circular 726 "Assessment of Geothermal Resources of the 
United States - 1975"(Ref. 1) provide the basic information for this 
examination. 

Waring's book is an attempt to tabulate information on all the 
known hot springs, warm springs, fumeroles, etc. Well over 1000 indi
vidual spring groups are listed in Waring for the eleven western states. 
The temperature of the water at the surface is given for 2Q>out 800 
springs or hot spring groups. The temperature data in Waring on the 
•thermal springs in the eleven conterminous western states and plotted 
in Figure 4 as frequency versus 5' temperature increments. Observe 
that the distribution versus temperature is as expected, the larger 
population occurs at the lower temperatures and drops off rapidly as 
temperature increases. 214 systems listed only as hot and warm will 
impact most heavily in the lower half of the temperature range making 
the expected distribution more pronounced. 

Figure 5 plots the temperature as a function of the logarithm of 
the-accumulated number of systems. This suggests a log-normal plot 
common to many other naturally occurring systems. The apparent distri
bution decrease at lower temperatures is probably the result of sam
pling,.i.e., ignoring lower temperature systems. The conclusion about 
the distribution is that a linear relationship exists between the 
logarithm of the total number of systems and temperature. 
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HISTOGRAM OF U.S. THERMAL SPRINGS 

Number of Systems 

no 
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_ Circular 726 assesses all the geothermal resource types. It also 
assesses the hydrothermal convective resources of the U.S. from data 
that is available to the U.S.G.S. on 257 systems that have indicated 
subsurface temperatures greater than 90''C. 

Figure 6 plots my compilation of the data contained in Circular 726 
for" the 257-systems.""- This curve also shows a strong linear relation
ship between "log "total number versus"temperature; 

TEMPERATURE DISTRIBUTION 
OF HYDROTHERMAL 

CONVECTION SYSTEMS 

Total Number of Systems 

400 

50 100 150 200 250 300 350 4O0 

Temperature, "C 

Figure 6 

The linear relationship for temperature distribution versus 
numbers of geothermal systems observed gives us an important technique 
to estimate the numbers of hydrothermal convection systems each tem
perature range in the Western U.S. The ass\imptions in the discussion 
that follows are: 

1) That the observed relationship represents the temperature 
distribution of the hydrothermal convection systems. 

2) • That this relationship will hold as additional systems 
are discovered. 

The validity of these assumptions is based on the observed fit 
between the 257 systems as a large enough sample to represent the true 
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relationship.and the fact that a similar relationship exists for the 
four times as many systems reported in Waring. 

At this time no method exists of uniquely determining the distri
bution so we can only discuss possible levels. There are seveial lines 
of reasoning that can be used to suggest 400''C as the upper lirait for 
large "scale~hydrothermal"'convection systems;—This has "been "used"-'to—" 
provide a broad-upper-limit~of-<400''C—to—the-estimated~distribution in 
this paper but is not meant to be a definitive statement on what that 
upper limit is. 

Figure 7 lists the distribution of the calculated curve versus 
temperature .ranges_relevant_to_utilization_technology. Also listed is 
the observed_data_from.Circular_726. This_table_scales_the numbers of 
systems that_can.be_estimated.for_each_teraperature_range when the total 
numbers of systems..are_2x.and_5x„the_calculated.curve. If..the actual 
numbers of geothermal_systems_is.near_the_calculated.. distribution we 
see that approximately 2/3 of the systems capable of both electric and 
high temperature non-electric utilization have been discovered. This 
could have significance to the U.S. geothermal exploration effort. If 
the distribution is this, the potential for development of hydrothermal 
convective geothermal systems beyond what has been reported in Cir-
cular_726-.may.l3e limited. 

HYDROTHERMAL CONVECTION SYSTEMS 

ELECTRIC UTILIZATION 

T >210«>C 
T 150'»C-210'»C 

NON-ELECTRIC UTILIZATION 
T 100°C-150°C 
T 50<»C-100OC 

USGS 

14 
52 

196 
-

IX 

18 
82 

325 
1400 

2X 

36 
164 

650 
2800 

SX 

90 
410 

1625 
7000 

Number at 15°C - 5000 10,000 25,000 

Figure 7 

If the numbers of systems are 2x to 5x the calculated distribution, 
significant new opportunities exist for discovery. Obviously, for 2x 
the known systems only 1/3 of the potential number above lOO'C are 
discovered. Significantly more exist for 5x. These curves are com
pared in Figure 8. If the scaling factor exceeds 5 the numbers of 
systems gets quite large. There is, however, the real question of how 
many high-temperature hydrothermal convection systems of any signifi
cant size can exist witJiout surface manifestation? Since the fluids in 
these systems are derived from metoric waters they have penietrated the 
ear1:h via fractures. Similar fractures probably exist for the heated 
less dense fluids to rise to the surface. These fractures can be 
closed by precipitation from the geothermal brine solutions; they can 
also be reopened by solution and/or furtJier fracturing processes (e.g., 
faulting). Over long geologic time these processes raay alternate. In 
any., case it seems reasonable to expect many of these systems will have 
surface manifestations and it may be found that most will. It is for 
this reason that, a scaling factor between 1 and 2 cannot be dismissed 
until we have raore information on "blind" systems in spite of the 
optimism by those with significant leasing positions. The only "blind" 
system found to date (the Marysville, Montana anomaly) appears to be 
limited to a temperature of 100°C which does not qualify it as a high 
temperature system. It does not appear in the U.S.G.S. estiraate but 
with an estimated energy content of 5.0 (10l8) calories becomes the 

http://cular_726-.may.l3e
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17.th.. largest geothermal systera! Its potential for power production is 
nil with present and projected utilization technology. 

ESTIMATE OF HYDROTHERMAL 
CONVECTION SYSTEMS 

Number of Systems 

10,000 

1000 — 

100 — 

100 150 200 250 300 

Temperature, "C 
400 

Figure 8 

The desired conclusion to this would be a discussion of what the 
numbers of systems as a function of temperature means to electric power 
production from hydrothermal convective systems. This is not possible 
with the available data. The U.S.G.S. has estimated the reserves and 
paramarginal resources from the known high temperature systems to be 
about 23,000 MWe for 30 years and perhaps 75,000 MWe still to be dis
covered. This estimate contained carefully documented assumptions on 
costs, recovery, price, etc. and appears to be as good an estimate as 
can be made with the available data. 

We can however make some conclusions about the size of the re
source: 

1) There is not likely to exist thousands of systems 
capable of electric production using presently available 
technology, i.e., > ISCC. 

2) It looks like only a few hundred systems exist. 

" 3) A conservative estimate of about 100 systems cannot be 
ruled out. 

The previous discussion is important because it allows us to 
examine the effects of possible numbers of the hydrothermal convective 
systems. That will determine the long term potential of this least 
abundant of geothermal resources. The immediate growth in utilization 
will be dependent on the development of known hydrothermal resources. 
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This will "in'turn be dependent oh the state of "developraent of utiliza'-' 
tion technology. 

Growth in Utilization 

Utilization technology for the vapor dominated systems appears to 
be well-in-hand at-three widely spaced-locations-throughout the-world, 
including the-U.S.- Geysers field which-is-the-world's largest. Certain 
probleras of environraental control exist but these appear to be being 
worked out at existing plants. Flashed steara plants are in operation 
in eight different locations in the world. Several candidate systems 
are known to exist in the U.S.; the reason that none have been devel
oped is not_exac.tly..cert:ai.n. It seems_likely__that_a_combination of 
perceived or_reai_risks..and..institutional_fa.ctors_have_combined to 
deter the deyelopment of., flashed. steam._systems_in_the._U.S. _.The current 
best estiraat.e_for_utiiization_.of..tihis_technology_in_the_U..S.. is in the 
early 19808̂ .: 

The binary cycle appears to be the preferred method of utilization 
for electrical generation frora geothermal systems whose temperatures 
are between ISO'C and about 210"'C. As the temperature decreases, the 
amount of-steam that flashes decreases significantly. The binary cycle 
uses_a.liquid.with a boiling point lower than water as the working 
fluid thus permitting operation at lower temperatures. A .75 MWe 
geothermal binary plant is reported to be in operation in Siberia. A 
3.8 MWe binary plant is in operation in Japan using xylene as the heat 
supplying fluid. The technology of heat exchangers for use with high 
brine c'oncentrations is developed for the chemical process industry. 
Thus, all the elements of the binary plant appear to be operable, 
however no large scale binary geothermal plant has yet been operated. 
It appears that the binary cycle will be demonstrated in the U.S. by 
the early 1980s-as a result of the EPRI or ERDA programs. 

EPRI is in the first stages of a feasibility study to evaluate the 
potential of two areas for a possible full scale hydrothermal demon
stration plant. One of the reservoirs under consideration, Heber, 
California has a temperature between ISO'C and 210°C and the binary 
cycle is under serious consideration as the method of utilization. 
Should the decision be made to go with a binary plant at Heber, the 
binary cycle could be in operation in the United States as early as 
1980. 

I have attempted to estijp.ate the near term growth in the pro
duction of electricity from geothermal energy. Figure 9 lists the 
estimates for 1985 by area. These estimates were made using published 
information and when possible the information has been corapared with 
knowledgeable estimates by industry people. The estimates that could 
be checked do not differ significantly from those given; thus the total 
should be reasonably accurate. 

For the Geysers, the only vapor system, 1800 MWe in 1985 is the 
estimate by PG6E filed with the California Public Utilities Commission. 
The 2130 MWe estimate considers the possibility of another utility 
developing a plant at the Geysers. 

The important point to '.note in the estimate is the development of 
water dominated resources. This development assumes a 50 MWe plant at 
Heber in 1980 to be the first" water dorainated plant. This is assumed 
to be successful in the case of the upper limit and this success 
stimulates rapid implementation of development plans for other water 
dominated areas. In the case of the lower estimate for Heber for 1985 
(150 MWe) problems are found which slow down the rate of development by 
one year. The supposed problems at Heber and other problems combine to 
slow other development down at other geothermal areas in the lower 
estimate case. Figure 10 summarizes this information. It is presented 
to show the predominate effect of the Geysers and to a lesser extent 
the Imperial Valley on the projection. 
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ESTIMATED GeOTHERMAL POWER 

VAPOR DOMINATED 

The Geysers 

WATER DOMINATED 

Niland 

Brawley 

Valles Caldera 

Long Valley 

CosQ Hot Springs' 

Roosevelt 

Heber 

East Mesa 
Cove Fort-Sulphurdale 

Raft Riyer 

TOTAL 

PRODUC 

1800-2130 

160-210 

150-200 

150-250 

110-200 

50-100 

150-250 

150-250 

100-150 

150-250 

50-100 

.3010-4090 

F i g u r e 9 

ESTIMATED GEOTHERMAL POWER PRODUCTION 
1985 MWe 

THE GEYSERS 

IMPERIAL VALLEY 

OTHERS 

rOTAL 

F i g u r e 10 

1800-2130 

510-810 

700-1150 

30W-4090 

Other estimates of potential power profl-tie'tion from geothermal 
energy haye been made over the last five years: - A compilation of many 
of these for 19B5 is given in Figure ll. The assumptiphs used and the 
purposes for these pr.ojections were often different and this obviousiy 
explains some of the variations-. Other important factors causing these 
differences are the aseumed introduc.tion date in utilization of the 
water dominated systems and tlie amounts of institutional stimulation 
geothermai development would receive. The range in estimates of the 
National Petroleum Council (̂ JPC) in 1971 reflects this. 

This, figure exhibits several interesting points, There is an 
envelope of decreasing maximum projection of 1985 power production with 
increasing time. The minimum or conservate estimate has stayed rea
.sonably constarit with time and is essentially the same as proposed in 
this paper. While there is reason for confidence in this paper's 
estimate of electri.c power production from geotherma.1 resources, it is 
h6t"a certainty. Agreement with piast conservative estimates does not 
increase its reliability. Most of the experts I talked to felt the 
pro-jections in IJhis paper were not pessimistic and the 4000 MWe probably-
were optimistic. Therefore, it is possible that the electrical pro
duction of geothennal ener.gy will not increase; the projected 5̂ 7 times 
in the, next nine years. 
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GEOTHERMAL POWER PRODUCTION 
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Figure 11 

Figure 12 shows the actual and estimated production of electricity 
with time and contains several important pieces of information. The 
most and obvious point is that the log MWe versus years plot approxi
mates a straight line over the available information — both actual and 
estimated. This is important because the time spans 25 years. With 
this background hopefully the established trend line can be extra-
polated with some confidence for a few years. The trend established 
shows a factor of 10 increase in geothermal energy production every 10 
yearsl This will essentially be the case in 1985 even if the low 
estimate of 3000 MWe is what occurs. This implies a doubling time of 
3.3 years and is an impressive growth rate. Extrapolation of the curve 
to 1990 suggests that -the potential geothermal power production is 
10,000 MWe. 

The past estimates of production for 2000 are not plotted as there 
is little basis for accepting them. An extrapolation of the production 
curve in Figure 12 would predict 100,000 MWe in 2000. This extrapo
lation cannot be taken seriously; however, it might indicate an upper 
limit to the potential for geothermal energy in 2000. 

The information shows the progress of an infant industry. Start
ing from an admittedly small base the geothermal industry has grown 
quickly and steadily. From the information that is available this fast 
and steady growth .should continue at least another 10 years. This is 
an achievement — which the industry can be proud of and should the 
electric power production be 3500 MWe in 1985 the industry will have 
lived up to its potential. 

This lOx increase in electrical production for geothermal energy 
cannot obviously continue without new resource or technology develop
ments. The curve indicates that the water dominated systems are needed 
in the 1980-1990 time frame to continue the trend established early in 
the development of the vapor systems. 
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GEOTHERMAL POWER PRODUCTION 
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Figure 12 

As the available hydrothermal. convective syEteras become developed 
any atterapt to maintain the established growth rate must rely pn signi
ficant inputs from the; hot igneous and geopressure systems., The timing 
for this appears to be in the early 1990's. This means that the 
research and deveiopment, programs for their utilization will have to 
demonstrate technological feasibility in the late 1980's; Thus the R&D 
must be done in the next few years. 
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GEOTHERMAL DEMONSTRATION R E S E A R C H I N S T I T U T E 
PROJECT WORKSHOP REPORT JEARTH S S I E N C E LAR. 

OBJECTIVE 

The Haakon School District 27-1 project is a direct application of Geothermal 
Energy to heat the three school buildings at the Philip School. The primary 
objective is to utilize the available heat from the water in the Madison Limestone 
Formation for space heating. In addition to saving fossil fuel and electrical 
energy, the project will provide inforraation for making future decisions by 
potential users of the Geothermal resources that underlay most of Western South 
Dakota. 

SOURCE 

The source of geothermal energy is the Madison Limestone Formation. It is expected 
that a well into the Madison Formation will be free flowing. 

The Madison Fonnation is spread across most of Western South Dakota. The depth 
of the Madison Formation below the ground is shown in Figure 1. The depth in 
Haakon County is 4,000 feet. 

An Isothermal map shows"that the temperature of the Madison Formation water varies 
from 110° F. in the west to 160° F. in Haakon County. See Figure 2. 

Evidence of the anticipated flovj of 1,050 gallons per minute' flow is an existing 
well owned by the City of Philip. This well is located approximately 2-1/2 miles 
northeast of the school. This well produces water at 154° F. at a pressure of 
145 psi. 

CONVERSION 

By means of a plate type heat exchanger the heat from, the well water will be 
transferred to the water in the pipes of the heating systems. This project is 
a retrofit of an existing steam heating system. The existing piping system will 
be utilized to the greatest extent possible. The project includes modification 
of the existing coils in fan coil units and modification of fin tube radiation 
units. See Figure 3 for piping schematic. 

The project involves the conversion of the heating systems of three buildings. 
Two of the buildings have steam heat using fuel oil and one building is heated 
with electricity. See Figure 4 and 5 for statistics. 

DISPOSAL 

After the water passes through the heat exchangers, it will be available for a 
secondary user. At the present time a study is being made to supply the water 
for a rural water district. . As an alternative, the water may be allowed to flow 
into the intermittent stream that is near the school site. 

PROGRESS REPORT 

ENVIRONMENTAL REPORT 

The environmental report has been completed and submitted to the Department of 
Energy for their review and comment. 

1 October 10, 1978 
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WELL 

The well design has been completed and reviewed by Department of Energy. The 
well design Kas a 15 inch bore hole with a 10-3/4 inch casing for the first 
1,000 feet. The next 2,800 feet has a 9-7/8" bore hole with a 7-5/8" casing. 
The last 300 feet has a' 6-1/4" open bore hole. See Figure 6 for the proposed 
well section. 

The well head master valve is to be a 300 psi steel jacketed 10 inch ANSI 
Class 300 POW-R-̂ Seal valve as manufactured by W-K-M valve division of ACF 
Industries, Inc. 

BID OPENING 

The date set for opening bids has been changed to October 26, 1978. Four of 
the five well drillers that have equipment to drill to the 4,000 foot depth, 
that were contacted requested plans and specifications. 

FUTURE PLANS 

After the well is complete, testing of water quality and quantity will be 
performed. This data will be used to make final decisions for the design ^ 
of the heating system modifications. The time for well design and review 
has moved the anticpated completion of the heating system modifications from 
the fall of 1979 to midsummer of 1980. 

PROBLEM AREAS 

WATER QUALITY 

Water quality tests of existing Madison Formation wells indicate that this water 
may be highly corrosive. Stainless steel and plastic pipe are recommended for 
use because of the corrosiveness of the water. 

WELL DRILLERS 

The number of water well drillers with the necessary equipment for deep wells 
is liraited. To locate well drillers with the proper equipment has presented 
some problem. We have not been able to locate a single source for contact with 
all capable water well drillers. 

DISPOSAL OF WATER 

The permit for drilling the well is contingent on a good faith effort to develop a 
beneficial secondary use of the water within five years. Several options have been 
studied, the most current study being that of a rural water district. 

The estimated demand of the water district is less than 10% of the total peak 
requirement for heat. 

SPECIAL TOPICS 

To control the flow of the well to match the heating demand of the building requires 
an automatic valve. This valve will be controlled by the heatiiig demand and outside 
air temperature. Because of the large flow and high well pressures, this valve 

9 . 
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cannot be 'fast operating. The existing well is, closed down at the rate of 
one turn per hour. Information on available valves and controllers that can 
be used for flow control is being sought. 
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GEOTHERMAL FLOW ESTDIATE 

HAAKON COUNTY SCHOOL, PHILIP, SOUTH DAKOTA 

Annual Usage Estimate: 35,000,000tg.allons per year 

Peak Flow in Winter: 425 gallons per minuted 
320,000 gallons per day at peak Tlow 

Flow in Suimner: 0 to 25 gallons per rainute 
100 gallons per day maximum 

Flow Volurae is controlled by systera demand for heat. 

Average Flow: Dec, Jan,, Feb., Harch 216,000; gallons per day. 
Sept., Oct., Nov., April 

.=•-.:.- .. . . and May . 90,000/gallons per day 

FIGURE 5 
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High Temperature AJteration Minerals and Thermal Brines, 
Reykjanes, Iceland 

Jens Tomasson and Hrefna Kristmannsdottir 

National Energy Authority, Dept. of Natural Heat, Laugavegur 116, Reykja-vfk, Iceland 

Received May 10, 1972 

AhslTtul. Tbe geothermal area on Reykjanes, Iceland has been investigated mineralogically. 
The temperature within the studied area is very variable from 30-300° C. Mineral zones cor
responding to tbe temperature conditions in the area are found. Accidental changes in the 
geothermal sj-stem are also reflected in the mineralogy by formation of anhydrite. Changes in 
temperature conditions in the field are indicated by epidote occurrence at 40° C and retrograd 
formation of montmorillonite. 
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Infroduction 

The active .volcanic belt in Iceland is the subaerial continuation of the crest of the 
Mid-Atlantic Ridge. Tbe Reykjanes high temperature area lies wthin the active 
•polcanic zone on the tip of the Rej'kjanes peninsula (Fig. 1). The Rej-kjanes 
thermal area is one of 17 active high temperature areas in Iceland all which are 
located within the active volcanic zone. The high temperature fields are charac
terized by fairly restricted area of hot ground with fumaroles, mud poob and 
sometimes solfataras. Subsurface temperatures exceed 200° C at depths of less 
than 1 km (in the area drilled to 1972). The groundwater in the area is of seawater 
origin. Wben tbe saline groundwater is heated it reacts \vith the surrounding 
rocks such that SO^"" and Mĝ -*- disappear nearly completely but Ca*-*-, K+ and 
SiOj increase (see Table 1). 

The different tj'pes of basaltic rocks have a very varying susceptibility to 
alteration depending on the degree of c-j-stallization and permeability. The glass. 

Table 1. Concentration in ppm 

Locality Depth Temp. pH/"C SiOj Na-*" K-̂  ' Ca-̂ + Mg++ Total $0^— Cl 
of °C cajb 
drill- vl; as 
hole % 

CO, 

1. Reykjanes 
drillhole 2 

300 190 7.2/23 374 13S0 1607 1915 
/ 

2. Njardvlkurheidi 500 
drillhole 1 

Sea Water — 

30 

8 754 60 21610 

54 8900 294 2140 442." — 2280 19800 

— 3 10520 416 386 1282 — 2640 lS&0<k) 
•!?.f-0O 

Thia date are from Bjomsson e<oJ. (1970 and 1971). "* A:.,, ^u-^.*Xiin<. t i 4 , / " f 7>, ><3î  !J.J<. 5j>̂  

I 

!5 

file:///vith


: J ^ 
i-:^--ir-<^,i~rt'r..2,:ii'i-f^r.r.'i<n£r'--«i\'\Kd-.-i^-^''s..^^^^^^ 

124 J . T6masson and H. Kristmannsd6ttir: 

r 

. * 
.'^ 

Fig. 1. Ageological map of the area studied, i Basalt; 2 Palagonite breccia and tuffs; 3 Volcadc 
fissures; 4 Faults; 5 Drillholes (numbered); 6 Hot springs and fumaroles. The location of 
section A—C in Fig. 2 is shown on the map 

the par t ly crystalline ma t r ix a n d the d a r k mdnerals are mostly replaced by mont
morillonite and chlorite. T h e glass is totaUy al tered, b u t even where alteration is 
most intense about half of t h e original pyroxene is stiU left in the basalts, bu t the 
olivine is nearly completely a l te red . The plagioclase in the basal t is fairly resistant. 

According to Kristjansson (1972) i t appears t h a t mos t of the original magnet i te 
in t h e deep continuous basa l t format ion (below 1500 m) have survived the altera
t ion. 

'^^iJf^q^.^i.),,,^fAlt^M,•^wslMtii^t.<^^^lur.^^.|•.l^'|^'|t>^•'^i'>f^'i' '^i^>^^ t tass& 
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Geology and ITydrolGgy ot the .4rca 

The Reykjanes thermal area is raostly uovcred by postglacial lava flows, but 
Pleistocene hyaloclastic ridges protrude through the lavas in some places. A 
section through the area is shown in Fig. 2. Hyaloclastic tuffs and breccias and 
tuffaceous sediments dominate in the uppermost 1 000 m. Beneath 1000 m about 
50 percent of the rock is basalt and the rest tuffaceous rocks, mainly sediments. 

The ground water in Reykjanes approxiraately 30 km inland is seawater and 
there are no significant differences between the two, except when the ground 
water is heated Anthin the therma] area. In the Reykjanes thermal area high heat 
flow heats the saline ground water and causes it to rise nearly to the surface. 
The water table Avithin the thermal system is at similar depth as that of the 
ground water table surrounding the system. The pressure within the thermal 
system is therefore lower than outside. A pressure difference of 10 atmospheres 
has been measured at 1700 m. Cold water therefore floMS into the area from the 
sides replacing the water lost at the surface. Accompanjring this circulation 
substantia! precipitation of secondary minerals takes place on the boundaries 
of the thermal system forming an impervious cap. This leads to separation of the 
hydrotherrnal system from the surrounding cold ground water, This separation is 
most advanced close to the surface and is considered to decrease progressively 
downwards. An example of this is a 100 m deep hole 200 meters from the margin 
of the thermal area showing 30% of the tide. The water is seawater of temp. 
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Fig. 2. A simplified cross section through the area, with the drillholes projected into the profile 
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12° C which is the same as the seawater temp, surrounding the peninsula but just 
inside the thermal area the temp, ia 150° C at the same depth. 

Formation and Disiribulion of Alteration iMincrals 

As seen from Fig. 2 the dominating rocks are breccias, tuffs and tuff.iceous 
sediments. The primary or unaltered rocks are treated as composed of four main 
components; glass, crystalline matrix, dark minerals (olivine and pyroxene) and 
plagioclase. In Fig. 3a-c the distribution of the main alteration minerals is .shown. 

Arih'ydrite 

Anbydrite (CaSO^) has precipitated from the salty ground water and there is 
hardly any SO^— left in the thermal brine. The seawater is undersaturated in 
CaSO^. As the solubility of CaSO^ decreases with increasLng temperature the 
saturation point will be reached during heating of the seawater Avithin the geo
thermal system. I t is difficult to calculate the temperature at which saturation 
occurs because of increasing Ca by percolation of seawater in the ground. Thus 
anhydrite should not be present in the upstreaming zone but should precipitate 
during the deep inflow of ground water into the system. Anhydrite is however 
present in high local concentrations in the upflow zone as seen in holes 2, 3 and 4. 
This anomalous presence of anhydrite is explained by occasional invasions of 
cold salty ground water into the hydrothermal system, -ft'hich happened when 
the cap rock -svas fractured by tectonic movements. Earthquakes are frequent 
in the area and the last major earthquake occured in 1967 when substantial 
changes in the fumarole activity were observed. In earthquakes like these gaps 
form in the cap rock and the cold sea water invades the hydrothermal system 
because of the presstire difference. There is no anhydrite in the cold belts in the 
upper part of drillholes no. 3 and 4, where the temperature is less than 60° C and 
most often only about 40° C, indicating that the saturation point is not reached. 
If there has been any anhydrite in this zone (in hole 6 and the cold zones of 3 
and 4) it has been dissolved by the cold seawater. Beneath the cold belt where the 
temperatiu'e gradient is very steep the greatest concentrations of anhydrite are 
found. The local concentrations in holes 2, 3 and 4 are approximately 2-3% an
hydrite. The concentration of 0.2% 80^— in seawater corresponds to appro
ximately 0.3% anhydrite. The maximum porosity of the rocks is 30%. If we 
assume that this volume is filled during the seawater invasion then the heating 
up of this seawater would give, the maximum of 0.1% anhydrite for each event. 
This means that the 2 - 3 % -anhydrite was formed by 20-30 seawater invasions. 

In drillhole 8 there are no local concentrations of anhydrite and the sporadic 
-occurences of anhydrite are formed by the more gradual percolation and heating 
of the salty ground water. 

Zeolites 
Zeolites are found in the uppermost part of the drillholes but the zeolite zone 
extends to different depths in the different holes. The depth of occurence appears 
to be temperatrure dependent and zeolites disappear at about 230° C. In hole 
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3 only minor amoants of .zeolites are found. This.is apparently caused by the fact 
that the temperat;ure below the cold top layer increases so rapidly that no zeolites 
can form, . •, - . . - , 
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The inain zeolites are mordenite, stilbite, mesoHte and analcime. Analcime is 
found below the main zeolite belt in hole 8. Minor amounts of -wairakite -were 
observed. 
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j Quarlz and Opal 

• Opal occurs in the uppermost meters and is replaced by quartz which extends to 
,' - the deepest levels penetrated by drillholes (1750 ra). Opal is occasionally found 
: -with quartz indicating locaPdisequilibrium, presumably due to supersaturation 
• resulting frora rapid cooling. Temperatures at the opal quartz boundary are 
; about 100° C. The amount of quartz depends on the rock tj'pe and degree of 
T alteration. The maximum amount occurs in hyaloclastitcs and tuffaceous sedi-
,; ments. 

i Calcite 

J Calcite is found throughout the altered rock but its amount varies much. I t is 
I most abundant in the tuffs. I t is also ob-vrious that the maximum amount occurs 

in the uppermost approx. 500-700 m. The most likely explanation of the greater 
i- abundance in the upper parts is the change in pH caused by boiling and the 
.J CaCOg zone extends to greatest depth in the hottest holes. 

* 

! 

Prehnite 

Prehnite occurs first in the zone between the zeolite zone and the epidote zone 
and is in varying content to the bottom of the holes. 

i Epidote 

: - The formation of epidote is temperature dependent. Possibly the permeability 
; influences its growt.h. Epidote first appears in tuffaceous sediments and breccias 
^ ' •; but disappears in the less permeable layers. At 260—270° C the epidote occurrence 
;̂ ; is continuous. Above the main epidote zone epidote forms from the clay fraction 

' \ '-ii only and possibly calcite. The rainimum temp, for epidote formation is approx. 
.2 . .-,;; 200° C. In the main epidote zone the epidote forms mainly from plagioclase and 
-? i • less from the sheet silicates. 
j •• . 

j •; Otlier Minerals • 
• t j 

} Beginning albitization of plagioclase is found in several samples and it appears 
J i to be nearly unrelated to depth. Newly formed potash feldspar is found sporadi-
I ! caUy in aU the holes. Pyrite occurs almost everywhere in the rocks in small 
{ ' concentrations. Hematite is most common in the uppermost tuffaceoi^'s layers. 
-I . •! 
f Clay Hinerals 
1 The main types of sheet-siUcates are montmoriUonite minerals, chlorite and 
I mixed-layer minerals of chlorite and montmoriUonite. SmaU amounts of Uht* 
I • appear to be incorporated in some of the mixed-layer mineral structures. In 
I Table 2 X-ray data are shown for all the types of sheet-siUcates found in the samples. 
3 , , ^ Up to temperatures of about 200° C montmorUlonite is the dominating sheet 

,: sUicate. The chlorite appears in the temperature range 230-280° C. In the transi
tion zone between the zones of montmoriUonite and chlorite at temperature of 

I .r 2(X>-230° C the most common sheet sUicates are random-mixed-layer minerals 
•5 J of chlorite and montmoriUonite. 

.j 1 - -
« 

V 



* ' f - t e i f .^"^ Ef • 

r'fti' ^i^-..i.-—^l.^.'l.'t,--iA..i.-l 

rmsJ^ttif: 

' \ 

s tcnds to 
] lv found 

itii ration 
dary are 
Icgrre of 
0U3 sccU-

!ch. I t is 
nt occura 
e greater 
and the 

lot* zone 

ncabilit3* 
breccias 

Ccurrence 
fraction 
approx, 

clase ond 

appears 
sporadi-
in small 

13 layers. 

irit*- and 
J of illit« 
turea. In 
r.EampK-a. 
inp sh i f t 
ic tron.'ij-
raturc of 
mintr&la 

Jtigh TepperatuiB Alteration iDnerala ' 

Table 2. X-ray diffraction data for the sheet Hijica-tes 
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Jlineral 

Montmorillonite 

type 1 and 2 

Montmorillonite 
type 3a 

type 3 b 

Chlorite 
typo I 
type 2 
type 3 
type 4 
type 5 

d (001) A 
{35% tel 
moisture) 

14.1-15.3 

12.3-14.3 
broad -with top 
badly defined 

12.3-15.0 
-broad -mth top 
badly defined 

14.0-14.6 
14.0-14.6 
14.0-14.6 
14.0-14.6 
14.0-14.6 

lOxed layer miri erals 
typo 1 I4;0-I4.6 
type2 14.0-14.6 

d (001) A 
glycol a tod 

16.9-17.1 

16.7-17.0 

16.5-17.0 

unchanged 
15.0-15.5 
15.0-15.5 
16.5-17,0 
16,5-17.0 

15.3-15.8 
15:3-15.7 

d (001) A 
heated a.fc 600° G 
fdr-2h 

9.6-9,9 

9.7 

9,6 

13.9-14.0 *• 
13.9-14.0 
none 
13.9-14:0 
none 

12-14 broad 
152.3-12.9 sharp 

d(060)A 

1.63 

1.51 

1.53 

1.53 
1.53 
1.53 
1.53 

not recorded 
not recorded 

The mOntmoriOonites form zoned microcrystal l ine aggregates together with 
calcite and zeoUtes. In a top zpne, of 50—IGO m and also a t deeper levels in some 
breccias and piUow layas there occurs, a -brotvii montmoriUoriJte "vrith low bire-
fri,ngence and variable refraetion indices (^mean = 1.510-1.570) {^ype 1 inTab3e2) , 
Most cornmon benea th is a s trongly green coloured montmori l loni te-with higher 
(mean) refraction indices a n d variable birefi-ingence ( type 2). 

