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SELECTING AND COLLECTING THERMAL SPRINGS FOR CHEMICAL ANALYSIS: 
A METHOD FOR FIELD PERSONNEL 

By 

J. M. Thompson 

Open-file Report 
75-68 

This reporc Is preliminary and has 
not been edited or reviewed for 
confonnlty with Geological Survey 
standards and nomenclature. 

INTRODUCTION 

Uater samples of hot springs can be collected and analyzed to obtain 

data for estimating subsurface aquifer temperatures. Unfortunately, there 

are very few published guidelines to assist a field geologist in selecting 

and sampling a thermal spring (see, for instance. Ellis et al., 1968). 

This paper is an attempt to fill that void. 

Presser and Bames (1974) have described methods of analysis for 

numerous chemical parameters that should be determined in the field in 

order to produce a complete, high quality chemical analysis. Major and 

trace element ions are determined in the laboratory. This type of detailed 

analysis is mandatory If the data are used to determine the mineral (or 

rock)-water equilibrium. However, this type of detailed analysis is not 

essential for hydrogeothermometry; another type of analysis, a major ion 

analysis, showing a complete range In temperatures, salinities, and dis

charge rates is sufficient (a major Ion analysis allows for a catlon-

anlon balance check to Insure that all major constituents have been deter

mined). For the purpose here, a major ion analysis should Include the 

cations (sodium, potassium, lithium, calcium, and magnesium), the anions 

(carbonate, bicarbonate, sulfate, chloride, and fluoride), plus boron, 

silica, and pH. A major Ion analysis does not yield as accurate or com

plete an analysis as the first, but since the methods of both types of 

analysis are the same, the precision of the individual component analyses 

should also be the same. 



EQUIPMENT 

The equipment needed for collection of a thermal spring and its in

tended purpose is shown in Table I. (If time and space allow, a sample for 

water Isotopes may aid Interpretation. This is indicated, therefore, as 

optional equipment.) Note that two pH measurements are required: one to 

determine the spring pK and one to insure that the pH of the filtered-

acidifled sample Is below pH 2. 

SELECTION 

Before selecting which spring or springs in a given area should be 

sampled, a reconnaissance of the ranges of hot spring activity is useful. 

This should include estimating the spring discharge, measuring che spring 

temperature, and obtaining an estimate of spring pH and chloride content 
I 

from pH strip and Quantab chloride Indicators. Items to be considered 

in selecting springs for sampling include the rate of water discharge. 

spring cemperacure. gas evoluclon, pH. Quancab chloride, ease of accessing 

the main orifice, and the number and physical .character of immediately 

adjacent springs. Cold, warm, and hot springs of highest discharge 

should always be considered for sampling. If only one sample can be 

collected, sample the hottest discharging spring In a group of springs. 

If only cwo samples can be collected, sample the hottest and coldest 

discharging springs. However, if it is possible, sample springs with 

various temperatures and chloride concentrations in order to obtain 

information concerning wacer movement and possible subsurface mixing 

(Truesdell, 1974a). If possible, always sample flowing springs, the 

larger the rate of discharge the better. Non-flowing pools (with or 

without discharging gas) yield deta that are difficulc to Interpret. 

Large pools of low discharge may also be concentrating the constituent 

in the water by evaporation or minerals may be precipitating so that the 

chemical analysia is not representative of the upflowing subsurface 

water. Nonnally. springs having aurface inflow from other springs should 

not be sampled. However, if the rate of discharge from the spring is 

much greater than the rate of surface inflow, the spring may be nearly 

representative of the subsurface upflow. Presence or absence of gas is 

not a critical parameter, but it should be noted (this is an Important 

parameter If the area is considered for more extensive sampling). If 

possible, sample springs with a neutral Co alkaline pH (pK 6 to 9) • Mud 

pots, raud volcanoes, and turbid acid springs are usually quite difficult 

to filter and chemical analyses of their "major" Ions as discussed here 

yield no useful geothermometry Information. These Chermal features 

generally have wacer composicions which are concrolled. aC leaac in pare, 

by che acid leaching of the surrounding rocks.' 

SAMPLING PROCEDURE 

Three bottles of water should nocmally be collected at each spring 

or sampling site: one filtered acidified, one filtered only, and one 

diluted for SIO2. The procedure is initiated by thoroughly rinsing the 

syringe with spring water and Chen filling che syringe. The Swinnex 

filcer unic is accached and approximacely 15 ml of sample is filcered Co 

rinse che Swinnex fllcer unlc. The remaining volume is fllceced and used 



CO rinse the sample bottles and caps. The filter unit is removed and the 

syringe is refilled. The filter unit is then replaced and the sample 

filtered into a 60 ml sample bottle. When the bottle is nearly full, 

the sample Is acidified co pH <2 (six drops of acid should be sufficient; 

confirm with the pHydrlon pH paper). This sample is for cation analysis. 

This first sample is filtered and then acidified to prevent suspended 

solids and colloidal material from dissolving and contributing to che 

cation concentrations. Filtration prevents clogging of the aspirator on 

an atomic absorption spectrometer (AAS) and removes suspended solids and 

organic material that may clog pipettes and disturb spectrophotometer 

readings. Acidification also prevents reactions which may precipitate 

calcium carbonate, calcium sulfate, and magnesium carbonate after sample 

collection. 

The above procedure is repeaced to fill Che 250 ml boccle. This 

second sample musc not be acidified and is for anion analysis. This 

sample is filtered to prohibit algae growth in the bottle. A 0.45 um 

filter is usually sufficient to remove most Protista. 

A silica sample is taken by pipetting 10 ml of spring water Into the 

bottle containing 50 ml of silica-free water (dlstiUed-delonized or 

delonized-distilled water is suggested) . It Is Imperative that the cap 

on this sample not leak. Diluting che sample wacer insures a silica 

concentration sufficiendy low so chac polymerizaclon of alllca Is pre

vented. Suspended silicate solids dissolve slowly io natural water 

(pH 6 to 9) at low temperature, so that filtration is not required. 

Suspended colloidal amorphous SiOj may dissolve. This is actually 

desirable since the silica concentration determined will be closer to 

the true silica concentration and will indicate a geochermonecer cemper

ature closer CO che acCual aquifer cemperacure. 

Afcer laboracory analysis. Che investigator may refer to Table II 

(modified from Truesdell, 1974b) which is a aummary of information 

obtained by chemical analysis of hydrothermal systems. In general, the 

daca may also be used as Indicators of subsurface temperature (e.g. 

Foumier and Rowe, 1966; Foumier and Truesdell, 1970; Mahon, 1970; 

Truesdell, 1974a). Should any samples Indicate a geothermally interesting 

area, additional comprehensive sampling should be done by specialists 

more familiar with field collection and analysis techniques for trsce 

element analysis, for gas analysis, and for non-radioactive isotope 

studies. 
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Table I 

Equlpmsnt 

1. MaxliBtua reading mercury In glass thennometer for hot 

and vara springs 

2. Convent ionai. mercury In glass thermometer for cold eprings 

3. A box of high quality, non-bleedingi pH indicating strips 

that respond ±n low Ionic strength solutions (e.g, 

E. fferck Speztalindlkator) or a pH meter and pH 7 

buffer 

4. A device to submerge a bottle in a boiling or very hot 

spring (e.g.. a pair of tongs or a clanq)) 

5. Empty plastic sample bottles, 60 and 250 ml volume with 

appropriate tight sealing cap (e.g. polyseal caps) 

6. A 60 ml plastic bottle containing 50 ial of silica-free 

water 

7', Plastic 10 ml pipette 

8. Large plastic syringe, 50-60-ml capacity, with Luer lock 

9. Aplastic Swinnex filter unit with either 0.22 or 0.45 um 

pore size with extra filters 

10. A roll of pH paper (e.g. pKydrlon paper 1-5,5) 

11. Bottle of 1:1 HCI with dropper 

12. Bottle of Quanta^ chloride Indicators (M175), 

13. A dozen 50 ml or smaller plastic beakers 

Purpose 

To ascertain spring tenperature 

To ascertain spring tenperature 

To determine spring pH 

To prevent scalding fingers and hands 

To contain, water sample and prevent 

spilling losŝ  

To dilute Silica.sample so that poly

mer tza tion does not occur 

Io obtain silica sample 

To collect and filter watet saaqjle 

To filter water samples 

To check pH of fi'ltered-acldifled sample 

To aci'dtfy water sample 

To test for chloride 

To hold spring sanple for quan tab chloride 

indicator 

14. A 60 or 125 ml glass bottle (optional but useful) To collect an isotope sample 



Table II.—Importance of individual components of wacer and gases in 

chemical sCudy of geothermal system 

Cl 

Cl/B 

Not affected by water-rock reaction in near surface; critical 

for differentiating hot-water and vapor-dominated systems; 

critical for determining subsurface dilution. Mixing is 

generally indicated if the Cl concentration difference beCween 

che highest and lowest exceeds 10-15Z. 

Not affecced by water-rock reaction in near surface; 

relatively high in Chermal wacer, especially chose from 

sedimencary rocks. Can ofcen be subsclcuted for Cl in 

mixing calculations. 

Usually dlscincclve for each mass of chermal wacer; can 

Indicace deep InCerconnecClons and mixture of water masses. 

Consistency of ratio Indicates a homogeneous source for che 

mosc soluble consclcuencs. 

SIO, 

Scrongly affecced by Cemperacure-dependenC wacer-rock reaccions 

(especially K and Ca); used as a geochermomecer. 

Scrongly dependenc on subsurface reacclon wich silica 

minerals and silicates; used as a geothermoineter. 

C1/(HC03-C03) Strongly dependent on C02-water-reactlons that depend 

on tempersture, CO2 pressure, and reactive reservoir rocks; 

useful as an Index co subsurface flow; change by a faceor of 

8 observed in a single syscem. 

Table II.—Imporcance of individual componencs of water and gases in 

chemical scudy of geothermal system—Cont. 

Na/Li Qualitative index to geothermal quality; ratio is between 

60 and 80 in high temperature systems; up to 1500 in normal 

waters. 

Mg 

SOL 

pH 

Temperature 

Discharge 

Qualitative index to geothermal quality; very low in high 

* 
temperature systems of low ssllnity. 

Of both deep and near surface origin (from oxidation of H2S), 

high SOi,/Cl commonly indlcaces sCeam fed springs. 

Usually low in sceam fed springs If H2S is available for 

oxidaclon Co SOi, (in one case Che pH is 1); field measuremenc 

allows calculation of HCOs - CQ3 dlecrlbucloa. 

Valuable for calculation of heac flow and subsurface mlxcure 

and for escimacion of subsurface flow paccem. 

Valuable for evaluating significance of temperature; also for 

indicating If much heat Is lost by conduction. Important to 

estimate discharge of individually sampled springs as veil as 

the surface discharge of each syscem. Valuable in esclmatlng 

heat flows. 

- F r o m Truesdell (1974b) 
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DETERMINING CHEMICAL PROPERTIES OF GEOTHERMAL WATER 

INTRODUCTION 

The purpose of sampling and analysis of a natural fluid is to 
detennine the properties of the fluid itself in its natural state. 
Some constituents in natural fluids are unstable and change with 
time. The changes result from the difference in conditions within the 
natural environment before sampling compared to those within the sample 
container in storage. Changes in temperature and partial pressures 
of gases, especially oxygen. carbon dioxide. and hydrogen sulfide are 
particularly likely to occur. Experience has shown that plastic 
bottles arc permeable to oxygen eis shown by continued oxidation of iron 
from ferrous to ferric in tightly closed plastic sample bottles. 
Plastic sample bottles are also permeable to hydrogen sulfide, as shown 
by the odor in storage cabinets containing tightly capped plastic 
bottles of samples of water containing hydrogen sulfide. Some constitu
ents, such as sodium, potassium, and chloriiie, are usually stable and 
show no change upon storage. Sulfate is also-stable in dilute sajnples 
in the absence of hydrogen sulfide. 

Depending upon the purpose and nature of the study, changes in 
constituents upon collection and storage of samples may or may not be 
a problem. No one sample collection procedure will be satisfactory 
for all purposes. The information needed for a particular study and 
the desired accuracy should be established first; then appropriate 
sarapling techniques should be selected. This paper suggests sample 
treatment and field analysis techniques appropriate for minimizing 
errors that may result from changes in water samples between time of 
collection and time of analysis. Methods for analysis of the samples 
in the laboratory are given in standard reference publications (Brown 
and others. 1970. and American Public Health Association. 1971). 

STABILITY OF CONSTITUENTS 

The most commonly observed changes in untreated samples are in 
pH. iron, manganese, bicarbonate, ammonia, hydrogen sulfide, calcium, 
and sulfate. Silica concentrations in excess of 100 mg/l (milligrams 
per liter) may lead to difficulties owing to precipitation and poly
merization. Polymeric silica is not reactive in the ammonium molybdate 
method that is often used for laboratory determination of silica. 

The changes in sample composition result from loss of carbon 
dioxide to the air space, oxidation and precipitation of iron and 
manganese, oxidation of hydrogen sulfide to sulfate, oxidation of 
ammonia, loss of calcium ion as calciura carbonate precipitates, and 
precipitation of silica. Waters inoculated with (Hatoms may also lose 
silica. Once a precipitate forms, there is no accurate way to restore 
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the initial composition of the solution. Constituents that will 
probably be unaffected by storage include sulfate (if no hydrogen 
sulfide was originally present), lithium, sodium, potassium, magnesiun. 
fluoride, chloride, bromide, iodide, and boron. 

SAMPLE TREATMENT AND FIELD ANALYSIS 

Samples for determination of stable constituents require no 
pretreatment. A sample of adequate size, usually 2 liters, is 
collected in a carefully cleaned bottle, generally of glass or poly
ethylene. The bottle should be rinsed with the source water and then 
filled, leaving an air space for expansion, tightly stoppered, and 
designated Ru (raw, untreated). 

Samples for determination of iron, manganese, calcium, and 
magnesiura should be filtered and acidified at the time of collection, 
preferably with hydrochloric acid. Nitric acid and sulfuric acid 
cause interferences in analyses. Iron may be present as fine particles 
of ferric hydroxide, some of which pass O.tSum (micrometer) filters 
but not O.lum filters. To maximize the probability (although not to 
make certain) of obtaining only the iron in solution. O.liim or finer 
filters should be used. Lightweight filter kit's using air pressure 
have been found useful for field filtration. The filtration rarely 
takes as much as 15 minutes. A volume of 200 ml (milliliters) of 
filtrate acidified to pH 2 as indicated by pH paper Is adequate for 
determining these cations by direct aspiration in the atomic absorption 
spect rophot ometer. 

If resiilts of a high degree of accuracy are required, several 
precautions raust be taken in the field to insure an adequately pre
served sample for laboratory analysis. Polyethylene bottles with 
polyseal caps are recommended as sample containers. The bottles prior 
to use should be rinsed first with 10 percent nitric acid and second 
with several washings of distilled deionized water. A filtering 
apparatus using compressed nitrogen and a O.liim or O.tSiim membrane 
filter is preferred. The apparatus should be rinsed with distilled 
deionized water immediately prior to use. The first liter of filtered 
sample is used to rinse the collection bottles and is discarded. One 
liter of sample is then filtered, collected, and designated Fu 
(filtered, untreated) for anion analysis. One liter of sample is also 
filtered, collected, and acidified with high purity acid to a pH of 
approximately 1.5 as indicated either by pH paper or a pH meter and 
designated Fa (filtered, acidified) for cation analysis. Complete 
information on sample sizes recommended for various constituents is 
given in the table at the end of the paper. For trace element analysis 
in the part per billion range a set of more rigorous procedures is 
needed and will not be covered here. 
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The choice of acid for the acidification step is very important 
because several of the analyses performed in the laboratory are subject 
to interferences from these acids. Hydrochloric acid interferes with 
the analysis of silver and lead because insoluble chlorides may be 
formed. Hydrochloric acid free from metal contaminants is not readily 
available. Sulfuric acid interferes with the analysis of calcium and 
magnesium and some of the heavy metals. Nitric acid interferes with 
the analysis of strontium and calcium. However, nitric acid is the 
acid of choice for the heavy metal analyses because it is readily 
available at high purity, all metal nitrates are soluble, and it is an 
oxidizing acid. It is recommended that the sample for calcium and 
strontium analysis be acidified with hydrochloric acid and the sample 
for heavy metal analysis be acidified with nitric acid. Therefore, if 
a 1-liter sample is filtered and acidified with nitric acid for heavy 
metals, an additional 100 ml sample should be filtered and acidified 
with hydrochloric acid. If only iron, manganese, calciura, and magnesium 
are needed, filter and acidify two 100 rai bottles, one with hydrochloric 
acid and one with nitric acid. Each bottle should be labeled with the 
type of acid used for acidification. 

If the water is expected to contain a high concentration of silica, 
a 1:10 dilution made in the field is desirable, as polymers may form 
in the concentrated sample. Ninety ml of deionized water is measured 
accurately and placed in a 125 ml plastic bottle prior to going into the 
field. At the sample site 10 ml of the sample is pipetted into the 
prepared bottle. 

Field determination of pH and alkalinity 

To obtain reliable values. pH and bicarbonate must be determined 
in the field (Bames, ISSt). For normal watera, two pH buffers are put 
in the cup of a combination electrode, or other suitable container, 
each is brought to the temperature of the water source, and the meter 
is calibrated. The stepwise procedure is: 

1. Put pH 7 buffer in cup and immerse cup electrode in water source. 

2. When pH reading is steady, use calibrate knob to adjust meter 
to pH 7.00. 

3. 
source. 