X-ray methods reyeal no difference between those t-wo types , which are identi-, 
fied as saponite -with GJa as domina t ing in ter layer cation. The, optical charac
teristics suggest t h a t t h e green sapomte is a more F e rich var ie ty . Bock analysis 
show sUghtly higher MgO in upper levels poss ib ly as a ebnse'queri'ce of invasion 
of cold s e a a n d subsequent loss oi Mg to t h e rocks. 

The ion exchange capaci ty of the nidntmOriUdnite is ca. 7 0 m e q / 1 0 0 g . In the 
cold shaUow drillhole no. 6 a n d pS-rtly in dxillhole no . 2 most , of the montmori l 
lonite ( type 3 in Tab le 2) is in terpre ted as being in a s t a t e of irregular hydra t ion , 
with more K a in in ter layer posi t ions. I n the uppermoa t IOO m of driUhole 6 the 
montmorUlonite is of normal diootahedric t ype , replaced a t greater dep ths b y 
dominating t r ioctahedric montmor iUomte . 

The chlorite rninerals are classified in to five groups according to t h e X- ray 
diffraction behaviour (Table 2). The s t rongly expand ing cHori te (type.4) i s , t he 
most common. KTormal non-sweUing chlorite is only found a t dep ths of 1200 to 
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1600 m iil drillhole S. The swelling chlorites (types 3 and 5) which totaUy disinte
grate after heat -treatment are .almost I'estricfed to the transition zone. Opticillv 
it can be difficult tp see any difference between the chlprite minerals and the 
montmorUlpnites. All the chlorite^ minerals are green to brownish, often pleoi 
chroic. The thermally instable chlorites-have lower fef fa ctive indices and higher 
birefdngence than the others. They often-resemble the mi xed-la,yer minerals in 
optical character., The expanding chlorite of- typ^s 2 and 4 and the nprmal non-
sweUing chlorite' have -all .sirhOar optical features. Their refra:Ctive indices are 
about "mean — 1.600-1.610: 

The mixed layer-piin erals are fandoiiily mixed-layer structures of chl ori te arid 
montmoriUpnite. Illite pc.curs as minor component in the structure .of some' of 
theni. Chlorite-illite mixed-layer rninerals.replacing pyroxene were also found in 
one restricted layer bf basalt. The minerals have been roughly divided in tii-n 
types (Table, 2). Most common are m.iLrierals of type 1. The optical properties of the 
minerals are variable. They are brown.or yellow to b^o^\^nish. The birefringence is 
lower than-that of.montmorillonite but higher than that of chlprite, while the 
refractive indices are higher than for.'montroorUloniteand usuaUy lower than tbat 
of the chlprite. 

On aj.mineral stability diagram for calciura and sodium minerals (Browne'and 
Ellis, 1970) the Reykjanes water falls in a position close to the Ca-j\lontroorU-
I oni te-Wairakite join. The cdmpbsitJoh of the water shows very sUght -variation 
within the •geotbermal -field itself. Outside the gepthermal field where the tem
perature is much lower the Ca/Na activities are changed and in hble 6 Na be
cpmes the doinihating" interlayer ion. Swelling chlorite beeing the' iha;in sheet 
silicate in the high temperature epidpte/cblprite zone is. ah interesting feature. ' 
Swelling chlorites have- not been recorded from the few other investigated 
geotherraal fields in Iceland. Sporadic pceurrence of swelling chlorites is knoi^-n 
in other geothermal areas (Steiner, 1967). In clays from several places such 
minerals are found (Brown, 1961; Rich^ 196S). Some artificial chlorites showing 
similar features as the liatilral swelling chlorites have been prepared from mont-
moriUpnite (Galliere andHenin,, 1949}. Formation pf chlorite-like, structures from 
mpntmorilloiute by precipatipn of llg^OH)^ occur in strongly alkaline, miheu, 
•whUe precipation of AJ(OH)a probably could occur in less alkaline miUeu (Gupta 
and Malikj 1969): In the Reykjanes geotherma:! field the formation of swelluig 
chlorite has occurred in nearly: neutral mUieu. The minerals are trioctahedric 
although the nature or composition of the "broci te" interlayers are not known. 
The glass, fine-crystalline, matrix and partly the dark siUcate minerals have 
altered -to trioctahedric sheet-sili cate minerals. Pixatipn of discdntinupus antl 
imperfect "bruci te" layers between the sUicate layers has resulted in chl ori te-
like structures of swelling behavipur. The transformation from trioctahedrjc 
moritmorUlonite to a chlprite-like structure appear to have been possible tvithout 
major structural changes. The sweUitig cMorites are most likely a metastable phase 
in transformation into a stable sheet sUica-te. Why they are so common in tlii.-> 
system is not clear as there iŝ  Uttle experimental knowledge about this mineral-
group. This might be another consequence of -the frequent accidental changes.m 
the ge'othermal system. 
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Ck)nclusion 

Thre-3 vertical zones have been defined displaying progressive alteration of the 
rocks. 

1) MontmorUloiiite-zeoIite-calcite zone; 
2) nuxed-layers-prehnite zone; 
3) chlorite-epidote zone. 
The zones are not alwaj's clearly defined and the type minerals for low tempera

ture zones can occur in high temperature zones. This is probably a consequence of 
the complex thermal history of the area with invasions of cold sea and reheating. 
No succession of the zeolite species is found after depth and temperature. As the 
chemical composition shows only slight variation, the variation in temperature, 
rock permeabUity and porosity must be responsible for the zones of different -
alteration minerals. The temperature is considered to be the main factor. The 
occurrence of epidote and chlorite at considerably lower temperature than in the 
main zones is most likely the consequence of higher permeabUity in those zones 
than in the rocks below. The greater concentrations of the anhydrite is not 
directly connected to the three zones, as it forms by a non-continuous process, 
connected -with invasion of cold seawater, 

"Hie original chemical composition of rocks from investigated geothermal 
fields in New Zealand (ElUs, 1967; Brown and ElUs, 1970; Steiner, 1967) andU.S.A, 
(Muffler and ^^^lite, 1969) is quite different from Icelandic geothermal fields. 
This is reflected by the alteration minerals, but many of the characteristic minerals 
are the same and appear in the same temperature range. Epidote usuaUy occurs at 
lower temperatures in the Reykjanes area. 

Theoidy high-temperature geothermal areas in Iceland thoroughly investigated 
sofar are Reykjanes and Hveragerdi. Results from the geothermal field in Hvera
gerdi (Sigvaldason, 1962; Wbite and Sigvaldason, 1962) .show the same general' 
pattern as in Reykjanes, but the chlorite-epidote zone reaches higher up even 
though the maximum temperature is lower. A mixed-layer minerals -{- prehnite 
zone appear to be lacking. The composition of thermal water in Hveragerdi is 
common hydrothermal water with much less dissolved soUds. The resemblance of 
alteration in those two geothermal areas shows that the temperature is more 
important than chemical composition of the geothermal water in the alteration 
process. 

References 

Bjomsson, S., Am6rsson, S., Tomasson, J . : Exploration of the Reykjanes Brine Area. 
Report to the U.N. Symposium on Geothermal Energy. Pisa 1970, 1-25. 

Bjomsson, S., T6masson, J., Arnorsson, S., J6nsson, J., Olafsdottir, B., Sigurmundsson, S. G.: . 
Reykjanes, Orkustofnun, An internal report (1971). 

Brown, G.: The X-ray identification and crystal structures of clay minerals. 'Mm. Soc. (Clay 
min. group) London 1961, 540 p. 

Bro-nme, P.R.L., EUis, A. J . : The Ohaki-Broadlands hydrothermal area, New-Zealand: 
Mineralogy and related geochemistry. Am. J . Sci. 269, 97-131 (1970). 

Galliere, S., Henin,-S.: Experimental formation of chlorites from montmorillonite. Mineral. 
Mag. 28, 612-620 (1947-1949). 

Gupta, G.C., Malik,-U'.U.: Chloritization of montmorillonite by its coprecipitation -with 
magnesium hydroxide. Clays Clay iljiierals47, 331-338 (1969). 

•- ' I 

.̂ 1̂ 

1. 

« 

j ^ . 

u 



' •^••- . ' • ' i>-y.---i ; ;r-r-ys--^ '^ ' '^-->- ' ' --"^ '^- ' - i- '^- ' ' '^ '"- ' -^ ' i . ' -

t 
f 

' t 
? 

^ 
.1 

) 
^ 
.i 
•i 
1 
i 
1 

134 J. T6mas3on and H. Kristmannsdottir: High Temperature Alteration Minerals 

Kjistjinsson, L.: Jlagnetism of basaltic material recovered by deep drilling in Iceland. 
Earth and Planetary Sci. Letters (in press). 

Muffler, L. J. M., White, D.E.: Active metamorphism of upper zenozoic sediment in the Salton 
Sea geothermal field and the Salton trough. Southeastern Caiifomia. Bull. Geol. Soc. Am. 
SO, 157-1S2 (19G9). 

Rich, C.I.: Hydro.xy interlayers in expansible layer silicates. Clays Clay Minerals 16, 15-30 
(1968). 

Sigvaldason, G. E.: Epidote and related minerals in two deep geothermal drill holes, FUlykjavik 
• and Hveragerdi, Iceland. U.S. Geol. Surv. Profess. Papers 4.50-E, 77-79 (1962). 

Steiner, A.: Clay minerals in hydrothermally altered rocks at Wairakei, New Zealand. Clays 
Clay Minerals IG, 193T213 (1967). 

White, E.D., Sig^-aldason, G.E.: Epidote in hot-spring sysfems, and depth of formation of 
propylitic epidote in epithermal ore deposits. U.S. Geol. Siirv. Profess. Papers 450-E, 
80-S4 (1962). 

Dr. J. Tdmasson 
H. Kristmannsdottir 
National Energy Authority 
Department of Natural Heat 
Laugavegur 116 
Reykjavik, Iceland 

--1 
.i 
I 

: • * 

r: 



f l 

tTHM 
r-'.r".in 

.-- • -i'-l-VJ" 

MODEL OF STREAMFLOW DEPLETION 
OF THE . 

JEMEZ RIVER BY GEOTHERMAL DEVELOPMENT 
IN THE VALLES CALDERA, NEW MEXICO 

ADDENDUM TO 

HYDROLOGY 
JEMEZ MOUNTAINS, NEW MEXICO 

March 1977 ; 

f p v " . - • --•/ '.."1 

WATER RESOURCES ASSOCIATES, INC 
Scottsdale, Arizona 



---i«s.;. 

n MODEL OF STREAN-IFLOW DEPLETION 
OF THE JEMEZ RIVER BY GEOTHERMAL DEVELOPMENT 

IN VALLES CALDERA, NEW MEXICO 

Introduction 

r:) 

This is a description o£ the model that was developed to 

estimate streamflow depletion which would result from geotherraal ' 

development in the Valles Caldera, described in a report o£ 

March 30, 1977^ 

The flow in the Jemez River is partly from thermal springs 

located along the River's course. Chemical analysis of this 

spring water suggests that a small part of the flow comes from 

the'interior of the Valles Caldera. The Caldera contains an' 

underground reservoir^pf superheated water suitable for geothermal 

development. Proposed utilization of this thermal water would 

lower the hydrostati,c pressure inside the Caldera, resulting in 

less outflow to the springs. 

The purpose of this report is to (1) explain the model that 

was written to estimate the streamflow depletion, and (2) give 

the results obtained using this model. ' 

The.material is organized in such a manner that it is possible 
.̂-.: to follbw the derivation of the model. The original model, deve 

loped'î ih 
- '^fe

in March 1977, is briefly discussed and details of a refine-

men|:;̂ 6pj-̂ that model are presented. Derivation of the model is 

-.given;̂ S: Appendix I, and computational results are presented as 
-.- ,%!;.-'• t r c J tr. tr 

Appendix I I . 

Original Model 

";In March 1977, a simplified computer model was used to esti-
•' - " ^ 

mat.e'vihe leakage out of. the Valles Caldera. The model was written 

for.an Olivetti P652 computer. This model and the results obtained 

from it are briefly outlined in the March 1977 report. 

•'V^r'.'M:. 



Subsequent evaluation revealed that this model probably was 

over simplified and certain modifications should be made. In 

^addition, the Caldera dimensions used in the first model were 

larger than later determined from geologic maps. The earlier 

model also assumed that the head inside the Caldera was approxi

mately that of the Jemez River where it crossed the Caldera's rim, 

Possible recharge from the Jemez River into the Caldera was 

ignored. 
For these reasons, it was decided to refine the early model 

into a more flexible one, which is the subject of the following 
description. 

Refined Model of the Valles Caldera 

r3 

O 

. , . . * * ^ t i i * ^ 

General Equations , 

Like the first-nfbdel, the second x-̂ag derived from a conside

ration of Darcy's law. ^See Appendix I for a complete deriva
tion of the model.) A generalized diagram of the flow out of^ . 

the Caldera and into the Jemez River was sketched out (Figure 1, 

Appendix I) and then, each of the terms in Darcy's lav̂  was solved 

for in terms of variables in the diagram, The final eqi^ations 

are. as follows: 

; , ; 1. .a.= .(iifH|i-i) , 

nCr^n) 

\ l 

•i 

I 

At time equals "t ", the leakage "Q", flowing out of one quadrant ?: | 

of the Caldera and to one side of the River is given by: lj ̂ i 

0. T(h(^.,3-^Ah(^_^^-h^.gd)(rA0.^%d(3.^Q3.-rA0]) 

- M Because two quadrants contribute leakage to the River, the ,• j?. 

leakage from each quadrant must be computed and added together to 

obtain the total leakage, Q.j, at time "t^"': 

4. Q3. = Ql + Q2 
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l^ere 

d = distance downstream from Caldera rim. 

0 = angle (in radians) measured from a line per

pendicular to the stream, and passing through 

the center of the Caldera. (See Appendix,I) 

r = average radius of the Caldera. 

Ah, ,. = change in head inside the Cald6ra due to (n-1) 
leakage out of the Caldera, withdra\>ral of 

water fbr steam and recharge into the (Zaldera. 

R = recharge into the Caldera; this quantity is a 

constant rate, independent of the water pressure 

inside the Caldera. 
Q, ,., = rate of leakage out of the Caldera during the 
(n-1) 

previous time increment. 

W = rate of withdrawal of water for steam production; . ,..„̂  

U 

I 
this quantity is' independent of the water • || 

p.rĵ ssure inside the Caldera. 

At = time increment over which Q is evaluated. ll: 

n = porosity.of the aquifer producing the hot water. j ;,•/ 

0. = initial angle (in radians) for quadrant 1. 
T = transmissivity of the aquifer that conducts- -

the water from the Caldera to the Ri-\̂ er. 

h = hydrostatic or "free water" elevation inside 
11... 

the. Caldera. 

h = elevation of Jemez River as it crosses the r 
rim of the Caldera. 

g = gradient of River * channel. 

A0 = angle increment (in radians). 

B = elevation of the bottom of the caprock. 

Ql = rate of leakage into Jemez River contributed 

from quadrant 1 (southeast of the River). 

Qz = rate of leakage i.nto Jemez River contributed 

.. from quadrant 2 ; this quantity is computed in 

a manner similar to "Q". Quadrant 2 is north

east of the River. 

-3-
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Boundary Conditionŝ ŷ .-_: 

Analysis of the groundwater contours around the Valles Cal

dera indicated that the leakage into the Jemez River came from 

quadrant 1, specifically from between the angles of 33° and 90°. 

Quadrant 2 might have contributed some leakage from between 74° 

and 90°. Consequently, these values were converted to radians 

and used .as boundary conditions. 

Initial Conditions 

The transmissivity of the aquifer was determined by first 

.setting the rate of withdrawal for steam production "W" to zero 

(i.e. no pumpage from the Caldera) and then adj.usting .the trans

missivity so that the leakage out of the Caldera equalled the 

recharge. Using this adjusted transmissivity, the program was 

then run using the desired value of "W". For purposes of cali

bration, an initial leakage of 165 gpm was used. This value was 

estimated as the contribution of Caldera water to the current 

spring flow using dilution ratios. 

In calibration of the model, two critical assumptions were 

made. First, the -total leakage from the Caldera is about 165 gpm 

Second, the leakage from the Caldera (and recharge) has been con

stant with time, with no streamflow depletion until geothermal 

development begins. Historical records indicate that this may 

not be true. Renick^ indicated that the hot spring act4.vity 

along the Rio Salado has decreased x-iith time. 

Additional Considerations 
•J;-. 
f./f Three • factors strongly influence the results obtained using 
'?'•-,;;•:;> •'. 

this .program. They, are (1) the porosity of the material inside 

the Caldera, (2) boundary conditions, aî d (3) the size of incre

ments used in the analysis. Other factors probably influence the 

leakage but are not considered in this inodel. They include a 

strongly developed network of faults running south out of the 

Caldera, and the effects of superheated water on the hydrostatic 

head and on the transmissivity. 

. 4 . 

^J?f!7nF5v^T?W?'f^^^'^^^'^^^?^^^ mtnatmsimBMBS. 
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Porosity of the rock units controls the rate at which the 

head inside the Caldera is lowered as water is withdrawn. In 

this particular study, decreasing the porosity by a factor of 

10 will increase the stream depletion by a similar magnitude. 

It iis believed that a porosity of about 101 is correct. ' 

With such a porosity, the streamflow depletion would not be 

more than four or five gallons per minute after fifty years of 

water use by a 55 MIV plant. If a porosity of 1% is used, the 

depletion is about ten times this figure, OT close to that pro 

-jected using the first model. 

The boundary conditions influence the size of the area 

through which water can flow out of the Caldera. The larger the 

area, the lower the transmissivity will have to be when calibrat

ing the model. Because of this, the transmissivity partially, 

compensates for changes made in estimating the boundary conditions. 

The boundary conditions are based on the analysis of shallow water 
' '•• ^.'A-'-UJP.'.".? 

table contours around the,Yalles Caldera. 

Drainage out of the Caldera probably occurs as flow through 

deeper aquifers or possibly fault zones. Such flow may not 

influence the shallow water table in rock units above it, and 

consequently, boundaries that limit flow, out of the Caldera are 

hard to place. 

Two increments were used in the model. These were a time 

increment, "At", and an angle increment, "A0". An angle increment 

of one degree (converted internally in the program to radians) 

was-used in the final series of calculations. Using an angle 

increment of 0.1 degree did not significantly improve the accu

racy of the model. It did, however, take ten times as long to run. 

A time increment of one year (converted internally in the 

program to days) caused a constant error of about a half a gallon 

per minute. After determining the magnitude of this error, an 

in.crement of one year was used and the results were corrected. 

The,effects of faulting south of the Caldera are unknown. 

Possibly, these faults tap small quantities of water directly 

from the Caldera. This water then flows southward until it 

-5-
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reaches a location where it can leak into the Jemez River. 

The temperature of the water influences two of the quan-

'̂ titles used in this model. (Neither of these quantities has 

^ been adjusted to compensate for the effects of temperature.) 

Superheated water has a density of about 43 lbs/ft' at 590°F. 

This is only about 70% of the density of v«̂ ater at room tempera

ture (62.32 lbs/ft^ at 68°F). Consequently, a column of super

heated water exerts less pressure, and has less effective head, 

than a column of cool water of the same height. As a result of, 

this, one would expect less leakage out of the Caldera than is 

calculated using uncorrected equations. However, superheated 

water (600°F) has a viscosity of about 0.087 cp while cooler 

water (68°F) has a viscosity of about 1.0 cp. As a result of 

this lowered viscosity, the transmissivity of the aquifer would . 

be higher, and more leakage than that cp.lculated would occur. 

Consequently, the effects of decreased density are partially 

compensated for by-tiie effects of increased transmissivity.. It 

is believed that the initial calibration of the model decreases 

the magnitude of these apparent differences. 

Results 

The.following two graphs summarize the results of the model 

developed to estimate the streamflow depletion of the Jemez River 

The.first graph is based on a static head of 8281 feet inside the 

Caldera. The porosities used in the model were 0.10 and 0.01. 

It is believed that the depletion u,sing a porosity of 0.01 .is 

too high, although these results do agree with those obtained 

using the original model. 

The last graph used a head of 7600 feet above sea level 

inside the Caldera, and a porosity of 0.10. It is believed 

that this graph is a better estimate of the streamflow depletion. 

^Hydrology, Jemez Mountains, New Mexico, Water Resources 
'Associates, Inc., March 1977 

^U. S. Geological Survey Water Supply Paper 620 
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APPE^^DIX I 

# Derivation of Îfcidel 
.*. 

Darcy's Law: 

1. Q = K(g)A = Kb(^)(a) = T(^)(a) 

where: 

.... Q = leakage into Jemez River 

K = hydraulic conductivity 

~ = hydraulic gradient 

A = discharging area 

b = thickness of aquifer 

a = arc length of Caldera's rim through which discharge occursr«Brr 

. T = -transmissivity 

Figure 1 illustrates generalized streamlines leaving the Caldera and entering 

the Jemez River. . Such streamlines are circular with their centers located on 

the alignment of the River, l u o adjacent streamlines make a flow tube. Using • 

Darcy's law, the flow from the Caldera to the River through a gi-ven flow tube 

can be estimated: 

2. q = T(^)(a)-T(Jll-i)(rA0+c) 

where: 

q = discharge thrpugh a flow tube, 

h = hydrostatic head inside the Caldera (an elevation) 

during the current time ii[icrement (at time t ). 

h. = average hydrostatic head at the discharging end of 

the flow tube; this is assumed to be the average 

elevation of the Jemez River channel betv>reen the 

-two streamlines. 

L = average length over \vhich the head drop (h -h.) 

occurs; i.e., the sum of the lengths of the -tivo 

streamlines divided by W o . 

r = radius of the Caldera. 

A0 = small incremental angle, 

c = a correction factor. 
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A correction factor " c " is needed because the quantity ^ ^_^^ is the i\ 
L ^ 

average hydraulic gradient, not the gradient at the Caldera's rim where the y 
_̂  I''-

I?arc segment "rAO" is measured. Because the flow tube expands, the hydraulic ~ | 

gradient is higher at the rim than it is elsewhere. The hydraulic gradient 1̂  

is lowest lAere the area of the flow tube is the widest, or near the River. ' ^ 

The average gradient occurs somewhere bet\veen these points and has a unique i| 

discharging area associated with it. The correction factor increases the ^ 

quantity "rA0" so that it is the sarae as this unique area when multiplied by l| 

the aquifer thickness "b". - ' i ' ^ - :^ 

!i 
• If the streamlines outlining the flow tube are close enough.toge-ther, then -the M K 

length of each is approximately the same. The average elevation i>̂ ere the Ifj^, 

streamlines intersect the River channel will also be similar. Consequently, j r| 

equation #2 can be siinplified as follows: 1 ^ 
h -h. • • .. • m 

3. . q ^ .T(-V-4 CrA0+c) where A0 is very small --.̂ .*̂ , ||| 
where: ',..-». . 

h. -= elevation where the streamline(s) intersect the .i.̂^̂  
River channel. |li|i 

L = length of the streami ine (s). j ̂ , 

To pbtain the total leakage, the discharges through all the flow tubes are .,-..,».«•«*!?•- . 'M 

summed: . h -h ^ -
• A. Q = q = T ( - ^ ) ( r A 0 + c ) . . . , l l LM 
• ••••-• --. : • •','-!- .;./i-l!Xj:Trrr-

-Ihe change in head i s evaluated as fol lows: ["i^-^irri i r r 
— ** :. • • •'•'-"r.i'i~jri-n-r 
S a ^ ' h - h , -,^+Ah, , . . M'.' " ' ' " 

• n (n-1) (n-1) 
5b. h^ = \ - g d 

c Al. (R-Qr -,̂ "^V)At 
*̂̂ * ^ ( n - 1 ) = Cn-1) 

n(nr^) ' 
where: 

h ^ hydrostatic head (an elevation) inside the Caldera ^ 

during the current tine increment (at time t ) . • ||| 

hr • ^̂  - hydrostatic head inside the Caldera during the pre- ] M 
(n-1) m 

vious time increment (at time t, , 0 
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" ' " • • » • • — — ' . _ i , - , 4 * . H * * w ; 

Ah 

f3 
(n-1) 

# \ -

g = 

d = 

'(n-1) " 

W = 

the change in the hydrostatic head inside the Caldera 

caused by recharge, leakage and punpage. 

elevation of the Jemez River as it crosses the rim of 

the Caldera. 

gradient of the Jemez River channel, 

distance doivnstream from the rim to the intersection 

of the River channel and streamline. 

R = rate of recharge to the Caldera; this quantity is 

assumed to be constant. 

rate of leakage out pf the Caldera during the previpus 

time increment. 

rate of withdrawal of water out of the Caldera for 

steam production; this quantity is assumed to be 

constant, 

time increment. 

porosity of the aquifer inside the Caldera. 

area of the Caldera. 

At = 

n '= 

nr^ = 

-:̂  lhe length of each streamline is deterinihed. A streamline has t\ro coirponents 

\ U h.̂  is the change in elevation and L, is the horizontal distance. From geo-

.retrical considerations it can be shown L, is equal to: 

r - (n-Q)r 
Hi Tan0 

0 

6a. 

an angle (in radians) measured between a line passing 

through the center of -the Caldera and perpendicular 

to the direction of streamflow, and a ray eminating 

froni the center of the Caldera. A streamline begins 

where this ray intersects -die,Caldera's rim. Jhus 

streamlines are a function of this angle. 

The vertical change in elevation is as follows: 

6b. Ly = B-(h^-gd) = (B-h^+gd) 

where: 

• B = elevation at the base of the caprock 

i?6> 
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,rne length of the streamline is as follow: 

21-i - •(II-0)r, 
• .6c. L = [L̂ 2 V ^ - tC-%Hr-) M B V g d ) ^ ] ^ 

The distance frcm the rim daynstream to the point where the streamline inter

sects the River channel is also solved for as a function of the angle 0: 

T J ,1+Cos0 -,> 
7- '̂ O = ^f-SiHT-^^ 

Tae correction factor "c" is then estimated. Analysis of the distribution ."»sr;. 

of the hydraulic gradients indicated that the average gradient probably occurred 

fairly close to the Caldera rim. Consequently, the area was weighted so that 

it was hearer to the rim than to the River channel: 

8. c = J£[d^Q^-d^g_^Q^)-rA0] 

Tne correction factor calculates 0.25 of the difference between the discharging'""*'i---. 

area of the rim and the discharging area in the River channel. This difference 
. - •''t

i s then added to. the discharging area of the Caldera. As mentioned in the 

te.xt, it is felt that the initial.calibration procedure of adjusting the.trans-

nissivity will condensate for errors estimating the discharging area. f 

.The final step is to make the required substitutions into Equation #4 so that 

jthe final expression used in the model is obtained: (Note: 0 is in radians) 

01 

where: 

^^\n-l)"^(n-l) - V ^ ^ ) (rA0^[dQ-d^Q.^Q3-rA0]) 

^^^Wf^'^^^-\'^^' 
A - ^rl-*-CoS0 ,, 

,.Sin0 

Ah (n-1) 
= CR-Q(,_i)-w)At 

n(nr'.) 

The conputer nKxiel uses Equation #9 to conpute the leakage "Q^" at time "t ".. 

The leakage into the Jemez River from each of the two contributing quadrants 

is computed and added together to get the total leakage at time "t ". Using 

this leakage, the change in head "Ah " conputed and the static head inside 

the Caldera is then adjusted. Using this adjusted static head, a nev̂  leakage 

for time "tr +ii" is computed. 



T\vo quadrants are necessary because Equation #9 does not hold when 0 is 

n/2 radians (90°). The model computer leakage by starting at the n/2 j-aJiong 

jpubstrating A0, and using this new angle to generate the first streamline. 

This process is repeated down to the boundary angle. The leakage for each 

flow tube in the quadrant are summed as the program progresses. In a similar 

manner, leakage from quadrant #2 is also computed. The calculations for 

quadrant lf2 arp the same since the model is symmetrical about the Jemez 

Ri-ver. Boundary angles are different for the tivo quadrants. Quadrant #1 

ran from ir/2 to = 0.58 radians (33°). Quadrant .#2 went from n/2 to 

=1.33 radians (76°). 

S-- 'I 

M 
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APPENDIX II 

Initial Input.Into The Model 

-Radius of the Caldera (r) 

The model assumed that the Caldera was circular, with a 

radius of 4.58 miles. In reality the Caldera is roughly ellip

tical, with a major axis diameter of 10.5 miles and a minor 

axis, of 8 miles. The assumed average radius was derived as 

follows: 

Area of Caldera = [ (10.5x8) ̂ 41x11 = 66 sq. miles 

A circle with the same area would have a radius of: 

.. r = (66 sq. milesTn) = 4.53 miles 

Elevation of the Base of the Caprock (E) 

The elevations of the base of the Caprock were taken off of 

graphs of Temperature vs Elevation in the various Baca test wells; 

These elevations were' tifien averaged. For purposes of this model 

-̂v an. average elevation, of 6435 feet was used. 

' Elevation of the Initial Hydrostatic Head in the Caldera ̂ .o'̂  

In two of the runs using the model, the elevations of the 

free water surfaces ih the Baca test wells were averaged tb obtain 

a value used as the initial hydrostatic head inside the Caldera. 

This value was 8281 feet above sea level. The last run was based 

•'.'.on an elevation of 7600 feet. This last run used a reduced ele-

; 'yation tb simulate the effect of the reduced density of hot water. 

'•;.Porosity (n) 

Information provided by Union Oil sujggested. the permeability 

of the aquifer in the Caldera was 0.04 to 0.10.- In the first and 

third runs, a porosity of 0.10. was used to estimate the effects 

of the porosity on the leakage. It is felt that a porosity of 

0.10 is a better estimate. 

II-l 
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Recharge (R) 

/ Recharge to Caldera was estimated as 3.176 x 10** ft'/day 

'iort.! about 266 ac/ft/yr. This is 165 gpm which was estimated as 

the initial leakage from the Caldera into the Jemez River. 

Rate of Withdrawal For Power Production 

A 55 MW power plant was assumed to consume 2.206 x 10^ ft'/day 

or about 1150 gpm. 

The Gradient of the Jemez River 

The gradient of the Jemez River below the Caldera's rim was 

plotted out; the gradient was calculated as being 0.0639 ft/ft 

for the first 18,000 feet downstream and 0.0136 ft/ft thereafter. 

The Elevation of the Stream As It Crosses The Caldera Rim 

An elevation of 7600 feet was used. This is roughly the 

elevation of La Cueva (Campground. 

f l 

•ikf̂  

m 
TT-7 



LA-6525-PR 
Progress Report UC-66a 

Issued: October 1976 

LASL Hot Dry Rock Geothermal Project 

July 1 , 1975—June 30, 1976 

Compiled by 

A. G. Blair 
J. W. Tester 

J. J. Mortensen 

of fhe Un ivers i t y of Ca l i fo rn ia 

t o s ALAMOS, NEW MEXICO 87545 

An All i imollve Acl ion/Equol Oppoilunl ly Employer 

UNITED STATES 
ENERGY RESEARCH AND DEVELOPMENT ADMIN ISTRATION 

CONTRACT W-7«0S-ENCi. 36 

<frn^ 

WMMmm 



\n. 

•17. 

19. 

20. 

21, 

D. H, Cortez, B, H o U , and A. J, L. Hutchinson,"Advanced Binary Cycles for 
Geothermal Power Generation," Energy Sources ]_, 74 (1973). 