Rinse cup, add pH t buffer and immerse cup electrode in water 

t . When reading is constant, use teraperature knob on pH raeter to 
adjust meter to pH 1.00. The meter i s now direct reading at teraperatures 
near 25°C. In any event, record the observed pH of the pH 1 buffer so 
true pH values may be calculated l a t e r . 

SAMPLE TREATMENT AND FIELD ANALYSIS = 

5. Rinse electrode and iramerse in water source, 

6. Record pH when reading is steady. The indicated pH of the 
1 and 7 buffers and the pH of the water and the temperature are all 
needed for calculation of the true pH. 

7. Fill buret with standard acid (usually 0.05 H H-SO^) for 
bicarbonate titration. 

8. While pH electrode is immersed in water, pipet an aliquot 
(usually 100 ml) of water into a beaker. Add three drops methyl purple. 

9. Transfer electrode to beaker. The pH of the aliquot will 
almost always be different from the pH of the water source owing to 
trivial losses of carbon dioxide. This will not affect the titration 
of bicarbonate significantly-

10. Run acid into beaker while stirring until indicator changes 
to gray (pH = 5.1). 

11. Record at least three pairs of acid volumes and pK readings 
from the color change through the range to 1 full pH unit below the 
color change. 

Bicarbonate and carbonate will be coraputed from a titration curve 
using the data pairs, the temperature. and the pH of the buffers and 
the water. 

For hot springs there should be two pH calil>rations. one in the 
spring (pH of water and two buffers) and one at ancient tenperature 
(pH of water and two buffers, and titration data). The pH of the spring 
is computed from the high temperature data and the bicarbonate and 
cartonate from the low temperature data. 

Field determination of ammonia 

Ammonia can be determined in the fields using a millivolt meter 
or plon meter with specific ion electrodes. Additional equipraent and 
reagents needed include 1, 10, and 100 mg/l NHj standards (100 ml each), 
a small bottle of 10 N NaOH, and four graduated plastic beakers. The 
procedure is: 

1. Put a measured volume of unknown into a beaker (usually 25 ml). 

2. Add 10 N NaOH to sample, at the rate of 1 ml NaOH/100 ml 
sample (one drop i. 0.05 ml). 
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3. Immediately place electrode in the solution. Set meter to 
determine millivolts. Measure sample, recording millivolts. 

1. Repeat the above steps with standards, measuring millivolts 
of the most dilute standard first. 

5. Read mg/l ammonia of sample from calibration curve prepared 
from standards. 

Direct reading ammonia scales are not recommended because the required 
amplification makes the raeter unstable under field conditions. 

Extraction of aluminum 

Aluminum must be extracted from samples in the field. The authors 
know of no way to store water samples and get reliable aluminum-in-
solution results. Data on aluminum in solution are required for studies 
of the reactions of aluminosilicates. 

Filter each sample immediately after collection through a O.liim 
membrane filter to remove coarse particulate matter. Extract aluminum 
immediately upon filtration if only monomeric or readily reactive 
polymeric forms are to be determined. For total aluminum in the 
filtered sample acidify to pH 2 and allow to stand about 2 weeks to 
convert the larger polynuclear aluminum species to a more reactive form. 

Prepare a series of standards containing 0, 5, 10, and 20pg (micro
grams) Al*^ in too ml distilled, deionized water. Carry standards 
through the entire procedure. Detection limit is approxiinately 2 ug/1 
(0.002 mg/l). Transfer 100 ml of a sample containing less than 20 pg 
Al'*̂ ^ and less than 0.1 mg Fe to a 500 ml separatory funnel. Add 10 to 
15 drops of phenol red indicator and 2 ml of 5 percent 8-hydroxyquinoline. 
Swirl to mix. Raise the pH to about 8 by adding ammonium hydroxide 
dropwise, while swirling to mix, until the solution turns red. 
Immediately add 5 ml buffer solution and 15 ml methyl isobutyl ketone 
(MIBK). Shake vigorously for at least 10 seconds but no more than 30 
seconds if imly dissolved and readily reactive species of aluminum are 
to be determined. Allow the phases to separate. Drain off the aqueous 
phase and discard. Collect the MIBK extract, stopper tightly, refriger
ate, and save for the atomic absorption measurement of aluminum. 

If a greenish-black precipitate forms with 8-hydroxyquinoline as 
the pH is raised, the sample probably contains a large amount of iron. 
Discard the sample and start with a new 100 ml aliquot. Add 5 ml of 20 
percent hydroxylamine hydrochloride, 5 ml of 1 percent 1,10-phenanthro-
line, adjust the pH to about 1, and swirl to mix. Allow the sample 
with added reagents to stand at least 30 minutes to reduce the iron from 
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ferric to ferrous and continue with the procedure beginning with the 
addition of the ammonium hydroxide indicator. If the orange-red color 
of the fen?ous phenanthroline ci3mplex tends to raask the red end point 
of the phenol red indicator, a pH meter equipped with a combination 
electrode may be used to monitor the pH during the addition of the 
ammonium hydroxide. 

Preservation of sulfide 

Sulfide should be determined in the field, but for those who 
find this imposslile, the following procedure may be used for preserva
tion of the sulfide for periods of less than 21 hours. 

Reagents: 

M3.8 N z i n c a c e t a t e ; 

t ' l N sodium hydrox ide : 

Dissolve 17.6 g 2ii(C2H302)2'2H20 in 
de ion ized wa te r and d i l u t e t o 100 ml 
wi th de ion ized w a t e r . Place in dropping 
b o t t l e (20 drops = 1 ml ) . 

Dissolve 1 g NaOH in deionized water and 
d i l u t e t o 100 ml with de ion ized wa te r . 
P lace in dropping b o t t l e (20 drops = 1 m l ) . 

Co l l ec t two 100 ml p o r t i o n s of f i l t e r e d u n t r e a t e d sample in s e p a r a t e 
c o n t a i n e r s . To each c o n t a i n e r immediately add 1 ml 0 .8 N Zn(C2H302)2 
s o l u t i o n fol lowed by 1 ml 1 N NaOH s o l u t i o n . Swir l the b o t t l e s and 
wai t fo r a p r e c i p i t a t e t o form. The s o l u t i o n must be analyzed w i th in 
t h e next 21 h o u r s . One ml of 0 .8 N Zn (C2H302)2 w i l l p rese rve as much 
as 270 mg/ l H2S. 

F i e l d de te rmina t ion of s u l f i d e 

Reagents : 

M).8 N zinc acetate 

I ' l N sodium hydroxide 

Hydrochloric acid, concentrated 

0.01 N iodine (standardized against thiosulfate) 

0.01 N sodium thiosulfate, standard solution of known normality 
(standardized against potassitjm iodide) 
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Starch solution: Dissolve 1 g soluble starch in 2 ml hot deionized 
water and dilute to 100 ml with hot deionized 
water. Add 1 ml chloroform as a preservative. 

Procedure: 

Prepare a blank of 100 ml deionized water and carry it through the 
determination with the sample. Pipet a volume of filtered, untreated 
saraple (100 ml maximum) into a 250 ml disposable plastic beaker and 
adjust the volume to approximately 100 ml with deionized water. 
Immediately add 1 ml 0.8 N Zn(C2H302)2 and then 1 ml 1 N NaOH solution. 
Swirl the beaker and wait for a precipitate to form. The solution may 
be kept at this point and run within the next 21 hours. If the 
temperature of the sample is higher than 25°C. let the sample cool in 
the open beaker until 25°C is reached (a cold water bath may be used) 
before continuing the determination. Add 10 ml concentrated HCI 
followed immediately by 10.0 ml 0.01 N I2. Place the beaker on the 
magnetic stirrer and titrate the excess iodine (yellow color) with 0.01 
N Na2S203," adding approximately 1 ml of starch when the color has 
decreased to a pale yellow color. Continue titrating until the blue 
starch color has disappeared (this color will retum upon standing owing 
to air oxidation). If no iodine is liberated frora the acidified sample 
(no yellow color), prepare a smaller sample volume or a dilution of the 
sample. For calculation of mg/l hydrogen sulfide, record the nuirber of 
milliliters of sodium thiosulfate used for the sample and for the blank 
and the normality of the sodium thiosulfate solution. 

Calculations: 

Hg/1 HjS = 

, , ^ ' ° ° ° ^ X 17.01 X N Na,S20, X I " ^ ^ " ^ 
ml of sample taken "2 2 3 \ titrant 

ml sample 
titrant 

Size of sample reqiiired 

Saraple sizes cannot be arbitrarily specified. The voluraes listed 
in table 1 are only an approximate guide. If the sample is highly 
concentrated much sraaller volumes may suffice for some determinations 
depending on the necessity for dilutions. If the sample is relatively 
dilute, larger volumes will be needed, never smaller. 

SAMPLE TREATMENT AND FIELD ANALYSIS 

Table 1.--Guidelines for analyses performed in the laboracory 

Consticuenc Volume 1/ 

Detection 
limic 
using only 
this"volume 

Method 

pH 20 ml Ru or Fu 

Specific 
conductance. . 25 ml Ru or Fu 

Alkalinity 
as HCO,. . . . 50 ml Ru or Fu 

HjS 200 ml Ru or Fu 

NH.(N) . . . . 25 ml Ru or Fu 

SIO2 25 ml Fu 

SiOj 50 ml Fu 

Na 25 ml Fa ot Ru or 

K 25 ml Fa or Ru or 

Ca 25 ml Fa 

Mg 25 ml Fa 

Cl 200 ml Fu 

Cl 150 ml Fu 

SO, 100 ml Fu 
4 

F 20 ml Fu 

B 25 ml Fu or Fa or 

Sr 25 ml Fa 

Li 20 ml Fa or Fu or 

0.1 iimho 

Meter 

Meter 

Fu 

Fu 

Ru 

Ru 

1 mg/l 

.5 mg/l 

.1 mg/l 

10 mg/l 

.1 mg/l 

.1 mg/l 

.1 mg/l 

.1 mg/l 

.1 mg/l 

1.0 mg/l 

10 mg/l 

1.0 mg/l 

.1 mg/l 

.02 mg/l 

.1 mg/l 

.01 mg/I 

Aucomacic deration 

Titration 
(lodine-thiosulfate) 

Specific ion electrode 

Atomic absorption 

Colorimetric 
(molybdace blue) 

AComlc absorpclon 

Do. 

Do. 

Do. 

Specific Ion eleccrode 
deration 

Mohr dcradon 

Colorlmectic (chorin) 

Specific Ion eleccrode 

Colorlmecric 

AComlc absorpclon 

Do. 
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Table 1 . - - g u i d e l i n e s for ana lyses perfonned in the labora tory- -Cont lnued 

Constituent ,r , 1/ Volume-

Detection 
limit 
using only 
this .volume 

Method 

Cs 20 ml Fa or Fu or Ru 

Rb 20 ml Fa or Fu or Ru 

As 20 ml Fa or Fu or Ru 

Sb 20 ml Fa or Fu or Ru 

Heavy mec'als 

Ag 20 ml Fa 

Au 20 ml Fa 

Cd 20 ml Fa 

Co 20 ml Fa 

Cu 20 ml Fa 

Fe 20 ml Fa 

Mn 20 ml Fa 

Nl 20 ml Fa 

Pb 20 ml Fa 

Zn 20 ml Fa 

l/„ 

— Ru = raw uncreaCed 

Ra = raw acidified 

Fu " filcered untreaCed 

Fa = filcered acidified 

0.1 mg/l AComlc absorpclon 

.01 mg/I Do. 

5 mg/l Do. 

.1 mg/I Do. 

.02 mg/l AComlc absorpclon 

.1 mg/l 

.01 mg/l 

.05 mg/l 

.02 mg/l 

.05 mg/l 

.01 mg/l 

.05 mg/l 

.1 mg/l 

.01 mg/l 

Do. 

Do, 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
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GEOCHEMICAL INDICATORS OF SUBSURFACE TEMPERATURE-
PART 1, BASIC ASSUMPTIONS 

By R. 0. FOURNIER, D. E. WHITE, and A. H. TRUESDELL, 
Menlo Park, Calif. 

Ab.slract.—The chemical and isotopic conipositions of hot-spring 
waler and gas are used to estimate subsurface temperatures. The basic 
assumptions inlierent in the methods are seldom stipulated. These 
assumptions include (1) a temperature-dependent reaction at depth, (2) 
a supply of the solid phase involved in the reaction to permit saturation 
of the constituent used for geothermometry, (3) water-rock equilibrium 
at depth, (4) negligible re-equilibration as the water flows to the 
surface, and (5) no dilution or mixing of hot and cold water. The first 
three a.s8umplions are probably good for a few reactions that occur in 
many places. The last two assumptions probably are not valid for many 
hot-spring systems; information obtained is therefore for the shallower 
parts of those systems, or a limiting temperature (generally a minimum) 
is indicated. 

The recent increased interest in geothermal energy has 
prompted widespread exploration for this resource. As 
expected, the areas initially receiving the most attention are 
those in which fumaroles and hot springs of high temperature 
are found. Thermal springs are numerous in the western 
United States. Their temperatures range from a few degrees 
above mean annual temperature to boiling. In general, their 
relative abundance decreases with increasing temperature. 
From an exploration point of view, the critical question is, 
how did a given spring attain its observed lemperature? Did 
the warm temperature result from water circulating deeply in a 
region of normal or slightly above normal geothermal 
gradient; that is, does the temperature of the spring represent 
the highest subsurface temperature deep in the system? Or, did 
the water come from a very high temperature environment at 
depth and cool on the way back to the surface? We would like 
to use the chemical composition of the water to answer these 
questions. In practice, we have found that springs with V»gh 
rates of discharge are most suitable for hydrogeochemical 
prospecting, whereas compositions of springs with low rates of 
discharge are very difficult to interpret. 

BASIC ASSUMPTIONS 

There -are many ba.sic assumptions inherent in using 
geochemical indicators to estimate subsurface temperatures 
(White, 1974). Although these assumptions may be valid in 

many places, it is unlikely that they will be fulfilled 
everywhere. The usual assumptions are: 

1. Temperature-dependent reactions occur at depth. 
2. All constituents involved in a temperature-dependent reac

tion are sufficiently abundant (that is, supply is not a 
limiting factor). 

3. Water-rock equilibration occurs at the reservoir tempera
ture. 

4. Little or no re-equilibration or change in composition 
oecurs at lower temperatures as the water flows from the 
reservoir to the surface. 

5. The hot water coming from deep in the system does not 
mix with cooler shallow ground water. 

A schematic model of a hot-spring system (fig. 1) is useful in 
assessing these assumptions. Critical elements of the model 
include a heat source of unspecified nature at the base ofthe 
system and interconnected permeability that permits 
convection to occur. In response to heating, water deep in the 
system decreases in density and is forced up and out of the 
system, as at A, by pressure exerted by cold, dense water. The 
cold water moves down and into the system at the margins 
along permeable structures, possibly faults or joints such as 
B—B . There are many alternative possibilities, including 
models in which some or all of the ascending water and gas is 
connate, metamorphic, or even juvenile in origin. In some 
places the salinity of the deep water may be high enough to 
counteract the effects of temperature on density. Although 
connate and metamorphic water is probably dominant in some 
hot springs (White and others, 1973), isotope data indicate 
that most hot-spring water is predominantly meteoric in 
origin. 

If the maximum temperature attained by the water at depth 
is higher than the boiling temperature appropriate for 
atmospheric conditions, the water will cool by boiling 
(adiabatically), by conduction, or by a combination of these 
processes as it moves toward the surface. If, on the other hand, 
the maximum temperature at depth is less than the boiling 
temperature at atmospheric conditions, the emerging water, 
such as at A (fig. 1) may have approximately the maximum 
temperature at depth or a lower temperature, depending on 
whether the rate of upflow of water is very fast or slow. 

259 
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HEAT 

Figure 1.—Schematic model of a hot-spring system having a heat source 
of unspecified nature and interconnected permeability. 

Solubilities 

Solubilities of minerals generaUy change as functions of 
temperature and water pressure. Therefore, under some 
circumstances absolute quantities of dissolved constituents arc 
useful indicators of subsurface temperature. However, the 
dissolving solid phase must be specified and its presence must 
be assumed at depth. An example is the silica geothermometer, 
which depends on the solubility of quartz controlling aqueous 
silica (Fournier and Rowe, 1966; Mahon, 1966). 

In general, the solubilities of the common silicates increase 
with increasing temperature and pressure. As cold subsurface 
water is heated, it dissolves more and more silicate 
constituents, reaching a maximum at the hottest (and 
generally deepest) part of the system. Deposition of silicates 
may then occur as the water moves back toward the surface 
and cools, particularly if the cooling is adiabatic. This may 
result in the self-sealing of the geothermal system, as discussed 
by Bodvarsson (1964), Facca and Tonani (1967), and White, 
Muffler, and Truesdell (1971). 

The common carbonates have retrograde solubilities 
(Holland, 1967). Other things being constant, minimum 
solubilities are attained at the hottest and deepest parts of the 
system. Generally "other things" are not constant, however. 
Carbonate solubilities are greatly affected by variations in pH 
and partial pressure of CO2 • Unfortunately, subsurface pH and 
Prf) are not easily estimated from the composition of 
hot-spring water and gas collected at the surface. 

The common sulfates also have retrograde solubilities. Like 
the carbonates, their usefulness in geothermometry is 
restricted to systems in which the solid phase is present at 
depth. One cannot safely assume this unless sulfates have been 
found in cuttings or cores from holes drilled at the locality in 
question. In other words, there may be an inadequate supply 
of the "indicator" constituent in the reservoir, so that the 
solution at depth is unsaturated with respect to a particular 
phase; for example, CaS04 or BaS04. 