V. K. Jonsson, A. J. Taylor, and A. D. Charmichael, "Optimization of Geother
mal power Plant by Use of Freon Vapour Cycle," Timarit-VFl, 2 (1959). 

S. L. Milora, "Application of the Martin Equation of State to the Thermodyna
mic Properties of Ammonia," Oak Ridge National Laboratory report 0RNL-TM-44V3 
(December 1973). 

S. L. Milora, "STATEQ: A Nonlinear Least-Squares Code for Obtaining Martin 
Thermodynamic Representations of Fluids in the Gaseous and Dense Gaseous- -M' 
Regions," Oak Ridge National Laboratory.report ORNL-TM-Sll5'.(1976). M .•"-":', 

C. H. Bloomster, P. D. Cohn, J. G. Desteese, H. D. Huber, P. N. LaMori, D. W. 
Shannon, J. R. Sheff, and R. A. Walter, "GEOCOST: A Computer Program for 
Geothermal Cost Analysis," Battelle Northwest Laboratory report BNWL-1888, 
UC-13 (February 1975). . . -. - .- '.-...•̂ ^ '..-.. : _-; 

R. A. Walter, C. M. Bloomster, and S. E. Wise, "Thermodynamic Modeling of .• 
.Geothermal Power Plant," Battelle Northwest Laboratory report-BNWL-l911 . 
(November 1975). • . - . _ . . . , . -M. -. -,.-..„ 

M. A. Green and H. S. Pines, "Calculation of Geothermal Power Plant Cycles 
Using Program GEOTHM," paper No. VII-12, Second United Nations Geothermal 
Energy Symposium, San Francisco, CA, May 1975. 

.- - t 
ij, Si-

•.ii 

!a 

Hit-' 
- .fe, 

143 



4. MAPPING OF HYDRAULIC FRACTURES AND WELLBORES 

4.1. General Considerations 

A major objective of engineering hot dry rock reservoirs is to develop 

techniques for mapping hydraulic fractures in space and time. To create two-

hole circulation systems, one borehole is directionally drilled to intersect a 

hydraulic fracture initiated from a second borehole. Without knowledge of the 

orientation and radial extent of the target fracture, this task is formidable. 

The methods discussed in this section describe recent results and near-term 

plans for development of suitable fracture and borehole mapping techniques. 

Basically, there are three areas of investigation--downhole acoustic methods for 

distance ranging and fracture mapping, electric potential measurements, and 

magnetic field measurements. Methods described in Sees. 4.2 and 4.3 have been 

tried in the field and have yielded useful results. Advanced techniques that 

have been theoretically considered and/or laboratory tested and are being develop

ed for future field testing are discussed in Sec. .4.4. Although many of the 

techniques that have been tested require a signal source and detector in dif

ferent boreholes, emphasis should be placed on developing techniques for mapping 

fractures that can be used in only one wellbore. 

4.2. Acoustic Techniques (R. L. Aamodt, J. N. Albright, E. D. Holmes, C. Newton, 
R. M. Potter, and R. Spence) 

4.2.1. Ranging Methods. One method of completing a downhole heat extrac

tion system is to accurately intersect a hydraulic fracture initiated from one 

wellbore with a second wellbore. Because present survey methods using magnetic 

and gyrocompass devices are not accurate enough at the high temperatures encounter

ed near the bottom of deep boreholes (see Sec. 7-1), acoustic ranging techniques 

were developed to provide distance measurements as a function of depth between 

two wellbores. 

Acoustic ranging is achieved by positioning an artificial acoustic signal 

source at known depths in one borehole, and a geophone detection system (see Sec. 

7.2) whose orientation can be determined, in another hole. Because the propaga

tion velocity of acoustic waves in rock is generally known or can be measured 

39 



in situ by standard logging techniques, the distance between boreholes can be 

calculated by measuring the travel time of an acoustic signal from source to 

detector. 

The P-wave (primary or compressional wave) velocity, needed to calculate the 

distances, can be obtained from sonic logs. However, this technique determines a 

velocity that is vertically directed and is near the borehole. The average in 

situ P-wave velocity for the region between two nearly vertical boreholes can be 

obtained by positioning acoustic sources at several known depths. From these 

data a minimum travel time from the source borehole to a geophone in a fixed 

position in another borehole can be calculated. Application of the Pythagorean 

theorem gives the average jn situ P-wave velocity. 

Initial experiments were carried out between EE-1 and 6T-2 in August 1975 

at about 2.0 km (6500 ft). Detonators used for Primacord shots were fired at 

several levels in EE-1, and the resulting seismic signals were received at a 

fixed depth in GT-2. Table 4-1 gives the results from the 1.97-km (6470-ft) set. 

Good picks (identification) of the P-wave arrival times on all three geophones 

indicated that a timing precision of ±0.1 ms was obtainable. Using an average 

velocity, the distance between boreholes was calculated to be about 91 m (300 ft). 

A variable burn time in the detonator introduced errors up to 1 ms. The time dif

ference between arrival of the P-wave and S-wave (secondary-or shear-v/ave) pro

vides another method for calculating the distance between the boreholes. 

Reproducible orientations (9 and (j)) were obtained between the two boreholes by 

measuring the initial amplitude signal from the first half cycle of the P-wave 

as received by the horizontal geophones. The source-geophone distance was calcu

lated to be 94 m (309 ft) using a P-wave velocity of 5830 m/s. The values given 

in the table are relative because no downhole orientation survey tool was used. 

Another ranging experiment was performed September 20, 1975. A total of 10 

detonators were placed at three locations in GT-2, and the geophone package was 

at about 2.8 km (9100 ft) in EE-1, as shown in Fig. 4-1. Four of the detonators 

misfired and of the remaining six, shots 2, 6, 7, and 8, gave usable S-P time .. 

intervals. The distances shown in the figure were calculated using a P-wave 

velocity of 5850 m/s and a ratio of P- to S-wave velocity of 1.732. The com

mercial magnetic compass downhole orientation device failed as a result of over

heating, but again relative orientation between the boreholes was obtained using 

the ainplitude ratio of the first motions of the horizontal geophones. The values 

are shown in Table 4-II, and the repeatability of the results within about 2° is 

encouraging. 
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TABLE 4-1 

ACOUSTIC RANGING RESULTS AT 1.97-KM DEPTH^ 

Shot Number 

1 -

2 

3 

4 

5 

P-Wave 
Phase Travel Time (ms) 

H, V 

16.2 

15.8 

16.2 

16.0 

16.1 

16.1 

15.9 

16.2 

16.0 

15.9 

16.2 

15.9 

16.2 

16.1 

15.9 

M 

S-Wave 
H, 

28.5 27.5 28.0 

27.7 

28.2 

27.4 

27.9 

28.2 

27.6 

28.4 

28.2 

27.3 

Shot Number 

1 

2 

3 

4 

5 

Ratio of S-Wave to P-Wave 
Phase Travel Time 
H 1 H, V 

1.76 1.71 1.73 

1.71 1.72 1.75 

1.76 1.76 1.75 

1.71 1.73 1.72 

Shot Number 

1 

2 

3 

-4 

5 

Chart Amplitude of 
First Motion (mm) 

" l 

29 

34 

10 

35 

23 

"2 

11 

20 

5 

13 

7 

V 

3 

-

1 

2 

2 

8(deqrees) 

69 

60 

63 

70 

73 

Resulting Relative Orientation 

<{)(degrees) 

6 

5 

3 

5 

Geophones H,, Hp, V in GT-2, detonators in EE-1 

~ - t a n Tj— 
^2 

•̂i = tan"^ — 

J l ^ ^ ^ ~ ^ i ~ H ^ 
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Geophones. 

ot 2.8 km 

24m 
/ 

/ 

' / 

- j ^ . • 

15m Defonotors 

Fig. 4-1. 
Geometry of September 20 ranging 
experiment. 

TABLE 4-1I 

AMPLITUDE OF FIRST MOTION AT 
2.8-KM DEPTH 

Shot 
Number 

3 

5 

7 

8 

"l 
(mm) 

20 

25 

16 

45 

^8 = tan""" vJ-
"2. 

"2 

(mm) e(degrees)' 

15.5 52 

20.0 51 

13.0 51 

40.0 48 

A ranging experiment at about 2.91 km (9560 ft) was performed September 25, 

1975. Signals from two successful detonator firings gave a hole-to-hole distance 

of about 8 m (26 ft); however, the service company orienting device failed because 

of a camera malfunction. This experiment was repeated September 30, 1975, again 

with two successful detonator firings and a GT-2 to EE-1 distance of about 8 m 

(26 ft). The downhole orientation system worked satisfactorily and the direction 

from GT-2 to EE-1 was estimated to be nearly due west at that depth. 

Present efforts to upgrade the various components needed for successful . 

ranging include a contract for a high-temperature downhole firing package. This 

system will provide high-voltage pulses to initiate prompt and repeatable firing 

of the detonators. A mechanical acoustic source (wallbanger) developed at LASL 

(see Sec 7.2) can now function as an alternate source of acoustic signals and 

will be used in further ranging experiments. Ranging experiments will continue 

to be directed toward the immediate goal of mapping the .GT-2 and EE-T boreholes 

in three-dimensional space. 

4.2.2. Acoustic Fracture-Mapping Techniques. Downhole instrumentation 

capable of detecting and recording high-frequency acoustic signals was ready for 

use by September 1975. In late September records obtained with this instrumenta

tion established the existence of detectable microseismic events uniquely 

associated with the reinflation and extension of a hydraulic fracture previously 
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created in GT-2. Signals from the microseismic events contained sufficient 

information to determine the foci of the events. If it is assumed, as seems . 

reasonable, that the loci of such events originate from the. fracture plane 

itself, the fracture can be mapped in space (size, shape, and orientation) and 

time (growth during injection). 

Mapping Experiments. In October 1975 an experiment was conducted that 

recorded enough microseismic events to map the GT-2 fracture. Later, in March 

1976, a similar experiment was conducted to map the fracture originating in EE-1. 

Additional fracture mapping experiments (see Sec. 3) were conducted in May and 

June. 

The borehole and fracture geometry and the geophone positions for the 

October experiment are shown in Fig. 4-2. The hydraulic fracture to be mapped 

originated at about 2.80 km (9200 ft) in a lined section of GT-2 that had been 

perforated and then milled out (see Sec. 7.1.5). Four observation stations were 

occupied in succession in a water-filled, uncased section of EE-1 by a three-

component geophone package capable of being repeatedly repositioned and coupled 

directly to the borehole walls (see Sec. 7.2). The magnetic compass orientation 

of the package at each depth was deter

mined from an Eastman Whipstock magnetic 

survey tool attached to the bottom of 

the. geophone package. 

Fluid was injected into GT-2 at a 

rate of 10.6 liter/s (168 gpm) for 1 h, 

totaling about 47 m^ (12 400 gal). Each 

geophone station was occupied for 15 

mill, and at the end of the experiment 

the first station was reoccupied for 

another 15 min. While the geophone. 

package was positioned at the first 

station, the fracture was being inflated. 

Fracture extension began some time dur

ing occupation of the last three stations 

No information was obtained at the second 

station because the signal from the geo

phone was temporarily lost. f̂ ig- 4-2. 
Geometry of experiment on October 10. 

6T-2 BOREHOLE EE-1 BOREHOLE 

. /FRACTURE 
r PLANE 

lU-A.^—18-24 m -

BELOW SURFACE I 
2.8 km 

PERFORATIONS 
^AND BREACHED 
UNER 

^LINER 

^ P E N HOLE 

2.8 I km 

2 

I 

2.88 km 

2.94 km 

3.00 km 

GEOPHONE 
STATIONS 
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EE-1BOREHOLE 

BELOW SURFACE 
2S4l im 

CASING 

In March 1976, Experiment 117, an GT-ZBOREHOLE 

attempt to map the hydraulic fracture 

originating from the uncased section of 

EE-1, was conducted. The geophone pack

age was stationed at 2.94 km (9640 ft) 

(see Fig. 4-3) for 4 h and 30 min (2 h 

the first day and 2 h 30 min the second 

day) during which time the EE-1 fracture 

was inflated to 34.8 m^ (9040 gal), 

shut in, and further inflated and ex

tended with an additional 77 m^ (22 000 

gal) of water. Injection rates varied 

from 10.6 to 13.2 liter/s (168-210 gpm). 

Only one observation depth was occupied 

in GT-2 because of the requirement of 

positioning the magnetic orientation 

tool attached to the bottom of the geo

phone package in the uniined section 

(only 12 m in length) of the hole. 

Analysis of Discrete Microseismic Signals. The microseismic events observed 

in these experiments produced signals as shown in Fig. 4-4. The events, origi

nally recorded as analog signals on magnetic tape, were digitized at 50 ys/sample 

GEOPHONE 
STATION 

OPEN HOLE 

Fig. 4-3. 
Geometry of Experiment 117. 

UJ 

_ l 2 
CL 3 

^ oc 
>-< 
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> 

i. ̂
•' ihby^A>^'^A!\jY^ 

cWy'^yV^-WVvA^vi^^'--

a 
10 ms 

Vl^ViA rV'̂ --̂  "^/S>^'^J••v 

Z-COMPONENT 

-/* 

X- COMPONENT 

^^Jfi-kj^V^^^'^ 

Y - COMPONENT 

" V ^ ' 4 J V 1 I ^ ^ ^ ^ 
Fig. 4-4. 

Geophone records of two characteristic microseismic events from an inflated frac
ture showing P- and S-wave arrivals. 
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•and bandpass filtered between 750 and 2250 Hz for analysis. This filter 

selection was empirically determined as a compromise in avoiding unacceptably high 

noise levels at low frequencies and in introducing an acceptably small aliasing 

in spectral analyses. 

The signals exhibit discernible P- and S-wave arrivals. The time interval 

between the arrivals can be measured, and the propagation velocity of the 

respective waves is known; therefore, the distance to the source of events can be 

determined. Generally, an S-wave arrival can be identified with little difficulty. 

It shows up clearly within the P-wave coda of signals as a high-amplitude arrival 

on vertical geophone records and as a phase and amplitude change on the horizontal 

geophone records. This is not the case with the P-wave onset, because the signal, 

possibly as a result of filtering, emerges gradually above the npise. Under 

the assumption that the filtering process is functioning properly, the combined 

error in estimating the time interval between the P- and S-wave arrival times is 

about ± 0.5 ms, resulting in a 4-m uncertainty in distance determinations. 

Provided that the time interval between P- and S-wave arrivals from an event 

can be determined and that the wave velocities are known, only the arrival direc

tion of the signal is needed to define the focus of an event. Because P-waves 

are linearly polarized in the direction of signal propagation, the azimuth and 

inclination of the signal polarization describes the direction to an event focus. 

The signal azimuth and inclination can be determined by inspecting velocity 

hodograms of two components of the velocity amplitude of a signal constructed 

from the geophone recordings. Figure 4-5 is a sequence of hodograms of a signal 

arrival recorded by the horizontal geophones. Clearly shown is the noise before 

P-wave arrival, P-wave onset, linear polarization of the P-wave defining the 

signal azimuth, and S-wave onset. The inclination to the source can be deter

mined from a similar hodogram, one axis of which would necessarily be the vertical 

component of velocity amplitude. 

The interpretation of signals arriving at a geophone package position with 

an inclination of less than 20° is unambiguous. Signals arriving at-greater 

angles show a circular polarization at the beginning of the P-wave coda, and in 

this case, focus determinations cannot be made. Although the cause of the ap

parent abnormal polarization is uncertain, the polarization probably represents 

a partial conversion of P-waves into surface waves traveling at the borehole wall 

or into resonant vibratory modes of the geophone package. "This angular limita

tion in focus determinations has restricted the mapping of hydraulic fractures 
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Fig. 4-5. 
Representative hodograms of a microseismic signal (8-ms total time) received at 
the horizontal geophone. 

in the vertical dimension to that which can be accomplished by repositioning the 

geophone package vertically in the borehole. For convenience, maps of seismic • 

event foci are presented as projections of foci to the horizontal at the depth 

at which the events v;ere recorded. Further, although the P-wave onset can be 

determined to within a cycle, the sense of the first arrival is usually uncertain. 

Consequently, a 180° ambiguity exists in azimuth measurements. This ambiguity 

is identified on maps as North designated by N(S). The direction to a fracture 

defined by microseismic event foci is resolved once the relative positions of 

the boreholes are determined from conventional magnetic survey logs. The orienta^ 

tion of a fracture shown on a map is unaffected by the ambiguity because the 

maps are centro-symmetric. 

Measurements of Continuous Radiation. Continuous seismic radiation was 

observed during the October experiment. The signal is clearly seen when records 

containing the microseismic events are low-pass filtered at 30 Hz. Figure 4-6 

shows the radiation as it is recorded on each geophone component. Although a 

46 

mmimiasmjmMiiimMmM 



• r Z - COM'̂ ONENT 

i i j 

Pa: 
^ ^ 

Y - COMPONENT 

•A/̂  A /V^ W^A/^A.^y^/VVA 

X - COMPONENT 

\AAA/VVWWWVW\Af 

ONE SECOND 

Fig. 4-6. 
Geophone records of continuous seismic radiation from the GT-2 fracture induced 
by pumping. 

thorough study of these signals has not been made, the radiation appears useful 

in determining fracture orientation. 

The dominant frequency of the radiation is 7 Hz, which corresponds to the 

frequency of pump strokes during injection. The signal appears only after the 

volume of fluid injected into the fracture approaches that necessary for exten

sion..' A hodogram of the horizontal velocity amplitude components of the radia

tion. Fig.. 4-7, shows that the radiation is elliptically polarized with the 

azimuth of the major axis of the ellipse closely corresponding to the fracture 

direction that is defined in maps of microseismic event foci. As a consequence, 

inferences can be made that the radiation is excited by pumping induced pressure 

fluctuations in the wellbore from which the fracture originates, and that the"' 

signal detected results from disturbances traveling along the fracture face. 

Measurements based on records of continuous radiation are of limited use, 

because without substantial advances in theory neither the distance to a 

hydraulic fracture from an observation station nor the size of a fracture can 

be determined. Nonetheless, the method has provided additional measurements of 

fracture orientation, and for this reason, is important to develop. 
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Fig. 4-7. 
A hodogram representative of the continuous seismic radiation observed during 
the October experiment (2-s total time). The N(S)-direction is along the y-axis, 

Results of the October GT-2 Fracture Mapping Experiment. A total of 144 

high-amplitude microseismic signals were detected during 35 min of observations. 

Forty-eight of these events produced signals that had a sufficiently large, 

signal-to-noise ratio during the P-wave onset so. that ahaiytical results could 

be obtained. . . . . . 

Figure 4-8a shows a projection to the horizontal at 2.81 km (9210 ft) of . 

the foci of events occurring during the initial 13.5-m (3560-gal) inflation 

of the GT-2 fracture. EE-1 is located at the origin; radii are given for,the -. 

distance to foci in terms of the time interval between P- and S-wave arrival -

times in milliseconds, and also in terms of the estimated distance to the 

events. Recent study of an uncertainty in the time intervals indicates that 

. the distances shown in-Fig. 4-8.will change somewhat as the filtering procedure 

is improved. Activity was clustered and is probably occurring near the GT-2 

borehole. The trace of the fracture plane strikes N27°W. 

The activity at 2.94 km (9650 ft), when the injected water volume increased 

from 26.0 to 29.2 m"̂  (6870 to 7720 gal), is shown in Fig. 4-8b. The data are 

of sufficient quality and number to define the fracture. Activity was less 
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N(S) 

GT-2 FRACTURE PLANE 

N 27" W 

DISTANCE (m 
80.0 640 48.0 32.0 

GT-. 2 FRACTURE PLANE 
N 40* W 

DISTANCE (m) 
80.0 64.0 48.0 32.0 160 

(a) (b) 

N(S) 

N(S) 

GT-2 FRACTURE PLANE 
N 63'W 

\ 
GT-2 FRACTURE PLANE-T" 
N 27* W ^ " A 

DISTANCE (m 
800 64.0 48.0 32.0 16.0 

I 1 1 

(c) (d) 
F ig. 4-8. . ^ 

f^oci of microseismic events recorded at (a) 2.81 km during the i n H i a l per iod o f 
i n f l a t i o n , (b) 2.94 km during i n f l a t i o n , (c) 3.00 km during i n f l a t i o n , and 
(d) 2.81 km during shut - in a f t e r i n f l a t i o n . 
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pronounced and occurred over a shorter band. At this observation depth, 140 m 

(450 ft) below the first station, the strike of the fracture is N40°W. 

The activity 60 m (190 ft) deeper at 3.00 km (9840 ft), when the injected • 

fluid was increased from 35.0 to 36.5 m (9250 to 9640 gal), is shown in Fig. 

4-8c. The number of events that occurred was less than at other depths. Results 

show that the strike of the fracture has increased to N63''U. 

When the station at 2.81 km (9210 ft) was reoccupied, fluid injection had 

been stopped at 47.2 m (12 400 gal) and the system had been shut in at the 

operating pressure. The events that occurred during this interval are shown in 

Fig. 4-8d. Even though injection had ceased, activity was pronounced. Com

parison with Fig. 4-8a shows that in the period between successive observations 

at this depth, activity had increased to extend along a line exceeding 170-m 

length. The orientation of the fracture is clearly defined as N27°W. 

Table 4-1II summarizes the information contained in the fracture maps. The 

length of the fracture at 3.00 km (9840 ft) is considerably less than that at 

2i81 km (9210 ft). This observation, combined with the reduced activity at 3 km 

is evidence that the fracture probably terminates near this depth. Pronounced 

activity and the greatest fracture length is found at 2.81 km -- an indication 

that the fracture extends upward from this depth. Induced potential logs 

indicate that the fracture probably extends upward at least to 2.70 km (8850 ft) 

(see Sec. 4.3). The total vertical dimension of the fracture must therefore 

exceed 300 m (980 ft). . . 

As discussed above, continuous seis

mic radiation was also observed during 

the October experiment. Figure 4-9 shows 

the orientation of the GT-2 fracture as 

a function of depth and combines the 

TABLE 4-111 

.: THE GT-2 FRACTURE DEFINED BY • "." 
MICROSEISMIC EVENT FOCI 

Depth 
(km) 

2.81 

2.94 

3.00 

50 

Horizontal 
Length 

. (m) 

> 170 

> 70 

> 35 

Orientation 

N27°W 

N40°W 

N63°W 

-» 360 
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Fig. 4-9. 
Apparent orientation of the fracture orig
inating in GT-2 as a function of depth. 
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continuous radiation. 
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values derived from records of the continuous radiation with those in Table 4-III 

for microseismic event foci. The estimated experimental error in each set of 

nieasurements is less than ± 10°. The agreement between the orientation derived 

from each method is good. 

The apparent warp of the fracture is best shov/n by the three-dimensional 

perspectives given in Fig. 4-10. In the model the fracture is shown as symmetric 

about the GT-2 wellbore, and the shape of the fracture is represented as a. regu

lar form with lateral dimensions corresponding to those determined from microseis

mic event foci. The lines on the computer-generated fracture surface denote, 

equivalent depths. 

The orientation of the fracture with respect to magnetic north changes 30° 

counterclockwise in the depth interval in which the measurements were made. This 

amount of rotation is beyond the range of the experimental error. One .interpreta

tion of the apparent rotation is that the hydraulic fracture itself may not be 

'.•farped, but rather the direction of the ambient magnetic field (used for determin

ing geophone package orientation) may change over the vertical distance of measur-

•ment. Because conventional magnetic borehole surveys of GT-2 before fracturing 

do not show any anomaly at the depths in question, this is probably not the case. 

If, on the other hand, the warp of the fracture is real, it must be produced by 

the stress distribution changing with depth in the host rock. 

Results of Experiment 117-EE-l Fracture Map. Eighty microseismic events 

occurred during this experiment. Fifteen of these occurred during Phase 1 of the 

experiment and appeared to be randomly distributed in time. Only 6 of these 15 

events gave meaningful information for mapping purposes. The remaining 65 events 

occurred during Phase 2. The rate of occurrence of these events, which was 

initially less than one event per minute, doubled in the later part of the experi

ment. No fracture map could be derived from the Phase 2 data. The inability to 

determine the focus of more events resulted from low signal-to-noise ratios during 

?-wave arrivals, which made identification of the P-wave onset and measurement of 

the direction to the source of the event uncertain. *--'• • ,-,. .• . y r ; ' ,.̂. .'./.„ 

The results for Phase 1 are shown in Fig. 4-11. Using our present wave form 

analysis techniques, the closest approach of the EE-1 fracture to the GT-2 bore-

f̂o-le at 2.94 km (9650 ft) is 21 ± 6 m (69 ± 18 ft). The lateral extent of the 

î racture is about 48 m (160 ft). The directional strike of the fracture is N53°W, 

'•••'nich corresponds within measurement accuracy to the GT-2 fracture orientation at 

n̂is depth. 
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Three-dimensional perspectives of the .fracture originating in GT-2. Views are horizontal at depth of 
2.80 km. Distances given are, in meters.. Angle of rotation around the vertical axis in (a) 10°, 
(b) 45°, and (c)'SO",, (Figure prepared by D. Willerton, J. McClary, and A. Eddy.) 
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N(S) 

EE-1 FRACTURE PLANE 
N 53° W 

Fig. 4-11 
Foci of microseismic events recorded during Experiment 117. 

After the March experiment, the orientation of the EE-1 fracture at the 

wellbore was measured using information derived from two conventional borehole 

logs, i.e., a temperature and an iodine isotope survey. Both logs provided an 

additional measure of the length of the borehole-hydraulic fracture intersection. 

through which water can either be injected or returned. Assuming that the EE-1 

fcacture is vertical, knowledge of the length of the borehole-fracture inter

section enables the fracture orientation to be calculated directly from surveys 

of the drift and dip of the EE-1 wellbore. The N53°W orientation determined by 

this method agrees within measurement error with the orientation defined from 

discrete microseismic and continuous seismic radiation data. . 

4.3. Electrical Techniques (R. L. Aamodt, F. West, and P. Kintzinger) - --"T.. 

4.3.1. Spontaneous Polarization Logs. Potential differences between two 

points in the Earth arise from several mechanisms, such as differences.in' ion 

concentration in ground water or preferential absorption of a charge on capil

lary v/alls carrying water. If one electrode is emplaeed on the surface near 

the top of a v/ell bore and a second is immersed in the v/ater column inside the 

'•••'Sllbore, as in the EE-1 pipe shown in Fig. 4-12, the potential difference 

betv/een the two points can be measured by a voltmeter or potentiometer at the 

surface. A plot of these potential differences as a function of electrode 
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Fig. 4-12. 
Arrangement of electrodes for induced 
potential logging. 

I950m 1975 m 

Fig. 4-14. 
Spontaneous polarization-logs taken 
before and after fracturing, showing 
intersection of fracture with wellbore, 

depth in the wellbore constitutes an SP (spontaneous polarization or self-

potential) log. Anomalies characterized by large localized fluctuations in 

potential have proved useful as an indication of permeable zones in the adjacent 

rock (Fig. 4-13), and changes in the SP curve have been used to determine where 

a newly made fracture intersects a wellbore (Fig.- 4-14); - However, because SP " 

curves taken a few days (or even a few hours) apart often differ, and because 

6700 f t 
Depth 

o a. 

1 

o 
a, 

CO 
2050m 2075 m 

Fig. 4-13. 
Spontaneous polarization log indicating porous region, 
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details of the causes of SP anomalies are unknown, their interpretation is 

highly subjective and requires confirmation by other means. 

4.3.2. Induced Potential Logs. By introducing a current source into one 

wellbore and measuring the resultant potential in the other (as shown in Fig. 4-12), 

and by using the same detection and recording system used for the SP measure

ment, many of the difficulties of SP log.interpretation can be avoided. In this 

method, called induced potential (IP) logging, the current source is reversed in 

polarity e^ery few seconds and the differences in the detected signal amplitude 

are measured. The result of an IP log in GT-2, taken after a fracture was created 

in EE-1 near 1..96 km (6440 ft), is shown in Fig. 4-15. The fracture apparently 

grew upward, and the top and bottom are well defined. Figure .4-16 shov/s the 

result of a log in EE-1 with the GT-2 fracture in inflated and deflated condi-. 

tion. The difference between-the measured voltages was small, "as the fracture 
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Fig. 4-15. 
Induced potential log delineating 
fracture. 
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is evidently partially open (self-propped) when deflated. However, a region of 

newly created fracture is apparent, defining the top of the 6T-2 fracture near 

2.68 km (8800 ft). The IP technique is applicable only in uncased portions of a 

wellbore and is most useful if a background run can be made before a fracture 

is created. 

4.4. Advanced Mapping Methods. (J. N. Albright, W. M. Johnson, A. R. Koelle, 
J. A. Landt, R. M. Potter, and F. G. West) 

4.4.1. Acoustic Techniques (Measurements and Data Analysis). -

Absorption-Reflection Methods. Recent success with the downhole mechanical 

seismic source permits field tests of a newly proposed method for measuring the 

vertical extent and orientation of hydraulic fractures. The method uses ob- ' ' " 

servations of phenomena that form the basis of the much more advanced techniques -: 

now used in the seismic exploration industry. / -' ' _. '.' .: 

The method requires positioning, in separate boreholes or the same borehole, 

a signal source system ahd a geophone detection package capable of measuring - .. -. 

orientation. Because the fractures to be measured are always vertical and the 

boreholes are not, source-detection positions can be found in each borehole such 

that the hydraulic fracture, if it extends to the depth of observation, is 

either present in or outside the area directly betv/een the boreholes or between 

source and detector in the same borehole. 

At source-detector locations where the hydraulic fracture is between the 

boreholes, acoustic emission from the signal source will be highly attenuated ,_y. _^ 

in shear-wave components as the fracture is intercepted. The detected signal 

will be rich in compressional wave components and easily distinguishable from -. . -. 

signals that passed through only unfractured rock. If, on the other hand, a 

hydraulic fracture has penetrated the depth of observation but nowhere traverses..;./-

the area betv/een the boreholes, acoustic emission from the source will be 

detected as a direct signal through unfractured rock, followed by a partial • ••̂• 

replica of the direct signal whose shear component has been reflected from the - "--

fracture surface; this latter signal will be somewhat attenuated because it has :'.•:"• 

traveled a greater distance. Because acoustic wave propagation velocities are 

generally knov/n, a measurement of the time between the arrival of each signal 

and its replica enables the distance from the detector to the fracture face to 

be calculated. With this method, hydraulic fractures can be detected whether 

or not they traverse the area between the boreholes. In special cases, the 
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vr;iethod gives the distance from the geophone package to the fracture face. A 

systematic study of a region in which a hydraulic fracture has been created will 

provide corroborative data on fracture orientation and vertical extent. 

Advanced Sonic Ranging. The industrial technique of acoustical imaging and 

napping developed for use in diamond drill holes coupled with computer analysis 

of reflected echoes has improved knowledge about the fault and mineral vein 

structure between holes. Fluid-filled hydraulic fractures should provide more 

highly reflective surfaces for the 5- to 20-kHz acoustic waves. Because portions 

of the emitted wave are specularly reflected from surfaces, the distance of a 

crack from a v/ellbore and the vertical extent of the crack may possibly be 

determined. " 

Acoustic measurements leading to fracture maps may be obtained from a 

single wellbore with the absorption-reflection and advanced sonic ranging 

fi'.ethods. In both cases, the fracture itself serves as an active reflection 

or absorption plane for acoustic signals generated within the wellbore. Single 

wellbore mapping techniques are desirable in implementing directional drilling 

strategies to intercept target hydraulic fractures with a second wellbore.' 

4.4.2. Borehole Televiewer. The borehole televiewer, a sonar type of 

device, was developed by the oil industry to map fractures and other downhole 

features. The oil, geothermal, mineral, and water industries have recognized 

the importance of the natural fracture system in locating various resources. . 