Exchange reactions 

Equilibrium constants for exchange and alteration reactions 
also are temperature dependent. In such reactions the ratios of 
dissolved constituents change with changing temperature of 
equilibration. Both chemical and isotopic reactions come 
under this category. Examples are Na:K ratios of chloride 
solutions equilibrated witli alkali feldspars (Orville, 1963; 
Hemley, 1967), Na:K ratios in natural waters (Ellis, 1970; 
White, 1965), and Na-K-Ca relations in natural waters 
(Fournier and Truesdell, 1973). Again, as in the solubility 
method of geothermometry, the identity of the reactants and 
products in the high-temperature environment at depth must 
be assumed. If the assumed phases are not present, the 
geothermometer yields anomalous results (Fournier and 
Truesdell, 1970,1973). 

Equilibration at depth 

In order to use a geochemical method of estimating 
subsurface temperature, one must assume equilibrium or at 
least an approach to equilibrium at depth for a specific 
"indicator" reaction. At low temperatures, this is a tenuous 
assumption. Metastable conditions also are likely to occur. 
However, the assumption of attainment of equilibrium in a 
high-temperature environment at depth is probably good for 
many reactions. This assumption is particularly good where 
the residence time for water in a reservoir at a relatively 
uniform temperature is long- and there is effective mixing or 
homogenization of introduced waler with stored water. 

When an increment of waler, chemically equilibrated at 
depth, finally does enter a channel that allows direct 
movement back to the surface, such as A—A' in figure 1, the 
time of upward travel may be very short (minutes or hours) 
compared with the residence time in the reservoir. 
Consequently, even though the temperature of the water may 
decrease markedly, little chemical reaction may occur during 
upward flow, and the composition of the emerging water rnay 
reflect the conditions present in the deep reservoir. However, 
reservoirs at different depths and temperatures may be present 
vrithin a given geothermal system. Hot springs located at C, 
E, and G in figure 1 show various possibilities for water 
re-equilibrating in shallow reservoirs, so that some or all of the 
chemical geothermometers will yield estimated subsurface 
temperatures lower than the maximum temperature deep in 
the system. 

A re-equilibrated water, such as that emerging at G (fig. 1), 
may give a good indication of the salinity of the deep water. 
More commonly, deep water entering shallow reservoirs will 
mix with relatively dilute, shallow water, so that neither the 
temperature nor salinity of the deepest reservoir is indicated 
by the spring water that eventually emerges at the surface, as 
at D and F. If the residence times of both the hot- and 
cold-water components are long in the shallow aquifer and 
mixing is thorough, the composition of emerging spring water 
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as at D, may be indicative of the temperature of that shallow 
reservoir. In contrast, if the residence time in the shallow 
reservoir of one or both of the mixing waters is short, the 
composition of the emerging water (spring F) may give little or 
no information about that shallow reservoir. Under special 
circumstances, however, it may be possible to estimate the 
temperature and proportion of the hot-water component of a 
mixed water such as that emerging at F. This is discussed 
elsewhere (Fournier and Truesdell, 1974). 

In the discussion to this point, we have assumed essentially 
no chemical reaction in the channels connecting different 
reservoirs or reservoirs with springs. Advantageous conditions 
that minimize reactions within channels are rapid rates of 
upflow, low temperature, and nonreactive wallrock. Where 
continued chemical reactions do occur in the channelways 
leading to the surface, different geochemical indicators yield 
different apparent temperatures, reflecting varying amounts of 
re-equilibration at intermediate temperatures. 

Enrichment of volatiles 

Tonani (1970) emphasizes the relative enrichments in spring 
waters and fumaroles of comparatively volatile components, 
particularly NH3, B, Hg, CO2, and sulfur compounds, that may 
indicate subsurface boiling. He generally assumes that steam 
separates from deep boiling water and that it carries other 
volatile constituents toward the surface. At shallow depth the 
steam condenses and mixes with the local ground water. 
Springs fed by this water are enriched in volatiles relative lo 
chloride. 

T o n a n i ' s mode l p r o b a b l y works very well for 
vapor-dominated systems, as described by White, Muffler, and 
Truesdell ( I97I ) . It has yet to be demonstrated that volatile 
constituents are enriched relative to chloride in neutral to 
alkaline hot springs above hot-watcr-dominated systems, even 
where boiling temperatures arc attained at depth. Enrichment 
of volatile constituents in spring waler may result from 
processes other than high-lemperalure boiling. Gases such as 
CO2 and CH4, if sufficiently abundant, may separate from 
relatively cold water deep underground and escape lo the 
surface. If this gas later encounters shallow ground water, that 
ground water may become enriched in volatile constituents. 

RECOMMENDED PROCEDURE 

For estimating subsurface temperatures we set forth the 
following guidelines despite misgivings that they will be 

interpreted as hard-and-fast rules for always reflecting sub
surface conditions. The intent is simply to suggest starting 
assumptions where little information is available about hydro-
logic conditions. As more information is obtained for a 
specific area, other as.sumptions may become more reasonable. 

The recommended procedures are based upon the tempera
ture and rate of flow of the spring water, as outlined below: 

1. Boiling spring: 
(a) Small rate of flow: Assume mostly conductive cooling. 

Apply chemical indicators assuming little or no steam 
loss. 

(b) Large rate of flow: Assume adiabatic cooling. Apply 
chemical indicators assuming maximum steam loss. 

2. Spring below boiling: 

(a) Small rate of flow: Likely lo have no clear-cut 
interpretation. May be a water that has never been 
very hot, a mixed waler from sources of different 
temperatures, or a hot water cooled entirely by 
conduction. Try geothermometers that assume con
ductive cooling; indicated temperatures are likely to 
be minima. 

(b) Large rate of flow: Assume no conductive cooling. 
Test to sec if geothermometers (particularly the 
Na-K-Ca geothermometers (Fournier and Truesdell, 
1973)) s u r e s t chemical equilibration at the temper
ature (±25 C) of the water. If a higher temperature is 
indicated, treat as a mixed water according to the 
method of Foumier and Truesdell (1974). 

Wc have not specified what large and small rales of flow 
are. Our intent is to distinguish between waters that cool 
by conduction during their ascent and those that either cool 
mainly by boiling or do not cool at all. This depends in part on 
the rate of upflow, the depth of the aquifer supplying the 
water, and whether a spring is isolated or is part of a larger 
upflowing system. For preliminary evaluation, an arbitrary 
cutoff at 200 l/min is su^ested for a sin^e isolated 
spring, and 20 l/min for single springs of larger groups. 

CONCLUSIONS 

Chemical analyses of hot-spring water and gas may be of 
great use in an exploration program for geolhermal energy. 
Like all exploration methods, a great many assumptions must 
be made in order to interpret the data. We urge that these 
assumptions be kept in mind during the evaluation processes. 
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ABSTRACT 

Reconstruction of the downhole composition in a geothermal veil 
requires field measurements of total fluid enthalpy and separator 
pressure along vith chemical. Isotope, and gas analyses of separated 
vater, steam condensate and gas phases. Analyses of each phase for 
components distributed between phases are necessary because the fluids 
nay not be in equilibrium at the sampling points. Cooling after 
separation must be sufficient to prevent loss of volatiles and vater 
vapor. The collection and analysis schemes presented are designed to 
allov complete chemical and gas analyses and isotopic analyses of major 
carbon, oxygen, hydrogen, and sulfur containing species. 

INTRODUCTION 

Steam Wells 

Steam veils such as those at The Geysers do not present major 
collection problems in obtaining a representative sample. It is usually 
sufficient to collect a sample from a bypass on the vellhead, taking 
precautions to avoid condensation in the bypass. This can be 
accomplished either by flowing sufficient steam to Insure the temperature 
of the collected steam is the same as that in the veil or by insulating 
a large diameter bypass. A probe inserted to the center of a large 
diameter .flowing steam line has been found to provide representative 
samples— . 

Hot Water Wells 

Sampling hot water veils is more difficult. Small amounts of fluid 
must be removed from a rapidly flowing, usually tvo-phase, fluid in a 
controlled manner so the samples are representative of the vhole fluid. 
Simply connecting a condenser to a pipe carrying a water-steam mixture 
does not produce the correct proportion of the tvo phases. It is 
possible to collect good samples of the vater and steam phases after 
separation of the tvo-phase fluid is completed in a cyclone separator 
and use enthalpy measurements to calculate the total composition. 



SEPARATION OF HOT WATER AND STEAM 

Understanding the operation and limitations of separators is 
necessary before reliable samples can be collected. A centrifugal Webre 
separator (Fig. 1) is provided on nost production veils. It consists of 
a vertical drum vith a tangential inlet at the center, an outlet for 
vater at the bottom, and a central outlet tube open at the top vhich 
collects the steam. The tvo-phase fluid enters tangentially at the 
center, spins rapidly around the outer vail of the drum vith the vater 
collecting on the outside and falling to the bottom and the steam moving 
to the inside and flowing down the central tube. The steam-water level 
is set by adjustment of a valve in the water flow line. Since water in 
the steam line to the turbines would be highly undesirable, it is usual 
to stabilize the water level by allowing a small flow of steam into the 
water line. If sampling is then done from the water line, apparent 
nonequilibrium fractionation of gases between steam and water vill be 
observed. Alloving some steam in the vater line also vould produce 
slightly lower apparent enthalpy but this can be avoided by careful 
adjustment of separator vater level during enthalpy measurements. Water 
samples should be taken, if possible, from a separate tap belov the 
water outlet of the separator where the water is less likely to be 
contaminated with steam (Fig. 1). 

If a large separator is not available, the sample can be taken 
with a mini cyclone separator (Figs. 2 and 3). With this separator the 
water and steam flows are adjusted to allow some water to issue from the 
steam outlet while collecting from the water outlet and vice versa. The 
separator and the tube from the bypass must be well insulated and the 
flow limited to maintain the pressure in the separator during sampling 
nearly equal to the pressure in the well. These measures are necessary 
to insure that condensation does not occur before or in the separator 
and that the water and steam collected from the separator have the same 
compositions as the phases in the well. 

Enthalpy Measurements 

Enthalpy measurements are routinely made on production veils by 
measuring the flows of steam and vater from the large separator. The 
neasurement of total enthalpy vithout a large separator is difficult and 
approximate but may be done by critical lip pressure measurements or by 
measuring the steam/gas ratio at two different pressures— . If it is 
known that boiling in the formation does not occur, the bottom hole 
flowing temperature can be used to obtain a value for the enthalpy. 



CONDENSATION AND COOLING 

Steam and water exit from the separator at temperatures 
considerably above surface boiling and must be cooled for safe handling 
and to avoid the loss of volatile substances. This is nost easily 
accomplished with a double coll condenser of V stainless steel tubing 
connected to the separator (or bypass) by a regulating valve. Larger 
diameter tubing may allow inconveniently large slugs of gas and 
condensate to form. The first coil is Immersed in water which is allowed 
to boil, effectively reducing the temperature of the fluid sample to 
100"C or less. The second coll is held in an ice or water bath or in 
the air according to the desired temperature of collection. The water 
and steam phases can be cooled by serial passage through the same 
condenser but are treated differently when they emerge. 

SEPARATION OF STEAM CONDENSATE AND GAS 

Collection of steam condensate and gas from a steam well is the 
same as fron a water-steam separator but the methods used may vary 
because of different steam/gas ratios and because it may be necessary 
to check for incomplete steam separation in the separator. The steam 
condensate and gas issue from the condenser in discontinuous slugs. The 
use of V tubing produces relatively small, uniform slugs and the 
average composition of issuing fluid is uniform over the period of 
collection of any single sample. 

A sample of gas without the steam condensate is best for gas 
analyses and for the study of isotopes of carbon, sulfur, and hydrogen 
in gas components. A steam condensate-gas separator (Fig. A) was 
constructed from a graduated cylinder by attaching two tubulatlons at 
the top and one at the bottom. The flow from the condenser enters at 
the top (vinyl tubing is used for all connections) and the flow of 
condensate from the bottom is restricted with a clamp so that gas alone 
issues from the remaining top tubulation. The tubing on the bottom is 
inserted in a large bottle of steam condensate to prevent back flow of 
air into the separator during gas collection. 

FIELD MEASUREMENTS 

Steam/Gas Ratios 

The steam/gas ratio may be measured by timing the alternate 
displacement of gas by condensate and vice versa in a bottle with one 
tube at each end (the least accurate method because during the 
condensate collection part of the volume is occupied by rising gas 
bubbles), by measuring the flow of water with a graduated cylinder and 
the flow of gas with a soap film flow-meter from the gas-water separator 



(more accurate but requiring exact balancing of flows), or by allowing 
gas to displace condensate in a tube or separator of known volume and 
measuring the quantity of condensate displaced (the nost accurate field 
method). None of these field methods measure the quantity of gas 
dissolved in the condensate which may be a large part of the total when 
the steam/gas ratio is high. More accurate steam/gas ratios may be 
obtained from laboratory analyses of steam condensate and gas collected 
In a single bottle (see below). 

pH Measurements 

During separation and cooling the pressure of CO2 is above or near 
one atmosphere and C02-supercharged water or steam condensate issues 
from the condenser. Part of the CO2 is rapidly lost and the pH and 
H2CO3, HCO3 and CO3 concentrations change until equilibrium with 
atmospheric CO2 is established. For this reason pH measurements and 
field alkalinity titrations are not very useful. It is more useful to 
collect all the CO2 by SrC03 precipitation (described later) and to 
measure the pH and alkalinity on air-equilibrated samples in the 
laboratory. This pH measurement can be related to the state of ionization 
of all weak acids and bases. 

Pressure and Temperature Measurements 

Separator pressure is needed to calculate the water/steam ratio. 
Temperature measurements of the water and steam condensate issuing 
from the condenser are needed to calculate the distribution of gases 
between chases and are desirable to determine if isotopic fractionation 
of D or ^^0 occurred. 

COLLECTION OF WATER 

Figure 5 is a schematic diagram of the collection procedure 
discussed in the paper. 

Dissolved Salts 

Water samples for dissolved salts are filtered through a 0.45 v pore 
membrane filter (or if suspended clay, is suspected, through a 0.1 p pore 
membrane) and part is acidified to pH 2 with HCI to prevent precipitation 
of Ca or Mg carbonates or adsorption of cations on the walls of the 
bottle. The dissolved salts are analysed by conventional water chemistry 
methods. Silica is usually present in amounts exceeding saturation with 
amorphous silica at room temperature so a separate sample is diluted 
1:10 (or 1:20 for fluids originally over 300°C) with silica-free water to 
prevent precipitation and preserve monomeric silica necessary for the 
molybdate method. Other preservation methods are required for trace 
elemental analysis. 



Isotopes 

Water samples for isotopic analysis (̂ 0̂ and D) are collected in 
glass bottle with polyseal caps vithout filtration (vhich Blight allov 
evaporation). A sample for isotopes in dissolved sulfate 0 0 and '̂*S) 
is collected in one or tvo liter bottles according to concentration (at 
least 20-30 ng SO14 is needed for analysis) and preserved vith 4 m l / i of 
formalin solution to prevent bacterial oxidation of H2S to SOî . Collec
tion of dissolved CO2 for ^^C and H2S for '̂•S vill be discussed under 
dissolved gases. 

Dissolved Gases 

Although most gas partitions into the steam phase, enough remains 
in the vater to make analysis of dissolved gases important. The most 
effective vay of preserving CO2 dissolved in vater (not only CO2 but all 
carbonate species)is to precipitate SrC03 in a glass bottle by adding 
concentrated NH14OH saturated vith SrCl2. The ammonia buffers the 
solution 80 that all forms of CO2 are converted to CO3 and precipitated. 
Precipitation must be done Immediately because CO2 is rapidly lost to 
the atmosphere. Later in the laboratory the sample is filtered, veighed, 
and saved for isotopic analysis. 

Hydrogen sulfide is similarly precipitated as CdS vith CdCl2 
solution. The addition of buffer is unnecessary because the natural 
bicarbonate - carbon dioxide buffer maintains the solution at a high 
enough pH (>3) to prevent loss of H2S vith an excess of Cd present. 

Ammonia should be preserved in a sealed bottle, acidified If the 
discharge is alkaline and analysed as soon as possible. Other dissolved 
gases may be collected by allowing the water to almost fill a weighed, 
evacuated gas bottle (Fig. 6) through a vinyl tubing attachment to the 
condenser. The head space of this bottle is analysed for gases in 
equilibrium with the water. 

COLLECTION OF STEAM CONDENSATE AND GAS 

Dissolved Salts 

Sampling of condensate may be done directly from the condenser 
or through the bottom tubulation of the steam condensate-gas separator 
and preserved as for water samples. Chemical analysis may be limited 
to boron, ammonia, bicarbonate and other substances that have volatile 
forms that may be carried in steam. On samples from a separator it is 
necessary to determine the completeness of the separation by analysis of 
the condensate for Cl, Na, or another nonvolatile substance. 



Isotopes 

Condensate samples for ^^0 and D are collected as described above. 
Sulfate is only contained in steam condensate if produced by the 
oxidation of H2S and is not collected for isotopic analysis. CO2 and 
H2S may be precipitated as described above from the condensate or 
separated from the caustic In the gas bottle (described later). 
Fractionations resulting from solution of gases in water are small and 
either of these separates may be analysed depending on which contains 
the najor amount of the gas. 