The detection and borehole mapping of natural and induced fractureS::is also-im- -̂•" 

portant to the HDR project. However, present borehole televiewers are in

operative at temperatures of 200°C or above and therefore are of limited use to 

the geothermal industry. The U.S. Geological Survey (USGS) is developing a ... 

televiewer with a higher temperature capability. To assist this effort-the . . .-

Fenton Hill facilities have been made available to the USGS, and further test

ing of the tool at the site -is planned for late 1976. _- " • 

4.4.3. Magnetic Induction Techniques. The induction log is used by the. 

oil industry to map the electrical resistivity of formations surrounding a bore

hole. A laboratory demonstration at LASL indicated that the induction log 

could be modified to detect fractures filled with conductive fluid. Because 

the proposed tool is a totally new design, industry was unwilling to undertake 

'-he design in view of the slight chance of regaining developmental costs. Con

sequently, design and development was begun at LASL, with industrial participation 
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planned as work proceeds. EG&G has expressed a willingness to help on 

electronic design and construction. Tv/o well logging companies, Dresser and 

Birdwell,have offered to supply "off-the-shelf" hardware and to share their 

experience in downhole induction techniques. 

In addition to the progress made in investigating the interest and 

capability within industry, significant progress has been made on the design 

and with fracture analysis. The system has been conceptually designed. Coil 

rotation will be done electronically, which will require two sets of orthogonal 

coils. Orientation will be referenced to the Earth's geomagnetic field using 

a compass or magnetometer, devices that have been used at high temperatures. 

The electronics will be protected by a dewar to provide proper.operation at 

250°C. Preliminary analysis indicates that the signal from the fracture is at 

least an order of magnitude greater than the signal from the surrounding rock. 

The analysis also indicates that the tool will give the "true" fracture orien^ 

tation if there is only one fracture. In the unlikely case of multiple frac

tures, the tool will average their signals and provide a maximum signal that is 

not a true indicator of fracture orientation. 

Several unresolved problems remain. Present induction logs use an epoxy/ 

fiberglass mandrel and housing for the coils that cannot withstand 250°C. It 

is also not known how much the borehole fluid will affect tool response. Hole 

eccentricity and tool noncentering may generate spurious signals. 

, 4.4.4. Piezoelectric (Electromagnetic) Signal Measurements. .Some effort" • 

has continued on the possibility of using natural electric potentials generated 

by stressing or fracturing rock. The piezoelectric potential of a rock is 

directly proportional to its stress level, the polarity changing when the stress 

field reverses from compressive to tensile. The compressive stress field at 

the wellbore will decrease with increasing pressure until a tensile stress^field 

develops. If the pressure is increased to the point of fracture, the piezo-,-

electric potential should instantaneously drop, while, a transient tribdelectric \-

or pyroelectric potential is generated. Thermal stresses and thermal stress'-

cracking might also be monitored by this method. The pyroelectric potential 

can be estimated by the use of the difference in depth of penetration for the 

two electrode spacings. The electric pulses created by the fracturing should 

be easily correlatable with acoustic events monitored by the geophone array. 

Cross-correlation of the relative timing of electric and sonic events should 

i 
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31-ovide another method of crack delineation. Rock samples collected from the 

crystalline rock outcrop area are planned to be used in a laboratory determina

tion of the magnitude of electric transients to be expected under various 

conditions. 

59 

i»l 



5. GEOTHERMAL RESERVOIR PROPERTIES 

5.1. Field Techniques (R. L. Aamodt, D. W. Brown, R. G. Lawton, H. D. Murphy, 
R. M. Potter, and J. W. Tester) 

* 
5.1.1. Fracture Inflation and Deflation 

Theory. The local state of stress in the earth may be described 

in terms of three orthogonal principal stresses, S,, S_, and S_, considered posi- -. 

tive in compression, with S, >_ So ̂  So. In the absence of active tectonic forces :|; 

or sharp variations in surface relief, the maximum stress, S-^, will be vertical _-: 

and equal to the lithostatic pressure exerted by the overlying rock, whereas • : -_-

Sp and $2 will be horizontal. Each stress may be separated into a portion, a, 

acting through the rock matrix and a fluid pore pressure, P̂ ,̂ so that S.j-̂ =; o.j+ PQV\.. 

The horizontal matrix stresses Op and o^ are usually about one third of a-j. 

When a portion of a vertical borehole is stressed by pumping fluid into it,,..̂ :;. 

the walls expand and eventually rupture, creating a crack (hydraulic fracture)'.- -̂ •̂ •̂ ' 

As more fluid is pumped into the crack it grows at the tips and becomes wider-

Because the rock is most easily displaced against the smallest earth stress, the 

plane of the crack will normally be perpendicular to S^, irrespective of varia

tions in rock strength or preexisting fractures, and this tendency increases 

with depth. Thus, fractures deeper than about 1 km are usually vertically 

oriented. . - ;yr ' ;"-^\ =..--;..:-:-w' ' _ , J ^ ' 

In wery competent rock, the initial breakdown pressure i$ 'higher than that .t . 

required to extend the crack because of a stress concentration near the.wellbore -• 

in addition to the inherent cohesive strength of the rock matrix itself. How- -. -

ever, if the rock contains preexisting fractures, as is usually the case, this.^ :; £ 

initial pressure differential may be small. „..._.._•_- .-.::• .. .--— > . .---;: j 

The pressure required to extend a hydraulic fracture.was first derived by • 

Sack,^ and may be written, ignoring gravitational effects.-as--'̂ ;"̂ ;̂ ^̂ ^̂ ^̂ ^̂ ^̂  

P - S3 = [TrET/[2(l-v^)R]] ""/̂  , - ^' - .(5-1) 

where P is the crack extension pressure, T is the apparent rock surface energy 

per unit area of new crack, v is Poisson's ra t i o , E is Young's modulus, and R 

*A11 depths in Sec. 5.1.1 are measured from the Kelly bushing. 
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is the fracture radius. Sack's expression is based on an idealized fracture, 
shaped like a very oblate spheroid. Other expressions have been developed which 
are based on different geometries at the crack tip. These methods agree, how
ever, that at large radii the magnitude of P - S^ is small. Table 5-1 shows 
some values of P - S^ evaluated from Eq. (5-1), using values of T, E, and v de
rived from sonic logs and fracture experiments, of 100 J/m , 8 x 10^^ Pa 
(8 X 10 bar), and 0.25, respectively. 

Fracture Stability. The pressure inside a fracture varies with depth, just 
as it does in a column of water at the same temperature and pressure. The pore 
pressure component of the earth stress varies with depth in the same manner, so 
that it just compensates the pressure change inside the fracture. If the matrix 
stress, a^, were constant over the fracture face, it would be possible to reach 
the fracture extension pressure simultaneously everyv/here on the fracture tip. 
However, there will generally be a difference between the values of a^ at the top 
and bottom of the fracture, and the fracture extension pressure will be attained 
first at one place or the other, causing preferential growth in that direction. ' '-
This tendency can be reduced by creating the fracture by pumping at a high rate, 
,but it may still be difficult to keep the entire fracture inflated during the heat 
extraction phase. This problem is likely to be overshadowed in practice by other 
effects, because the simple theory discussed above does not take into account 
deposition of materials near the fracture tip, stress corrosion, nonlinear effects, 
cooling or heating of the rock face, thermal stress cracking, or local variations 
of pore pressure. " . ' • • " '''' •'•--:.. 

Earth Stress Measurement. When a closed fracture is pressurized, the pres
sure rises almost linearly until the fracture opens, as shown in Fig. 5-1, which 
shows the pressure-time history during the initial pump-up of a fracture in GT-2 
at about 2-km (6560-ft) depth. When the fracture opens, at a pressure near S,, 
the pressure levels off. Because pressure drops due to the flow of fluid into 

the fracture, the actual earth stress is usually assumed to be the instantaneous 
3 shut-in pressure (ISIP), measured immediately after flow stops, plus the hydro- -. 

static pressure of a column of water from the surface to the fracture entrance.- -

Other methods have been devised for measuring S,, but are in general agreement 

with the ISIP method. Increases of about 10 bar (150 psi) in the ISIP during 

extended pump-ups have been" attributed to changes in pore pressure near the well- . 

. vbore. The surface plant for a heat extraction loop must be designed to with

stand the pressure required to hold the fracture open, unless natural self-

propping or artificial propping of the fracture is accomplished. Calculations 
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TABLE 5-1 

FRACTURE EXTENSION PRESSURE (P-S3) VS 
RADIUS OF FRACTURE (R) 

R 
(m) 
3 
10 

30 

100 

300 

(ft) 

9.8 
32.8 

98 

328 

984 

P - s . 

ibarl 
21.1 

11.6 

6.68 

3.66 

2.11 

(psi) 

306 

168 

97 

53 

30.6 
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Fig. 5-1. 
Surface pressure and flow history of a 
hydraulic fracture initiated in GT-2 
at about 2-km (6560-ft) depth. 

of the pressure drop at energy extraction rates greater than 50 MW(t) from a 

200°C reservoir through standard proppant materials give unacceptably high values, 

so the HDR single fracture concept has evolved under the assumption that the ".-

fracture is held open by pressure or that an artificially propped fracture is 

created by selective removal of the rock itself. Thus values of S-j and S^ are 

important in determining reservoir operating conditions. The results of earth 

stress measurements in GT-1, GT-2,,. and EE-1 are shown in Table 5-II. 

The approximate surface plant pressures are derived by subtracting the hydro

static pressure of the upwelling water in the hot leg from the.value of S^ at 

depth. The values of 03 are anomalously high for the shallower depths, whereas -• 

that near 3-km depth is somewhat Tow, less than one third of o•^.\ the difference : 

between a^ and 03 creates shear forces on the rock, and these forces are more 

" • 

Depth 
(m) (ft) 

765 2510 

1990 6530 

2930 9610 

EARTH 

Approximate • -
Surface Plant 

Pressure 
(bar) 

75 
153 

115 

(psi) 

1090 

2220 

1670 

..TABLE. 5-11- - . 

STRESS MEASUREMENTS 
..- . .-:: 

Total Earth. 

rressure ^ ' 
- (bar) ^1 

15 180 

•. 135 504 

227 753 

h 
. 147 

333 

367 

" ' • ' . J - - - - ^ . ' - ' - - - -

" Rock Stress 
(bar) 

rfi rv_ 

a-, 03 

165 132 

369 198 

526 140 
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likely to cause rupture at high pore pressure. Thus, deeper fractures in GT-2 or 

EE-1 should be a better source of acoustic signals when pressurized than will 

fractures at lesser depths. 

Rock Integrity and Fluid Losses. Numerous measurements were made on a frac

ture at almost 2-km (6560 ft) depth in GT-2 to see if the rock was sufficiently 

impermeable so that a pressurized circulation loop could be operated without ex- . 

cessive water loss. The ambient pore-fluid pressure measured by drill stem hy

drology tests was that of a column of water with its top at 500 - 600 m (about 

1700-2000 ft) depth, that is, an ambient pore pressure of about 800 psi subhydro-

static to the full wellbore. When a fracture is newly formed or extended, some 

of the fluid that permeates into the rock cannot be recovered because the well

bore pressure at full hydrostatic is about 55 bar (800 psi) higher than the ;-

ambient pore pressure. However, after a fracture has been pressurized for 

several days to at least surface hydrostatic pressure, an enhanced pore-pressure 

field exists around it, and recovery rates are higher. Recovery of injected 

water is also improved when the impedance at the entrance to the fracture is 

lowered. Near the end of the GT-2 fracture experiments at 1.9 km (6500 ft), 

about 4300 kg of sand was pumped into the GT-2 fracture to prop it open when 

deflated. In subsequent tests the fracture was pressurized to 140 bar (2000 psi) 

and held at that pressure until 7615 liter (20T2 gal) had been injected; 92% of 

the injected water was recovered, the highest percentage recovered at this depth. 

There do not appear to be any regions of high permeability over this-fracture . --

face, although the fracture radius was Calculated to be more than 200 m (650 ft). 

A very porous zone was observed in EE-1 between 2073 and 2088 m (6800 and 6850 -

ft), whereas a fracture in the same hole at 1962 m (6440,ft) appeared on electric 

logs to have grown upward. --...:. - ,- '.'.•• 

The fractures at 2940 m (9650 ft) in EE-1 and 2810 m (9220 ft) in GT-2 also 

showed no highly permeable zones. ; ... 

During a fluid-time-residence .study that began March 23, 1976.(Experiment ' 

115), the EE-1 fracture was pressurized to about 90 bar- (1300 psi) for 35 h " " 

while 227 400 liter (60 080 gal) were injected into EE-1, with GT-2 flowing (see 

Sec. 5.1.4). A total of 204 000 liter (53 900 gal) was eventually recovered 

from GT-2, almost 90% recovery. Questions remain about the ultimate loss rate 

I'rom a large, continuously pressurized system [there are indications that 

permeability increases as the pore fluid pressure is raised (see Sec. 5.1.2)], 

63 



- • • • • - . - . • . . . . 

but the observed losses in short-term tests have been unexpectedly low, so the 

long-term prognosis is favorable. 

Fracture Dimension. Sneddon's expression for the radius-of a penny-

shaped crack, 

(3/16) EV 
R = 

(l-v2)(P-S3) 

1/3 
(5-2) 

where V is the volume of fluid in the fracture and. other"symbols are as defined in.'. J;" 

Eq.. (5-1), may be combined with Eq. (5-1) to eliminate P-So, giving crack radius 

in terms of volume. With the values for the constants given in Eq. (5-1) this r. .,. 

expression may be written 

R(m) = 1.79 [V(liter)]°-^ or R(ft) = 10[V(gal)]°-^. .• . . (5-3) . • 

Computer calculations show that 60 - 80% of the volume pumped into a newly 

created fracture in rock of 0.3 microdarcy permeability is effective in extend

ing the fracture, with the higher values corresponding to higher pumping rates 

(10 liter/s). The remaining 40 - 20% of the injected volume goes into fracture 

face permeability or fracture inflation without extension. Thus the fracture in 

EE-1 near 1963 m (6440 ft), in which about 2300 liter (608 gal) were injected at. . 

0.'57 liter/s (9 gpm) should have a radius of about 35 m (115 ft). " -• " '3.;̂  

,- From the IP measurements discussed in Sec'4.3.2", the distance'from'top to bo.t-̂ \: 

tom appears to be about 110 m (350 ft).. If the fracture were penny-shaped its radius ; 

would be 50% greater than calculated from Eq. (5-3).- Hdwever, because the fracture -

grew preferentially upward, it was probably elongated i.n that "direction, and the '.7~ 

disagreement may be less than indicated. Our concTusion^is that radius' calcula-'": "" 

tions based on penny-shaped crack theory are probably valid within 50%,-suffi- •; -' 

ciently accurate for permeability calculations but probably not _fOr reservoir .. .r. -£; 

' heat-extraction modeling (see Sec.-6.1). Fracture-measurements by acoustic ' ''^'.'7.~^ 

techniques, as discussed in Sec. 4.2, appear to be more definitive in specifying ,! 

fracture geometry. 

Fracture Flow Impedance and Propping. The fracture experiments at 1900 m 

(6500 ft) done on September 15, 1974 consisted of repeated fluid injection and 
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shut-ins during which the pressure decayed as fluid permeated into the fractured 

region. Shut-in curves were matched by a.radial diffusion model from the well

bore but could not be matched by a planar model, typical of diffusion into the 

face of a fracture. Calculated permeabilities for the radial model were about 

10' darcies, assuming a closed fracture and uniform permeation from the entire 

uncased section of the wellbore. This result is 4 orders of magnitude greater 

than the permeability measured on GT-2 core samples (see Sec. 5.2.2). A more 

logical assumption is that the fracture itself is not completely closed but does 

present a high impedance to flow.. -. • . , r,-..,̂  --' -;,.-... . • .1... - .:,-:-" 

By assuming laminar flow between the faces of the fracture, the effective per-
2 1 2 ' 

meability or conductance of the fracture itself is (W /12) x 10 darcies, where W 

is the fracture width in meters. For the observed conductance and wellbore 

height of 61 m, the equivalent fracture width is about 42 ym. Additional evidence that 

supports the fracture flow impedance hypothesis is the observed change in the 

pressure-time behavior during fracture inflation after the fracture v/as propped 

open by injecting 3400 kg (7500 lb) of 20 - 40 mesh sand and 907 kg (2000 lb) of - ' 

10 - 2 0 mesh sand on September 28, 1974. Before propping, about 2 min of pumping 

,at 2.65 liter/s (42 gpm) were required to reach 124 bar (1800 psi); after propping, 

-25 min were required. In addition, after propping, injection pressure varied 

linearly with the square root of time with a constant injection rate. This 

behavior corresponds to a one-dimensional model with permeation perpendicular to 

the faces of a high fluid conductivity fracture. By applying the techniques devel

oped in Sec. 5.1.2, a fracture area - square root of permeability (A/R') product ' ——. 

_ 5 3 . - ... - . . . . ' . • ' , : . . . • • • . . . . _ • ; • ' . " " ' ' - - . • ' 

of 2.4 X 10 m was calculated. .:- -- ..-: 

Summary of Fracture Experiments. Several attempts to fracture GT-2, using • -" • 

open-hole packers to isolate the desired region, were made during interruptions = -• 

in drilling. These experiments were designed to show that granite could be. •-:..----

fractured at reasonable surface pressures and to measure fluid losses.. No ' _" -

clearly defined fracture was produced during these experiments, which .are sum7_ ..._„' 

marized in Fig. 5-2, because of packer malfunctions. After a steel, liner was..l..'.: .:'. 

cemented in GT-2 between 1920 m (6300 ft) and 1981 m (6500 ft), packers were set ' -' ' 

in the liner, and the region below was fractured. Figure 5-3 summarizes the in

flation experiments in this region. One fracture was made through perforations 

in the liner at 1943 m (6375 ft). As shown in Fig. 5-4, the pressure required to 

^̂ reate and grow this fracture was much higher than for the adjacent open-hole 
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fracture of Fig. 5-1. This behavior 

has been found to be characteristic of 

fractures induced through liner perfora 

tions, but does not appear to be caused 

by pressure drops in the perforations 

themselves, as the pressures remain 

high at low flow rates. 

After completing the GT-2 bore

hole, a metal liner was cemented in, 

leaving about 12 m (38 ft) of open 

hole below the liner. Numerous frac

ture-inflation experiments, summarized 

in Figs. 5-5 and 5-6, were done in this region. During these experiments fracture 

inflation pressure was measured, the effects of increasing the local pore-fluid • 

pressure were.studied, the permeability of the rock was measured,.-a way of -„ 
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Fig. 5-2. 
Tabulation of mechanical and inflatable 
packer experiments in 6T-2. 
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Fig. 5-3. 
Summary of GT-2 fracture inflation experiments. 
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GT-2 perforation fracture at 1943 m 
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Pressure history for perforation 
fractures in GT-2. • " 

measuring the relative area of the fracture as it grew was found (see Sec. 5.1.2), 

and techniques for acoustic mapping of fractures were developed-(see Sec. 4). • -

A series of perforations were then created in the metal liner, to study the .. 

variation of earth stress with depth and to attempt to grow two fractures in the 

same wellbore together by pressurizing them simultaneously. •• As may be seen in 

Fig. 5-7, these fractures did not show repeatable behavior, but often required 

higher pressure to reopen a fracture than was initially required to create it. 

These fluctuations were attributed to clogging of the perforations from suspended 

solids in the wellbore, and consequently no further information could be learned 

about stress variation with depth. The fractures at 2880 and 2911 m (9450 and 

9550 ft) were pumped simultaneously in an attempt to grow them together. When 
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only the lower fracture was pressurized, no communication was found between the 

fractures. Although these experiments were preliminary,the method of growing 

fractures together by simultaneous pressurization needs more study before it is 

eliminated as a reservoir preparation technique. 

During the directional drilling of EE-1, as the EE-1 wellbore approached the 

GT-2 fracture, the fracture was pressurized continuously so that if it was inter

sected, an observable drop in pressure would result and fluid would flow up the 

EE-1 borehole. The pressure history during this time is shown in Fig. 5-8. 

When drilling in EE-1 was completed (on day 283) at a depth of 3064 m (10 053 ft),.3 

a small flow of about 0.06 liter/s (1 gpm) was observed, coming'from GT-2 into •'•=-': 

EE-1 near 2880 m (9450 ft). The GT-2 pressure response, however, did not show 

any appreciable change as shown on Fig. 5-8. The EE-1 well was fractured, using 

an inflatable packer at 2926 m (9600 ft), in an attempt to improve communication .:;., 

between the wells. Some improvement was noted, and further experiments have "' ?, 

been devoted to study of this two-fracture system (see Sees. 5.1.2-5.1.6). 

- i-r i-^-,! '^-

..;• y- V^SS 

Fig. 5-8. 
GT-2 pressurization history from day 272 to 291 during 
the EE-1 directional drilling program. 
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5.1.2. In Situ Permeability. The product of the area of a fracture times 

:st. he square root of the permeability of the surrounding rock can be measured by 

pumping into the fracture at a constant flow rate. By assuming constant, one-

dimensional , permeable flow into a homogeneous porous media from the faices of 

the fracture and by also assuming that the hydraulic conductivity of the frac

ture is very large compared with that of the rock, the surface pressure P in Pa \§. 

is given by || 

- , ^ V | • .V - -.;. vv: , '^ i^r 
where 

3 Q = volumetric flow rate, m /s 
2 

k = permeability, m -J'-- .-" ' ^ 
u = f l u i d viscosity, Pa-s 

2 A = total permeating surface area, m 
— 2 • 

K = k/6y = hydraulic d i f f us i v i t y , m/s 

t = time, s 

3̂  = *3,, + (1-^)3^ = mean compressibility. Pa" 

$ = porosity 
w = water 
r = rock 

Equation (5-4) assumes that the ambient pore fluid pressure is fully hydro

static and predicts a linear relationship between P.and /t. Furthermore, the -

slope of these lines, P//t, is related to the area times the square root of 

permeability, AA", by rewriting Eq. (5-4) as ' • ' •" ------- ----- --

A/k = 2 , r ^ ^ . ..•.,:,. : _ . . : . - ^ . . . ( 5 - 5 ) 
V 3 ^ - • • ' • - • - - - - - _ • • • - • " • ^ - ' - • - • 

Using appropriate rock and water properties at 200°C, " - • ; • . • " 

3" = 2.723 X 10"^^ Pa"^ 

VI = 0.00014 Pa-s (0.14 centipoise), 

,A>^ can be expressed as, 

A/k = 2560 S ^ [m^]. (5-6) 
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In actual practice, it is not the pressure in the fracture that is measured 

but the surface wellhead pressure, which is equal to the fracture pressure minus 

the hydrostatic contribution with corrections for system pressure loss. This 

pressure loss consists of losses due to friction and form drag in surface piping, 

flowing friction in the wellbore, and, as the flow enters the fracture, an addi

tional welIbore-to-fracture impedance. Because the flow rate is constant, the 

pressure loss due to these effects is also constant and can be estimated by ex

trapolating the pressure curves to zero time. 

Typical data for the GT-2 and EE-1 fractures are presented in Figs. 5-9 (a 

and b). The GT-2 test was conducted January 27, 1976 by pumping into the GT-2 

fracture at a constant rate of 2.1 liter/s (34 gpm). A plot.pf P versus /t . 

provides a good fit to Eq. (5-4), and from the slope of the straight line and 

Eq. (5-5) A/iT for the GT-2 fracture at this time was 5.2 x 10"^" m"̂ . 

Deviation of the late-time data from the linear fit is thought to be caused 

by pressure-dependent permeability effects. As will be shown, the rock perme

ability is dependent on pore pressure, and such deviations are to be expected 

as the pressure in the fracture is increased. Furthermore, because the results 
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Surface injection pressure as a function of the square root of time, 
(a) Flow into GT-2 at 2.1 liter/s (34 gpm) in Experiment 113 on 
January 27, 1976. (b) Flow into EE-1 at 2.1 liter/s (34 gpm) in 
Experiment 110 on January 13, 1976. 
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described above were obtained with an initial pore pressure of zero (taking full 

wellbore hydrostatic pressure as the baseline) the A A derived is more properly 

designated (A/k)^. 

An extrapolation of the linear fit in Fig. 5-9a to zero time provides an 

estimate of 7.8 bar (115 psi) for the pressure losses between the surface and thei 

fracture. Although this pressure loss is probably not linear with flow rate, 

especially at much higher flow rates, it is instructive, for purposes of compari

son, to divide it by the flow rate to yield a specific impedance. Using this 

technique, the specific impedance from the surface to the GT-2 fracture is 3.7 

bar.s/liter (3.4 psi/gpm), which as we will show later is small compared with the 

.overall circulation impedance. 

The EE-1 results (Fig. 5-9b) were obtained January 13, 1976, also while 

pumping at a rate of 2.1 liter/s (34 gpm). Again, a good linear.fit to the data 

was obtained, leading to an ( A A " ) ^ of 1.6 X 10' •̂  m^ for the EE-1 fracture at this 

time. Extrapolation to zero time yields a pressure loss of only 2.5 bar (30 psi), 

and a specific impedance of 1.2 bar-s/liter (1.1 psi/gpm). As expected, the GT-2 

surface-to-fracture specific impedance is higher because the water in GT-2 must 

flow through smaller production tubing and downhole perforations and/or a 

damaged section of the liner. 

These values of (A/k") are most useful when they are interpreted as a param

eter that characterizes a fracture. Changes in (A/k") indicate irreversible 

change in a fracture, for example, fracture extension. . • - ..,•y'^'-.Iy^\^^-'"--:" •• •.--.'.-

A historical summary of the (A/IT) for both fractures is presented in ." 

Fig. 5-10. Since its creation during the sustained pumping of October 1975, the 

GT-2 fracture has not changed signifi

cantly. This is not the case for the 

EE-1 fracture. The EE-1 fracture, 

since its creation on October 15, 

1975, has been enlarged during .the 

course of several flow experiments. -

Although both maximum pressure and 

total volume pumped are important pa

rameters governing the extent of frac

ture enlargement, pressures greater 

than 90 - 100 bar (1300 - 1450 psi) Fig. 5-10. 
,^„ . . ^ ^ J 4.U- .c * Summary of (A/k)o for the 6T-2 and EE-1 
are required to extend this fracture. fractures 

CONTINUED RJ.VPING 
INTO CT-2 

FLOW E.XPERIMENTS 

in ^ _ ....., 
••. • — i o 

SJ •» ^ a t w<« 
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The effects of pore pressure on A/k are indicated in Fig. 5-11. These re

sults were obtained from Experiment 111. The sequence of operations was to first 

pump into the fracture until a pressure of 28 bar (400 psi) above hydrostatic was 

reached, and then adjust the flow rate such that this pressure was maintained for 

2 h. Consequently, a new pore pressure is established in the rock surrounding 

the fracture. Following the 2-h "soak" the procedure was repeated at the addi

tional pressure levels shown in the figure. The start of each change in pressure 

level was taken as a new zero time, and the results, when plotted versus »^, 

yield straight lines as shown. Using the principle of superposition,-the,AA for 

each increment of pressure can be calculated; the results are indicated on the 

figure. Increasing the pore pressure from 0 to 69 bar (1000 psi) above hydro

static resulted in a factor of 3.8 increase in A/k. Because A did not change • 

(that is, the pressure was kept below the fracture extension pressure), the perme

ability must have increased by a factor of 15. '' " *: ,. """."--",:. 

Additional permeability data for the EE-1 fracture were obtained in Experi

ment 114. These results and those from Experiment 111 are plotted in Fig. 5-12 
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Fig. 5-11. 
The effect of pore pressure on A A 
during Experiment 111. Each line 
represents a pressurization from the 
previously established pressure 
maximum. 
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md show that the permeability increases sharply (up to a factor of 100) as the 

pore pressure is increased -from 0 to 90 bar (1300 psi). 

Examination of the results of earlier experiments with the original fracture 

extending from the bottom of GT-2 indicates similar increases in permeability 

with pore pressure. A series of pressurizations, using amounts of injected fluid 

calculated so as not to increase the fracture size, was performed in March 1975, 

when the GT-2 hydraulic fracture originated from the open-hole region below 

2930 m (9607 ft). The P vs /t results for seven experiments are shown in Fig. 

5-13. The day 58 line was obtained from the early pressure history of a 4600- ^ 

liter (1200-gal) injection. The six following injections did not exceed 3000 

liter (800 gal) in size and had different initial pore pressures (taking full 

wellbore hydrostatic pressure as the zero base) which were obtained by either 

shutting-in previous pressurizations overnight or by venting overnight. Values 

of A A corrected for the system compressibility were calculated for each injec

tion, according to Eq. (5-5). The values of A A for days 62, and 69 we.re iden

tical and by definition represent the value of A A for this particular fracture. 

A dimensionless permeabilty ratio /]<7/A was calculable from these values because 

A was constant. This ratio decreases linearly with the initial pore pressure, 

as shown in Fig. 5-14. 

Another series occurred during the continuous inflation of the GT-2 fracture 

in October 1975 with the fracture now initiated from 2.81 km (9220 ft). Figure 

5-8 gives-the pressure history of the various inflations either with the small 

Kobe pump (about 0.6 liter/s) or the high-capacity-service cotfipany pump (about " -

11 liter/s). During this period the present GT-2 hydraulic fracture at 2800 m r-

(9200 ft) was initiated either through perforations or a failure in the cemented . 

steel liner (see Sec. 3). Examination of the pressure records shows that the 

fracture v/as formed during the pressurization on day 273 and was further enlarged ' 

by the two pressurizations on day 274. The small Kobe pump kept the system . ~" 

pressure above'69 bar (1000 psi) "in a series of seven major flows-ranging from _-~ - -

9500 to 61; 000 liter (2500 to 16 000 gal).- Each flow was followed by a shut-in ",-

period in which the pressure slowly declined. Figure 5-15 shows'the pressure as'^ -' 

a function of the square root of time for these events. 

The results from these two fractures in GT-2 and Experiments 111 and 114 in 

EE-1 are combined in Fig. 5-14, which shows / O A versus pressure above hydro

static. The combined data show a definite linear trend with a calculated abscissa 

intercept of 102 bar (1480 psi). A value of zero for the ratio /k""/A would 
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mathematically imply infinite permeability af the face of the fracture plane.at 

this pressure. A reasonable interpretation would be that when the pressure ap

proaches the maximum horizontal component of earth stress, ^^^ *^^ effective 

stress in the S„ direction approaches zero with concomitant opening of micro-
6 

fractures. This conclusion is similar to that reached by Brace and others. 

The least squares line using the entire data set has the equation 
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hydrostatic (k) as a function of pressure above hydrostatic. 

150 

=1.00 - 0.0098P (bar). (5-7) 

and the value at A ^ / A = 0 of 102 bar (1480 psi) is believed'to be an estimate 

of S2 at about 2820 m (9250 ft). ' . - ̂  . ' J ' , : .,..:;;";--•-^--^-'''.'VV.---

5.1.3. Flow Impedance Testing. The circulation of flow through.the present 

downhole.system, apparently consisting of two nearby hydraulic'-fractures,~.is p...: 

characterized by high impedance. Figure 5-16 presents results„of_.an experiment-"; 

in which EE-1 was pumped while GT-2 was vented. Because buoyancy effects are 

not important in short-term experiments, the net pressure difference is simply 

the EE-1 pressure, whereas flow recovered at GT-2 is the net, circulated flow. 

As Fig. 5-16 shows, a linear relationship exists between the pressure difference 

and the circulated flow rate. The slope of the line yields the specific imped

ance, which for this experiment is 142 bar-s/liter (130 psi/gpm). 
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Fig. 5-15. 
Wellhead pressure as a function of the 
square root of time for constant rate 
injection into the fracture originating 
from the liner at 2820 m (9250 ft). 
The numbers indicate the time sequence 
of pumping events and .show that the •. 
fracture has not grown during this 
large injection of fluid at,low pump- , 
ing rates. 

The impedances associated with surface piping,'flowing friction in the well-, 

bore, and well bore-to-fracture pressure losses are very small compared to .this 

total circulation impedance; consequently, most of the impedance is associated 

with the flow paths between the two fractures. •" - ..'•.:-.;-.'•;"• . - :. 

• The results of many flow circulation tests indicate that, flow appears'in the 

vented v/ellbore in two or more time phases indicating different communication 

paths between the fractures. In the first phase, flow appears at the venting 

well less than 10 min after fluid is injected in the other wellbore. Because 

this response time is so fast compared to the calculated response time for low-

permeability granite separated by distances of a few meters or more, this early-

76 



Dhase of flow must be via a set of natural fissures, or a zone of locally high 

germeability, or even possibly by means of an intersection of the two hydraulic 

fractures themselves. 

Following this early-arriving flow, a slow but steady increase in flow rate 

is observed. This flow component is most likely caused by permeation of water 

through the rock connecting the two hydraulic fractures. As expected, this addi

tional increment of flow rate varies with time and the pressure levels at the two 

boreholes as well as the sizes of the fractures. Because of the very large in

crease in permeability with pore pressure," an overlapped fracture matrix perme- - . 

ability communication path can be very significant, particularly for long-term 

tests, or for tests in which both wellbores are pressurized to high levels. 

In terms of a specific impedance the considerations above suggest that long-

term flow tests are characterized by an initially high impedance,- which slowly 

decreases at a rate dependent on the pressure conditions at both boreholes. 

Figure 5-17 summarizes the results of the impedance tests. The circled data 

points represent the initial, first phase impedance; the vertical bars represent 

the full range of transient impedance exhibited during each long-term test. 

Anomalous pressure build-up curves obtained during Experiments 102 and 106 

(Figs. 5-18 and -19) suggest that the declines in initial impedance observed 

during these experiments are due to the removal of an impedance in the fractures, 

possibly a partial removal of rock, water, and drilling fluid interaction products 

that .had partially closed the fractures" to flow. .- - ."- "-.:..:•' " .".-''•._; V,... 

Figure 5-17 indicates that the lowest impedance measured to date is about 

30 bar.s/liter (27 psi/gpm). Because of the uncertainties in the area of over- -

lap of the two fractures and the extreme variation of permeability with pore ; 

pressure^ the minimum value of impedance, attainable with the present system is . . 

difficult to estimate. In addition, selective removal of material in the rock by -

leaching could reduce the overall impedance to a value less than 5.5 bar.s/ 

liter (5 psi/gpm) which would be acceptable for a lO-MW(t) energy extraction-" ....-̂  

experiment resulting ih a total pressure .drop less than 97. bar .(1400-psi).;-v-" • -; r. 

An alternative flow impedance model of this system has also been proposed. -

In this model, a major fraction of the impedance is caused by fractures partially 

closed to both wellbores, which results in steep pressure gradients along the 

fracture faces because of their limited conductances. Because current mapping 

results (see Sec. 4) for the EE-1 and GT-2 fractures place them only a few 

meters apart, fracture intersection is at least a reasonable possibility. 
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In fact, this may be the source of the 

early arriving flow. In this model, 

flow impedances would also be predicted 

to decrease as the mean pressure of 

the fracture system increased. As 

pressure increases above S^, the frac

tures would be propped open and their 

conductances i ncreased. "Selecti ve 

•dissolution of material would also de

crease the total impedance if this 

model is correct. However, the time-

dependent nature of the impedance discussed in.the preceding paragraphs: would 

not be easily explained by this fracture closure, riear-wellbore impedance model 

The major difficulty in trying to establish the credibility of either model is. 

that little information is available concerning the pressure-field across the ; 

fracture faces away from the wellbore. ' -• •' •: .- .'-.—.;-/._. --̂  
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Experiment 106 for. flow into EE-1. 

5.1.4. Fluid Residence Time Distribution Studies. During March 23-26, 

1976, a fluid residence time distribution (RTD) study (Experiment 115) of the 

GT-2/EE-1 connected fracture system was conducted. The basic concept v/as to 

inject a 380-liter (100-gal) slug of fluid containing 100 ppm of sodium-

fluorescein dye into EE-1, pump it down the EE-1 wellbore, through the fractured 
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"oe, and up the GT-2 wellbore. The dye concentration-time (or volume throughput) 

jependence was then examined by periodically taking fluid samples at the GT-2 

.•ellhead and spectrophotometrically analyzing the solutions to determine dye 

:oncentrations. 

As the tracer- or dye-containing slug flows through the fractured region it 

;ill be dispersed or mixed to a degree dependent on the distribution of fluid 

;irculation velocities within the region. This will result in a residence time 

listribution. that will provide a signature to identify the system flow charac

ieristics and a quantitative measure of the mean residence time that can then be 

ised to calculate an effective fracture volume after the effects of both well-

lores have been removed. The mean residence time and the distribution about the 

lean are important parameters in evaluating and modeling the heat-extraction 

apability of the system. They are controlled mainly by system geometry', pumping 

ates, and changes in fluid properties, such as density and viscosity, which . 

ffect the flow pattern. 

Throughout Experiment 115, the EE-1 surface injection pressure was maintained 

t 90 bar (1300 psi) while GT-2 was fully vented. With this pressure at EE-1, 

umabTy the EE-1 fracture was at least partially inflated. The results of 

xperiment 115 can be summarized as follows: 

V-vJl) The outlet tracer distribution curve indicated that a substantial amount 

f mixing and dispersion occurred within the.fractured regi on .-..̂ .The standard 

aviation about a 7-h mean residence.time for a 0.8- to 0.9-liter/s (13-"to 14-

m) flow rate v/as at least 2 orders of magnitude greater than the initial dye 

lug width of 380 liter. A 0.55-ppm-maximum dye concentration was observed 

1 the outlet flow, indicating a 200,-fold reduction from the injected ' , 

)ncentration. " _._. .. .„.; .. ,.,1 ... 

\-(2) A 30 000-to 38 000-liter (8000-to 10 000-gal) fracture volume is cal-

ilated.from the measured mean residence time. This is-consistent with our 

itest estima.tes from permeability and fracture J nfl ati on experiments.;. - . : , - , . 

(•3) No direct short circuit between the EE-1 and GT-2 boreholes was ob- - •" 

irved. The first arrival of dye at GT-2 corresponded to a minimal flow 

innection volume of 11 400 liter (3000 gal). 

(4) Up to the shut-in of EE-1 flow, with 231 000-liter (60 080-gal) total 

jected volume 34% of the fluorescein dye had been recovered. With the fracture 

em fully deflated, about 63% of the dye and 90% of the water were recovered. 
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A second tracer study, Experiment 119, was conducted on the EE-l/GT-2 

system using a 48-bar (700-psi) EE-1 injection pressure, which would be below S^-

and result in a closed (noninflated) fracture system. The outlet RTD curve 

indicated that dispersion similar to that observed in Experiment 115 occurred. 

The effective inean fracture volume was somewhat lower, however, about 21 000 liter 

(5500 gal) vs 34 000 liter (9000 gal). 

Because the fracture system volume v/as still substantial at 48 bar (700 psi) 

with no direct short circuit (a minimum fracture volume of 7600 liter [2000 gal]), 

a certain amount of self-propping probably exists. If the system is comprised *-•-::. 

of two parallel fractures separated by a region of rock 4 r 8 m thick, fracture -"..-

closure is not complete but may have a relatively small volume compared to the , "" 

pore fluid volume contained in the overlapped region, possibly >̂  19 000"liter 

(5000 gal). Dispersion within the rock pore fluid volume could then be the major. " 

cause of the observed RTD. However, the extent of possible overlap between • ' " -L' 

fractures is still uncertain. If the system consists of a directly connected ""-

set of fractures, then the degree of self-propping is even more pronounced be

cause pore fluid volume effects are not important in determining the RTD, and 

the total observed dispersion is caused by mixing within the fractured region. 

* 
5.1.5. Spinner Surveys. Standard well logging spinner surveys used for 

measuring the flow of fluids into and out of perforations in casing, porous . 

zones, or natural open fractures have proven useful in delineating the extent of r-

.the intersection of hydraulic fractures with the borehole wall ."•..Such :;a-suryey "j/'Ŝ vj 

was run in GT-2 during September 1974 and characterized with great detail two . ."-1.;-. 

collateral hydraulic fractures (Fig. 5-20). . :'-.;.. ... „- . . -.;̂ - „._: 

•-". .The spinner tool is moved at various velocities up the hole with no flow,"' - "-̂' ' 

and the free turbine wheel records a rate proportional to the logging velocity -'"• 

(about 7.1 rps in the figure). Pumping into the borehole at constant rate ; .„-_:i. 

produces an additional velocity field, v/hich is additive to -t:he upward logging ,': . 

speed. The increase of 3 rps shown in the figure is equivalent to the increase -̂-̂^ 

;:iri fluid velocity in.the GT-2 borehole from-the pumping rate actually pumped.--4̂ ;rĴ j. 

(11.4 liter/s).- Half the flow leaves the borehole from 1989 to 1993 m (6528 to' 

6540 ft) and the other half from 1997 to 2001 m (6553 to 6566 ft). Additional 

information concerning fracture width and orientation can be obtained from 

analysis of such curves. 

All depths in Sec. 5.1.5 are measured from the Kelly bushing. 
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* Further attempts to use this tech

nique at greater depths have not been 

successful because of failure of the 

instrument at temperatures > 150°C. 

Other techniques, such as temperature 

logging (see Sec. 5.1.6), have provided 

information similar to that available 

from a spinner survey. 

5.1.6. Wellbore Temperature 

Logging. Temperature logs were made 

in GT-2 during Experiments 101 and 102 

when water was pumped into GT-2 at the 

constant rate of 0.6 liter/s (9.5 gpm). 

In Experiment 101, a background -

(no pumping) temperature log was con

ducted on November 6, 1975,and flow 

tâ f logging was performed on 

fiS'̂ mber 7. The results of the logs 

are shown in Fig. 5-21. Also shown 

are the results of an earlier tempera

ture log conducted in March 1975 before EE-1 was drilled and connected to the 

GT-2 fracture. Figure 5-21 shows major departures from the original (March 1975) 

temperature ."log "of GT-2. The results'of the temperature Togs from Experiment "102, 

conducted November 12, 1975, are presented in Fig. 5-22. The temperature de-. 

partures do not change significantly with time and suggest that large quantities-

of cold water have been forced into the interval between 2800 and 2850 m-:(9186 

and 9350 ft) and smaller quantitites into-the interval between 2880 and-2920^m -

.(9448 and 9580 ft). -_ -.•'.. 

The equation describing energy conservation, in the .flowing wellborejs,.:-. _... _' 

given in Sec-6.2 along with the'equation describing the heat transfer in'the -"•" 

formation surrounding the wellbore. If the assumptions are made that the "prop

erties of the material surrounding the wellbore and the wellbore geometry are 

constant, then a relationship can be derived [see Eq. (6-^0')] to describe the 

m^^o of fluid velocities in the wellbore at different depths Z. 

Fig. 5-20. 
Spinner survey of GT-2--spinner rota
tion velocity (rps) as a function of 
depth. 
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In applying this equation, tp - t-. must be small compared to t-j and the 

wellbore radius must not vary with depth. These conditions are satisfied by 

the fourth flow log of Experiment 102, which started 430 min after flow .^ 

initiation, and by choosing the reference depth I-^ = 2790 m. Using Eq. {6-.ZQ)^ 

the fluid velocities relative to the velocity at Z = 2790 m were calculated 

and are shown in Fig. 5-23 (plotted in the equivalent units of flow fraction). 

Changes in flow rate are clearly identified;about 80% of the flow leaves the . 

wellbore in the interval between 2800 and 2820 m, about 15% leaves at 2870 m, 

and the rest leaves at the bottom of the hole. Further analysis of flow 

temperature logs results in estimates of in situ rock thermal conductivity 

and temperature gradients (see Sec. 6.2). . . ' .' il 
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6. GEOTHERMAL RESERVOIR MODELING (R. G. Lawton, H. D. Murphy, J. W. Tester, and 
R. D. McFarland) 

Two important areas to the HDR program involve predicting the heat extrac

tion capacity of hot dry rock reservoirs over periods extending to tens of 

years, and projecting the estimated costs of developing these reservoirs. 

Techniques have been developed to examine reservoir performance by modeling fluid 

flow and heat transfer in hydraulic fractures and wellbores of specified geome

try. In addition, an economic model was formulated that bases the total capital 

investment of a power plant on the costs of production and reinjection wells and 

major pieces of equipment, including pumps, turbines, generators, heat exchangers, 

and condensers. These topics are covered in this section. 

6.1. Heat Extraction and Fluid Flow Modeling 

6.1.1. Reservoir Features and Expected Performance for an Ideal Hot Dry 

Rock Geothermal Reservoir. Based on the theory of elasticity and 

brittle material fracture mechanics, the fractured hot dry rock reservoir is 

idealized as being circular with a fracture gap width, w, which varies ellipti-
* 

cally with radius. The maximum fracture width, w , is extremely small compared 
with the maximum fracture radius, R; for example, a typical value of w is 3 mm --
for a fracture radius of 500 m. Furthermore, because.the direction pf the least. ' 
principal earth stress is horizontal, the fracture plane should be vertically ̂ ;'"; 
oriented, and therefore fluid buoyancy effectis are "important. '- ;. _.'._ 

The maximum thermal power that can be extracted from the rock surfaces.-;,,.. 
occurs when the entire rock surface is suddenly and uniformly lowered in tempera-'-

ture from its initial value, T , to the cold water injection temperature, T.. 
2 -

This power, p, is given as a function of time, t, by - .,. - - -:,-

,2 ̂  VPrS ? - 2 , R ' \ I J - ^ (T̂ -T.), (6-1) 

where A , p and c are respectively the thermal conductivity, density, and 

specific heat capaiJity of the rock. Because the thermal conductivity of the 

rock is low, large fracture surface areas are required to produce substantial 

116 

::3BiHBtni 



-nounts of power for extended periods. For example, if the temperature differ

ence, T -T., is 200°C, a 500-m fracture is required for 25 MW(t) extracted con

tinuously for 10 y r . Even after lOyrthe initial rock temperature is decreased 

less than 5% for distances of 40 m or more away from the fracture surface (Ref. 2, 

op. 58-62). Thus, heat is being removed from only a relatively narrow zone of 

rock immediately adjacent to the fracture, and conduction in the rock will be 

essentially one dimensional (perpendicular to the plane of the crack) even for 

iiiore complicated examples, where the surface temperature is not uniform. 

A simple heat balance shows that the minimum mass flow rate, m, required to 

extract the thermal power is 

m = ^rrvvr 

v/here c is the specific heat capacity of the water. Using typical values the 

25-MW(t) example will require a flow rate of about 30 kg/s. The characteristic, 

or average, velocity, V, in a fracture is defined as 

m/pRw 

where p is the density of water. The characteristic velocity is rather large, 
-2 ' " 

of the order 10 m/s, which means that heat transport due to fluid conduction .„ .• 

is negligible compared with fluid convection. .. '" '. '•- ' v , :_ / : \ - - - ~ :-7- -. : *.':-

The approximate relations above are based on a reasonable distribution of . 

water flow in the fracture; fresh cold water is assumed to be accessible to all .. 

regions of the fracture. ' However, in actuality.this.is not always„the case. - " -

The fluid may "short circuit" along some preferred path, and the energy ex

traction capacity of the reservoir could be severely reduced. 

6.1.2. Governing Equations. Heat is removed from-the reservoir by a;.cir-.̂ ; 

culating pressurized liquid water phase. Small changes.'in'fVuid density caused-"• 

by heating are considered only in the body force term, v/hich accounts for buoy

ancy effects. In addition, the possible beneficial effects of thermal-stress 

cracking to heat transfer surface area are neglected. (See Harlow and Pracht 

for a simplified model of this phenomenon.) Thus, the fluid is entirely confined 

to the gap between the impermeable rock surfaces, and heat is transferred to this 

fluid only by thermal conduction through the solid rock. 
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The governing equations are written below in nondimensional form, using x,y 

coordinates in the fracture plane,for a variable fracture gap width, w, and 

variable fluid properties. As will be shown, some terms can be neglected and 
4 5 the resulting simplified set of equations can be solved numerically. ' 

Momentum. Only the y-momentum equation is presented; the x-momentum equa

tion is similar except that it lacks a body force term. Because the x and y 

dimensions are large compared with the fracture gap width, the shear stress 

terms due to x and y velocity gradients are neglected, resulting in 

D«*/m 9v . , 3v . „ 3v\ _ D 8p . k 8 / 8v\ " . " , " -" 

Here, B = K T, where the dimensionless parameter, K, is related to the ratio of 

a Grashof (Gr) number to a Reynolds (Re) number: 

K = (Gr/Re) • k*/(w*)2, 

Gr = (w*)^ gB (T^ - T.) (p/u*)^ and 
it is 

Re = pVw /y . 

i f ic "k 

Re is a modified Reynolds number equal to pVk /y R. The values u and v are 

dimensionless velocities in the x and y directions; u = u7V and v = 7/V. Other 
. . - _ _ _ * .:; 

dimensionless parameters (all of order unity) are x = x/R, y = y/R; z =. z/w .A._, .•;̂ . 

(direction perpendicular to the fracture plane); time,-t -t/t ; viscosity, ?C/.r'K̂ 6 

y = \ i / \ i ; temperature, T = (T -.T.j)/(T - T.j), and pressure, p = p/p .. The . - .:;..: 

overscored parameters are dimensional quantities, g is the".fluid volumetric-.- : 
-* ' - -* • _ 1. 

expansion coefficient, t the actual time, y a characteristic fluid viscosity, .,f 
• * _ - - " . . . . . : , - • - ' . t ^ 

k a characteristic fracture permeability, and T the local fluid temperature. --
* - . -

The characteristic pressure, p , is defined in terms of the viscous drag losses. 
ForJaminar flow with constant viscosity across the fracture-gap width the ;T'as't"";.rî f 

term in Eq. (6-2) can be shown to be r yv/k, where for an open'lcrack','-the-"effee--"";:~- l̂^ 

tive permeability, k, is w /12. Again, w and k are dimensionless quantities, 
_ * _ * * * * 
w/w and k/k . Then, the characteristic pressure is defined as p = y VR/k . 

ic 

For typical values of the characteristic parameters. Re is approximately 
-3 * * \ 2 

10 and K is approximately unity, as is k /(w ) for an open crack. Further-
* -2 

more, the parameter m = R/t V is reduced to the order of 10 after only one 

day of operation. The momentum equations can then be simplified to 
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3x k ' 

|£=1|^- KT. 3y k 

(6-3) 

Continuity. The basic continuity equation for an incompressible fluid re

quires no simplification. Expressions for u and v from Eq. (6-3) are substituted 

into the basic continuity equation to obtain 

3x \ 3x/ 3y ^ Uy KT = 0, (6-4) 

where r = wk 

Fluid Energy Equation. Viscous dissipation, work, and kinetic and potential 

energy terms are small and therefore neglected. The resulting dimensionless 

energy equation is 

2qR 
w cpV (T^-T.) Pe lr(«^S)*i(-l) - ( m 3T . 3x . ̂ 3y ) . 

.:. (6-5).. 

where q is the heat f lux from one fracture surface into the f lu id . - ' X is a di men.-
_ * sionless water thermal conductivity, X/X , of the order uni ty.- A Peclet (Pe) 

number can be defined as . ." 

Pp = yRc£ 

where X is a characteristic thermal conductivity. For typicai fracture condi-' -" 
o 

tions and fluid properties, Pe is of the order 10 , so the second term is negli-
_2 

gible. Because the parameter m has been shown to be of the order 10 after one 
day and all other terms are of the order unity, the fluid energy equation reduces 

(after one day) to 
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2qR 
cpVw (T^-T.) 

= u|I+ v|I 3x 3y (6-6) 

The heat flux from the rock into the fluid (q) at the fracture surface is 

obtained from a separate solution of the energy equation in the rock. 

Rock Energy Equation. For constant rock properties, heat transfer through 

the rock is described for three-dimensional conduction by " 

36. 
3t 

2 
3 6 
3z2 

+ Fo 3^6 ^ 3^6 

.3x2 3y2 
(6-7) 

where z is a nondimensional distance, z = z/L, and L is a characteristic con

duction length, L = V a t* . 6 is the nondimensional rock temperature, 
r i f n • 

6 = (6-T )/(T.-T„), and Fo is a Fourier number, Fo = a„t /R , and a = X„/c^p„. 

Because Fo i s ^ 10" even for times as great as 30yr,the rock energy equa

tion reduces to a one-dimensional conduction equation 

3£ _ ^"Q 
3t 

3z 
2 • : (6-8) 

This equation, however, must be solved at each x,y point of interest in the 

fracture plane. „..,...:_... .—_- -" -

The heat flux into the fluid at the fracture surface (z = 0 ) is given by 

^ - --31 z=0 
(6-9) ,̂cr.: 

where the nondimensional heat flux is 

' C r . . _* ..Mil^-tf.-i. 

q = q/ x,(T̂ -T.)/ V v 
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Boundary conditions for the rock conduction equation are 

e(x,y,z, t=0) = 0 

9(x,y, z=0, t) = 1 - T (x,y,t) 

6(x,y,z -> «>, t) = 0. 

Because the fracture gap width goes to zero at the outer edge of the fracture, 

the X and y boundary conditions in the fracture plane are satisfied. At the 

axis of symmetry within the fracture,temperature and pressure gradients in the x-

direction are zero as is u, the x component of velocity, and the horizontal gra

dient of the vertical velocity, 3v/3x. The initial fluid temperature, however, 

must be specified everywhere in the x,y plane. 

As heat is extracted from the fracture, the rock will contract and the 

fracture gap width will increase with time. In dimensionless form the gap width 

at .dny point and time, w, is simply the sum of the initial width, w., plus the 

accumulated rock contraction: 

m̂  26 
w = w. + 

i-l 
w 

(T,-T 
. ' / 

adz (6-10) 

where 6 is the linear thermal expansion coefficient of the rock. The integral in 

Eq. (6-10) is simply related to the total heat removed from the rock,"which 

results in . 

'26 
w = w. + 

Vs 
w 

(T,-T.) J qdt. (6-11) 

6.-1.3. Solution Procedure. Equations (6-3), (6-4),'(6-6)i (6-8), and 

(6-9) represent a considerable simplification of the equations first proposed in 
3 

the pioneering work of Harlow and Pracht, which included advection as well as 

transient terms in Eq. (6-3), and conduction and transient terms in Eq. (6-6). 

By formal nondimensionalization and rationalization of the complete equations, 

these additional terms are shown to be negligible for calculations of practical 

interest. 
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Even in their simplified forms, the equations derived above are still 

formidable--they represent a set of five, two-dimensional transient partial dif

ferential equations. Furthermore, because they are coupled (temperatures depend 

upon velocities, which depend upon pressures, v/hich in turn depend upon tempera

tures, etc) they are highly nonlinear, and thus numerical methods provide the 

only practical form of solution. 

Because Eqs. (6^8) and (6-9) must be solved at e'jery point of interest in 

the fracture plane, at every time step, the key to rapid computations was to 

solve them by some simple and efficient scheme. An application of the Duhamel 

superposition integral (Ref. 2, p. 30) provided such a scheme. - - . 

Using the superposition principle, the dimensionless rock temperature 

becomes. 

n-1 

6 = - 2 Z) 
j=0 

^j^l - ̂ J Ĵ - ̂ J-1 

*j+l " *j *j " *j-l 
(t-t.) iSrfc 

^ V (t - t.) 

(6-12) 

and the nondimensional heat flux (q) is, operating on Eq. (6-12) according to 

Eq. (6-9), 

q = 

n-l 

V T -3=0 

FT 
j-n Tj Tj 'j-1 

Ĵ+1 ^J-1 J 
vH" tj,;.t^_^< t< t^. (6-13)-: 

Thus, the rock temperature at any point and the heat flux conducted to the 

fluid can be easily calculated from the history of the fluid /̂  temperatures...,At. 

the nth time step, the unknown heat flux at any point in' the fracture is solved 

for in terms of the previously calculated n - 1 fluid temperatures for that 

point, plus the yet-to-be determined temperature, T^, at the end of-that-time -: 

step. This relationship is then substituted into Eq. "(6^6)'. • This'" equationvT. . 

plus Eqs. (6-3) and (6-4) are then converted to finite difference equat'i'ons, -

which are expressed in an implicit form to avoid restrictions on the size of 

the time step imposed because of numerical stability considerations. The con

vection terms in Eq. (6-6) are formulated using "upwind differencing of the 

second kind," which enhances numerical stability. 
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Finally, the set of simultaneous algebraic equations obtained as a result 
5 

of finite differencing are solved iteratively, using successive overrelaxation. 

Typically, geothermal reservoir simulations are performed using a grid of 200 

node points to represent the fracture. Ten time steps are usually used to cover 

the first year of operation--fewer time steps are required thereafter. 

Instabilities arise in these simulations when the dimensionless parameter 

K becomes too large, i.e., when the effects of buoyancy are very large compared 

with the dissipative effects of viscosity. Whether these instabilities are 

purely numerical in origin or manifestations of a real physical instability, 

such as an abrupt transition from one type of flow pattern to another, is uncer

tain 4,5 Numerical and analytic stability analysis as well as laboratory model

ing of heat extraction are required to resolve the problem. 

6.1.4. Examples of Calculational Results. 

Flow Patterns. Flow patterns are shown in the form of streamlines 

in Figs. 6-1 through 6-5. In these figures, which show the right half of the 

fracture plane, each pair of streamlines (including fracture boundaries) bound 

10% of the total water flow. In the figures the term "relative power" is merely 

the thermal power divided by the analytic value for uniform upward flow in a 

rectangular fracture having the same heat transfer area. 

For these calculations, the fracture is assumed to be symmetrical about a 

vertical centerline; that is, the water inlet and outlet both lie on the vertical 

centerline and the fracture is circular (penny shaped) with a radius of 500 m.'. 

The fracture width is initially elliptical with aimaximum width of 3 mm at the'---

center of the disk. The average initial rock temperature is 250°C with a 

constant geothermal gradient of 50°C/km. -The water inlet temperature, for these " 

calculations is 65°C. . .„.;. ..._ •...„. 

Figure 6-1 shows a 500-m-radi us fracture with a flow of 144 kg/s, "with no..:, 

buoyancy, which is very similar to a situation with a high impedance, as would 

be the case for a fracture propped open with particles. . For this case,- there is 

a tendency to short-circuit from inlet to outlet which becomes'soifiewhaf more -''- -

pronounced with time, enhanced by the'thermal contraction of the rock in the ''̂-" 

cooler regions. At the time shown, the maximum fracture thickness has increased 

from 3 to 9 mm and moved down 125 m to the water inlet. 
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With tliermal contraction 
No buoyancy 
Tims = 4.17 M, (48.3 dayi) 
Tout = 140°C 
PowBf - 45.4 MW 
Relativs power * 0.42 
Flow - 144 kg/« (total) 

IOOO 

Outlet 

Y (m) 500 

Inlet 

200 300 
X(m) 

900 

Fig. 6-1.' - .-..-. -'"' 
Flow streamlines after 48 days with 
buoyancy suppressed. . . ̂ ,,-. .-r;" v" 

Figures 6-2 and 6-3 show flow patterns for a case with buoyancy and thermal > '"-

contraction andwi thout proppant (a'propping agent) .in the .;fracture," at tv/o di-f-" ;:% 

.ferent times. - The development.of. a Targe Ye'circulatihg zone resulting'-from.;t^^^^ 

increasing dominance of the buoyancy forces as the fracture opens up is evident. 

There are, of course, flow streamlines within the recirculation zone that are not 

shown in the figures. 

Figures 6-4 and 6-5 show results for a somewhat different water supply situa

tion. Here, the water inlet is in the upper region of the fracture very near the 
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No proppant 
With therrnal contraction 
Buoyancy 
Time = 0.161 Ml (1.88 da>-») 
To„, - 228° C 
Power • 98.5 MW 
Relative power ' 0.88 
Flow - 144 kg/l 

1000 

•Su»«( 

T(m) 500 

Inlet 

SOO 

Fig. 6-2. 
Flow streamlines after 2 days with 
buoyancy. - ' -

No proppant 
With thermal contraction 
Buoyancy 
Time •» 7.79 Mi (90.2 deyi) 
Tout - »76''C 
Power - 66.8 MW 
Relative power • 0.68 
Ftow = 144 kg/» 

IOOO 

Outlet 

Y ( m ) 500 

Inlet 

200 300 
X lm) 

500 

Fig. 6-3. 
Flow streamlines after 90 days with 
buoyancy. - . -.,"... -̂  . -. ,., . 

outlet. As shown, with no proppant, the dominant buoyancy forces create a down
ward and outward flow so that the power extracted from thi_s fracture is reasonably 
large.' If, however, a high proppant-iiiipedahce is present, the flow-will .-short---.; 
circuit. For a high-impedance case the relative power decreases froni'0.43 after 
about 2 days to 0.11 after 1 yr. 

Pressure Change. In general, the pressu»"e losses well inside an inflated, 

unpropped fracture should be small so that total system pressure losses and the 

l-i :„ .4U,. 

•t: 
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No proppant 
With thermal contraction 
Buoyancy 
Time ° 0.161 Mi (1.86 dayi) 
Tou, = 222°C 
Power - 94.9 MW 
Relative power ° 0.85 

IOOO 

Outlet 

Inlet 

Ylm) 

200 300 

Xlm) 
900 

Fig. 6-4. 
Flow streamlines after 2 days; new 
inlet location with buoyancy. 

No proppant 
With thermat contraction 
Buoyancy 
Time ° 9.51 Ms ( l lOdayt; 
Tout = 132°C 
Power - 40.3 MW 
Relative power •• 0.43 
Flow - 144 kg/« 

IOOO 

Outlet 

Inlet 

Y(m) 500 

200 300 
X(m) 

900. 

' Fig. ,6-5.- ; " 
Flow streamlines after 110 days; new 
inlet location with buoyancy.. .-'.,..-

question of "self-pumping" depend on the pressure losses in the supply/return :IL.'V 

pipes, in the surface plant, and at the inlet andoutlet-regions..,; J.... •-•. ..-..;.>_'J!L:.. 

'r " Of particular importance is the region of the reservoir very hear:the;outlet:--4--^: 

Velocities in this region can exceed 50 m/s, and the-pressure drops associated !:"..>-

with these velocities are very high. Furthermore, the flow is highly accelerated 

as it converges upon the outlet. In this region the assumption of Darcy-type 

flow is invalid and boundary layer equations are required to describe the fluid 

mechanics. A computer code, RADFLO, has been developed that numerically 
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..-.-.."(•ates these equations assuming that the flow is laminar and the surrounding 

. -;; surfaces are hydrodynamically smooth. For typical wellbore diameters and 

,v,,:ture widths, the calculated pressure loss in the outlet region is about 

I -̂ r̂ (60 psi) for a mass flow rate of 100 kg/s, and about 10 bar (150 psi) 

;,.,- a flow rate of 200 kg/s. 

However, actual pressure losses are likely to be even higher because the 

rrck surfaces are not smooth and the flow may be turbulent. Unfortunately, tur-

-Jence models for such a highly accelerated flow have not yet been developed. •• • 

;. laboratory model to study the flow in the outlet region is being built to supply 

•/e required information regarding flow patterns, velocity profiles, pressure 

.:;-3dients, and the effects ,of fluid acceleration. 

Parametric Prediction of Power Extraction Rates. The parametric curves in 

figs. 6-6 through 6-8 of pov/er and temperature as a function of time demonstrate 

the ability of a larger fracture to maintain a useful power level for a reasonable 

iength of time under the pessimistic conditions of no secondary fracturing and a 

relatively low ratio of buoyancy forces to viscous forces. 

Figure 6-9 presents parametric results for a very small fracture, suitable 

for a lO-MW(t) interim circulation loop between EE-1 and GT-2. The results are 

presented in terms of the ratio of the power at a given time to the initial power. 

To demonstrate proof-of-concept, a relatively rapid power decay is desirable so 

that the relation between theoretical and actual performance--especially in such.... 

areas as the effect of thermal stress fracturing--can be assessed in a short time. 