Tritium and carbon-14 may allow limits to be placed on the age of 
geothermal fluids or on the amount of dilution by near surface water. 
The analyses are difficult and costly and geothermal fluids contain 
very little of these isotopes so the collection should be carefully made 
to avoid contamination. A steam condensate sample should be collected 
for tritium, as a brine sample requires distillation to remove the salts. 
Dry, clean bottles should be well flushed by flowing the sample through 
vinyl tubing to the bottom of the bottle and allowing the bottle to 
overflow for some time. The bottle should then be sealed with a polyseal 
cap and taped with vinyl electrical tape applied in the clockwise 
direction. 

Carbon-14 can be collected from steam condensate by precipitation 
of SrC03, but the amount of sample (>3 gms of carbon usually needed for 
analysis) requires long settling times. The collection of steam phase 
CO2 from the gas-water separator into gas bubblers containing C02-free 
ammonia may be quicker and is less prone to contamination. If the 
steam/gas ratio is very high this method may require inconveniently 
long collection times, and SrCOs precipitation from steam condensate 
nay be preferred. 

Gases 

The total cooled steam sample (gas and condensate) is collected into 
an evacuated 300 or 500 ml gas bottle (Fig. 6) containing 50 tp 100 ml 
of 4N NaOH (prepared as carbonate-free as possible). The flow from the 
condenser should be reduced by regulating the valve on the separator or 
steam bypass. A pressure-relief valve may be used to prevent over-
pressuring the gas bottle. This sample allows the most accurate 
measurement of steam, CO2 and H2S but the quantity of residual gases 
may be too small for some determinations. In this case a gas-only 
sample (without condensate) may be collected from the top of the gas-
water separator. A larger quantity of caustic (100 to 150 ml) may be 
required because a larger quantity of CO2 and H2S will be collected. 



The flow of gas into the bottle may at first exceed the flow into the 
gas-water separator and the gas flow into the bottle should be 
restricted by pinching the vinyl tubing until a balance is achieved. 
Shaking the gas bottle increases the rate of CO2 and H2S absorption and 
may be necessary at the end, although allowing the gas to bubble through 
the caustic produces adequate absorption during nost of the collection. 
The CO2 and H2S analyses are obtained by wet chemical analysis of NaOH 
solution. The other gases are analysed by gas chromatography. Dissolved 
NH3, CO2, and H2S in the steam condensate may be collected and analysed 
by the same methods described above for water. 

i ' j . Farison, Oral commun., 1977. 

2/ 

— James, Russel, 1964, Alternate methods of determining enthalpy and 
mass flow: Proc. U.N. Conf. on New Sources of Energy, Rome, 1961, 
v. 2, p. 265-267. 
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Figure 5 — Schematic Diagram of Sampling Procedure 
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Figure 6 — Exploded view of gas sample bottle. The bottle Is opened by 
sliding the hole inside the o-ring. The tube may be evacuated with the 
bottle closed by clamping a second o-ring and washer to the top of the 
adapter. Gas bottles with NaOH solution are evacuated by a water aspirator 
with gentle boiling of the solution. 
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Summary 

A clK'niii";(l incthiut i.'i tli-.̂ fribcd tm lU-tcrniinini; tlic cnri»;ilpy of .Mc;im,''\vatcr mix* 
(iiTL-'i tli.si-haruol fmni .ucfiilnTin.il liritlltolcs in ;irf.i.«i suoii ii.s \V:iinikei. NVw Zealand. 
'I'lie HKMIIIHI. wliicli Inviilvcs llic mtj.'iuicnieni ni tlic )as cunlenl of steam in the 
ili.scliar̂ c at twit difTerent pre.-isures, is rapid and simple and is capable of determining 
fiiilialpies tl) hcUcr than _i';'c in the repiim .-ioO to >00 Blu/lb. 

I.VTROnUCTtON 

Janies (1961) reviewed a number of methods for determining the 
enthalpy of̂  a stcam/waler mixture discharged from a geothermal drillhole. 
One of these methods, referred to as the "Gas Method", was investigated 
by Ihe present author during the early stages of the geothermal develop
ment progr,imtTie at Wairakei. During the early work many of the results 
obtained from the "Gas Method ' were dilTerent from those obtained by 
the engineering methods employed by the Ministry of Works and in 3 
number of cases were inconsistent in themselves. 

The "Gas Method" for determining the enthalpy of steam/water mix
tures discharged from geothermal drillholes at Wairakei arose from a 
suggestion by S. H. Wilson (1956—internal D.S.I.R. report) that a chemical 
method, either determination of gas in steam samples, or of chloride in 
water could be used to determine the enthalpy of the discharge. The initial 
suggestion was not feasible but C. J. Banwell (1956—internal D.S.I.R. 
report) de\'eloped a forinula for calculating the enthalpy from the gas 
content of two steam samples collected at two sampling points at dilTerent 
pressures. In 1957 R. James and A. H. Hilton, of the Chemistry Division, 
D.S.I.R., carried out a number of tests of the method on various bores at 
Wairakei with fairly satisfactory results, but it appeared that more work 
was required to determine suitable conditions for the accurate use of the 
method. 

Mahon (1961) summarised the various conditions required for obtaining 
representative samples of steam and water for chemical analysis from driU
hole discharges at Wairakei. During the work on drillhole sampling the gas 
enthalpy method was investigated in more detail and a set of conditions 
was determined for its successful application. 

N.Z. f lSn.9: 791-800 
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TunoRY OK MI;THOD 

T h e meihod is based on the fact lhat the deep waters in the Wairakei 
field contain dissolved gases (mainly carbon dioxide) (Mahon 1962; Ellis 
1962) . This is a fairly general situation in most hydrothermal fields. 

Consider a length of pipe-line carrying an expanding steam-water mixture 
of enthalpy E, at points where the pressures are P, and /••;. 

E = Enthalpy of whole discharge. 
Cr = Concentration of gas in g / g of whole discharge. 
Cr, = Conceniration of gas in g / g of steam fraction at pressure P j . 
Xl = Steam fraction in . g /g of discharge mixture at P , . 
L, = Latent heat of vapourisation at pressure I ' , . 
Hi = Heat content of liquid at pressure P, (in eguilibriuro with vapour). 
R = Ralio of concentrations of gas in steam fractions at pressures P, 

and i \ . 
r = Ratio of latent heats ( t , L^) at pressures P, and P^. 

then. 
-V| 
Gl 

R 

-= 
= 
= 

( E -
C/.v, 
r ( f 

H.)/t-. 
= G L,/(l-

- H,)/(£ -
- H i ) 

H I ) 

Also, G^ = G L . , / {B - f / j ) 

Rearranging gives Ihe enthalpy E in terms of R and the known physical, 
parameters foe steam and waler 

- ( 1 ) (R Hi - r H,)/(R - I ) 

The method assumes (a) that there is no loss of heat along the pipe due 
to conduction through the walls, and no appreciable effect from change of 
heat energy into kinetic energy; (b) that the gas is relatively insoluble in 
the liquid phase under the conditions of temperature and pressure. Calcu
lations have shown the first assumption to be approximately correct. 

Ellis (1962) gave a quantitative appraisal of the distribution of CO; H.jS, 
and N H , between the high-temperature water and steam phases in the 
Wairakei discharges. At the pressures present in the surface piping 
( < 2 2 0 p.s.i.g.) practically all the CO.j is concentrated in the steam phase. 
The CO; remaining in the water phase would not appreciably affect the 
enlhalpy tesults obtained from the "Gas Method". 

As originally pointed out by Banwell the use of the method depends on 
the extent to which the gas concentrations in the steam are affected by 
changes in enthalpy, pressure and pressure differences. Equation (1) shows 
that for a given enthalpy the greater the difference between P, and P;, and 
consequently the greater the value of R, the more accurate the calculated 
enthalpy is likely to be. 

EXPERIMENTAL 

A. Field Procedure 

One of the deep Wairakei drillholes, Hole 48, was made available by 
Ministry of Works for the experimental work. The design of the surface 
pipe work of the Wairakei drillholes was discussed by Smith (1958). 
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Fig. 1 is a diagram representing Hoie 4S, as arranged for the experiments. 

s 

XJi 

VBiye 5y-P05s Pipe 

^well-heod Pii 

/Wclr 

Ftc. 1—lilcvatioii di.i,t:ram uf surface pipes at Hole -iS as arranged for the enlhalpy 
experiments. 

A represents Ihc master valve; 
H & C represent eilher a throttle valve or backpressure plate; 
1, 2, 3, 4, 5, 6, 7 and 8 represent different sampling points. 

The sampling points consisted of 1 in. stxkets welded on to the bj-pass 
pipe. Half-inch holes were drilled through the bypass pipe and the whole 
assembly was closed to the atmosphere by 1 in. gate valves. At two points on 
the bypass, one 4 ft froin the vertical wellhead pipe, the other 4 ft from the 
silencer, sampling points were placed on the top and bottom of the bypass as 
well as the side. Pressure varialions along the pipe were adjusted by either 
a throttle valve or back-pressure plate, or both. Samples were taken through 
small stainless steel Webretype separators (Pollak and Work, 1942). Three 
series of experiments were carried out. 

1ST SERIES 

In Ihese tests a throttle valve was in position C, and position B was open. 
Steam condensate and gas samples were collected from the various points 
in Ihe manner described by Mahon (1961) : 
(a) with the throttle valve wide open, i.e., with open bypass, and 
(b) with the throttle valve in partly closed positions. 

2Nn SERIES 

A back-pressure plate (4^ in. orifice) was placed in position C, and a 
throttle valve at position B. Steam condensate and gas samples were taken 
from each sampling point, using the throttle valve at B to change the ptes
sures at the upstream sampling points. 
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3RD SERIES 

A back-pressure plale was placed at position B and unimpeded flow con
ditions existed along the rest of the bypass. 

During the course of Ihe experiments Ministry of Works Measurements 
Group measured the discharge enthalpy for the drillhole using engineering 
methods (steam sampler and bottom outlet cyclone separator) (Smith 1958). 
The results from these tests are shown in Table 1. 

TABLE 1—Enthalpy uf Drillhole AH by Physical Measurements 

Date of Testing 

4/59 
U/59 
11/59 
5/60 

Testing Pressure 
(p.s.i.B.) 

B. 

200. 
110 
250 
220 

laboratory 

Enthalpy 
(Btu/lb) 

•150 
4S0 
500 
419 

Condensate samples, collecied by condensing the steam in evacuated tlasks, 
were first shaken with sodium hydroxide to bring the carbon dioxide into 
solution as sodium carbonate. A given aliquot of this solution was then 
titrated with acid to determine the amount of carbon dioxide that was 
originally present in Ihe steam. 

RESULTS 

Table 2 shows Ihe gas content of steain from Hole 48 at various pressures, 
and the enthalpy of the discharge as derived from the gas content of the 
steam at two sampling pressures. To enable the gas results to be compared, 
the contents for the complete discharge were calculated for all experiments 
for a constant enthalpy value in each series. Sampling poinls thaf gave 
anomalously high or low gas coittents in the steam were then obvious. For 
each pair of gas results an apparent enthalpy value was calculated, and this, 
value depended on the positions of sampling, and the pressure difference 
between sampling points. 

DISCUSSION 
1ST SERIES 

Often Bypass Conditions 
The gas content of the steam al the high-pressure points 2, 3 and 4 was 

almost constant and, at a pressure of 60p.s.i.g., was 55 millimoles/JOO moles 
of steam. The gas contents of the steam at the low-pressure points 6, 7 and 8 
were reasonably consistent, whilst the results from point 1 were also reliable. 
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With open byp.iss, no matter which two points were selected for an enthalpy 
calculation a fairly constant value was obtained. Unforiunateiy the most 
accurate vaiucs for enthalpy are obtained when the pressure difference 
between the Iwo sampling points is high, and under open bypass conditions 
it is nol possible to attain this. 

Throttled by Valve al C 
Wilh the drillhole throttled by the valve at C to wellhead pressures of 

133 and 153 j'.s.i.g.. lhe distribution of water in the pipe at the silencer 
end of the bypass was such thai the Webre cyclone separator attached to 
point 6 at lhe lop of Ihc pipe became flooded, and no dry steam could be 
obtained. Allhough the enthalpies of. the discharges from points 6 and 7 
as measured by a calorimeter, at the above wellhead pressures, were low it 
was possible to obtain dry steam from point 7. At higher wellhead pressures 
dry steam .samples could be collected from points 6, 7 and 8. 

As llic bypa.ss was Ihroilled Ihe gas content of ihe sleam of samples taken 
around the bypass at the high pressure end (poinls 1, 2. 3. 4 and 5) was 
reasonably consistctU. At points I and 2 the gas coiUent of the steam was 
slightly lower when Ihe wellhead pressure was l93ps.i .g. The gas content 
of the ste.im at points 3, 4 and 5 was consistent at all wellhead pressures 
apart from the r.ither high values obtained from point 4 when the wellhead 
pressure was 133 p.s.i.g. At points 6, 7 and S the gas content varied between 
the points as soon as the bypass was throttled and this continued al increas
ing wellhead pressures. For any given wellhead pressure obtained by 
throttling, three values for the enthalpy of the discharge would be obtained 
if the rclaiively constant gas content of the steam taken from any of the 
points 1, 2, 3, 4 or 5 was combined with the gas content of the steam 
at points 6, 7 and 8 (top, side and bottom of pipe). The gas content of 
steam al point 8 appeared to be closest to the true value. 

That the quanlily of carbon dioxide in the svater phase w;as negligible 
after steam separation was confirmed by experiments on water samples 
collected at different presitures along the bypass of various drillholes. Since 
Ihe gas enlhalpy meihod depends on continuous homogeneous mixing in 
the steam phase, i.e., of previously existing steam wilh the new steam formed 
by flashing between two given pressures, any departure from good mixing 
conditions would give inconsistent results. Errors in enthalpy determinations 
could be attributed to incomplete mixing of flashed steam with previous 
steam, or to loss of equilibrium between the steam and water phases 
whilst passing through the Webre separators. In the first case either high 
or low gas results would be obtained depending on what part, e.g., top or 
bottom, of Ihe bypass the steam was sampled from. In most cases the 
second factor can be eliminated by controlling the pressure drop through the 
separator. 

2ND SERIES 

ThrdllleJ by Back Pressure Plale at C 
These experiments were carried out to observe the differences, if any, that 

occurred when a back pressure plate was used at C instead of a throttling 
valve to increase the wellhead pressure and produce a relatively large pres-
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sure gradient along the bypass. With a back pressure plale of given orifice 
size only one wellhead pressure could be obtained, but with a throttling 
valve also inserted in the bypass at b upstream of the plate a range of 
wellhead pressures was possible. 

The results from the first and second series were very similar. The g.is 
contents of the sleam samples taken at high-press ure, from poinls I, 2, 3 and 
4, were not as constant as they were in Ihe first lest series. The gas conlt;nls 
of the steam taken from poinls 6, 7 and 8 were very variable. The highest 
value of gas content for any given pressure at the low pressure end of the 
bypass was obtained from point 8 and the lowest from point 6. The gas 
content of the steam from point 7 was very close to the average value 
obtained from points 6 and 8. However, lhis may only be Irue for a given 
output of the drillhole. Because of this llucluation of gas content of steam 
over both the low- and high-pressure points It was not possible lo determine 
the enthalpy of the discharge with any accuracy. 

3RD SERIES 

Bypass Throtlled Ity Back t'ress/ire al B 

The results obtained during this last series of tests were not quite com
plete as two of the sampling points on the bypass had been damaged and 
could not be used. 

Consistent values for the gas content of the steam were obtained from 
points upstream of the back pressure plate (points 2, 3 and 4). With the' 
plate at B the gas contents of the steam sampled from points 6, 7 and 8 
were also consistent as in the results from the first series under open bypass 
conditions. Tlius irrespective of which set of high and low-pressure points 
the steam samples were taken, a consistent value of enthapy was obtained. 

GENERAL DISCUSSION 

The gas content of the steam samples collecied from the various points 
during the third test series, when calculated as a concentration in the total 
discharge (i.e., the gas content existing in a single phase if steam and water 
were combined), using an enthalpy of 450 Btu/lb gave values of 6-7 mllli-
raoles/100 moles as compared with the value of 95-11 millimoles/100 
moles obtained in the first series. The enthalpy of 450 Btu/lb was used 
because It was close to the average value obtained by Ministry of Works, 
during tests on the drillhole. However, it is likely that the real enthalpy 
of the discharge, was 400 Btu/lb during the first test series but that it 
changed to 450 Btu/lb during the time that elapsed between the first' and 
second series of tests. If the gas concentrations in Table 2, 1st Series, arc 
expressed on a total discharge basis using an enthalpy of 400 Btu/lb, values 
of around 7 millimoles/100 moles are obtained, which are comparable with 
the gas contents in total discharge shown for the second and third test 
series. 

Since the gas enthalpy mediod depends on representative ste.im and gas 
coUection at different positions on a drillholes bypass, a suinmary of the 
conditions of How in the bypass pipe is made. 
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TAHI.E 2—Enlhalpy and Cjas Content of Hule i.s Discharge at Various Pressures 

W . H . P . 

(p..s-.i.g.) 

Point 
No. 

Lsr Sr.KiKS 

Ofi-ii nyjiiii.i, -No 

110 
110 
IU) 
11(1 
11(1 
110 

Bypj. ' ! , 

133 
133 
1.13 
133 
15^ 
153 
153 
153 
153 
193 
190 
193 
193 
193 

3 & 7 
2&(-. 
4 s .s 
1 .'icS 
2 i'i; 6 
1 & 5 

Thrrildcil 

7 & 6 
3 & 7 
' l & S 
1 & 5 
2 & 6 
3 & 7 
•1 & .s 
I & 7 
1 & 5 
2 & 6 
3 & 7 
4 & K 
1 & 5 
1 & 7 

2Nn SERIES 

Byl'Ms, 

1.S7 
1H7 
187 
1,S7 
187 
19.S 
198 
I9S 
19.'< 

Throi l lcd 

3 & 7 . 
2 & 6 
<! &.S 
1 & 7 
I &H 
3 & 7 
2fiCi 
-1 & S 
I & 7 

3RD SimiES 

B.i/ '««, 

195 
195 
195 
205 
205 

T h r o u h d 

i S < 7 
2 &r> 
- l & S 
2 « ; 6 
2 & 7 

Pressure 
Rani;c 

(p.s. i .g.) 

T h r o l i h 

r .0-33 
6 0 - 3 3 
C>0-53 
')l)-55 
f '0-33 
9 0 - 5 5 

103-40 
103-35 
102-38 
124-94 
12.S-? 
132-35 
12,S-39 
;45-3.S 
I4fi-123 
17.3-33-5 
173-30 
175-33 
186-168 
1S7-51 

175-24-0 
1 7 5 - 2 6 - 0 
1 7 5 - 2 6 - 0 
1 8 7 - 2 5 - 0 
187-26-0 
1 8 4 - 2 4 - 0 
184-26-0 
18-1-26-0 
1 9 8 - 2 4 - 0 

1 8 0 - 2 9 - 0 
1 8 0 - 2 9 - 0 
180-28-0 
1 9 0 - 3 0 - 0 
1 9 0 - 2 8 - 0 

Enlhaipy 
B t u / l b 

from Gas 
Results 

E 

407 
433 
392 
392 
450 
419 

• 

561 
592 
410 

— 
}i9» 
438 
390 
575 
505 
424 
447 
443 
422 

462 & 466 
496 & 513 
370 & 370 
468 & 465 
393 & 390 
450 & 446 
4,S9 & 495 
403 & 410 
458 & 455 

441 
441 
441 
436 
439 

Gas Cor 
Sampling; 

(millimii 

itent at 
Pressure 
les/IOO 

moles) 

High 
Pressure 

55-6 
55 -2 
55-4 
6 5 - 0 
55-0 
63 • 3 

Low 
Pressure 

46 -2 
4 8 - 6 
45 -2 
50-1 
4 8 - 0 
53 -3 

Gas Content in 
Total Discharge 

from an assumed E 
of 450 B tu / lb 

(niil l imoles/lOO 
moles) 

Hi.i;h 
Pressure 

10-6 
10-5 
10-6 
10-8 
lU-5 
10-6 

iliinding of separators at 6 
64-4 
80 -3 
71-3 

30-5 
4 9 - 6 
59-3 

10-2 
12-7 
10-5 

Hooding of separators at 6 
72-5 
75-1 
74-0 
74-5 
7 6 - 6 
90-S 
SS-5 
.84-5 
8 4 - 8 

5 4 - 8 
6 4 - 7 
9 1 - 5 
5 5 - 8 
55-4 
52-2 
6 3 - 0 
56-1 
5 6 0 

6 2 - 9 
6 2 - 9 
6 2 - 9 
6 5 - 9 
6 1 - 5 

35 -3 
4 7 - 2 
3 1 - 5 
7 1 - 5 
50 -3 
4 0 - 5 
4 6 - 5 
78-2 
55 -0 

29-7 
4 0 - 5 
14-7 
29 -4 
14-0 
25 -2 
3 8 - 0 
18-7 
2 6 - 6 

29 -2 
29 -2 
29-2 
2 8 - 6 
2 7 - 9 

10-2 
10-4 

9-S 
9 -8 
9 - 0 

10-7 
10-5 

9-4 
9 -4 

6-4 
7-6 

10-7 
6-2 
6-1 
5-8 
7-1 
6-5 
5-9 

7-2 
7-2 
7-2 
7-0 
6 -8 

Low 
Pressure 

10-1 
10 -6 

9 -9 
9-S 

10-5 
10-4 

6 - 6 
10-6 
9 -7 

7 -6 
10-0 

6 -7 
10-4 
11-0 

9 - 0 
10-2 

9 -4 
7 -7 

6-9 
9-2 
5-4 
6-7 
5-2 
5-8 
8-7 
4 - 5 
6-1 

6-5 
6 -5 
6 -5 
6-4 
6-5 
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As hot water from the deep aquifer flows up the drillhole a point is 
reached with lowering pres.sure when the water boils, by llic lime atmo
spheric pressure is reached the sleam makes up about 28% by weight of Ihc 
total discharge for a discharge enlhalpy of 450 litu/lb. Wilh open bypass 
conditions equilibrium appe.ired to be maintained within the steani phase 
and representative steam samples could be collected at any point. When Ihc 
drillhole was throttled, conditions of llow were changed. Upstream of the 
constriction the fluid velocities were slow, whilst downstream the velocities 
became very high. An agitated condition of the phases was produced up
stream of the valve or back-pressure plale for a disiance of at least 8 ft and 
possibly to a disiance of up to 28 ft. The gas content of the sieairy in samples 
taken from any part of the bypass upstream of the conslrlction was approxi
mately correct but rather more erratic than under open bypass condilions. 
Small lluctuaiions in the gas content of ste.im samples taken just down
stream of the wellhead junction but over 8 ft upstream of the constriction, 
could be accounted for by the slight throttling action produced by lhe right-
angled bend between wellhead and bypass. 

At sampling poinls 8 ft downstream of the constriction, the gas conlenl 
of steam saniples was variah4e. According lo A.S.T.M. Standards (Manual 
on Industrial Water 1953, p. 152, Point of Sampling) equilibrium should 
be attained in the phases 10 pipe diameters downstream of a constriction. 
This does not appear to be valici for Ihe Wairakei discharges. At a distance 
of 8 ft or 12 pipe diameters dosvnstrcam the steam present before the con
striction and the (lashed sleam formed by lhe pressure drop through the con
striction were not in equilibrium. Eight feet below the constriction, depend
ing on the sampling position, the gas content in the sleam was either higher 
or lower than the gas content expected in the sleam at the sampling pres
sure. At a distance of 28 ft, or about 40 pipe diameters, downstream of the 
constriction the sleam phases were In equilibrium, and steam samples taken 
fl-om any position on the bypass (top, Dottom or side) showed a constant 
gas content at a given pressure. The minimum distance, after a constriction 
at which equilibrium is attained Is behveen 8 and 28 ft. 

From the experimental results four recommendations can be made. 
(1) The most accurate enthalpy results are obtained when the difference is 

greatest between the two pressures at which steam samples are collected. 
(2) The throttling constriction used to create the pressure difference should 

be close to the wellhead. 
(3) A representative high-pressure steam sample can be taken from a 

sampling point on Ihe side of the bypass 4.ft downstream of the well-
heatj junction. 

(4) A representative low-pressure steam sample can be taken from a 
sampling point on the side of the bypass 28 ft downstream of a con
striction. 

It should be noted that although representative samples of sieam can be 
taken at high pressures it is not possible to calculate the gas content of the 
complete discharge with any precision unless the enthalpy of Ihe discharge 
is known accurately. For example, the percentage of steam in the discharge 
at 200 p.s.i.g. is 16-5% if the enthalpy is 500 Btu/lb, but only'io-6% for 
an enthalpy of 450 Btu/lb. Single steam samples will give a more accurate 
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measure of the giis content of the total discharge, if the enthalpy is not 
known accurately, when they are taken at low pressure. 

Tests on Hoie 207 

It beciinc possible later to carry out confirtuaiory tests on the method at 
Hole 207. From output measuremenis carried out by Ministry of Works 
using a Bottom Outlet Cyclone Separator (Hunt, 1961), just before the 
gas-enthalpy experimcni.s, ihe discharge enthalpy was estimated to be 
500 btu/lb. up to a wellhead pressure iDf approximately 300 p.s.i.g. For the 
gxs method experiments Ihc bypass pipe of Hole 207 was arranged accord
ing to conditions (1) to (4) above, and the enthalpies obtained for two 
different wellhead pressures (Table 3) agreed to within 10 Btu/lb or 2 % 
of the Ministry of Works figure. 

W.H.P. 
- • ' ^ 

(p.s.i.g.) 

160 
160 
160 
160 
215 
215 
215 
215 

Point 
iNo. 

^ 
_ 

_̂  
, 

— 

TABMI 

Pressure 
Range 

(p.s.i.g.) 

155-24 

[[ 
210-26 

-

3—Results 

Enlhalpy 
Btu/lb 

from Gas 
Results 

E 

497 
505 
495 
497 
497 
515 
500 
509 

from Hoie 207 

C/as Content at 
Sampling Pressure 
(millimoles/100 

mol 

High 
Pressure 

120 
116 
12! 
120 
13S 
151 
156-5 
154 

es) 

Low 
Pressure 

78 
77 
78 
78 
78 
79 
78 
79 

Gas Content in 
Total Discharge 

from an assumed E 
of 500 Btu/lb 

(millimoles/lOO 
mo 

High 
Pressuie 

22-3 
21-5 
22-5 
22-3 
22-2 
21-1 
22-0 
21-6 

es) 

Low 
Pressure 

22-2 
22-0 
22-2 
22-2 
22-0 
22-2 
22-0 
22-2 

Aditaiilafies of Gas Meihod for Enlhalpy 

The gas method offers certain advantages over the three engineering 
methods used by Ministry of Works. 
(a) The method requires only inexpensive and simple equipment. 
(b) The meihod is fast. The enlhalpy of a drillhole's discharge over a range 

of 5 to 6 different wellhead pressures could be determined in three or 
four hours, assuming that Ihe drillhole rapidly attains stability at each 
wellhead pressure. 

(c) The steam sampling can be carried out by unskilled personnel. 
(d) Vertical discharge is necessary with the Steam Sampler niethod (Hunt, 

1961), the fastest of the three engineering methods, and this produces 
unpleasant wet conditions around the drillhole. 
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(e) It is the only convenient meihod so far available by which a chemist 
can determine the enthalpy at the time samples of the di.schnrge are 
taken for analysis. This Is of Importance for calculating the concentra
tions of constituents in Ihe complete discharge from individual analyses 
of steam and water phases. 

Sorae of the variables involved in the method have been examined In this 
paper, and encouraging results obtained. However, further detailed testing 
would be desirable before confident recommendations on Its use could be 
made. 
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A DEVICE FOR COLLECTING DOWN-HOLE WATER 
AND GAS SAMPLES IN GEOTHERMAL WELLS 

By ROBERT O. FOURNIER and JOSEPH C. MORGENSTERN, 

Menlo Park, Calif. 

Abstract.—A sampling device with an internal volume of about 500 
ml has been designed to collect litpiid and gas samples in wells where 
both steam and water are present at temperatures up to about 280 C. A 
long flexible stainless steel tube serves as the support cable. The sample 
device is lowered in the open position and fluid flows through it during 
its descent. Closure is accomplished by nitrogen gas pressure applied 
from the surface through the flexible tube to a piston and pliuiger 
vrithin the sample chamber. Continued application of nitrogen gas 
pressure during withdrawal of the device prevents leakage caused by 
changing conditions of temperature and pressure. The sampling device 
has been used successfully to collect water and gas samples from 
research holes drilled in hot-springs areas of Yellowstone National Park, 
Wyo. 

A variety of sampling devices have been used to obtain 
down-hole water samples from given depths within wells and 
drilled holes. Closure mechanisms have included electrically 
operated valves and spring-loaded valves actuated by preset 
timing devices or by "messengers" sent down the supporting 
cable. Most sampling devices that work well at low tempera
tures are ineffective in geothermal wells where boiling condi
tions are encountered. A sampling device that is closed and 
sealed deep in a geothermal well may leak owing to differential 
contraction of materials as the device is cooled during 
withdrawal. Leakages occur because pressures within sampling 
devices generally differ from external pressures as the devices 
are pulled from geothermal wells. Where the temperature is 
abnormally high in the upper part of a well, pressure within 
the sample chamber may become very high relative to the 
external pressure, with the result that gas and water leak from 
the sample chamber. In contrast, where deep temperatures are 
very high and shallow temperatures are low, cooling and 
contraction of the liquid sample and condensation of steam as 
the container is raised may cause a partial vacuum to form so 
that unwanted water from shallow depths is sucked into the 
sample chamber. 

The sample device described here has an internal volume of 
about 500 ml and is designed to collect liquid and gas samples 
where both steam and water are present. Closure is accom
plished by nitrogen gas pressure applied from the surface to a 

piston and plunger wthin the sample chamber. Continued 
application of this gas pressure during withdrawal of the device 
prevents leakage caused by changing conditions of temperature 
and pressure. The piston prevents mixing of the nitrogen 
"closure gas" with water and gas trapped in the sample 
chamber. 

FABRICATION 

A working drawing of the sampling device is shown in figure 
1. All materials are stainless steel, except for one Teflon 
O-ring, two Viton 0-rings, and parts g and tn which are 
Teflon. The circular piate, r, can be manufactured from brass, 
aluminum, or other metal. The main body of the sampling 
device, parts a and 6, is fabricated from 2-inch OD sUiinless-
steel pipe. The connecting rod, part d, is fabricated from 54-
inch OD pipe. The holes drilled along the length of d permit 
escape of air and mixing of water inside d with waler in the 
main sample chamber. The number and spacing of these holes 
is not critical. Altematively, a solid rod may be substituted for 
the /2-inch pipe, thus increasing strength and eUminating all 
possibility of insufficient mixing of water within d with water 
in the main sample chamber. However, a solid connecting rod 
would increase the weight of the device and decrease the size 
of the fluid sample obtained. 

The internal diameter of the threaded section of part b 
above tlie Vs-inch groove should be about 0.01 inch greater 
than the internal diaraeter of part 6 above the shoulder and 
below the Vs-inch groove in order to facilitate the removal of 
gasket g and part h. The design for the closure at the bottom 
of part a is identical with that at the top of part b, except for 
the differences indicated in parts h and o. 

The dimensions of the sample device that we fabricated are 
shown in figure 1. Larger samplers may be constructed to 
fidfill specific needs. If different dimensions are used, care 
should be exercised to insure that the connecting rod, d, is the 
proper length to allow the piston (parts j and k) to close the 
exit ports when the plunger, m, is seated in part o. In the 
closed position the Teflon O-ring rests below the exit port 
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LOWER END OF 
SUPPORT TUBE 

I— Flexible s.s. lutie. 
Silver soldef to nipple 

I — Spring. Silver soldef 
» to nipple 

_ 1/4 0 0 nipple countersunk 1/4 
to admit flexible s.s. tube 

p ~ Gland nul and collar 
I (standard high-pressure fitting) 

O l 
to 

TX 

1 

'I-1-3/4-20NC.2-THD i 

Groove 1/8 wide l 

X1/16 deep 

1.691— 

-f—H. NecK i /ewioe- jH 
5_(^P X1/16 deep H 

1.3/4-20NC-2THD 

a TTT-. 
t_i:r 

Exit ports. Drill 
eight equally 
spaced holes 

Eight 1/4 holes, 
equally spaced 

HEX. NUT FOR REMOVAL OF COVER PIECE h 

G p - q - r : SAMPLE EXTRACTION 
ASSEMBLY 

d 
Tap 1/4 deep. 

•.3/8-20NC-2-THD 

- f © 

Viton O-ring v 

Viton O-ring « - -

3 
Teflon O-ring ( 

- A ; 
-EXIT PORT 

t i j f -

.tv.:--; 

mi 3 
•f t ' - '^ ' 

0. 

Mi 

m 

Main nut 
(two required) 

L 
h-1 .003—I 

— 1-11/16 

Neck 1/8 wide 
X 3/64 deep 

1-3/4-20NC-2-THD 

Bolt,5/16x5;5/16-18NF-2-TKr 

5/16 hex nut; 5/1618NF-2-THD 

O 
cn 
O 
H 
a: 

> r 
S 
cn 
H 
?5 
C 
2 
cn 
2 
H > 
O 
2 

Sl"—1-1"16- 4 

(two required) 

5/16-18NF-2THD -Irel- I . / l 
Iggfj 

TOP COVER 3/16 R-l U I • 
1—1-1/4 R—I 

-Drill 1/16 

1-14NC-2-THO 

Neck 1/8 wide 

X 3/64 deep 

Drill 3 / 1 6 x 2 deep 

26° 



^o 

§k 

il; 

m 

II 
T 
1 

' ^ Tap 1/4 deep 
3/8-20NC-2-THD 

GAS EXTRACTION FiniNG 

- Machine two parallel 
flats to accommodate 
9/16 wrench 

f p r f l Hexjamnut 3/4-I6NF-2THD 

1) m » ^ V i t n n O-ring, 1-5/16 ID x 3/32 cross secfion 

1^0.758^ 1;^;^ 
._Groove for O-ring 

1-5/1610x3/32 cross section 

U Viton O-ring, 9/16 ID x 3/32 cross section 

' t Teflon O-ring, 9/16 ID x 1/8 cross section 
Drill 1/4 X 5/16 deep; tap 5/16-16NF-2-THD i 5/16 deep 

3/4-16NF-2-THD 
Neck 1/8 wide X 3/64 deep 

Grove for O-ting; 9/16 ID x 3/32 cross section 

3/8-20NC-2-THD 

h-7/8-^ 
I F T B J T t ' - — 3/8-20NC-2THD x 1/4 deep 

ki/2-4 

•Drill 5 / 16 i l/4deep.fap 7/16-20NC-2-THO 

Eight 1/4 holes, 
equally spaced 

3/8 X1-5/16 mach. screw; 7/16-20NC-2-THD 

Neck 1/8 wide X 3/64 deep 

1-14NC-2-TH0 

- n 
O 

c 
2 

> 
2 o 
o 
pe 
o 
2 
tn 
H 

Tap 1/4 deep; 11/16-16NF-2-TH0 

Figure 1.—Working drawing of device for collecting do>vn-hole samples of water and gas in geotherraal wells. All dimensions in inches. 
Ol 
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groove, and the upper Viton O-ring rests above that groove. 
The exit port groove is formed by parts a and 6 when they are 
attached together. This groove is neces.sary to prevent damage 
to the Teflon O-ring as it moves past the exit ports. 