As can be seen, depending upon the placement of the inlet and outlet, the effects 

of short circuiting can be severe at early times. 

As the crack widens because of thermal contraction, buoyancy, effects, reduce •.-

[; the degree of short circuiting, so that in some cases the power extracted can "-

actually increase with time. There is a possibility that such an increase, if -.:=.-. 

._observed in.the field, could be incorrectly-interpreted as-evidence for augmenta-7: 

r tion of the reser'voJr'by thermal.stress cracking. --:'=•-";:'"'.•• >J-:,-̂ ''...-" -;_;"":•;----;: 
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Fig. 6-9. 
Power drav/down for an ideal 100-m-radius fracture. 

Wellbore Heat Transmission Modeling 

The equation describing heat transfer in the rock surrounding a wellbore is; 

fir . i !V 
i„^. * ?" 

DC 3T ^r r r 
X„ 3t ^(6-14) 

and the equation for the flowing fluid in the wellbore. is 

3t ^ 3t 
_2_ 
pc 

V Ha] at -̂  = a. (6-15) 

where U is the fluid velocity in the wellbore, 

*Subscript r refers to rock properties; variables without subscripts refer to 
fluid properties. 
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By expressing Eqs. (6-14) and (6-15) in nondimensional form, a functional 

relationship between dimensionless temperature difference, AT^,, and dimensionless 
2 

time, tp = X^t/(p c^a ), appears for a specified rat io of the volumetric heat 
capacity of the rock to that of the f l u id 

2X ( T - T ) / X t V / P C X 

P c a U ^-^ \p^c^a / \ V / 

where T = fluid temperature at time t, depth I . ' . .,'/':. 

TQ = initial fluid temperature. : 

Equation (6-16) is valid when both the fluid velocity, U, and the temperature 

gradient, dT/dZ, do not vary significantly with time... The Tatter condition ' .̂-.'-'-.' 

requires that the following dimensionless group be less than 0.3: • • -'~' . -' --" 

^ l \ ^ v/Snt < 0.3. ' • (6-17) -

A wellbore heat transmission computer model was developed and used to evalu

ate the functional form of Eq. (6-16) for a value of p c /pc = 0.71, appropriate 

for granite and 200°C water. . 
The numerical computer model is based on a finite element approach in which 

temperature is assumed to be linear over a finitefdistance.' .In the transient ;, ;-;•. 
-terms, temperature at a point, in spa.ceis assumed to be'linear over a finite ' - r]^ 
interval of time. The model allows for material properties to vary from element;j^f 
to element. As a result, wellbore casings and annuli;can be incorporated into.̂ .f-fC. 
.the model. Also, fluid may .be allowe.d to'enter...or''jeave.the."\vellbore at.~a^^ 
designated elevation. The computed curve for-'Eq". (6-16). Js showh in Fig. 6-10. ..:..-•. 
This curve is essentially a type curve, and is a thermaVanalog to-the type. - ^ ; : . j ^ 

-•-.curve developed by Ramey for" pressure analysis-.of.a-single.jwel l.in an,;infinite .s^g 

•reservoir with wellbore storage. . '" . -.' - ;̂.. •.. r-:: .;: r. ' " ;•:...; •:;" 

All parameters, except temperature and time, in Eq. (6-16) are constant so if 

the experimental log (AT = T-T ) is plotted against log (t), the plot should have 

the same shape as the type curve. The data from the temperature logs taken in 

the GT-2 wellbore during a constant flow experiment with conditions satisfying 

Eq. (6-17) were plotted on log-log coordinates and the results are overlayed 
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10 10'' I 10 
DIMENSIONLESS TIME tr̂  

10 

Fig. 6-10. • . ^ 
Type curve for wellbore heat transmission with py-Cp/'pc =.0.71 
A section of experimental data is overlayed.on the curve to--' 
illustrate a curve shape match. 

on thetype curve of Fig. 6-10. A match point occurs with the actual- time of 

10 000 s corresponding to a dimensionless'time of 1.4.' For a wellbore" radius 

of 0.087 m and a value of 2700 kg/m"̂  for the rock density,P^, and 1050 J/kg-K. 

for the rock heat capacity, C'̂ , the calculated ui situ- thermal -cohduc-tivi.ty of 

rock is 3.0 W/m-K (1.7 BTU/h-ft-°F), This is in excellent agreement "with the-
o • " . - • . 

laboratory results reported by Sibbitt for core specimens taken from'GT-2. 

As a check, the temperature difference at 10 000 s is 2.8°C, and using 

p = 950 kg/m^ 

c = 4184 J/kg-K, 

a^U = 1.9 X 10"^ m^/s, 

Xr = 3.0 W/m-K, and 

AT (dimensionless) = 0.66, 131 



a value of 0.032°C/m is calculated for an average temperature gradient dT/dZ, wh-' 
is in excellent agreement with temperature log data in this region bf the wellbore. 

By assuming constant rock properties and a constant wellbore radius, the 
ratio of the water velocity. Up,, at some depth, z^^ and time, t, to the velocity, 
U-j,at a reference depth, z,, is related to the water temperature changes and 
water temperature gradients, G, at these depths and time as 

Up T (zp) - T (zp) G (zp) . -..:.. -0: :;:-;-' f 
2 - 2 0 <i I • : - . : . .'^ :'-.-•- ( 6 - 1 8 ) 
Ul " T ( Z I ) - T Q ( Z I ) e(,^) 

The gradient, G = 3T/3z, is no longer required.to be constant in Eq.- (6-J8),_:'^ -

and in fact, the gradient to be used, G", is an "effective average" gradient.-- ---i 
2 

For short time tests with insignificant wellbore heat storage (1 < a^t/a < 10), a j-

. useful approximation for G" is •" / . -; ' ' ... ''X. 

G ->^G(t).i/*G(T)dT . (6-19) 

The application of these techniques to determining well bore-to-fracture connec

tions by analyzing temperature logs taken under flowing conditions in wellbores ^ , 

is discussed in Sec. 5.1. . . :".;. -j^--.--^-'-f.^ri^.^.:-,:^:,-'Z.^ 

6.3. Thermodynamic and Economic Mgdels of Energy Conversion Systems Associated-'-^IS^ 
•" with Hot Dry Rock Reservoirs _^, ...... - '-i-̂  

Using a geothermal resource to supply heat to a power-generating cycle often^j:; 
involves a set of design criteria different from conventional-.fossil-fuel •fired' :.;it'> 

, or nuclear generating cycles. Because conversion eff ici enci estrange from r8-to-̂ ••.-̂ "'î ^̂ ^ 

20% for geothermal resource temperatures of 100.- 300°(2;, anid because costs as_so-'. .-.— 

ciated with producing hot fluid at the surface frequently represeji.t more^than^60%;;^j 

• • of. the total capi tal i nvestmenr i n. the power pl aVt,fa^;premium-i s'J:pl aced - onjclê " j^3 ^ : 
.'-.-" signing and operating power conversion systems near 'th'eir"thermodynamic limiting" -"'l 

efficiencies. In essence, when geothermal fluid production costs are high com

pared to equipment costs, thermodynamic and economic optima should coincide. The 

following discussion summarizes the salient features of a joint study by Oak Ridge 

*In collaboration with S. L. Milora of Oak Ridge National Laboratory. 
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•.jtional Laboratory and Los Alamos Scientific Laboratory of geothermal power 
ronversion systems made by Milora and Tester.^ The main effort was directed 
-.Qward developing thermodynamic and economic design criteria applicable to gener--
:ting electric power from low-temperature geothermal resources. Many of the 
,;oncepts developed would also apply to other low-tempe rature resources, such as 
solar or ocean thermal. 

Research and development activity in the geothermal power area has increased 
9-16 markedly in the past few years. Rankine or similar cycles have been used for 

'DOwer production with water as the working fluid, particularly where natural 
steam is available. For liquid-dominated systems, steam vapor can be created by 
flashing the geothermal fluid at the surface to a lower pressure. Then, the 
saturated steam phase can be used to drive a turbogenerator unit, with the un
flashed liquid phase either reinjected or discarded. Binary-fluid cycles using i 
nonaqueous working fluids are alternatives to single- and multiple-flashing sys
tems now used in various parts of the world, for example, Cerro Prieto, Mexico, 
and Wairakei, New Zealand. Binary-fluid cycles involve a primary heat exchange 
step where heat from the geothermal fluid is transferred to another working 
fluid. This fluid expands through a turbogenerator and then passes to a condenser/ 
desuperheater for heat rejection to the environment. The cycle is completed by 
pumping the fluid up to the maximum cycle operating pressure. 

Nonaqueous working fluids with large, low-temperature vapor .densities would 
require smaller turbines than the low-pressure steam turbines used jn flashing . 
systems of the same power output. Flashing cycles are, of course, simpler be- .:.'-. 
cause they do not require a primary heat exchanger. • Models used in characteriz- ... 
ing power cycle performance, in a thermodynamic and an economic sense, are de- -
veloped and optimization procedures illustrated for several cases (for details . ' -, 
see Ref. 9). ' -'' ' ' ' '" •••.-._ .̂ ->-,;.;.,-: cri^_,'-_-.•-•••-, •;; .. ,.,̂ -̂ -• 

6.3.1. Thermodynamic Properties of Working FTuids. : Accurate data on the 
thermodynamic properties of proposedl fluids "are ̂ required to calculate cycle per- " 
formance. - Heat capacity -at constant pressure in the ideal, gas- state-, C-,- vapor . .'y 
pressure, P , pressure-volume-temperature (PvT) behavior, and liquid density 
at saturation, p. , are expressed with semi-empirical equations written in re
duced form.. For example, a modified form of the Martin-Hou equation of state 

° 9 17 18 

with 21 parameters is used for calculating PvT properties. ' ' This equation 
is accurate for densities above the critical point, a requirement for super
critical Rankine cycle calculations. Derived properties such as entropy and 
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enthalpy are obtained by suitable differentiation and integration of the semi-

empirical equations for C , P̂ *̂*, P = f(T,v), and p\ • An equation rather than 

tabular format was preferred because many iterative calculations are routinely 

performed. 

Seven working fluids in addition to water were examined. Refrigerants, 

R-22 (CHCIF2), R-600a (isobutane, i-C^H^g), R-32 (CH2F2), R-717 (ammonia, NH3), 

RC-318 (C^Fg), R-114 (C2Cl2F^), and R-115 (C2CIF5) were selected because they 

provided a range of properties, including critical temperature, T , and pressure, 

P^, and molecular weight, M. All of these compounds have relatively-high vapor.̂  " 

densities at heat rejection temperatures as low as 20°C. ' ' V • - " -

6.3.2. Power Cycle Performance Optimization. Detailed cycle calculations 

were performed to examine the effects of cycle operating pressure, heat rejection.^ 

temperature, temperature differences in the primary heat exchanger, turbine and 

pump efficiencies, and geothermal fluid temperature. In each .case a utilization 

efficiency, n , was determined that related the actual electrical work produced . 

by the cycle to the maximum work (or availability) possible with specified geo-̂  

thermal source and heat rejection temperatures. Parametric effects were ex-
q 

plored using computer computational techniques. 

For any given working fluid, there is an optimum set of operating conditions 

yielding a maximum n„ f o r a particular geothermal fluid and heat rejection tem

peratures. In screening potential working fluids, some knowledge of the magni

tude of n,. and how it changes would be useful, Computer optimizations for the • 

seven working fluids studied were conducted for gebthermal.fluid temperatures 

ranging from 100 to 300°C are shown-in Fig.---6-11 (see Ref. 9'for details). ..At .'J' 

each point, cycle, pressures were varied until an optimum was determined at that --. 

temperature.. A characteristic"maximum, ny,_which.is different; for each fluid .-i;.f 

but is generally between 60 and 70%, is observed at a particular resource ; - .-, 

temperature. - .-...- .. ._• .- — • . ' / '_'"'• ;_ '' 

..„.,-• Because the calculations Te'ading to Fig.-6-ll are complex and.;?timecon- "'•-;= 

rsuming, a simpler technique for" preliminary fluid evaluationj^was-obtained-by-;;''" 
- - - - - * - - • • . , - - - • • 

plotting the temperature of maximum n (T ) minus the fluid's critical tempera
ture, (T_), as a function of the reduced, ideal gas state heat capacity, 
* c 
C /R = (Y/Y-1)> where Y = ^n/^v ̂ "*̂  ^ ""̂  *^^ ̂ ^̂  constant. The data for the 

seven fluids studied fit the empirical equation. 
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Fig. 6-11. 
Geothermal utilization efficiency, nu> as a 
function of geothermal fluid temperature'for. 
optimum thermodynamic, operating conditions 
(Ref. 9). 

T*- T^ = 790/(C*/R) (6-20) 

,'he quantity (T -T ) is effectively the degree of superheat above the critical 

temperature for optimum performance and can be explained, by changes in properties 

associated with changes in molecular weight. Lower molecular weight compounds, 

for example, R-22 (M = 86) and R-717, ammonia (M = 17), have fewer molecular 
* . - - • • - • • - • • 

degrees of freedom resulting in lower .values of C /R and higher values of super---

heat-above the critical point. As molecular weight increas'es, more degrees of -

freedom exist, C /R increases, and (T -T_) decreases. An empirical procedure of 
P ^ 

this type should be valuable in a preliminary v/orking fluid assessment^ because -y. 
and T are commonly known properties of many compounds-.-..'"-;-.̂  •••"-.'-̂ -i?--- y^ '^^ ' i^ t 

6.3.3. Power Generation Cost Optimization. In comparing flashing: cycles to 

binary-fluid cycles, differences between the primary .components, .including geor^... 

-thermal wells, heat exchangers, "condensers/desuperhea'ters,..turbines,-and pumps, 

are important economic factors. Power generation costs were determined using-a -
g 

factored estimate model of the major component costs. The total fixed capital 
investment, *, for a completed system is expressed as a function of the total 

equipment, $,:, and geothermal well cost, $ , : 
t w 
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$ = f l [ % + Ifi $E^ + fjC^^ -̂  f ^ ^ ] . (6-21) 

The fractions f. of ^ represent direct costs associated with the constructional 

aspects of equipment installation, fj covers the indirect costs such as engineer

ing fees, contingency, and escalation during construction, f the direct costs 

for piping from the wellhead to the power plant, and f, the indirect costs asso

ciated with discovery of the geothermal field, including land acquisition and ; -̂ 

surface exploration. Separate cost correlations were used for each component. " , \ 

Well costs were based on depth, diameter, and type of rock formation. Heat ex

changer and condenser/desuperheater costs were calculated from required surface 

areas and existing manufacturing cost estimates. Turbine"^ costs "̂ were based on .ai""..--:? • 

model developed by the Barber-Nichols Company of Arvada, CO. Turbine design - ' •̂ 

parameters, blade pitch diameter, number of stages and exhaust ends in tandem ' '• 

units, blade tip speed, and stage pressure were used in the turbine cost equation. ••-

Pump costs were determined from manufacturers' estimates based on power rating 

and casing pressure. 

In selecting nonaqueous working fluids for power cycle applications, turbine 

sizes should be small to reduce costs because of the economic tradeoff between 

the additional heat exchange surface area required for binary-fluid cycles and : J 

the much larger and more costly, steam turbines required in flashing systems.-^- ••.:.":• 
r'f. 

It is important to operate turbines at high efficiency.. A similarity analy-.-t, 

sis of performance shows that turbine efficiency is controlled by'-two dimension- ';̂-'' 

less numbers involving four parameters:- (1) blade pitch diameter, (2) rotational -•"-

speed, (3) stage enthalpy drop, and (4) volumetric gas" flow rate. For operation -f;"-

at maximum turbine efficiency the relationship among'.these^parameters'is specifijed;".':.. 

therefore, turbine sizes and operating conditions and consequently costs can be ; "._ 

-"estimated. For fluid screening purposes," a generalized.'f-igure of itierit,""?, whicht ': 

scales directly with turbine size was developed. The" variable-Cis expressed as •^^r. 

an explicit function of the fluid's molecular weight, M, criticail pressure, -P., .": J^ 

and reduced vapor energy density, fifn)r/^a)r ^^^ reduced latent heat is 

hjr ) = hx_/RT and the reduced gas specific volume evaluated at the heat re

jection temperature, T , if v \ = v /v . Table 6-1 presents values of 5 for 

water and the seven working fluids studied. 
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TURBINE SIZE 

.Compound 

R-717 

-R-32 

R-22 

R-ns 
R-eOOa 

RC-318-

R-n4 

Water 

T = 
0 

Formula 

NH3 

CH2F2 

CHCIF2 

C2CIF5 

• V i o 
^4^8 
C2CI2F4 

H2O 

FIGURE OF MERIT 
26.7"C 

fa_ N/M 
[v Y^^' 

^gV T 
^ ' " "0 

0.177 

0.223 

0.411 

0.649 

0.881 . . 

1.628 

2.246 

30 .71 

Hg/gmolep/^ bar 

TABLE 6-1 Because of the complex relation

ships betv/een economic factors, economic 

optima were first developed for specif

ically defined geothermal resources., A 

lOO-MW(e) capacity was selected in the 

reference design cases. A 150°C liquid-

dominated resource with an R-32 binary-

fluid cycle and with a two-stage flash

ing cycle, and a 250°C hpt dry rock re

source with an R-717 (ammonia) binary-

fluid cycle were considered initially. 

.•;̂. Wel 1 flow' rates (45 kg/S; for •the'l50°C."-T-

resource and 136 kg/s for the 250°C re-" 

source), geothermal temperature gradi

ents (50-60°C/km), well depths, and 

reservoir lifetime {>_ 20 y r ) were 

specified. Production and reinjection well costs were included. Economic optima 

sre determined by varying the operating pressure of the binary-fluid cycles for 

specified heat exchange conditions. Flashing systems were optimized by varying 

stage pressure and temperature for specified heat rejection conditions (see 

Fig. 6-12). - ; .. :-.':• . .:..̂  _' . ;•-̂  

Generating costs for hot dry rock systems are primarily .controlled by three' "^ 

main variables: (1) fluid temperatures,-which affect cycle""efficiencyand thus .."."7' 

"equipment costs; (2) well flow rates, which affect well efficiency (kW/well); and ' 

(3) geothermal temperature gradients, which affect^well depth.;and cost for-a if."̂  •--,. 

'given geothermal fluid temperature. For.a-defined-set-of resburce and power--Y'""' 

plant conditions there should exist an optimum depth (or temperature) for drill

ing. A generalized cost model was developed to illustrate.this hypothesis. " In -—^-

-the model, instal Ted" generating cost" is ;6'xpresseicl pa'rame'tricaTly. as''"a"''function of 

-well flow rates (45-225 kg/s) i f luid temperatures (100 --300°C:), and tempera-""'-" 

ture gradients (20 - 200°C/km) for a hot dry rock resource with a binary-fluid 

cycle for power production. 

The model assumes a two-hole circulating, hot dry rock system with an equal 

number of production and reinjection wells. A net lOO-MW(e) binary-fluid cycle 

s selected because it potentially represents an efficient conversion process 

for producing electricity. Purchased equipment costs (̂ r) were calculated for 
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100 - 300°C geothermal resource tem

perature (T^) and several working 

fluids, ^r varied as a linearly de-
9 creasing function of temperature: 

$^($/kW) = 320.5- 0.7040 T ^ , (6-22) 

where T .̂  is expressed in °C. In addi-
gt '̂  , * , 

tion, individual well costs ($,,) were 
w 

approximated by an exponential function 
9 

in depth z: 

$ (S/well) = . 

64.395 z exp [3.88843x10"^ z],(6-23) 

where z is expressed in meters. The 

depth can be calculated as a function 

of the average geothermal gradient 

(vf in °C/km) and an average ambient 

crustal temperature (T = 15°C): 

1000 (Tgf - 15) 

vT 
,(6-24) 

By using average values for direct and 

indirect cost.factors taken from 

Ref. 9; that is. 

1 + f ^ =1.50 

1 + Zf. = 1.63 

f j = 1.70 

f* = 1.56 

kWh 

8 

7 

6 

5 

4 j -

3 

2 

I 

0 

-

Z " 

— 

— 

1 1 ; 1 

IOO MW(e) R-

Generotlng costs 

To -ze.? 

"FTdshilî B ( l 50 ' 'C ) -<^ 

-̂.-f 
^ - . - - - ^ 

1 1 1 1 

r 1 i , 
32 (150 " O v / 

. • ^ / _ _ _ . 

\ T O ' 4 8 . 9 ' C 

R-717 (NHjXZSO • 

I I 1 

-

- -

~* 

C) 

3000 

kW 

2000 

IOOO 

IOO MW(e) - -. 
Instolled equipment and 
well costs . 

., cr. .J:Rr32. (ISb-Dx 

•C)-<f " ^ 

T-«4e.9 'C -

. T«-7l7(NH3)(250°q 

Ttiermodynomic op t̂lmum 

_L I i J - _L X 

. , -ife 

. 0 • . 2 3 
P,-Reduced Cycle Pressure : -—-

--••'•"' 'Fig.'.6-127 ' ' - ' ~ - f r j ^ . ::-1:.^ 
Approach to economic optimum cycle con-'r 
ditions. .Cost per kWh and cost per.in--.^ 
stalled kW as function of reduced cycle J 
pressure. ̂  A 250°C hot-;<lry rock geô ;ẑ .fc: 
thermal resource with an ammonia ;.;>.??---.-̂  
Rankine cycle and a 150''C liquid- • V.-;. 
dominated resource with a R-32 Rankine ;. 
cycle and a flashing cycle were studied 
(Ref. 9 ) . • •=-. . 5?̂ -"- = i. r-iS-i--f^^-.;f 

and assuming that 60% of the maximum possible power is produced from a resource 

temperature of T .c to a heat rejection temperature T^ = 26.7°C (see Fig. 6-11), 

Eqs. (6-22) and (6-23) can be combined into Eq. (6-21) to give the total installed 
9 

cost per kW as: 
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119.59 z. exp [3.8884 

m w 
T ^ - 26.7 - 299.85 i n V^ 

10-^ z] 
+ 273.15 

299 ..85 

+888.1 - 1.951 T -, 
g f 

(6-25) 

Vi'here iri is the flow rate in kg/s per geothermal well,- Figure 6-13 i llustrates-

the parametric dependence at 113 kg/s. 

• . Other-, approaches to-geothermal power'economics .are being developed ,at the ;•:.;. 
19 20 ' 2T " 

Sattelle Northwest laboratories ' and Lawrence Berkeley Laboratory.;; and shoul.d 
be very useful for estimating purposes. However, ecbnom'ic factors for geothertnal 
pQv/er development tend to be ve ry site specific, and each case should be treated 
separateTy. : Any cost'estimate depends on .the correl ati onsjiuse'cl: for" each "cdm'po-.-'r-; 
nent, including downhole drilling costs as well as surface equipment. ..- ' 
6..'4,.. Numerical Modeling of Fluid. Flow in the GT-2/EE-1 System • ;̂  ' ^ i ' ^ - ; : , ' " - i . -' •: ."-_/ 

A complete system model is intended to predict reiservoir, surface plant, 
and fluid delivery behavior. Such a model will eventually incorporate heat ex
traction, thermal stress cracking, variable permeability:, geochemical, and non-
.f.deal. gebmetry effects. To date, a lumped ̂ parameter, isothermal, system simulator,. 
fRACFLO, has been developed. This si.mulator -accounts for the foTTowingT' .. * ..,"' 
-phenomena:' . - • - .. ~." i . . . . . . . ^ - ' , „ 1^. ^•.:...-,. ; ..; 

•-. ••''̂  Iriternal. resistances to'flow,in the-fracture.''^^f. i,^jf^;^t:-j4i^-ip^ffi^,i 
.©".-Possible Hsistances to . fTowi between fractures,; e.-g:;,--unf rae tured-rock i--:fĉ  

paths'be'tween fractures., ' "-'• ,? "'": ;"•• --̂ t̂"-•;;.:_-.-;;---;;:;•". ̂;̂-"---̂  V J 

',©. ;We.l Ibore-1 o-f raet ure ,imped„ance.;,-,(which canLe|langê i,n'.Aime.').;̂ M̂i;,.ilL?î .̂ ^̂ ^ 
-9 'Fluid storage "in wisll bores. ' ' '"•ic':'''-v. J'-'-iv.j-•--:-; !;rr.*̂ ^̂  
9'-Fluid storage in the fractures due to compressibi li.ty. of water in.;a :t'*"--̂^̂^̂^̂^̂^̂  

vf ixed' '.yol ume •fracture.i."'and- also: to/i nfl ati ori .of f raotures'tv?::.: v;5-iŝ ,i.T;p?;:r:r.̂ ^̂  

« - Tra ns.i ent permeation of fluid into (arid out from) .the" rock surrounding'•'-" 
the fractures. ' - '" / , .. '..;_...- -.."'*'; 

Because of limited knowledge of downhole fracture; geometries, only prelimi

nary models of the sys.tem have beeri generated. Figure 6-14 shows one of thes.e 

models. Basically, the wellbores are trea-ted as two separate lumped parameters, 

-as are the two fractures. Pressure drops in the fractures themselves are assumed 

.̂ ..i?.̂ *. 

....,., , L —J.;; Ll 

• : - ' ' : ' i ^ ^ . 
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Fig;. 6-13. 
Generalized cost model for geothermal 
systems. Generating costs expressed as 
a functiori of geothermal gradient, VT, 
and geothermal fluid temperature., Tgf, 
for a well flow rate nv. = 113•kg/s 
^(Ref. 9). , • - ; . - : / [ - ;; \ 

tobe negligible compared u i t h : the ;. 

pressure drop between the fractures 

;and' at the. wel Ibore-to-fracture, cori.-'; • 

nections-. Peirmeatiori of fluids through 

the rock is accounted for by numeri-

..cally solving a one-dimensional, hy-; ".'-•• 

_draulic diffusi oh equa-tion for eac.h of

the fractures. 

Figure 6-15 shows the general 

agreement between predicted and experi

mental pressure-time response during 

flow Experiment 110. During this ex

periment water was pumped into EE-1 at 

2940 m 

>/> 
FRACTURE INFLATES / ' 

AT PRESSURE ABWE /. 
EARTH STRESS ' //y * 

: W -

' . :.: -' Fig; ;6-14 .:̂  - ": - -•.-•t-^-^l 
A preliminary-flow model for"'the GT-2/EE-T 
connected system. , (Fracture orientation 
shown is distorted perspective.) 

° ^ 8 12 16 20 24 
TIME SINCE START OF EE-1 PRESSURIZATION (h) 

Fig . 6-15. 
Pressure-versus-time behavior f o r 
Experfment 110. 
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•N 

= constant rate. After 2 h the GT-2 wellbore started to overflow at the surface 

n̂d v/as then "shut in," accounting for the sudden increase in GT-2 pressure at 

-his time. 

After 3 h of pumping EE-1 was also "shut in" and its pressure started to 

'decay as water from this fracture continued to permeate the surrounding rock 

and also to flow through an impedance to GT-2. Because of this flow the 

GT-2 pressure continued to rise for an additional 6 h, at which time the ever-

diminishing supply of water from EE-1 was not sufficient to satisfy._the permea

tion, of water into the rock surrounding GT-2. - . " ' y ^ ; ' ' '• -,^^_^;'y'\ 

i'r 
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Fig. 7-7. 
Directional d r i l l i n g with 
Dyna-Drill assembly. 
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Fig. 7-8. 
Path taken during drilling of EE-1. Depths are 
measured from the casing flange, near ground level. 
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Another series of seismic ranging experiments was conducted between the 

holes from September 24 to October 1. The position of EE-1 at 2914 m (9560 ft) 

was determined to be about 8 m (26 ft) av/ay from GT-2 and nearly due west. 

When directional drilling was resumed on October 1, the azimuth of the hole 

was turned to N77°E. The fracture in GT-2 was kept inflated by hydraulic pres

sure ranging from 98 to 101 bar (1420 to 1470 psi). It was expected that when 

EE-1 intersected the fracture, a decrease in the GT-2 pressure would occur. At 

2954 m (9690 ft), a fluid loss of 1.6 m^/min (10 bbl/min) occurred in EE-1, with 

no corresponding change in pumping pressure in GT-2. Temperature and SP electric 

logs run by GO-International the next day located a break in the casing at 82 m 

(270 ft). Remedial cementing operations were performed by Halliburton Oil Well 

Cementing Service on October 4 and 5. Directional drilling was resumed with 

GT-2 again being pressurized. 

On October 7, the stator blades in the Dyna-Drill assembly sheared off, 

having been softened by exposure to the heat in the hole. While a new direc

tional drilling tool was being sent, drilling continued with a conventional 

assembly to 3011 m (9877 ft). At that depth, a 1.1-m (3.6-ft) coring run was 

made. Drilling with the new Dyna-Drill assembly began on October 11. Drilling 

v/as terminated the next day at a final depth of 3065 m (10 053 ft). 

The usual bit rotational speed for standard drilling was 40.rpm; for direc

tional drilling the bit speed was 250 rpm. Although this increased rotational 

speed greatly improved the penetration rate, the bit life was drastically reduced. 

The highest penetration rate achieved was 11.6 m/h (38 ft/h) for a 2 h-period of 

directional drilling starting at 2977 m (9766 ft). The longest bit run'was 34.4m 

(113 ft) in 5 h. (Compare standard b-it run results in Table 7-VIII.) . . •-- . . 

7.1.3. Borehole Directional Surveys. To connect at depth the EE-1 borehole 

and the hydraulic fracture formed near the bottom of 6T-2—and thus to establish 

a circulating flow loop—the relative positions of the two holes had to.̂  be deter

mined. Two'commercial methods, magnetic and gyroscopic, were available for per--,, 

forming the required borehole directional surveys. 

Although gyroscopic surveys are free of the effects of magnetic anomalies 

that might be expected in the basement crystalline complex, they were then 

limited to a maximum hole temperature of about 150°C (300°F), corresponding to 

a depth of about 1830 m (6000 ft). The two commercially available gyroscopic 

surveys had no heat shielding or heat sinking in their gyroscopic tools. The 
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magnetic surveying tools are heat shielded and capable of operating at hole tem

peratures of about 200°C (390'F) for up to 2 h. 

As a consequence, magnetic surveys were to be used as the primary method of 

determining the relative hole locations. Gyroscopic surveys were to be used to 

about 2000 m to assess the possible effect of magnetic anomalies in the Precaatrftt 

section. Unfortunately, the results of these comparative surveys were incon

clusive, at least for GT-2. 

In summary, the following directional hole surveys were run: ': 

GT-2 

Eastman magnetic survey, 806 - 1776 m (2642 - 5828 ft) 

Eastman magnetic survey, 794 - 2938 m (2604 -9638 ft) 

Sperry-Sun gyroscopic surveys, surface to 1830 m (6000 ft) 

EE-1 

Eastman tool magnetic single-shot directional surveys while drilling, 
surface to 3064 m (10 053 ft) (run over entire drilling program) 

Eastman magnetic survey, 2042 - 2740 m (6700 - 8990 ft) 

Two Eastman gyroscopic surveys, surface to 2042 m (6700 ft)-
ie 

Sperry-Sun gyroscopic survey, surface to 1957 m (6420 ft) 
Magnetic (surface readout) directional surveys-while directional drilling.: 
Scientific Drilling Controls tool and field computer system (EYE system). 

A comparison of the three GT-2 surveys at two different depths is given in 

Table 7-X. As shown in this table, the variation between the Sperry-Sun gyro-;;.; 

scopic and the Eastman magnetic surveys run in 1975 is of the'same order as the•; 

variation between the two Eastman magnetic surveys run over a year apart. In .̂  

any case, the uncertainty in hole location at 1776 m is about 4 m,'and probablr-

would be almost 7 m at 3 km. • -- - "-i; - .7.r'l.y:'^::.C.~2-::!:C^-''^ 

Table 7-XI shows a comparison between the Eastman single-shot magnetic sar-

veys (while drilling) and the better Eastman gyroscopic survey, (smaller precess^it^ 

error) at two depths. The most significant aspect of the EE-i-i-survey compariŝ .._̂ -

shown in the table is the consistent angular change between the two'surveys. •s.V" 

these two depths—and throughout the two survey traces from the Precambrian sur

face to 2042 m—the hole coordinates obtained in the gyroscopic survey are roti'^' 

about 7.4° counterclockwise from those obtained in the magnetic survey. This 

ie _ k. 