SAMPLING PROCEDURE 

The sample device is assembled as follows: The bottom 
cover, part o. Teflon gasket g (one of two), and main n u t / 
(one of two) are assembled into the bottom of the main body, 
a, and tightened in place with the aid of a pipe wrench and 
adjustable wrench. The connecting rod, plunger, and part of 
the piston, parts d, k, I, m and n, are assembled finger tight. 
The piston is completed by placing the Teflon O-ring, I, 
'/i6-inch ID Viton O-ring, a, and party on part k. Jamnut i is 
then screwed tightly on to fe so that the Teflon O-ring is 
slightly deformed. The l^/i6-inch ID Viton O-ring, v, is then 
placed on part j and the piston and plunger assembly is 
inserted into part a. Part b is then attached to part a and, using 
the bolt p , the piston as.sembly is drawn up onto b until part fe 
is clear of the eight /4-inch exit ports. Bolt p is removed, and 
pieces h, g, and / are assembled into 6 and tightened in place 
with wrenches. Nut e is used only to extract parts g and h 
from part b after a fluid sample has been collected. The sample 
device is then attached to a long flexible stainless-steel tube 
(assembly c) that serves as a support cable and is ready to be 
used. The spring shown in assembly c prevents undue bending 
of the flexible tube at the point of connection with the nipple. 

The flexible stainless-steel tube and other supporting equip
ment are described elsewhere (Foumier and Truesdell, 1971) 
(p. C146—C150, this chapter). In brief, the flexible steel tube 
is wound upon a reel, and a valve and pressure gage are 
attached to the upper end of the tube and also mounted on 
the reel. The flexible steel tube is placed over a sheave or pully 
at the top of the geothermal bore or well, and the attached 
sampling apparatus is placed in a pressure chamber mounted 
above the main valve of the well. The flexible tubing passes 
through a packing gland at the top of the pressure chamber. 
The main valve is opened and the apparatus is lowered to the 
desired depth, as indicated by a counter on the sheave. 

As the sampler is lowered, water flows into it through the 
large opening at the bottom (part o), up through the eight 
holes in the Teflon plunger, part m, and out the eight exit 
ports just below the piston, fe. As the sampler is lowered, the 
valve at the surface end of the flexible steel tube should be at 
the open position so that heated air in the small chamber of 6 
will not reach pressures large enough to close the sampler 
prematurely. However, premature closure is very unlikely in 
wells filled with water because hydrostatic pressure holds the 
piston in an open position. 

When it is desired to close and seal the sample apparatus, a 
cylinder of nitrogen gas' is connected to the upper end of the 

' We used nitrogen gas because it is inert, relatively inexpensive, and 
easy to obtain. Other gases could be used in place of nitrogen to close 
the sampler. 

flexible steel tube. A nitrogen gas pressure of 10—20 atmos
pheres in excess of the calcidatcd hydrostatic pressure for the 
sample depth is then applied to the top of the piston through 
the flexible steel tube. This forces the piston down and seats 
the Teflon plunger, m, in part o, sealing the bottom of the 
sample chamber. Simultaneously, the Teflon O-ring held 
between parts j and fc is moved lo a position below the exit 
ports and effectively seals the upper end of the sample 
chamber. An important aspect of the design of the piston 
as.seinbly is that part j is free to move and exert continued 
pressure upon the Teflon O-ring after parts in and fe have come 
to rest. Thus, a very tight seal is formed at the upper end of 
the chamber after the lower seal is formed and after the Teflon 
O-ring slides past the exit-port groove. Before detaching the 
gas cylinder, the valve at the top end of the flexible tube is 
closed so that nitrogen gas pressure is maintained in the 
chamber of part 6 while the sampler is removed from the well. 
Thus, tight seals are maintained in spite of changing conditions 
of teinperature and pressure. 

Upon removal from a hot well, the sampler is cooled, and 
any residual steam is condensed by suspending the sampler in a 
specially fabricated deep cylindrical container of water. The 
sample apparatus is then dried, the nitrogen gas pressure is 
released by opening the valve at the upper end of the flexible 
steel tube, and the tube, assembly c, is disconnected. The 
release of externally applied gas pressure does not open the 
device because equal internal pressure is exerted down on part 
m and up on part fe. To extract the fluid sample from the 
container, the top cover piece, k, rnitst first be removed. Using 
a pipe wrench and adjustable wrench, the top main n u t , / , is 
unscrewed about five or six revolutions. Then nut e is attached 
to part h and tightened against the main nut , / . This pulls part 
h and gasket g- out of the sealed position in b so that further 
unscrewing of flic main nut, / , removes the entire closure 
assembly. Nut q and plate r are then placed high up on bol tp 
and the end of bolt p is screwed into the top of part fc (still 
within part b). The bottom end of the sample apparatus is 
placed over a bottle or beaker and, while holding bo l tp steady 
with one wrench, nut q is turned with a second wrench so that 
it moves down bolt p and against plate r. This pulls the piston 
assembly and plunger m upward and opens the bottom of the 
container so that the liquid sample may run out. 

To collect a gas sample or to exclude air from the system, 
fitting s is first attached to part o before pulling open the 
device. Teflon tape is used on the threads of fitting* to secure 
a gas-tight seal. A hose, a 3-way valve, and an appropriate 
container are attached to fitting s, and these are evacuated or 
filled with an inert gas before opening the sampling apparatus. 
Note that the bottom seal of the sample device, at m—o, opens 
before the top seal so that there is no contamination of air 
leaking into the container at the top exit ports. If both liquid 
and gas are present in the sample charnber after cooling, a 
portion of the gas may be sampled by turning the apparatus 
upside down before opening the chaniber. The gas may then be 
extracted into a syringe or other evacuated chamber or 
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allowed to mix with a given amount of inert "carrier" gas. The 
bottom of the sampler is then lowered and the liquid portion 
allowed to drain from the chamber. 

We have found that the Teflon plunger, m, works well in 
repeated usage, even after undergoing considerable perma
nent deformation. However, spare Teflon parts should be kept 
available and used frequently. New 0-rings should be installed 
after each run where subsurface temperatures in excess of 
200 C are encountered. 

APPLICATION 

The sampling device has been used successfully to collect 
down-hole water and gas samples from research holes drilled 
by the U.S. Geological Survey in hot-spring areas of Yellow
stone National Park (White and others, 1968). The deepest and 
hottest sample was collected at a depth of 1,088 feet and 
temperature of 240°C in the Y12 drill hole at Norris Geyser 
Basin. Other samples were obtained from cooler holes, but 
under more adverse conditions. In one hole, Y9 at Norris 
Geyser Basin, a sample of liquid water was coflected from 
beneath a region of superheated steam that filled the top of 
the hole. When the sampling apparatus was removed from the 
hole, the temperature of. the water sample filling the container 
was 180 C. In spite of an internal pressure of about 10 atm 

>vithin the sample apparatus and only 1 atm pressure external 
to it, no leakage occurred. In another well, Y7 at Biscuit Basin, 
dirty water was encountered and a few sand-sized grains 
became caught between the Teflon plunger, tn, and part o 
when gas pressure was apphed to close the container. The 
Teflon flowed around the sand grains and made a perfect seal 
in spite of the impurities. 

The sample device can be used at temperatures up to about 
280 C. Above this temperature the Teflon becomes very soft, 
and it melts at about 300°. Substitution of other materials for 
the Teflon may extend the temperature range of application. 
For instance, copper or other easily deformable metal may be 
used for gaskets g and plunger m. Substitution of other 
materials for the O-rings presents a more difficult problem, but 
new plastics and silicon rubbers just appearing on the 
commercial market may be usable at temperatures about 
280°C. 
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THE CALCULATION OF AQUIFER CHEMISTRY IN 
HOT-WATER GEOTHERMALSYSTEMS 

By ALFRED H. TRUESDELL and WEMDY SINGERS, 
Merit) Park, Galif., Chemistrv Division, D.S.I.R., Nevtr Zealand 

>1{>f(nic(-—The tempcTatun: .and chemical i;DndiiiDris {pEI,; ^ pres-
^Lirc.-and ion-activitie$) u i a geotheTmal.aquiler supplying a proilljcin^ 
bore con be calculated from the enthdpy ot the total fluid (liquid + 
^apor) produced iUid chemical analyses of th^Icr.and steain sparated 
,At\d collecli^il a t known presaurea. AltemaILvely. if a ain^e water phase 
exials in the.aquifer, the complete analysis (Including gases) af a fample 
collected from the. -aquifer 'by a. downhole sampler is. surficieni io 
determine .Ihe aquifer chemistry without a measured value of the 
enthalpy. -The.-assumptions made-are Ihal tlie Quid is produci^ from a 
sirl^c aquifer and is homogeireous in enlhalpy.arrd chenucal composi
tion; These caleulalions of;a*iuifer cheniistry.invoWinE,lai^ amotinta.of 
ancillary information and many iterations nqiiir^coriipiiter meihods. A 
conipukr program in Vtr,l to perform Ihese calculatjoiis is^avaUable: 
from the National Technica] Information Service as-doeument PB^219' 
376. 

!n active Hyilrotiiermfll systems that have been drilled, 
mineral alteration and dcpo&iticjin can Ijc related to observed 
temperalures and (liiid compositions. Chemical analyses of 
water pnd skarn produced from many types io( geothermal 
systems are now "available. However, analyses of Quids col
lected at the, surface do not descrilie tKe chemistry of fluids as 
they occur at depth. The eheniicai differences between the 
Quids airthe, surface ând in .the deepfaquifer ar^ due to the 
decrease of pressuie 'and temperatuii. during production. 
.-Vdiubatic expansioii during passage up the drill hole may 
r*^3uit in steam separation, cooling,, arid, an increase in the 
con cen tration of the salutes in the 'water phase, Lossjot 
di.ssblvcd C O J and HjS from the, water'to the vapor inerei^es 
the pH value of the water. The increase in pH and solute 
concentration and thc.deerease/in temperature, may cause the 
water to become superskturated with calcite or silica minerals 
and may result in .scaling of well casings. The continued 
production of a geo the rmal, syatem is likely to decrease: the 
ri;sci>'oir pressures enough to form steam ih the aqiiifer 
(Mahon, 1970), The reaiilting decrease in .gas pre^ures, 
increase in aquifer p̂ H, -and temperatuii lowering may cause 
increased caieite deposition in the casing.and po^ibly in the 
arfuifer. Potential miiterai deposition may be calculated if the 
chemistry' i>f,aquifer fluids is^known. 

Underground water temperatures may IM caieuiated from 
known mineral .TOlubility or ion exchange reactions that 
control wiilcr compositions;,for exainple, quartZ; solubility 
(Foumier and Rowe, 1966; Mahon, 1966), Na:K ratio.* (White, 

1965; Eilisj 197()), or Na:K:Ca ratios (Foumier and Tniesdell; 
1973). The assumptions underlying these calculatidns have 
been.discuEsed by White (1970). 

Thus, for practical reasons as well as- to increase otir 
kndwledge of natura] systerns, it is of interest to calcutale the 
chemical properties of geothermal fluids before they are 
chaiiged during production. This ia the; purppse of the 
computer program dcscribed-here. 

AC KNOW LEDGM ENTS 

The computer' program is a liirther /development of the 
method of Ellis (1967, 1970) and was partly written in the 
lalioratories of'the Chemistry Division, Department of Scienti
fic and Industrial Research (D.S.I.R.), New Zealand, whUe the 
author was on a training grant from the U.S. Geolo^ca) 
Survey.'The calculations have been d i s c u ^ d with A. J. Ellis, 
W. A. J. Mahon, Werner Giggenbach, and R. B. Glover of the 
P.S,1.R., New Zealand, andlvan Barnes, L. J, P. Muffler, R. p . 
Foumier, and D. E. White of the U.S; Geologieal Siirvey. The 
program was initially written in Elliot-Algol, 

ASSUMPTIONS 

These calculations assume tbat fluid from a geothermal well 
(1) is produced froin a^singleVaquifer, (2) dd^.not gain'or lose 
significant heat or matter during pa&age up the well and 
through surface pipes to sampling p o i n t s , ^ d (3)^'maintains, 
ehemical equiUbrium at each point of steam-water separation. 

The. first asiimption that the fluid isproduced from a sin^e 
aquifer rnust be judged in each situation. In general,,wells in 
which discharge enthalpy and silica-contents indicate thesame 
aquifer teinperature are^mqst probably from a sin^e aquifer 
and existed in that aquifer as a single liquid..phase. Two.or 
more aquifers may,-however, contribute fluids to a.producing 
bore. This circumstahce can be deduced froin the drilling log, 
the ratios of gaseous components in the steam {Glover, 1970); 
or a comparison of the water composition with that of other 
wells in the field (Mahon, 1970). 

The< second assumption is. most probably true for the 
well-studied and long-producing Wairakei, New Zealand, geo
thermal system in which the composition of produced fluids 
has been neady constant over a decade ot observation and in 
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which the mai9 nf Kale tJrpofiLed L»>negligible (^UIlon, 1^70; 
CrinHlejr; l%5,"p-5S), H<̂ rr a l» thfi_tontlur;tjv5 hral fJiiw is 
Smill compiuid hiih lhe heat df̂ ltvered io the siirfane in lhe. 
fluid! (bawson and Dictmsgij, 1970; Cdndlry..i965). Tb'a 
a££umfjU(i[i U prGb!ii>ly true^al^ ior 'mmy LiuL nul oti glhcr 
hot-watf^ ^DLhrrrrtil Ay t̂rrtLI. 

The assumpUon ofchrriiical irqi] ilibrium i-;. nmi:̂  difficti!! to 
jiistifyL 11 has been o^i^cned that, [n the aqiitfcr^ satumiion 
*iUi,|qsiart? u-^^ctly^ miiiiilitnrtl (Mahun^ lO^O), and mmt: 
equilibria Livtilvuig;ii»<^cics di^iolicd in iJic"'it]uii'cT w^lcr jihiute 
ihould l^-niqric rafiid Lhitn'~i3tufiiLion equlliiiria hi'ifi a Bolid 
^luf«. However, durinB p̂ f̂ ŝ Eî  ijp Lhe ŵ ; 11 and Lhmuj;h tlie 
KparaLfir, COj may not miirtUiin an ef|iji11Lrium diatriiiuLjqn 
belween.th^ steamind waicr, as ?iiDiyn bv Glnvcr (1970)i who 
foand al Woinkei Uial Lhe distrihution coefficirnt for GO^ 
helveen vapor and liquid WBICT wesaWut 70 ralhtr lh:inLhe^ 
cquiliitrCum ydue &f 460 (ElJis juid Golding, VJf>Z). The. 
calculated total COj. bsed on aT\'i\yxs ot ihr. ^ . formd %lttm 
nuj" be tow-bv'2 pcrct:nl or lej^. Thia WG uld tiot aigriricjintly 
change ihexalctiJated COj prcseutes cr aquifer pli? 

The diffcreiict felwetri lhe' aiJlual..ioL£j pressure in Iha 
acquifer and the salurated vater-TsporprcKuri: ai ihcafjuifcr" 
lemperalure b-ai^ume'd l^ have a neglt^rlble. effect on the 
C](̂ uilib riu m G r̂ijilantE, Th^ CnniLaiiCa us^d^n the pra)i;r.im aJI 
refer lasiluraied waler-vjipdr pii;55'Lire;cofid]tiDn& 

CHEMICAL Af^O PHYSICAL CHAIVGES OH l iRODUCTlON 

T b e ' c j k u l ^ t i ' i n i prrformvil î i lir^ projTEm rjin In; lii;fil 

tUu^lrotirJ bj', foQowiTig-the chemical and physical chan^^.in 
tia fluid produccJ frtjm a rejrresenlalive.aquifer. /Iralysics of 
Hater Tind PK wmjiieB from veil" 20 of ihc; ^'ainikeif ^'ew 
Zca lah i , HFOlhennial fii:Id arc used {IS on Cii:'ampLt:.-<Tlii: c l ian^B-

are di*i:u,^«d in lhe nrdrr ihal ihty Oî cur; ihal », fn?ri 
inaccraifile conditions to thr sr.pamicd- walrr. and atcam ss-, 
analvzed. Thd program: works• backwartls alon^..thc: line of 
thes< i^hanpr^i ^nd rerun?Im^Li ll]i:~inatr:c>KibLr: ^tdt i^ . 