Results from this survey were rejected because they were erratic and differ-
greatly from the corresponding magnetic survey. 
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TABLE 7-X 

COMPARISON OF BOREHOLE DIRECTIONAL SURVEYS IN GT-2 

m 

i'li 

At 1222 m (4008 ft) 

Eastman, magnetic, 7-3-74 

Sperry-Sun, gyro, 8-12-75 

Eastman, magnetic, 9-20-75 

Average 

Average 1776 m (5828 ft) 

Eastman, magnetic, 7-3-74 

Sperry-Sun, gyro, 8-12-75 

Eastman, magnetic, 9-20-75 

Average 

Borehole 
Inclination 
Angle 

2°15' 

2°0' 

2°15' 

2°10' 

4° 30' 

4°15' 

4°30' 

4°25' 

TABLE 7-XI 

North-South 
Coordinate 

(m) 

N 12.0 

N 11.5 

N 12.9 

N 12.1 

N 22.4 

N 26.3 

N 24.4 

N 24.4 

East-West 
Coordinate 

(m) 

W 18.5 

W 15.5 

W 16.8 

W 16.9 

W 48.5 

W 41.6 

W 45.0 

W 45.0 

COMPARISON OF EASTMAN MAGNETIC AND GYROSCOPIC 
SURVEYS IN EE-1 

At 1401 m (4595 ft) 

Magnetic single-shot 

Gyroscopic survey 

Difference, magnetic to 
- •• gyroscopic 

At'2042 m (6700 ft) 

Magnetic single-shot 

Gyroscopic survey 

Difference, magnetic to 
gyroscopic 

Borehole 
Incl inat ion 

Angle 

4°30' 

4°15' 

North-South ; 
Coordinate 
- (m) • 

N 26.6 

N 23.4 

15' 

6''0' 

5*'45' 

- 15' 

3.2 

N 49.1 

N 36.2 

- 12.9 

East-West 
Coordinate 

;JW 4o;3 , 

W 40.6 

^ ^ 0.3 • 

W103.9 

W105.0 

+ 1.1 
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angular correction may be a function of depth (i.e., temperature) or elapsed 

time (i.e., precession error) or it may indicate an actual magnetic shift within 

the Precambrian section. 

That the sense of rotation of the magnetic field in the Precaimbrian is the 

same as that noted in core studies may not be a coincidence. In a recent study 

of GT-2 Precambrian core samples Robert L. DuBois, professor at the University 
* 

of Oklahoma, determined a consistent rotation of the paleomagnetic field by an 

average of about 53° in a counterclockwise direction. Even if the actual effect 

of this paleomagnetic field is only a few percent of its measured declination, 

an apparent rotation of 7.4° might be mainly due to this effect. 

If this magnetic-to-gyroscopic correction is valid, it v/ould indicate that 

at 2926 m (9600 ft) the EE-1 borehole is about 8 m (26 ft) east of the GT-2 bore

hole rather than only about 2 m SW of the GT-2 borehole as indicated by the 

magnetic surveys. To obtain improved borehole coordinates as a function of depth, 

one or more surveys to full depth with a gyroscope operating in a controlled 

environment (Dewar package) are planned for the summer of 1976. 

7.1.4. Casing. 

GT-2. The conductor casing consisted of 20 m (65 ft) of 51-cm-o.d. 

(20-in.) line pipe. The backfill concrete was furnished by a local ready-mix 

supplier. , ^ . - ••,~^;7. 

The 34-cm-o.d. (13-3/8-in.) surface casing was set at 488 m (1600 ft).-"'A H.-S 

Baker cement shoe was installed at the bottom, and a Baker float collar at 4795m':.-.•... I 

(1573 ft). Cementing of the casing was performed by the Farmington, NM, station _ j 

of Dowel 1, a division of Dow Chemical Company. .". -;-.:;,̂ -i "".t 

The next string, of 27.3-cm o.d. (10-3/4 i n . ) , was set ..at 773 m (2535 ft)."^^^'" I 

A Baker cement shoe was installed at the bottom, and a Baker float collar at "- .- j 

733 m (2404 f t ) . Cementing of the string was performed by Dowell. This com- [ 

pleted the casing installation associated with Phase I (Jrilling.-; Hydrology andj?':=|-£---̂''̂^ 

fracture experiments v/ere then conducted, as described in Sec. 7.1.5.' ' • '" • ~ ^ ^ ' ' l 

During the Phase II operations, the failure of packers to operate success-. '• 

fully in the open hole led to the decision to install a cemented liner and | 

polished bore receptacle (PBR). This operation is discussed in Sec. 7.1.5. At 

* 
Report submitted to Los Alamos Scientific Laboratory with regard to core samples 
sent to the University of Oklahoma for paleomagnetic work; May 5, 1976. 
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HOT DRY ROCK GEOTHERMAL CONFERENCE 

PROGRAM AGENDA 

Wednesday, April 19 

SESSION I Allen G. Blair, LASL, Presiding 

8:45 am Call to Order 
8:50-9:00 Welcome and Greeting - Jack M. Campbell, former governor 

of New Mexico 
9:00-9:15 Conference Keynote - F. C. DiLuzio, Asst. Dir., LASL 
9:15-9:35 Geothermal Energy Development Overview - L. B. Werner, 

Deputy Dir., DOE/OGE 
9:35-9:55 HDR as a Component of the DGE Program and the Federal 

HDR Plan - C. Carwile, DOE/DGE 
9:55-10:05 LASL HDR Overview and Meeting Introduction - 6. J. Nunz, 

LASL 

•* * * Break * * * 

SESSION II R. W. Rex, Republic Geothennal, Inc., Presiding 

10:35-10:55 am HDR Geothermal Concepts and LASL Project Perspectives -
M. C. Smith, LASL 

10:55-11:05 Description of Fenton Hill Experimental Heat Extraction 
System-R. H. Hendron, LASL 

11:05-11:45 Results of Extended Heat Extraction Tests - J. W. Tester, 
LASL 

11:45-12:00 Estimates of the Hot Dry Rock Resource - R. M. Potter, 
LASL 

12:00-12:20 pm HDR Exploration and Site Selection - A. W. Laughlin, LASL 
12:20-1:30 Lunch (Buffet at Conference Center) 

SESSION III P. M. Wright, Univ. of Utah, UURI, Presiding 

1:30-2:00 pm Drilling and Completion - R. B. Duffield, LASL 
2:00-2:30 Instrumentation Development and Test Facilities -

B. R. Dennis, LASL 
2:30-3:00 Geochemistry of HDR Systems - C. 0. Grigsby, LASL 

* * * Break * * * 

SESSION IV D. N. Anderson, Geothermal Resources Council, Presiding 

3:30-4:00 pm Economic Projections - G. E. Morris, LASL 
4:00-4:30 An Industrial View - D. J. Howell, Republic Geothermal, Inc. 
4:30-5:00 Opportunities Presented by An Expanded Program - J. C. Rowley, 

LASL 

* * * CLOSE FIRST DAY SESSIONS * * * 

5:00-6:00 pm No Host Social Hour - Conference Center 
6:00-8:30 Banquet (Speaker, Carel Otte, Union Oil Co. of Calif.) 
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Thursday, April 20 

SESSION V G. J. Nunz, LASL, Presiding 

9:00-9:15 am A European View of HDR - F. Rummel, Ruhr Univ. 
,9:15-9:25 Seismic Monitoring - J. N. Albright, LASL 
9:25-9:45 Other Environmental Issues and^Studies - K. H. 

Rea, LASL 
9:45-10:00 Utilities View Point - A. L. Martinez, Public 

Service Co. of NM 

* * * Break * "* * 

SESSION VI Lawrence S. Germain, LASL, Presiding 

10:30-11:00 am Fracture Mapping - R. L. Aamodt, LASL 
11:00-11:30 Reservoir Modeling - H. N. Fisher, LASL 
11:30-12:00 Fenton Hill Site: Today and Tomorrow - R. A. 

Pettitt, LASL 

* * * CLOSE SECOND DAY * * * 

Tours of Fenton Hill 

Bus #1 12:15 pm 

Bus #2 1:30 pm 



TECHNICAL WORKSHOP 
HDR RESERVOIR CHARACTERIZATION AND MODELING 

Friday, April 21 ' 

Session 4 8:00-12:00 am Room A 
• ROCK MECHANICS - PART 2: HYDRAULIC FR-ACTURTNG AND THERr^L CRACKING 

Session Chairman - R. Riecker (LASL) 
( Model Experiments on the Interactions Between Two Hydraulic Fractures -

J. D. Dundurs (Northwestern University) 
i. Experimental Studies in Rock Mechanics -

J. C. Roegiers, et al. (University of Toronto) 
3. Laboratory Studies of Hydraulic Fracturing -

-̂  -J. D. Byerlee (USGS - Menlo Park). 
^ ^..Thermal Stress Cracking Experiments -

0. Brown, H. Mut̂ phy (LASL); Y. C. Hsu (UNM); B. Johnson (Texas A&M) 
-̂? 5". Thermally Jnduced Secondary Cracks - .. . . 

S. Nemat-Nasser, L. M. Keer, A. Oranratnachi (Northwestern University) 
^.Spacing of Cracks in Cooled Rock and Circulation of Water -

. Z. P. Bazant and H. Ohtsubo (Northwestern University) 

Session 5 8:00-12:00 am Room B 
GEOCHEMISTRY 

Session Chairman - R. C. Feber (LASL) 
b|;Analyses of Featon Hill Reservoir Cores -

A. W. Laughlin, A. C. Eddy, and J. Eichelberger (LASL) • 
4> ̂  Rock-Water Interactions and Granite Alteration -

R. W. Charles and R. J. Vidale (LASL) 
4( ?'Multicomponent Equilibrium Calculations in Geochanical Systems -

C. C. Herrick and'R. C. Feb.er (LASL) 
lA Radon in Geothermal Reservoir Engineering -

P. Kruger (Stanford University) 
5- Fluid Geochemistry Associated with the Fenton Hill Reservoir -

C. 0. Grigsby; C. E. Holley, Jr.; L. A. Blatz; and J. Abbott (LASL) 

-.v* 6- Strontium Isotope Ratios as Geothennal Tracers -
A. Gancarz (LASL) 

^^ 7'^"^'anced Chemical Dissolution of Granite -
C. E. Holley, Jr.; L. A. Blatz; R. W. Charles; C. 0. Grigsby; and J. W. Tester (LASL) 

Session 6 1:00-5:00 pm Room A 
HEAT EXTRACTION MODELING 
Session Chairman - R. B. Duffield (LASL) 

Theoretical and Experimental Aspects of Heat Extraction and Fluid Flow in 
Idealized Hydraulic Fractures -
H. Murphy (LASL) 

Fluid Flow and Heat Extraction: A Theoretical Approach - •' 
S. Nemat-Nasser and H. Ohtsubo (Northwestern University) 

Energy Currents in Fractured Geothermal Systems -
G. Bodvarsson (Oregon State University) 

Fluid Flow and Heat Extraction by Hydraulically Fractured Circular Cracks -
T. Mura, L. M. Keer, and H. Abe (Northwestern University) 

Fenton Hill Heat Extraction and Interpretative Temperature Logging -
R. G. Lawton, H. 0. Murphy. R. M. Potter, R. L. Aamodt, and H. N.- Fisher (LASL) 

Injection-Extraction (Push-Pull) Methods of HDR Recovery -
H. N. Fisher and H. D. Murphy (LASL) 

Session 7 1:00-5:00 pm Room B . ' 
ECONOMICS ANO ENERGY CONVERSTQN 

Session Chairman - . 
Optimization of Energy Conversion Systems -
• R. L. Bivins and J. W. Tester (LASL) 
Commercialization Issues and Investment Strategies for HDR Facilities -
G. E. Morris (LASL) . . . 

U.S.. HDR Resource Base Estimates -
R. M. Potter, M. C. Smith, A. W. Laughlin, A. C. Eddy-(LASL)-

Intertemporal Reservoir Management Optimization Model- for HDR -
R. G. Cummings, R. K. Hageman, R. L. Bivins, and G. E. Morris (UNM and LASL) 

* * * CLOSE SECOND DAY * * * 

o 



TECHNICAL WORKSHOP 
HDR RESERVOIR CHARACTERIZATION ANO MODELING 

Thursday, April 20 

Session 1 8:00-12:00 am Room A 
. ROCK MECHANICS - PART 1: HYDRAULIC FRACTURING 

Session Chairperson - B. G. Killian (LASL) 
/ Hydraulic Fracturing Field Experience at Fenton Hill -

R. L. Aamodt and R. M. Potter (LASL) 
2-. True Stress Intensity Factor as Applied to Rock -

J. Weertman (Northwestern University) 
.3-The Stability of a Large Hydraulic PennyrShaped Fracture Near.the Earth's Surface 

Y. C. Hsu- (University of New Mexico) 
~ •({. Fracture Mechanics and Growth of a Planar Crack -

L. M. Keer, T. Mura, and E. N. Mastrojannis (Northwestern University) 
.̂ Hydroelastic Oscillations in Fracture Systems -

G. Bodvarsson (Oregon State.University) 
i t. Forms of Hydraulic Fractures as Deduced from Field Studies of Sheet Intrusions -

0. D. Pollard (USGS) 

Session 2 1:00-5:00 pm Room A 
FRACTURE IMAGING AND BOREHOLE SURVEYING 

Session Chairman - A. G. Blair (LASL) 
/. Acoustic Ranging and In Situ Velocity Measurements -

R. W. Spence, R. L. Aamodt, R. M.. Potter, and J. N. Albright (LASL) -
2- Theoretical Aspects of Acoustic Wave-Fracture Interactions -

M.Fehler and K. Aki (Massachusetts Institute of Technology) 
X Theoretical Studies of Point Source Signal Diffraction by a Large Crack 

J.D. Achenbach, A. K. Gautesen, and H. McMaken.(Northwestern University) 
1/ Passive Microseismic and Active Acoustic Methods for Fracture Mapping -
^ J. N. Albright and C. A. Newton (LASL) 
S. Interpretative Geophysical Log Analysis of Fractured Reservoirs -

' R. M. Potter (LASL) 
^1 Numerical Modeling of Multiple Fractures of Variable Contact Area -

1. Sandler (Weidlinger Associates) 
9 Reflection Seismic Sur/eys and Two-Hole Electrical Measurements at LASL 

Geothermal Project-
P. R. Kintzinger and F. G. West (LASL) 

i9- Session 3 1:00-5:00 pm Room B 
FLUID FLOW-PRESSURE ANALYSES 

Session Chairman - H. J. Ramey (Stanford University) 
/. Laboratory Permeability Measurements of Fenton Hill Granite -

C. J. Duffy (LASL) 
2 In Situ Permeability-Porosity Modeling -

H. N. Fisher (LASL) 
3 Pressure-Transient Methods Applied to the Fenton Hill Reservoir -

J. Counsil (Stanford University) 
If. An Analysis of Interwell Tracer Residence Time Distributions -

J. W. Tester and R. L. Bivins (LASL) 
.̂ Relative Flow Conductance of Steam vs Water in a Fractured Reservoir Inferred 

From Wellhead Data -
R. "Home (Stanford University) 



Session 1 8:00-12:00 am Room A 
' ROCK MECHANICS - PART 1: HYDRAULIC FRACTURING 

Session Chairperson - B. G. Killian (LASL) 
Hydraulic Fracturing Field Experience at Fenton Hill -

(Lee) R. L. Aamodt and R. M. Potter (LASL) 
True Stress Intensity Factor as Applied to Rock -

(John) J, Weertman (Northwestern University) 
The Stability of a Large Hydraulic Penny-Shaped Fracture Near the Earth's Surface 

(Y.C.) Y. C. Hsu (University of New Mexico) 
Fracture Mechanics and Growth of a Planar Crack -

(Leon) L. M. Keer, T. Mura, and E. N. Mastrojannis (Northwestern University) ., 
Hydroelastic Oscillations in Fracture Systems -

(Gunnar) G. Bodvarsson (Oregon State University) 

Forms of Hydraulic Fractures as Deduced from Field Studies of Sheet Intrusions -
^David) D. D. Pollard (USGS) 



HYDRAULIC FRACTURING FIELD EXPERIENCE AT FENTON HILL 

R. L. Aamodt and R. M. Potter 
Los Alamos Scientific Laboratory 

ABSTRACT 

Earth stress measurements in a deep formation are usually made by 

hydraulically fracturing the formation and interpreting the resulting 

pressure-volume curve in a standard manner. Hydraulic fracturing 

experiments were carried out in two nearby wellbores at '̂ Z km depth at 

the LASL Hot Dry Rock site. The pressure-volume curves could not be 

explained by the usual theory, probably because pre-existing fractures 

were being opened, although false "breakdown" peaks were observed. 

Implications and precautions for earth stress measurements will be 

discussed. 



True Stress Intensity Factor as Applied to Rock 

by 

J. Weertman 
Departinent of Materials Science and Engineering 

and 
Department of Geological Sciences 

Northwestern University 
Evanston, Illinois 60201 

ABSTRACT 

The following fracture equation was obtained by us in a recent 

paper 

a^ = [VY/a(TTa-20)]^ 

where the term ^ is a constant, g. is the fracture stress, g, is the 

shear modulus, y is the true surface energy of the material, a is the half 

length of a crack, and a is equal to 1-v where v is Poisson's ratio. 

The constant 0 is detennined by the amount of plastic work done by a 
2 

growing crack, which on a dimensional argument is equal to 20a a6a/p, when 

the crack half length increases by an amount 6a and the applied stress is 

a. The effective surface energy is equal to ̂ /(l-2P/na) and can be orders 

of magnitude larger than the true surface energy. The same fracture equation 

should apply to rock if, as Hoagland, Hahn and Rosenfield ha-ve suggested 

and their experimental work has supported, extensive microcracking at a 

crack tip in rock plays an energy dissipation role similar to that of 

plastic deformation at a crack tip in more ductile material. The largest 

vertical, liquid-filled, two-dimensional crack that will not propagate 

towards the earth's surface consequently has a half length a equal to 

a = ((4Yyi/(m-2P)/(p-p')2g2}l/3 

where g is the gravitational acceleration, p is the density of rock and p' 

is the density of the liquid-. Using the data on granite of Hoagland et al. 

in this last equation it is found that a = 73m for the largest crack half 

length. However, if a liquid filled crack is in rock subjected to high 

pressure so that microcracking is suppressed the effective surface energy 

is reduced and this crack length also is reduced. 



The S t a b i l i t y of a Large Open Hydraulic Penny-Shaped 

Fracture (Crack) near the Earth 's Surface* 

Y. C. Hsu and F. Santosa 
Department of Mechanical Engineering 

The, University of New Mexico 
Albuquerque, New Mexico 87131 

ABSTRACT 

Tbe closed-form solut ions are found fo r the s t a b i l i t y , the crack 

opening displacement and the volume of a large open ve r t i ca l penny-

shaped crack of Problem I . In Problem I , the vert ica--Vsect ion-of '~thi§; 

crack is subject to r e a l i s t i c gradients in in te rna l f l u i d pressure and 

least p r inc ipa l hor izontal s t ress , due p r imar i l y to the weight of f l u i d 

and rock. Computer programs are developed for ca lcu la t ing those essen

t i a l quant i t ies of the LASL Hot-Dry-Rock Geothermal p ro iec t . I f an 

attempt i s made to generate a larger stable hydraul ic penny-shaped 

crack, the least p r inc ipa l hor izontal stress gradient B must exceed the 

in terna l f l u i d pressure A s l i g h t l y and the crack opens up fo r the small 
3 

top por t ion of the crack. For instance, i f B = 953.4 dynes/cm exceeds 
3 3 

A = 870,9 dynes/cm by 82.5 dynes/cm and a crack closes at 9 = 6 
= 77/4, 77r/4, a la rger stable ve r t i ca l penny-shaped crack in grani te 

5 
held open by the in terna l f l u i d pressure is about 6 x 10 m of diameter 

3 
and 60 m of volume. For the case of (B - A) > 0 , the volume of the 

i n f l a t e d crack a t ta ins the maximum value, i f the crack closes at 

9 = 9j^ = TT/2, 3TT/2 in the lower ha l f . 

The solut ions are found fo r the s t a b i l i t y and the crack opening 

displacement of a large open ve r t i ca l penny-shaped crack of Problem I I . 

Computer programs are developed f o r ca lcu la t ing those essent ial quant i 

t i e s . In Problem I I , the hor izontal sect ion of t h i s crack is subject 

to symmetric pressure gradients by locat ing inf low and outf low wel ls 

near the crack t i ps and the center. Detai led resu l ts w i l l be discussed 

fo r thef flows--of'.cases'/(a) ,''from- the::cra'ck-ctips.^-towa-rd-. the-center , and 

(b ) , from the crack center toward the crack t i p s . 

*The authors g r a t e f u l l y acknowledge the support of th i s invest igat ion 

by Los Alamos S c i e n t i f i c Laboratory under Contract Mo. NP6-63072-1. 



FRACTURE MECHANICS AND GROWTH OF A PLANAR CRACK 

by 

L. M." Keer, T. Mura and E. N. Mastrojannis 

Department of Civil Engineering 

Northwestem University 

Evanston, Illinois 60201 

ABSTRACT 

The- problem of a plane crack in an infinite elastic solid under normal 

internal pressure is formulated to result in an integral equation for the 

unknown stresses on the plane of the crack. Once these stresses are 

determined, the stress intensity factor, K , around the crack edge and 

the normal displacement of points inside the crack region are obtained 

numerically. The crack contour shape and the normal loading of the 

crack can be arbitrary. In this paper the integral equation is solved 

numerically and the stress intensity factor, K^, is obtained for cracks 

subjected to uniform and linearly varying normal pressure and having 

various contour, shapes. The results obtained are in very good agreement 

with known analytical results for circular and elliptical cracks under 

uniform and linearly -varying normal pressure. In order to study the 

growth of a planar crack subjected to normal stresses, knowledge of the 

crack-tip stress intensity factor, K.̂ , and of the crack-resistance 

characteristics of the material, which can be expressed by some critical 

level of stress intensity factor, K _, is required. Given the value 

of the experimentally determined K-p, we can study the growth process 

by knowing K . Utilizing the previously mentioned formulation of the 

plane crack problem, the growth and arrest of an elliptical crack 

imder uniform pressure, and of a penny-shaped crack under linearly 

varyirig normal pressure is investigated under the assumptions that 

the volume of the crack cavity remains constant during the propagation 

process and that the velocity of propagation of points on the crack 

edge is proportional to (K_ - EL.„)°', where a is some constant to 

be determined experimentally. For the present study we assumed ot = 4.0. 



Abstract 

Hydroelastic oscillations in fracture systems 

by Gunnar Bodvarsson, School of Oceanography, Oregon State University, 
Corvallis, Oregon 97331 

Liquids embedded in openings in elastic spaces are capable of oscillations 

which we refer to as hydroelastic oscillations. The liquid provides the 

main inertia and the walls the restoring force. Two specific types of such 

systems-are of practical interest, viz., the borehole-cavity system and the 

long, very narrow water-filled fracture. We shall briefly discuss the dynam

ics of such models. 

Consider a borehole connected with a very narrow penny-shaped cavity at 

depth and opening into a basin at the top. The surface area of the basin is 

considerably larger than the cross section of the hole. The system is filled 

with static water. In rock with common elastic properties the basic oscilla

tions frequency of this system expressed in MKS units is approximately 

(700/R)(a/dR)* where R is the radius of the cavity, d and a the depth and 

cross section of the. hole, respectively. 

Observations of the oscillations frequency can thus yield data on the 

cavity dimensions which may be difficult to obtain otherwise. These results 

are readily extended to more complex flowing systems. 

In the case of narrow fractures, we are uiaiinly interested in the propaga

tion of pressure signals, for example, between boreholes. The dynamics of 

such systems is governed by a partial differential equation which includes 

an interesting cross section differential operator of fractional order. For 

fractures of about one millimeter width and at wave-lengths of 10^ meters, 

the propagation velocity is of the order of several tens of meters/second. 



FORMS OF HYDRAULIC FRACTURES AS DEDUCED FROM 
FIELD STUDIES OF SHEET INTRUSIONS 

David D. Pollard 

U. S. Geological Survey 
Menlo Park, California 

ABSTRACT 

It is suggested that natural sheet intrusions may be good analogs for 
hydraulic fractures in that they are large, fluid-driven fractures that have an 
opening displacement mode. Thus the probable forms of hydraulic fractures might 
be elucidated by documenting the forms of sheet intrusions. The geologic setting 
of intrusions chosen for this study is similar to that of most hydraulic fractures: 
they formed at depths less than 5 km in relatively undeformed sedimentary rocks. 
Erosion has exposed parts of the intrusions at the earth's surface. In horizon
tal sedimentary rocks most of the sheet intrusions are vertical dikes or horizon
tal sills; inclined intrusions are rare. Dikes may be considerably greater in 
length than height whereas sills are roughly equidimensional. Surface areas of 
these sheet intrusions are as great as several tens of square kilometers and in 
cross section the thickness-to-length ratios are typically between 1/100 and 1/1000. 
Study of groups of vertical dikes reveals systematic, linear and radial patterns 
and a spacing between dikes somev/hat less than the outcrop length. Horizontal sills 
are cormionly stacked up in groups with spacing somewhat greater than their thick
ness. Close inspection of sheet intrusions in cross section reveals significant 
variations from a constant thickness or elliptical form. Intrusions which are 
portrayed as continuous on small-scale maps, in reality are composed of many 
separate segments of about the same length. These segments may lie in a plane, 
but commonly are arranged in echelon patterns. Toward their source, segments 
coalesce into a continuous sheet intrusion, but the discontinuous segments may 
extend for kilometers beyond the region of coalescence. Where segments coalesce 
they leave cusps or offsets in the intrusion surface with typical spacing of 10m. 
Geometric features of sheet intrusions such as segments and offsets are believed to 
be fundamentally related tq fractures that open as they propagate, and they should 
occur commonly on hydraulic fractures. Differences between the forms described 
here and those employed in hydraulic fracture analysis may be significant. For 
example, at distances away from a discontinuous hydraulic fracture that are small 
relative to segment width, host rock deformation will not be approximated by that 
near a continuous fracture. Also, fluid flow and convective heat transport 
within a discontinuous or offset fracture will be ve ry different from that in a 
continuous, smooth-sided fracture. 
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ACOUSTIC RANGING AND IN SITU VELOCITY MEASUREMENTS 

by 

R. W. Spence, R. L. Aamodt, R. M. Potter 
and J. N. Albright 

Los Alamos Scientific Laboratory 
Los Alamos, NM 

ABSTRACT 

The various methods of acoustic ranging used by LASL in the two 

boreholes (GT-2 and EE-1) at Fenton Hill will be briefly described. 

The results will be compared with those obtained by magnetic compass 

and gyrocompass wellbore surveys. Results obtained in the most recent 

experiment using Dresser Atlas acoustic instruments will be discussed 

in some detail, with emphasis on the in situ velocity results obtained. 



THEORETICAL STUDIES OF POINT-SOURCE SIGNAL DIFFRACTION 

BY A LARGE CRACK 

J. D. Achenbach, A. K. Gautesen and H. McMaken 
Department of Civil Engineering 

Northwestern University 

Diffraction by a crack in an elastic solid, of time harmonic signals 

emitted by a point-source is analyzed in this paper. Both diffractions by 

an empty but open crack, and diffraction by a fluid-filled inflated crack 

are considered. For the empty crack the tractions vanish on the crack 

faces. The conditions on the faces of the fluid-filled crack are simulated 

by continuity of the normal displacements and vanishing of the shear trac

tions. The crack is of circular shape. The analysis is based on elasto-

dynamic ray theory. It is assumed that the crack diameter as well as the 

distances from the source point and the point of observation to the crack 

edge are at least a few times the wavelength. The wavelength is, however, 

much larger than the crack opening displacement. The source is spherically 

symmetric. The diffracted fields include direct diffractions from the crack 

edges as well as diffractions of signals which have traversed the faces of 

the crack. The relative magnitudes of these various contributions have 

been plotted. Numerical results for the three displacement components have 

been computed.for three positions of the point of observation. The details 

of the analytical work can be found in 

1. J-. D. Achenbach, A. K. Gautesen and H. McMaken, "Diffraction of Point-
Source Signals by a Circular Crack," Bulletin Seismological Societ-yr of 
America. August 1978 (in press) 

2. J. D. Achenbach and A. K. Gautesen, "Geometrical Theory of Diffraction 
for 3-D Elastodynamics," J. Acoust. Soc. Am. 61, p. 413 (1977). 

3. A. K. Gautesen, J. D. Achenbach and H. McMaken, "Surface Wave Rays in 
Elastodynamic Diffraction by Cracks," "J. Acoust. Soc. Am., May 1978 (in press) 



PASSIVE MICROSEISMIC AND ACTIVE ACOUSTIC METHODS 

FOR FRACTURE MAPPING 

by 

J. N. Albright and.C. A. Newton 
Los Alamos Scientific Laboratory 

Los Alamos, NM 

ABSTRACT 

The HDR Project is pursuing both passive seismic and active acoustic 

investigations of the artificially created geothermal reservoir at 

Fenton Hill. Associated with pressurization and extension of the 

reservoir is microseismicity, thus far detected only downhole. Data 

obtained through passive monitoring have been sufficient for mapping 

purposes. Using both detonator-geophone combinations and acoustic 

measurement systems provided by Dresser Atlas, the transmission of 

acoustic signal along various ray paths traversing the reservoir 

fractured volume has been studied. Orr. pressurizing the reservoir 

fractures;significant attenuation of acoustic signals is observed. 

These signals are being used to characterize the fractures as acoustic 

reflectors and scatterers as.an aiidto fracture mapping. 



INTERPRETATIVE GEOPHYS.ICAL LOG ANALYSIS OF 

FRACTURED RESERVOIRS 

by 

Robert M. Potter 
Los Alamos Scientific Laboratory 

ABSTRACT 

Extensive geophysical wellbore logging has been performed in both 

wellbores of the Fenton Hill geothermal system. A^good correlation 

has been established between results from these logs and results ob

tained from the present extended flow test. A conceptual model of 

the reservoir has been constructed that satisfies most of the results 

to date. 



NUMERICAL MODELING OF MULTIPLE FRACTURES OF 

VARIABLE CONTACT AREA 

by 

Ivan Sandler 
Weidlinger Associates 

New York, NY 

ABSTRACT 

The problem of the determination of the location of fluid-filled 

fractures by means of seismic techniques is studied. This involves 

modeling and calculation of the effects of such fractures on arti

ficially generated seismic waves. The fractures are modeled as 

interfaces between continua through which the waves propagate. The 

interfaces are characterized by parameters which are physically re

lated to the -Tocal contact area and permeability of the fractures, 

and which determine their reflection and refraction characteristics. 

The relevant continum equations, interface equations and source repre

sentations are studied numerically for different source-fracture-

receiver configurations. 



REFLECTION SEISMIC SURVEYS AND TWO-HOLE ELECTRICAL 

MEASUREMENTS AT LASL GEOTHERMAL PROJECT 

by 

P. R. Kintzinger and F. 6. West 
Los Alamos Scientific Laboratory 

Los Alamos, NM 

ABSTRACT 

Results of two seismic reflection surveys and relation to possible 

direction of hydraulic fracturing in the crystalline rock are given. 

Experiments using two-hole electrical methods to detennine the vertical 

extent of electrically conductive hydraulic fractures are described. 
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LABORATORY PERMEABILITY MEASUREMENTS OF FENTON HILL GRANITE 

Clarence J. Duffy 

Los Alamos Scientific Laboratory 

An apparatus has been constructed in which the permea

bilities of 6T2 core material have been measured as a function 

of temperature and effective confining pressure. Measurements 

have also been made of the pore volume compressability and of 

the transient flow phenomenon produced when the pressure grad

ient across the sample is changed. Discussion will include 

both experimental design and presentation of permeability and 

pore compressability data. 