T h e M(ci lb[«d cnnrJiliona jjrtrtr to rntrjririg tliC l>Od"e'̂ arei 

|Xvrn, in table L l in te i tha l the pl l f i f 6 i ' t4 [a'n*^ajiy lljrj ciciilrd' 

pfj al ihc lemperalure^2 ' !^ C and that vjrttiail}' ait Ituric: and 

Silicic sci lil ard neady all carbfmic'aitid-a/id hydrogcri Rtilfide: 
ire undiseociatedr A siibstantial profKtrtEî t of' tot^l f̂ ulfDle 
eiijtE i^ blsulf i le ' i f^ , fluoride M nciilral hy!]mffl:ii fluf^riJc'; 

and ammnnia ^ ' a m n K ^ i t i m ion. lun pairs-SUch a'^'NaCl, K C l ; 

? iaSO>'and CaSOi an: n«"fe :.̂ tal.de IhaHialJow titrnpf ra I nn; i 

(see tahl^s-:4 and Syand.^re pTf-scntin modiirale amQuntA^The 
enthalpy (ecitlialpy refers io specific-enthalpy ihrxm^huui) af 
ihc fltiid iJ tti^ditly leEslhan lhat of water iri (:f|iiilihriuni with 
Etesni (table 1), and a ̂ as pha<M̂  b prt^bablynot prcbi^iit. 

The aquifer Clijid Cotrs, toward and inla lhe mrIL along iT 
gradieiU, of decrtftUng .fpressure resulUni;, Irom the Ipw'cr 
^^ndiy of ihc'^wg^phase.steani-waicr mixture in Lhe ^^U.^The 
decrease ui p n s u n causes eteun ieparalio'n and.a'decnVasi; iii 
leiqjicfBtiiR. T b « jffDHSKi cdinljigue'in the well and in the' 

TdbJc l.-^Aqutfar fiuid adjacent to haiv 20, il^iri^i^ri, rttw Zaslaod 
{1 caf-4.104 iba J ] 

Ttmpe^iitiic , . , y . . , 
PrtFifiurf r r ' ' - : . - ' . ' ' . . 
Enlholpr' * ' ' • " - . . 
p i l V • • •^ 
c t l , pirtial preuun:.. 
II^S.iuriurpK^urtT. 

Diisplned 
eofutilvffHt. 

W 
N i * . . . . . 

H * . . 
Kb* . . . , . 
C.* . . . I . 
Ul, 
K i " . : . . ; 
f" 
C l " . , . : . . . 

so-* 
Hisoi :'. i'.. 
ll,l!Or 

H ; C O , ° < 0 , : 
K C O j ' . . . 
C O / 
lUSiO," . ; : 

ll.SiO,"^ . . 
Nll j ' 

- M i , - , 
3 " ! 

.US- ... 
UF.° . . 
ii-W,-
Ma°-: . 

K a ° ; 
MpO,"' 
CaSO," 
KSrt,-
^ i S O ^ " 

-f-.if-.C},'*--

. . . . •c . 
ban . t a i , . 
. . .cil(8 -

! . . . b i H , . 
. . . . d o . 

. . ; . . 316 
37,fi 

M i t 
6.34 
0.79 

. . • ' . . 0.01193 

Conttntralioas in 
mihoW,0(W>tiiO 

'._-.'_ _ ; 

-. ; :- ,X : 

.-'. .-. 

. . 1.5 
: . sa.s 
. . 4.1 
. .. ,03S 
. . .mi 
, . .4J 
! . .0 • 
. . .29 
: . C O • 

05-
. . ' . M j 

. . .im 
-. -. V:Tt, 
. . .nO! 

7.09. 
'. '. .35 . 
. . .OMOl 
. . 7,as 

OtNS '• 
. . .OMbl 
, . ,002 
: . . o i l 
. . .25 
. . .0S2 
. . .OSO 
. . .0023 
, . .OOOOlS. 
. . I :!7 
.-; -.oaj 
. . .0.. 
• . . .,;02S 

. . -.ois 

. .- .15 
.. . .0002 
. . :o 

.-SatiFral^-witr^r r|ntEiaL[>y ia 2S4.&TJV'B; 
Ncuiral pM i j5: l j at'24u''Ct 

filcflm'WalersBcparator, î 'hich WLH operated L̂ a^jjresAurcof 
I6.il barii' absolute gnri n temperature, of SOS'Gr tt^'Elh ibq 

decrt̂ u-e^of pr-eiiAure and leuipcr^ilurc, tlie^^uid^'sepaiaicsinlo 
lO.L p^FCCnl 9teani wilh.im enlbai^j^ of 6(j7.'4'L-'u]/g;iLi(d,'0^>,^i' 

perf:!:nt wa^ir with an cntholpy i>f'3G6-J-ciiVg:'(1 <:al=4.iQ4' 
abg J . ) Tho LGiai Drii]ial[)y rc'nriaiini: 252.8 -caif̂ ' 
{dl01X667.4+0.«9!3X20fi/V) beciusL nb. isii^iCcani amount 
of'heut hag teen lott. in tiia'ftass'agc up the well. The gases 
origiiiiilly dissolved in tliewiaLct have lorĵ idĵ  ciisotvcd into the 
gas pbaiii (Ejfperiniiehlal dEstribution'cocfncicnlfl fnr CQi-iiirid 
H^S, tables 4'gnd 5, greatiy favor the gas phase, particularly 
near 2Q0°C}- Ftom the sepa/atcw, the S*M™ i* collected Muid 
analysed for-CCl], and HjS; QbUectLon.aRdanalyBiB methods 
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Tihlc,2.—^Inafj-™ at nipitrted on iM[?r wnJ xte.n frorii 
w'ctl 2fl. Ouirbtri, (Vrw r^-alariii 

Tftnl^tcMluri; trf ul earn s« p ra Liori 
T<^mprrjlufrt'»fwslcr frrfraratioit 
CO^ tri high prcsun; ^Utm 
l l j S in hij;H pnisau/r s!n-ifn. . . . . 
WalrrpH ntfULirulit 2(rC 

' C . 201 
- a 90;iiiil'202< 

. miflolVlCO mol'Ki.O... 1*Z 

. ffitiiil/IOOrii'ollI, 0 : . 4^S 
, . , • . ; 8,0 

Tild^ ^.-Ctlisjlslsd cc.-npo'pUQri ¥t ^-O'C of t^per^re^ vt l l i.f:jir fiitm 
i * ^ ^ a : Varskti. ."lev Z x l i t i i 

t ^ I t e r pll ntcawfrd 4t 2C' C is S.O 1 

Diaoiyal . Canceirtnitiam in Dii^ohed Ccavmlra iwn in 
titnjtitrltRtt tnmoi/1.000g H^ft ntniritvittn mnsjiiS.OtlO,s ll^O 

•CoticentratioiUin .Cttrn^cniraliitiain 
Diatylimii imffritf-aiiniyi'sjul Ouiol:*J v a i . f a i arioiificii al 

evnttiluirrit, ^iT-C inirigtlii .coitiiilbfrij SQ'.Ciriinglli^ 

I j . . 
N » . 
K . . 
R b . 
Cs. . 
C l . 
MEI. 
r:.. 
a.. 

. I4.e 

. 1.2611 

.. 220 

., ' ' 3 . 0 
2.5 

: 25' 
0 

.. -IB." 

.3 ,164 

B r - . . . 
I . . . . 
SO, . . 
3...-•:, 
IICO,. 
C O , . 
sac, . 
M l , . 
u,s. 

. -0 

.630 . 

fnr "ijltajn .ajid witL-r ârc given in Ellia, Mahoni anil llitcliie 
(l^mii). 'riic'gaH.aisalyiiLS is'î ^^oji in IDMC ^ . Tlic sleim and 
waicr bavcJlheki^iaralorih ppjtaratc.iinc.̂ : an J liie water enters 

*a silencer, wliicli (iiitliar^TS tolht'aimopplicrB."ln Iht FJlcncer 
an additonal 20 jKreL-rit ftf llie original water if^Hajlied.-It> 
.'elram, and tHe tcmaininj^walernaw.^ioul.llie w,;3rbo\ where. 
Il is Ea3n|ili;J.'..TIie proftortions cf eleani and M'al.;r ai ric!) 
.6ci»aralirtn [>o]ni on; ealcul fs ted fratn an ejulialpy lialanee with 
lhe .a.^unii)ti(jn .of conslajit cnthaljiy-.Tli^ waler&ampK; in a 
eJ|ii'c(l polyetliylecic lotLle i? tiKjled and laken to iht! 

'laljfirator)' where jt ifi ail alvzcd-anil the jj[li5.meinnrL-d. The 
amount of'^COj a'n J HjE dissolved in ilj^ Waler after 
ieparalion ia negli^lile relative to that which partitions-^inio 
ihe'iJ.'H plia.ic and is Itol Brla[j-£ed;-T'I[e t'nllialjtj- (if llii-wtiiile 

Elniirik-caleiilateil ironr meafiiirrmeiils of'the (lows'of ^Irant 
.rahdVaier uhile'r controllcil eonditibna. ' 

The prn perl ies ot lhe waler'as a:ialy/.ed are given in'laii!c.2^ 
Tin; (iieani-Qnil w^ter iiii;tlyses tarre li'iade hy llie ' t laff o l . l h e 

Cfie'mit.Lr>' Dieisi*>n, 0:S.I-ll., î ew Zealand, llie waler analysis 
ĥ ap '̂ beeii" rrealr-nlalcfl in lalitcAS Eo iihow: what speulei were 
prwienl In the ahaty,ieil solij[ii*n.aL lIO'*C. TIic walereoiTTfiosi;• 
liopî diffcT^ sulislantiatly fnim Ihc compa^ition ofthe aipiifcf 
fluid. TEie-sciiaration.of steam ha-* inen-ased the concenlralion 
of iniiicnil conttilticnLs Ihal.arc liisohihle lii isjî atn (cesniparK 
IJT' in lhe laities), 'rhe;,,pe[iaration of COj .arid lljS inlo'the 
ftlcanf piiase haa irien;asi;il.ilie,p[lliy l'.7-iiniLs. 

' T h i v ^ l i i i terease- 'amt lernperalnre. deerease have ilien-a^ej 

Lhe iojilzation of weak acids, fiarticiilarly horic aeJil. silieic 
acitl, fljid earhonie aeiJ.-^lon paira. are j.'cneraliy [c.^^1aLle al 
lower tentpcralureH (lalile^ 4 and 5) and nrclhus le^ in 
tt-idcnce.Thci inost itnporta''nt ^change is llie partilion.tif acid 
Sa5c-s'{C0,, iljS) intp.'ilie.'aleani'^^ith thc-iesiiilanlincrt-'a-sc in 
pi t The aquiier.pll, the iielivily'eocffiele'hl of 11 , and the 
pola^^iim- eohtcnia can. be. eonthincd to calculate. a K:H 
cbnccntiiilion riitid cf 10 ' -^ ' which'is-siimlar lo iheexlrapo. 

Ni* . . 
,K- .:.:-. 
Rb* . . 

"Ci* . . 
C t ' , 
Mf* ' . 
1:- . . . 
• "..,. 
Br- . : I 
I - . . . 

.SO4-1 
lia DO' 
i l l B O j -

HCOi-
:coi.-T 
I t i S i d i ' 

2,1 
S4.9 

X33 
,019 .« 
.0 
.47 

61:3 
.068. 
.003 
.315 

2 J 6 
.15 
/W3 
. Ir t 
.001 

10.6 

Hi SiO, • 
HiJLOi '^ . . 
.•ilU* . 
X » , 
H-S 

Hi-
HF°' . . . . . . . 
H i O , - , . . -
HCJ° 
N.C1° 

m' . . . . . W p O i ° . . . 
C i iO , " -
KSO,-
N i i O . - . ,-. . 
C'C«3°' 
MfOH* . . . . 

. . . .0000» 
, , . .01:; 

. . . .om 
.0 
.0 

. . . <:(ioow5 

. . . ,<.0OO00S 

. . . tCOCOOS 
-Oa'.. 

. . . . J»3 
. . . -..6 

.007 

.065 

.04 

.0«)2 
Jl 

ialcil, ptebfure-corfectrd cKJJcrimeinlal vaiae cf 10 ' ' foi 
waii'iin equilibrium vitii K-nri^i,; K^ftld^par, and quartt ftear' 
25p*C/(Hcmtey, 195^; K. 6, foumier, oril. commun-, 19"2; 
Oiie. "'and' McFadJen/19^2). thi?" aniilmtv ^ugj^ts ihal 
minenJo^ cal. hii ffer systrrns aie thi major ccmtTorniii [be pH 
of tlii^ aquifier ilt^id. 

D A T A REQUIRED 

Dalai necr-aiary to the ^akuhdon of aquifer chfimittry 
con î&l of (I) Bchcmitai anaiysis of.lhe water r^paraled froni 
tfic wa[tir-i?tfai]i nttMurr [troduced "fnjin ibr wrlL (2) the 
conirjit of carhiLin diijLidr, and_ hydro^n sulfidf̂  in the 
M-paratod stcam^ (^) the jire^urta of .waicr i i d _iteam 

^fecpardlion a3id lhe,atlllix-phc^i^; jirî SrHre, ind f-}-) thf, entlijUpy 
of [he wltole flnid. Thp ^ '̂atfr analyis rnu-'̂ i ijii-ludc-lhc pll+ 
the i*?inprf^ture uf pll TTnt'aiurcmifjil, and"cortccntrations of'all 
Ill^Jor dtî oEvcd CuinslilueiiU, pariiclilArly Lhot* thjt fnrni 
wiak-:tcids or ^iec.«i!ill(*»orbJ^4t Itrnprnaturfs (ilCQa', 5Cl"^^ 
HO^, F", SlOj K iiand so fb.>rih. A'slira anaiVsifi.^ fe&cntial' 
because the lî m^hC'ralure of Uic fliiuif« U calculated, hy 
ai'Umin^ that tiie ai{Uift?r w^ttr pliat^ ii iUturstf'd >ith i;|uartE 
(Mahon, I%6)-

The C O J and HjS eon tents of ivparaicLl ?itam inasi be 
knô h-rt hfcaiiic both'of ilji-i^'paj^ dij.-ii.?li-e:'in V^tfr lo form 
vitali acid*- and. their s*"paj"ation' from water raises Lhe pl •- The 
prt£suj>; lof steam, ^-paratlpn is in trod Lice <i bccJi^c Lhe 

reparation and collection of iteim'for fi^ analvii.^ i» ntoit 
i"ff^cirntly done at high prcB3iirc.(to'athir'vc a mavimuni ^ t o ^ 
lijO ratio) and lhe •'coDectiori tif yatcr^i^ usually from i^c 
silencer at atmcifpheric prc:^uret(Ellif, Ntdhon and Ritchk^' 
1S&8). If the Himpkis t om a dovhTiholt ^ijtip!er» the water 
snalyiis, AnJ lhe CO^ and tIjS cnnrcnt^ <arc suffkiieat to 



274 AOUIFEHCHDIISTRY. CEOTHERMAL SYSTE.MS TRUESDELL AND SINGERS 

calculate the aquifer chcmiitry, pro>ided that the fluid 
Umpled was a emgle Ittjuid pha<>c. 

AQUIFER TEMPERATURE CALCULATION 
The lempcratun of an atjuifcr feeding a geothermal well is 

mcafured infretjurntly, and the measurcmento nhrn made arc 
uncertain. It ha.'i been shoHn (Fuumier and Rowe, 1966; 
Mahon. 1966, 1970) lo be preferable lo calculate the aquifer 
tcmprralurc from lhe Eiliea cont>^nt of Oie discharys, assuming 
equilibrium ^*'ith quartz tn the aquifer, rather than to measure 
the temperature directly. The original silica content in the 
deep water must be calculated from analytical dst:i allowing 
for concentration from steam Kparation and for the pre5<:nce 
of (team in lh? aquifer. The calculation of the aquifer 
temperature rcquireo enthalpy values uf i>alunileJ steam and 
water at lhat temperature, and therefore an iteration proce
dure ts necci»arj". 

If the pll of the afjuifer fluid is prater than about 7, some 
silica « present as eilicate ions, and the indicated lemp(;raturc 
bnm loLil Etlica ^ îtl Ire too lii^h. In thta in^tiincu, concentra
tions of ionic silica species are calculated and subtracted from 
tulal filica concentra lions ti«:c3u.-e (he Eilica concenlralion 
used for lhe temiierature cslimate i5.<!iM:cificalIy SiOi(aq). 

CALCULATION OF THE EFFECTS OF STEAM 
SEPARATION AND EXCESS ENTHALPY 

The enlhalpiea of the total fluid and of water and steam at 
the pressure and lempeniturc of the aquifer and al eacli poinl 
of separation are nccrsRary for cdculattng the projK/rlifin of 
walrr and Etcam separated and the degree of concenlralion of 
the di<£oh*cd minrral constituents in the water and of the 
diseoKed ga.'KS in the atrram. For these calculations, lhe 
projrram us** thermodynamic dala for pure water from 
Keenan. Keyea. HiM, and Moore (1969). The effecl of the low 
mineral contenUt (<0.3 wt prrcent NaQ) of mo.vl geolhermal 
walens on the lliermiKlynamic properties of water iff negligible 
(J. L Has*, ^•Titlen commun., 1971). The c»nlenl of di-Ssoived 
gases in Rtcam frum rooci ieothermal discharges Is low ^<2 wt 
percent), and their cffecl on the thermodynamic properties 
has been neglected. 

With the a.^umption of constant lolal enthalpy, the fraction 
of water or steam in the fluid can he calculated for any 
temperaiure (() from the ci]uation5. 

fraction water -
enthalpy of steam at I - fluid enlhalpy 

enlhalpy of vafiorizalion al I 

fluid enthalpy - enlhalpy of water al I 
md fraction steam = enthalpy of vapunaation al t " 

If the enlhalpy of the fluid is the same or lower luan lhat of 
water saturated %nth steam at the aquifer temperature, then no 
sUam is present in the aquifer, and the concentrations of 
OUDCIBI constituents owing to l^er fteam separation are 

calculated from the following: 

Original concenlralion = concentralion in complete discharge 
- (analyzed concentration in water) X (fraction of water in 
separator I) X (fmction of walur In separator 2) X (fraction 
of water in silencer). 