IN SITU ;'PERMEABILITY-POROSITY MODELING 

by 

Henry N. Fisher 
Los Alamos Scientific Laboratory 

Los Alamos, NM 87545 

Submitted to: 
Hot Dry Rock Gebthermal .Workshop 

April 20, 1978. 
Los Alamos, NM 

ABSTRACT 

Since the initial hydraulic fractures were established at the Fenton 
Hill site of the Los Alamos HDR project, several pressurization and flow 
experiments have been performed. The fractures are in granite at a depth 
of approximately 3200 meters, and are separated by approximately 10 meters, 
The flow experiments were planned to establish the water losses to the 
surrounding rock, determine pressure and stress dependent rock properties, 
and to characterize the fracture system in terms of extent, volume and the 
interconnection between the-fractures. 

The present paper presents an analysis of these experiments in terms 
of a mathematical model that Incorporates: 

a) the variable rock permeability and porosity as determined by 
in-situ and laboratory experiments, 

b) the connection between permeability and porosity as given by 
simple models, 

c) the effects of the variable stress field resulting from the 
developing pore pressure, and 

d) the effects of heterogeneous porosities. 



Pressure-Trajisient Methods Applied to the 

Fenton Hill Reservoir 

John Couasil (Stanford University) 

The transient pressure response of geothermal wells 

QT-2B and EE-1 in the Fenton Hill reservoir is analyzed using 

semi-log, square-root time, and log-log type curve matching 

techniques. Data from experiments 172A and 172C provide 

estimates of kh (permeability-formation thickness product) 

and 0c.hX» (porosity-compressibility-thickness-fracture 

half length squared product) for the fractured reservoir. 

In addition, estimates of fracture volume and fracture 0c . 

(porosity-compressibility product) as a fraction of total 

0c are made. 



AN ANALYSIS OF INTERWELL TRACER RESIDENCE 

TIME DISTRIBUTIONS 

by 

J. W. Tester and R. L. Bivins 
Los Alamos Scientific Laboratory 

University of California 
Los Alamos, NM 87545 

ABSTRACT 

A number of pulsed tracer experiments using Na-fluorescein dye have 

been employed to characterize a hot, low matrix permeability, granitic 

reservoir created by hydraulic fracturing at a depth of approximately 

9000 ft. Field tests were conducted at the Fenton Hill test site. 

Because of the relatively small volume of this prototype fractured system, 

residence times were short and repeated tests have been run. Residence 

time distributions (RTD's)r were determined in response to 100 gal con

centrated dye pulses Injected into one well and recovered in a second 

well directly connected to the fractured region. Laboratory tests on 

mixtures of crushed biotite granodiorite core and aqueous solutions 

containing Na-fluorescein showed negligible absorption or spectrophoto

metric degradation of the dye for 24 hr exposures.at 200''C._ Variations 

in the RTD's have been correlated with changes in the fracture system, 

particularly in diagnosing pathological flow patterns" aridin identifying 

new producing zones. In addition, experimental RTD's were used to design 

a formation chemical treatment using sodium carbonate to selectively 

dissolve to the quartz component of the biotite granodiorite. Theoretical 

models were developed for one- and two-dimensional flow. In the one-

dimensional cases, single and multiple porous zone models were fit to 

the observed RTD using a dispersed, parallel flow network with optimized 

values of flow fraction and zone dispersion coefficient determined. In 

the two-dimensional case, the porous medium was numerically modeled using 

a single dispersion coefficient with a fully developed steady-state 

velocity profile assumed. 



RELATIVE FLOW CONDUCTANCE OF STEAM VS WATER IN A 

FRONTWARD RESERVOIR, INFERRED FROM WELLHEAD DATA 

Roland N; Home 
Stanford Geothermal Program, Stanford University. 

The relative permeability of a producing geothermal reservoir can 

be inferred from its production history. By relating the change of 

discharge to the change in enthalpy, taking into account that part of 

the change '. •. due only to pressure decline, it is possible to calculate 

the reduction of the permeability of one phase due to the presence of 

the other. An analysis of this kind for the Wairakei geothermal reser

voir shows relative peinneability behavior strongly characteristic of 

floŵ  through fractures, since the steam permeability is almost, un

affected by the percentage of water present. Taking into account well

bore heat losses, similar analysis can be performed in the case^of a 

single fracture of the Hot Dry Rock configuration to determine the rela

tive flow conductance of steam and water. 
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MODEL EXPERIMENTS ON THE INTERACTION 

BETWEEN TWO HYDRAULIC FRACTURES 

J. Dundurs 

Department of Civil Engineering 

Northwestem University 

The experiments are done in cast epoxy resin (Epon 828 resin with 

phthalic anhydrate hardener) blocks. Typically, 150 mm cubes are used, 

although some experiments have been csirried out with larger blocks. The 

blocks are drilled, the bottom of the holes pre-fractured in order to 

control the initial orientation of the fractures, and 1.5 mm tubes 

cemented into the holes. Mercury is used as the fluid. Due to the 

transparency of the blocks and the fact that the cracks are filled with 

mercury, perfect visual observation of the fracture process is possible. 

Most of the experiments have been on the interaction between two 

hydraulic fractures that start to grow in two parallel planes. The ob

servations show that the edges of the cracks attract each other. Whether 

the cracks join or not depends on the offset between the planes in which 

they start initially. In all cases, the complicated geometries that may 

evolve show certain common features. 



THERMAL STRESS CRACKING EXPERIMENTS AT 

TEXAS A & M AND LASL 

by 

B. Johnson 
Texas A&M University " 
College Station, TX 

and 

D. W. Brown 
Los Alamos Scientific Laboratory 

Los Alamos, NM . 

ABSTRACT 

At Texas A&M, we have been studying the formation of thermally-

induced cracks in axially-loaded thick-walled hollow cylinders (3.5 mm 

O.D. x 47.2 mm I.D. x 25 mm long) of Westerly granite that are slowly 

heated externally, while the inner surface is maintained at a cooler 

temperature by through-flowing water. Presently, the water is isolated 

from the rock by a thin-walled copper tube, thus preventing the complica

ting — although Important — effects rock-water interactions. The steady-

state radial temperature distribution in the specimen, which corresponds 

closely to the calculated distribution, produces a strongly inhomogeneous 

state of thermal stress — tensile at the inner surface and compressive 

at the outer surface. 

Both macrocracks and microcracks develop in these nonuniformly heated 

specimens; the macrocracks in response to the imposed radial temperature 

gradient, and the microcracks as a result of differential thermal 

expansion between the several mineral constituents of the granite. The 

onset of microcracking of Westerly granite, as detected using acoustic 

emission techniques, occurs at. a sample temperature level of about 75''C. 

The intensity of the microcracking, as anticipated, increases with increas

ing sample temperature, but is reduced'by increased radial confining 

pressure. As indicated by a reduction in P-wave velocity, microcracking 



Thermal Stress Cracking Experiments at 
Texas A&M and LASL - B. Johnson and 
D. W. Brown -2-

varies radially across the specimen with the greatest Intensity in an 
intermediately-positioned annular region. Microcracks have been shown 
to measurably change the mechanical properties of the granite, and also 
appear to affect the propagation of the associated macrocracks. 

The onset of macrocracking of the cooled interior borehole occurs 
at a radial temperature gradient (AT) between 150"*C and 200''C, for 
unconfined samples. Typically, two to five radial cracks form, with 
two diametrically-opposed cracks being the more predominant. Generally, 
the greater the AT, the greater the macrocrack length (L^.): e.g. for a 
AT of 220*'C, L. 'V' 3-5 mm; for a AT of 275°C, L. "̂  6-13 mm. Adjacent to 

t c 

the borehole, the macrocracks are both intragrannular and intergrannular, 
but become progressively more intergrannular away from the borehole (the 
microcracks are mainly grain boundary cracks). Current knowledge of 
macrocracking histories is limited, due primarly to experimental dif
ficulties with the acoustic emission monitoring system. 

Future thermal stress cracking experiments will assess the influence 
of both confining pressure and rock-water interactions, the latter 
emphasizing water-weakening effects and hydrothermal alterations. 

At LASL, several transient thermal stress cracking experiments 
were conducted last'fall on large cylindrical samples of "Texas Pink" 
granite. The samples were slowly heated to approximately 200°C, and then 
internally cooled by flowing sil lean oil through the central bore. 
Sample post mortem has not shown any definitive thermal stress cracks, 
even though a radial temperature gradient of the order of ISO'C was 
established. However, during the heating cycles, very pronounced acoustic 
emission signals were recorded. These signals persisted for many hours 
after the sample had reached equilibrium temperature, indicating a 
possible creep-enhanced micro-scale stress buildup and release phenomenon. 

Future experiments will employ an altered sample geometry; large 
heated cylindrical rock samples will be biaxially radially loaded while 
one flat surface is convectively cooled with water. The induced thermal 

t( stress cracks will be viewed and recorded through a Pyrex window, while 
the internal growth and interaction of these cracks will be monitored 
using acoustic emission techniques. 



THERMALLY INDUCED SECONDARY CRACKS 

S. Nemat-Nasser, L. M. Keer, and A. Oranratnachai 

Department of Civil Engineering 

Northwestem University 

ABSTRACT 

When the temperature at the free surface of a linearly elastic brittle half-

plane, which is initially uniform throughout the solid, is suddenly reduced by a 

large amount and then kept constant thereafter, a thermal boundary layer whose 

thickness increases with time, forms close to the free surface. Because of the 

consequent thermal contraction, edge cracks may form within the thermal boundary 

layer. For a system of equally spaced straight edge cracks, gorwing collinearly 

with increasing thickness of the thermal boundary layer, the average minimum crack 

spacing is estimated on the basis of: (1) energy consideration, (2) stress con

sideration, and (3) consideration of stability of the growth of interacting cracks. 

It is shown that for a given temperature profile one can develop a general stability 

chart which, in particular, gives a complete growth regime of the interacting cracks 

(no crack branching is included). By means of several examples for different tem

perature profiles, it is shown that, in general, it is the stability consideratipn 

that controls secondary crack spacing and configuration. Stability calculations 

require accurate estimates of the derivatives of the stress intensity factors with 

respect to the crack lengths, which cannot be performed with even very sophisticated 

finite-element schemes. Using a singular integral equation technique, the authors 

have developed an effective semi-analytic, semi-numerical procedure which can be 

used to quantitatively estimate the growth regime pattern of thermally induced 

secondary cracks for any given temperature profile. For details, see the following 

references: 

1. S. Nemat-Nasser, L. M. Keer, and K. S. Parihar, "Unstable Growth of Thermally 
Induced Interacting Cracks in Brittle Solids," Earthquake Research and Engineering Lab. 
TR No. 77-9-2, Dept. Civil Eng., Northwestem Univ., September 1977. Int. J. Solids 
Structures, in press. 

2. S. Nemat-Nasser, "Stability of a System of Interacting Cracks in Combined 
Modes," Int. J. Engrg Sci.: Letters in Appl. and Engrg Sci., in press. 

3. S. Nemat-Nasser and A. Oranratnachai, "Minimum Spacing of Thermally Induced 
Cracks in Brittle Solids," Earthquake Res. and Eng. Lab. TR No. 78-1-7, Dept. Civil 
Eng., Northwestem Univ., January 1978. 

4. L. M. Keer, S. Nemat-Nasser, and A. Oranratnachai, "Unstable Growth of 
Thermally Induced Interacting Cracks in Brittle Solids: Further Results," Earthquake 
Res. and Eng. Lab. TR No. 78-2-8, Dept. Civil Eng., Northwestem Univ., February 1978. 

5. S. Nemat-Nasser, A. Oranratnachai, and L. M. Keer, "Spacing of Water-Free 
Crevasses," Earthquake Res. and Eng. Lab. TR No. 78-4-10, Dept. Civil Eng., North
westem Univ., April 1978. 
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ABSTRACT 

ANALYSES OF FENTON HILL RESERVOIR CORES 

A. W. Laughlin 
A. C. Eddy 
J. C. Eichelberger 

To characterize the first man-made geothermal reservoir, a large 

number of investigations were initiated by LASL, the USGS, and several' 

academic groups. The Precambrian cores were sampled for petrologic, 

geochemical, and geochronological investigations, physical measurements 

and fracture studies. Tljese studies Indicate that the geothermal re

servoir rock (2591-2928 m) is a physically and chemically homogeneous, 

low penneability biotite granodiorite. Although fractures are common 

and closely spaced, they are usually sealed by calcite. The low shear 

strength and high solubility of calcite facilitate hydrofracturing and 

chemical leaching for reservoir enhancement. Multiple thermal events 

including the ones associated with formation of'the Valles Caldera have 

contributed to the low permeability of the reservoir by sealing fractures 

produced in earlier tectonic events. These metamorphic events may also 

have contributed certain elements such as fluorine to the rock while 

causing mobility of elements such as uranium. 

Measurable geologic parameters thus permit an evaluation of the 

quality of the HDR reservoir. 



ROCK WATER INTERACTION AND GRANITE ALTERATION 

R. W. Charles and R. J. Vidale (LASL)• 

Eight biotite granodiorite disks were reacted in a circulation system 

at 200°C and 350 bars pressure for.9 months. The disks were cut from core re

trieved from a depth of 2901 m in the LASL Geothermal Well. This is a companion 

experiment to results previously reported reacting granodiorite of similar 

composition (2902 m) at 300 C and 350 bars for 8 months. Rock disks were removed 

at 1, 2, 4 and 9 months. Solutions were sampled at 1, 2, 4, 8 days, 2 weeks, 1 

2, 4 and 9 months. 

As expected reaction was much slower than in the 300 C experiment and showed 

a slightly different reaction sequence. Quartz was most reactive followed by 

plagioclase, microcline, biotite, opaques and trace phases. Microcline is attacked 

congruently, showing erosion along fractures and grain boundries. Plagioclase 

reacts incongruently. Analyses on plagioclase after 9 months reaction shdw too 

much silica to be stoichiometric plagioclase. 

Plagioclase (fresh) Na^ .̂ 5CaQ ^gKo.oiAli.azSiz.eB^S 

(9 mo.) NaQ 33CaQ 3gKQ_Q2Ali.36Si2.63°8 

Analyses are intermediate between plagioclase and a secondary phase identified 

as the zeolite phillipslte: Ca^.93^1.5oNao.i5Mgo,12^eo_27Al7.56813.^3032.12H2O. 

Its composition is similar to the phillipslte found in the 300 C experiment. 

Solutions show silica undersaturation with respect to alpha quartz as one would 

expect when other reactions involving silica are occurring simultaneously. 



MULTICOMPONENT EQUILIBRIUM CALCULATIONS IN GEOCHEMICAL SYSTEMS 

by 

C. C. Herrick and R. C. Feber 

Los Alamos Scientific Laboratory 
University of Caiifomia 
Los Alamos, NM 87545 

The applications of multicomponent equilibrium calculations to some 

geochemical systems are reviewed. Two altemative approaches are discussed 

which have applicability to reservoir management and to the degradation of 

geothermal plants by scaling. 

The' application to reservoir management is based on Helgeson's code 

PATHCALC, in which the geochemical system is modeled by assuming that 

system to be constrained to follow phase boundaries in the approach to 

chemical equilibrium. > 

The application to plant degradation may be based on any number of 

existing complex chemical equilibrium codes modified to simulate kinetic 

effects and incorporated into engineering models of plant components. 

As examples of the predictive capabilities of such models, results 

will be shown of the calculation of maximum ion concentrations to be 

expected in contacting Fenton Lake water with granodiorite and of a 

comparison between experimental and predicted decrease in the overall heat 

transfer coefficient in a tube-and-shell heat exchanger in a geothermal test 

loop. 



RADON IN GEOTHERMAL RESERVOIR ENGINEERING 

Paul Kruger 
Civil Engineering Department 

Stanford University 
Stanford, CA 94305 

ABSTRAGT 

Measurement of radon concentration in wellhead geothermal 

fluids provides two types of reservoir information: (1) flow 

characteristics of the reservoir under constant emanation con

ditions, or (2) emanation characteristics under steady flow 

conditions. Five radon transient analyses have been carried 

out in producing hydrothermal reservoirs. The data show 

different relationships between radon concentration and flow 

rate based on the duration of well production and degree of 

interference in the reservoir. Models to distinguish between 

uniform and boiling water table emanation are under study. 

Measurements to examine radon emanation under steady flow 

conditions in the LASL hot dry rock projects have been initiated, 

Samples under saturation-time storage and steady flow are being 

collected and analyzed. Further definition of the role of radon 

in geothermal reservoir analysis is being obtained with con

trolled laboratory experiments to measure the emanation 

characteristics of radon from fractured rock as functions of 

pressure, temperature, and convecting fluid density. 



FLUID GEOCHEMISTRY ASSOCIATED WITH 

THE FENTON HILL RESERVOIR 

by 

C. 0. Grigsby, C. E. Holley, Jr. 
L. A. Blatz and J. P. Abbott 

Los Alamos Scientific Laboratory 
Los Alamos, NM 

ABSTRACT 

Fluid geochemistry at the Hot Dry Rock Demonstration Project is 

monitored to determine the effects of extended recirculation on the 

geothermal reservoir and the surface equipment. Studies to date show 

no scaling or fouling within the surface equipment as long as a 

separate gas phas.e is absent. Changes in flow conditions are ac

companied by changes in concentration of dissolved species, and a 

gradual increase in total dissolved solids is observed with time. 



STRONTIUM ISOTOPE RATIOS AS ' 

GEOCHEMICAL TRACERS 

A. J. GANCARZ 

Los Alamos Scientific Laboratory 

University of California 

Los Alamos, New Mexico 87545 

The natural abundance of Sr Increases relative to Sr due to the 
87 9 

radioactive decay of Rb (T, = 49.2 x 10 years). Minerals chemically 
fractionate Rb and Sr; thus different minerals have different Rb/Sr and 

07 QC 

with th? passage of time different Sr/ Sr. We use these natural 

variations in Sr isotopic abundances to trace rock-water interactions 

in the Fenton Hill Geothermal Reservoir and attempt to identify specific 

mineral-water Interactions. 

Preliminary data show that with continued circulation of v/ater 
07 QC 

through the rock reservoir (50 days) the Sr/ Sr in the water contin

uously increases. The Sr isotopic abundances in water extracted from • 

the reservoir are in no simple way related to the Sr in the injected 

water, suggesting that the extracted water Sr reflects predominantly 
07 QC 

interactions with the rocks. The Sr/ Sr in the extracted v/ater is 
87 86 

greater than the Sr/ Sr in the reservoir rocks indicating either 
isotopic exchange with or dissolution of a phase with a greater Rb/Sr 

than the average Rb/Sr of the reservoir rocks. This phase is probably 

biotite; 



Enhanced Chemical Dissolution of Granite 

by 

C. E. Holley, Jr., L. A. Blatz, R. W. Charles, C. 0. Grigsby, 

and J. W. Tester 

Los Alamos Scientific Laboratory, University of California 
Los Alamos, NM 87545 

Abstract 

Aqueous sodium carbonate and aqueous sodium hydroxide, because they attack 

quartz and, to a lesser extent, other constituents of granite, are reagents of 

possible interest for reducing the resistance to flow in a dry hot rock geo

thermal system. This paper will describe laboratory experiments on the rate of 

interaction of granite with these reagents. 

The reaction of the rock particles with the aqueous solution was studied 

at ^200° in Teflon lined steel bambs. The progress of the reaction was followed 

by monitoring the silica concentration in the solution. As expected, the amount 

of dissolved silica at a given time increased with increasing concentration of 

reactant. The rates can be correlated by the rate law 

dCSiO.),, , ak[(Si0.)|f - (siOOaq] 

where a is the ratio of rock surface area to solution volume and k is a function 

of the temperature, the rock type, fluid velocity, and various other parameters 

of the system. 
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THEORETICAL AND EXPERIMENTAL ASPECTS OF HEAT EXTRACTION 

AND FLUID FLOW IN IDEALIZED HYDRAULIC FRACTURES 

by 

H. Murphy 
Geosciences Division 

Los Alamos Scientific Laboratory 

ABSTRACT 

In an effort to obtain a greater degree of realism the LASL heat 

extraction simulator has been under development for several years. 

Features Incorporated to date Include temperature and pressure-dependent 

properties; the effect of both thermal contraction of the rock and 

buoyant, natural convection of the water induced by heating; and a more 

exact, quasi-analytic solution for the rock temperature field. Presently, 

effort is being focused upon providing a more realistic description of the 

fluid dynamics near the inlet and outlet of the fracture. 

Cases exist where the geometry of the borehole intersection with the 

facture Is so restricted that the circulation of water through the fracture 

and tts borehole connection via the confined geometry results in high flow 

velocities accompanied by very large pressure losses. Examples where con

fined geometries may result include the intersection of a fracture whose 

plane is inclined to the axis of the borehole, or the initiation of the 

fracture through a casing perforation of small diameter. For these restric

ted flows the flow Is distinctly non-Darcian and may in fact be truly 

turbulent. Analysis of these flows has proceeded both theoretically and 

experimentally. The boundary layer momentum and continuity equations have 

been solved numerically for both laminar and turbulent flows. A van Driest 

modification of Prandtl's mixing-length turbulence model was utilized for 

turbulent flows. Results Indicate that, even for laminar flows, the 

frictional shear stresses can be tens, even hundreds, of times larger 

than those obtained with the Darcy-flow assumption. Laboratory flow experi

ments have confirmed the laminar theory. Turbulent experiments are in 

reasonable agreement with theory except when the acceleration near the 

outlet borehole is too large. Under these conditions the acceleration 

tends to stabilize turbulent perturbations and the well-know phenomena 

of reverse transition, or relaminarization, can occur. 



FLUID FLOW AND HEAT EXTRACTION: A THEORETICAL APPROACH 

S. Nemat-Nasser and H. Ohtsubo 

Department of Civil Engineering 

Northwestem University 

ABSTRACT 

Geothermal energy extraction from hot, dry rock requires the circu

lation of water under pressure through a crack with a small opening 

(several millimeters) and a large radius (several hundred meters) at 

several kilometers beneath ground surface. Here we present the basic 

two-dimensional field equations for the fluid flow and heat transfer, 

by systematically integrating over the crack thickness the fundamental 

mass, momentum, and energy equations. The importance of various terms on 

physical grounds is briefly discussed, and on this basis the corresponding 

equations are simplified. Finally, with the aid of a finite element 

approximation, typicai illustrative examples are worked out. These examples 

reveal that a more accurate estimate for the effective conductivity between 

fluid and the solid must be obtained in order to more realistically estimate 

the basic heat extraction process. In particular, the effect of secondary 

cracks must be carefully examined. This and related aspects of the problem 

are discussed, and certain areas in need of further research are pointed out. 

For further details see the following references: 

1. S. Nemat-Nasser, "Geothermal Energy: Heat Extraction from Hot Dry Rock 
Masses," ASME Journal of Pressure Vessel Technology. Vol. 99 (1977) 612-613. 

2. S. Nemat-Nasser and H. Ohtsubo, "Fluid Flow and Heat Transfer 
Through Hydraulically Induced Fractures in Hot, Dry Rock Masses," Earthquake 
Research and Engineering Laboratory Technical Report No. 77-12-6, Department 
pf Civil Engineering, Northwestem University, December 1977. ASME Journal 
of Pressure Vessel Technology, to appear. 



Abstract 

Energy Currents in Fractured Geothermal Systems 

by Gunnar Bodvarsson, School of Oceanography, Oregon State University, 
Corvallis, Oregon 97331 

The success and economic feasibility of dry-hot-rock or forced-geoheat-

.recovery projects depends to a considerable degree on the available subsurface 

temperatures at depths which can be reached by routine drilling. Sections 

of natural geothermal systems having elevated temperatures, but low fluid 

conductivity, are therefore of particular interest as heat sources. 

Unfortunately, not much is known about the temperature distribution at 

greater depths in natural systems. In particular, we have little data on 

the conditions in the main heat-source regions. To make an attempt at 

gaining further Insight into the situation there, we have carried out some 

rather simplistic modeling of the source regions of the larger hydrothermal 

systems in the Great Basin. 

We find that a system flowing about 40 kg/s at 180°C for a period of a 

few 10" years and thus having a constant dissipation power of 30 MWt would 

require a fracture contact area of a few tens of km^ for heat recovery. The 

contact area could be quasi-vertical and located at depths of 4 to 6 km 

within a master fault zone of the region. As a matter of course, other 

source configurations are possible. 

Moreover, it is of some interest to compare the estimated contact area 

of the above natural system with the area required for heat recovery in small 

forced-geoheat recovery systems. An elementary economic consideration 

indicated that the output power of the smallest feasible forced geoheat 

recovery for direct use will probably not be less than a few MWt. We find 

that a system operating at 6 MWt for 25 years at an output temperature of 

70''C would at fairly normal geoheat conditions require a fracture contact 

area of about 3 km^. 



FLUID FLOW AND HEAT EXTRACTION BY 

HYDRAULICALLY FRACTURED CIRCULAR CRACKS 

T. Mura, L. M. Keer, and H. Abe 

Department of Civil Engineering 

Northwestem University 

ABSTRACT 

A simple and analytical method of solving the problem of heat 

extraction from a penny-shaped crack having both inlet and outlet 

holes is developed by using a two-dimensional flow model when fluid 

is injected at a constant flow rate. Temperature distributions in 

both rock an fluid are obtained by taking into account the hydraulic 

and thermal growth of the crack. The outlet fluid temperature and 

energy extraction rate versus time- are shown by some illustrative 

examples. Although the effect of thermal contraction of rock upon 

the crack width is large, its influence upon flow rate and crack tip 

stress intensity factor is sufficiently small within the first several 

years so that the crack radius can be determined mainly by the mechanical 

deformation of the rock. 



FENTON HILL HEAT EXTRACTION AND INTERPRETATIVE 

TEMPERATURE LOGGING 

by 

G. Lawton, H. D. Murphy, R. M. Potter, 
R. L. Aamodt and H. N. Fisher 
Los Alamos Scientific Laboratory 

Los Alamos, NM 

ABSTRACT 

A high resolution temperature measuring tool using a thermistor has 

been developed for downhole temperature logging of geothermal wells over 

an extended period of time. 

Using approximate solutions for the flow of heat in a flowing well

bore, temperature logs can be quickly analyzed to determine the depths 

where fluid leaves the wellbore as well as the departing flow rates at 

these depths. At least two logs must be obtained, preferably one just 

prior to, and one after starting fluid Injection. This method was used 

to locate depths where hydraulic fractures were initiated in a hot dry 

rock geothermal well. 

The transient temperature effect associated with the flowing fluid 

in geothermal wells'is used to obtain the ih-situ thermal conductivity 

of the surrounding rock formation. Downhole temperature data taken over 

a period of one day is sufficient. Results using this method compared 

favorably with laboratory measurements on core specimens taken from a 

hot dry rock geothermal reservoir. 



INJECTION-EXTRACTION (PUSH-PULL) METHODS OF 

• HDR RECOVERY 

by 

Henry N. Fisher and Hugh D. Murphy 
Los Alamos Scientific Laboratory 

Los Alamos, NM 87545 

ABSTRACT 

The extraction of heat from a HDR reservoir by periodic pressuriza

tion and flow may have advantages over flow through systems if certain 

important criteria can be met. This paper is a first attempt to 

examine these criteria. The extent of the available reservoir and 

extraction rates depend on many parameters. Among those discussed are: 

a), pumping period and wave shapes; 

b) flow rates and pressures; 

c) fracture geometry; and 

d) number and distribution of reservoir entrances and exits. 
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OPTIMIZATION OF ENERGY CONVERSION SYSTEMS 

by 

R. L. Bivins and J. W. Tester 
Los Alamos Scientific Laboratory 

Los Alamos, NM 

ABSTRACT 

The utilization of geothermaT fluids ranging in temperature from 100 

to 300°C Is discussed from a thermodynamic and an economic viewpoint. 

Nonaqueous working fluids are evaluated for possible use in sub- and super

critical Ranklne power generating cycles, and are compared to more con

ventional steam flashing cycles. Criteria are presented for determining 

performance based on the cycle's effectiveness in utilizing the geothermal 

fluid. Working fluid'thermodynamic properties are used to correlate 

optimum cycle performance at-given geothermal fluid temperatures. A 

generalized method for expressing turbine exhaust end sizes is developed. 
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COMMERCIALIZATION' ISSUES AND INVESTMENT STRATEGIES 

FOR HDR FACILITIES 

by 

Glenn Morris 
Energy Systems and Economic Analysis 

Los Alamos Scientific Laboratory 
Los Alamos, NM 

ABSTRACT 

This talk follows a description of the purpose and structure of 

LASL's HDR Economic Optimization Model by Dr. R. G. Cummings of the 

University of New Mexico. It will discuss the results of this model 

for both large and small reservoir systems. Under these conditions, 

the optimal drilling/redrilling and flow rate management strategies will 

be discussed. In addition, the model's sensitivity to key parameters 

such as reservoir size, power plant design temperature and financial 

rate of return requirements will be presented. 



U, S, HDR RESOURCE BASE ESTIMATES 

by 

R. M. potter, M. C. Smith, 
A. W. Laughlin, and A. C. Eddy 

Los Alamos Scientific Laboratory 

ABSTRACT 

The geothermal. gradient maps of North America (AAPG-USGS, 1973) 

are being used tn the siting of further Department of Energy HDR 

demonstrations. In addition computer studies of the local depth 

to a given isotherm are being conducted using the AAPG-USGS tempera

ture-depth data along with assumed thermal conductivity values. This 

latter study will allow an improved estimate of the magnitude and 

distribution of the HDR Resource Base. 



AN INTEKEEMPORAL OPTIMIZATICN MDEL FOR HDK-PHSE^JCED 

ELECTRICITY 

by 

R.G. Cumningst G.E. MDrris, R.K. Hageman, and 

R.L. Bivins 

A B S T R A C T 

Since â  priori measures for capiial costs are not known for an HDR 

facility, the conventional "coital recovery factor" method of evaluatung 

HDR-produced electricity is not applicable. Detennination of least oost, 

profit maximizing, drilling stra-fcegies for HDR reservoirs and power plant 

design then require an analytical framework vdiich is intertemporal in 

design. 

The dynamic optimization model developed in this work treatis. as 

explicit -vaanables well-flow-rates for the HDR reservoirs, periodic dril

ling/re-drilling activiizies, and reservoir tarperat:ures. Key parametiers 

in the model, vMch are subjected 1:o sensitivity analyses, include: design 

iiatperatures and installed capaciiy for the HDR power plant, the geothermal 

tenperature gradient, the effective surface area of HDR reservoirs (based 

on the multiple fracture concept), inaximum v«ll-flow-rates for each pair 

of wells, and drilling costs. Given values for these parameters, inter-

taiporal strat:egies for drilling and reservoir management are chosen 

vMch maximize the present value of profits net of all taxes. Parametric 

techniques are used -to determine the resulting busbar cost (in 1978 dollars) 

for each set of values for these parameters. 

This modeling effect is in1:ended to serve two major purposes. First, 

our concern is with defining conditions, as they relate to values for res

ervoir and eoonamic parameters, under which HDR-produced electricity woxild 

'* - R.G. Curtmings, Professor, University of New Mexico. 



- 2 -

be aarmercially catpeti-tive. Second, the model is sufficiently flexible 

to allow a wide range of variation in terms of criid.cal parameters and 

functional irelatiionships. These parameters-functions (e.g., tenperature 

draw-down in HDR reservoirs) are approxiina-tions for relationships which 

LftSL scientists are currentiy studying in the HDR experimental program. 

The model then provides a framework for simulated market "experiments" 

vterein idie physical scientistis can iiest the eoonanic relevance and 

sensi-tiviiiy of their research results concerning reservoir characteristics. 
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