If, however, the entlialpy of the fluid is higher than that of 
steam-saturated water at lhe aquifer temperature, lhe presence 
of Alcam in the aquifer is indicated. The presence of steam 
causes the mineral constituents in the original waters as 
calculated above to lie loo low, HO that the foUowing 
correction facior is applied; 

Concentration in original waler 
concentration in complcle discharge 

fraclion of water in the aquifer 

The presence of steam Lt often lhe result of lowered presjiurc 
o\k*ing to cxicasivc production. Because CO] and M2S are 
slningly purliUoiicd into the .Kleani phone, the development of 
steam in the aquifer may r^'iult in a decrease in ga.s pressures 
and an increase in aquifer pll wilh the |>otisihility of carlionale 
i>cale JepO!iitiun in the aquifer and in the well casing. 

BccauKe of tn.strumrnlal inaccuracies, mcariurcrncnl of the 
cnthjipy of drillhole discharges is nece.ssarily somewhat 
iippn»iniate; then:fon:, samples with fluid cnllialpics within 
i28 cal/g (')0 Blu/lh) of the enlhalpy of water in equilibrium 
wilh ."ileam at llic aquifer Icmprratures arc recalcntatcd 
assuming exact C(|uilihrium. 

GAS PARTIAL PRESSURES 

If lhe ga-s (COi, HjS) conlentAof thepamplcd Fleam and ihc 
fraction of sleam in lhe fluid al tliu sampling puint uru known, 
the tulul go.'t conlenUt of the aquifer fluids moy be cat>:ulaled. 
If a fiinĵ e liquid phor-ic cxLst5 in the aquifer, ihc ga5 partial 
pressures may be calculaied directly from experimental dala 
on thu solubilily nrga<«iii water al high lempcrulurcB (KIIis .ind 
Gfddiiig, 1963; Ko/inlscva, 1964). If iMJth Aleam and water 
exist in the aquifer, a targi: fraction uf lhe ga» parlilions inlo 
the aquifer sleam piiasc, and llie partial pressure of ihn gaf is a 
quadratic funclion of lhe total gas conlenl. 

CHEMICAL MODEL 
The calculation of the cbcmi.'iLry of the aquifer fluids 

requires knowledge of the total cuntciit uf :ill t^olution 
components and of the dissociution constants of all weak acids 
and bo-scs and all ion paire. The total contents of coniponcnU 
olher than gases ajid hydrogen ions arc easily calculated from 
the water aiiatyas wilh allowance for the effects of Ktcam 
separation and of steam in the aquifer as described earlier. The 
contents of dissolved giucs in the water muy be calculated 
from their boluliUities, their contcntii in the separated itleani, 
the steam fraction, and if there is excciut enthalpy, from the 
fractions of steam and water in the aquifer. For the calculation 

of the total conlenl of hydrogen ion, the .state of ioniz^ition of 
oil weak aciilf and biisei* under lhe condiltuns of analysis must 
first be ascertained. This is done through Ihe calcutatioits of a 
chemical model (CorrcU and Thompson, 1962; Ellis, 1967). 

SOLUTION OF MASS ACTION AND MASS 
BALANCE EQUATIONS 

In the cltcmical model for the water as analyzed, like 
analytical concentrations, experimental di.^ociation coiutanu, 
ma3ii balances, nnd the measured pll arc uM:d to calculate the 
distribution of weak acid species and experimental dissociation 
constants, and mass balance equations arc u^d to calculate 
that of ion pairs. Weak acids dissociate to form hydrogen ions 
by equations such as those furfilicic acid us followo: 

The value of mj) gjQ is then substiltitcd into the mase action 
r»]uatioii8 lo soKe for mjj g-Q- and m^ SiQ-' • AeliWty 
corfncieiil,* are calculaied frnm the extended Dehye-Hurkel 
equalion as described later, and Uic ionic itrenglh is calculated 
by iteration. Calculation of the concentration of ion pairs is 
accompUshed by a elightly different procedure, which is 
illustrated by the calculation of the calcium ion species. The 
mass aclion expressions. 

and 

K l •• 

h \ -

'"Ca" "''ca'' "^o;* ''scr: 

'"CaSO. ItaSO, 

'"ca'=' '''ca" '"co;* >co;' 

•"aCO, "̂ CaCO. 

H4Si04=ir+H3SiO;, 

and H3SiO;=II*+H,SiO;'. 

The concentration' of each species is deicrmined by the total 
concentration, lhe pH, the activity coefficienU of the species, 
and the equilibrium constants for distribution of species at 
chemical equilibrium. For the preceding reactions we can write 
the equilibrium equations 0.1 follows: 

arc combined wlh the mass balance cxpre^ion. 

to produce an expression for free (uncomplexed) Ca* ' ion, 

"hu lotxl 

Ki 
_"'H,Sib:TH,SiO:'Q'^" 

' ^ • ' 

'"H,SiO,7n,SlO, 

K,--
"ii,S0;» 'I'HiSiO; 10-pH 

"M.SiO; TH.SiO; 

The value of m^^-'i may be substituted into the mss? action 
expn'Stfions to solve for the ion pairs. In ih r^ equations Ca 
tola! is from the analysis, tbr dir^ociation cuibjlanl5 dej-end 
only on lemperaturr, and llic arti\ity coefTicients are ralcu-

Tho masa balance equation for lotal silica (silicic acid and laled from the iunie plr«'n^th. which rhongfs clowlv during 
iteration. The mdaltlics of the anions ( S O 4 , C 0 j ) arc 
corrected in each iteration loop by gumming the calcuUtrd 
species (for example. ' "S(J?*" 'n?Oi* ' '^K^ '* ' - •) *"'' com-

siiicate ions) is 

'"Si ioul="'n,SiCi "*""'H,SiO;^"^H,SiO;» 

The mass action equotions con be combined vith the moss 
balance equation to solve form)] SIQ . 

"•Sl loUll 
'"H.SiO.' 

ll rfC, lOP" K, KJ 
+ -

10^P»\ 

I'ir.SiO; TH.siO;' 

paring the sum wilh lhe analytit-al fonrcntrstion of loiil 
anion. If the sum calculaied differs from the analvtical concen
tration by morc than 0.1 percent, the tree anion concentration 
is corrected by an amount depending on llie diffi-rcncr. l̂ "hen 
all anions have boen checked (and corrected if mves.-iary), the 
program iterates if corrections have bcvii made to any of them. 
Thus, the program leaves the loop when the rcncentrations of 
all sjiecies sotisfy the maso balancers to 0.1 perocnu 

TOTAL lONlZABLE HYDROGEN ION CONTEhfT 

The total content of hydrogen ions in an avjueous solution 
includes not only free ions but aLio Ihoi* in combination in 
weak acids and in water ilsclf. Onij- part of these can be 
ionized under tlie range of conditions found in rutural waters. 
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T h b part , the total " lon i zab le" hydmgen ion con ten t , is 

calculated' by summing the contents of 11* ion and of all the 

undi££0<cialed and partly dissociated wr^k ocida—HCQS, 

HBO,. H,s. M I : , H S O ; , H F , HCI. HjSiO:. H4Sio;. (two 
t imes) , and H j C O i ( t w o t imes). When the lolal iunizable 

hydrogen ion conlenl haa been corrected for electrolyte 

concentra t ion changes due to steam separat ion and tbe pres

ence of aquifrr steam as discussed earlier, the I l i S and C O j 

originally di.^solved in the water axe added ( the CO ] two l imes 

as HI C O , ) . 

AQUIFER CHEMICAL MODEL 

T h e aquifer chemical model is calculated using the analysis 

corrected for s team separation and aquifer s team contents , 

t'alues of dis^ociatifm constants al the aquifer tempera ture and 

saturated water vapor pressure, and the total tonizahte 

hydrt)gen ion con ten t . The method of calcutalicn of the 

chemical model is the same as before except that the pl l is 

DOW a dependent rather than an independent variable. Because 

almost all of the hydrogen ion occurs in complexes , changes in 

the calculated pl l cauM relalively large changes in the onion 

mass balances, and the program converges ver>' slowly. A 

change tn the criteria of convergence from 1 jiercent to 

0.1 percent of the anion mass balances doubles the numl>er of 

i terations and changes the final calculalcd pH by 0.1 t o 0 .15 
units . 

The corn:ctncss of tlic calculated model is depirndcnl on the 
existence and validity of higii- tcmpcralun: quar tz solubility 
valutrs, gas solubility cuiu;lanL>4, and dissociation constanis fur 
the weak acids and bases and ton pairs present in the u'ater. 
The data used in lhe program art; given in tables 4 and 5 wilh 
tlieir sources. They ore uf uneven qual i ty , and as bet ter data 
become available, the program can be easily updated. Tabular 
ibita arc interpolated by a program wri i ten b y I'. C IJob';rty of 
lhe U.S. Geological Survey. Single-ion activity coeflicients 
have been calculated from the ex tended Debye-Huckel equa
tion, with a email hydrat ion cocfficienl ( t he " B . " of Helgeson, 
1969) a.'^umcd constant with tempera tun : . This equat ion 
differs Utile ^-om that suggested by Davies (1962) . The iotiic 
strength (/) of most geolhermal waters ts modera te ( < 0 . 0 8 m ) , 
and the ionic activity coefficients are no t very sensitive t o the 
ion size ( ( i ) a n d hydra t ion parameters chosen. T h e et;uation 
u sed i s : 

log7,-
vir, r 

-+0.04/ . 

The constants A and 8 arc from a tabulation by Helgeson 
(1967) and are for molal units. Values uf a aro laken from 
KieUand(l937). 

T*Uf i.'.SotubilUf torutantnutd diuocialion conilanli in K Afl] and KT{1) a m y t,aitolyticateipmiiotu. 

Am!>ti«.a)'xpiTvn>iiiruvd l^ogl^ Rcf-rmr*. 
R n t i n n j j - ^ , j i f i i r t 'C) ^ 5 ^ 25<? KcicrrnM 

I H,CO, jpp=H*'HCO; LOJ A'= .23R2.3/r*8.IS3-0.02I9*r -6..T0 -T.Rfl C> ItyriinAo(1963^ 
2 M,SaH*'H5- LopA'= J2 :9 .0JPl l . t7* ,023Rf- r -6.01 -7.6 I)'y«hkoTa and Khodako»5kiy (I%8X 
3 HBO, - O i r ' H . B O / Lou A'»I573.2I/T*28.6059+O.O120"8r 44.76 -tl.98 t») M«rnci, Hjra, and Swrtlon (1972). 

.i2.22:>8infcr 
4 II.SiO.»H*'M,SO; S r e u U s 5 •'i.ftH -9.63 <»> C"l.M.(l')f.1): Itytlirnko(I967). 
5 l l F ^ i r - r do 3.lfl ..'"..no O Kl]is{l963). 
6 » 5 0 ; H 1 - ' . V ) ; » Lo3K«-ri57.246i/r».'i.3:;or,-O.OIB3112r .i.99 -.V31 Un/Ur. .Sh.ucJ.i.m. .IKI Y..ui«(196l). 
7 l i jO ' I l ' -O i r L/.gA'=-4470.99/1-6.0875-0.017067' -13.995 -1I.3B Hamf-.! a.i.1 Owr»(l95a. p. 6t,';>. 
8 NH,(H,0>=.^•|^. **Oir See uble 5 -4.75 -6.00 Wtwhi, Undwiy. ui.l DruR*(l96l). 
9 l i O = i r . c r . . . . d o * . l u .67 IWErv..n(l969t. 

10 N»a«Ni*'Cr . . . . d o l-M -.25 (•» PeafMin. Gnprbn'i «"<! Bnwon (1963): 
Dunn «n<i Mar»h3lt (1969): ibnna. 
C'-lltybriili'f-.and I'mr(l971). 

I I Ka»K*'Cr . . . .do •IJ19 -.1 HrUr-.n (191.9); H««n.. Pelhybridsr. 
smll'tur(1971|. 

12 M«SO,=.M«** *SO;* . . . .do -2.2.̂ . -S.7 <*) !>... 
13 C»Sf),»Cj*'*SO;' . . . j t o ^.30 -4.1 (O I>>. 
14 K.SO: 'K' 'SO; ' do -.tti -2.35 (O 0'"M -n-l nihrn. (|g63J! TnJrtdrll ind 

H<mlriW(l968X 
15 .S.SO;*S**'Sf);' . . . . d o .83 .2.35 (*> 
16 CiOj,«C«"*'Cn,'* do ^..10 .5.90 (•) ilrlp-i..n (1969). 
17 >k'jH*«.Mn'' 'Oir , do 2.60 ^-t.6.i (•) 1>". 
18 H , S O ; = H M l , S o ; ' l>nA'=.3450/r*6.34^.02t6r -II.7 -IIJI .Njymuv. Ryihcnko. and Kodjko»Bkii 

19 nCO, = H*-CO,- I^A:»-273f).7/r«5.3BaJJ.02199r .9.12 - ILSt Ryxhrnko(l963). 
KS M,S w = H.S 4(1 A'>3::7O5.6ani.0.038253i* +2.86 «3.28 Koimlx-^ <1964V 
K C0,«A»*H,6>>l,<:0,>pp SrclabteS *3.2I •3.72 (•) Ellis and C<>ldiiis(l963). 

•H.CO. ippacnl inrtudn H.CO, Jnd CO, Bqwouk. , , « . . , , 
•11,80, d»«iin pnni oul M BO,. R»cllon wriilen by Mnmrr. 8««i.ftnd S<recion(1972)u 0(OII),>0H •B(OH),. 
*EAlnpaLitrd «l>otr 2t>(fC 
*ExlrapnUi«liboic20CrC A<r(n wUb Ryzhenko (1965) to 2O0*C 
'CitnpolAtnl bHow 100*. 

d k in i icJ to K KSO,. 
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Tabic 5 . - - i < ^ K(pK\, enti COî  enilipttirti oibibility. detain tcbvhr form interpoLtcii by look-up subromirte 
jForiciction equations and fource of data, t t t ttblr 4] 

°c 

0 
10 
23 

.50 
75 

IOO 
125 
150 
175 
200 
225 
250 

300 
325 

i..^!i," 

10.2 
9.91 
i).ft3 

9.3li 
9.11 
9.03 
9.03 
9.10 
0.23 
9.36 
9.40 
9.03 

10.2 
10.5 
11.0 

(5) 
111-

2.96 
3.00 
.l.in 
3.25 
3..10 
3.61 
3.115 
4.09 
•1.31 
4.59 
4.89 
5.3 
5.8 
6.2 
6.8 
7.1 
7.4 

(8) 
N l l j ( l l , 0 ) " 

4.07 
4.80 
4.75 
4.70 
4.70 
4.75 
4.85 
4.97 
5.10 
5.33 
5.53 
5.73 
6.0 
6.3 
6.75 
7.25 
0.0 

(91 
llCl" 

-7.5 
-6.8 
-6.1 
-5.7 
-5.0 
-3,8 
-2.9 
-2.0 
-1.23 
-.60 
-.07 

.30 

.67 

.95 
1.2 
1.6 
2.5 

(101 

ka' 
-1.65 
•1.63 
-1.60 
-1.40 
-1.20 
-.90 
-.55 
-.55 
-.15 
-.30 
-.15 
.05 
.25 
.60 
.95 

1.33 
2.0 

< i n 
Ki:i° 

-1.65 
-1.62 
-I.S9 
-1,50 
-1.40 
-1.20 
-1,00 
-.90 
-.75 
-,60 
-.40 
-20 
.10 
.30 
.6 

1.0 
1.7 

(12) 
.MsSO." 

2.05 
2.10 
2.25 
2.35 
2.60 
2.90 
3.20 
3.55 
S.90 
4.10 
4,80 
5,25 
5,7 
61 
6.4 
6.7 
7.0 

(131 
C ^ O , ' 

2.3 
2.3 
•2.3 
2.35 
2,40 
2.55 
2.7 
2.9 
3,1 
3,35 
3.6 
38 
4,1 
4,3 
4,5 
4,75 
5,0 

( l » 
K S O , -

0.65 
.71 
,83 
.90 

1.00 
1.15 
1.30 
1.45 
l.bO 
1.78 
1.93 
2.10 
2,35 
2.55 
2.75 
2.9 
3.1 

(16) 

c^o' = 

3,0 
3.05 
3,20 

- 3,27 
3,.-.0 
3.65 
3,90 
4.15 
4,50 
485 
5,20 
5.55 
5.90 
6.20 
6.45 
6,65 
7.0 

(171 
.Mj lMI • 

2.58 
2.58 
2,60 
2,63 

2,9 
3 ! 
3.33 
36 
3.85 
4.1 
4.35 
4.65 
4.0 
5.15 
5.45 
5.7 

. o b b i ^ l y 

700 
IOOO 
1630 
2100 
2«0O 

60O0 
6t<-0 
6 8 ( 4 
6-100 

- 5*i00 
5.-100 

3100 
2100 

Q u i n : 
( o l u M i l ) ' 

(pta) 

3.6 
6.6 
S,6 

BO 
125 
190 
265 
.367 
490 
615 
680 
720 

( 7 5 0 ) 

'Oitam. snlubililv in w*tfr 4t miunird waler »spo» prr.»«JiT. 0*-240*C from .Morrj-. Pournirr, and Kowr (1962); 2oO*-325°C inm Krtinfd* (19M)i. 
An incorrrLt 350^ viilut u jiidudrd brr^tur Utr look-up ruhrouiinr rrqutro a tnoiiolonic function, 

The algol version of this program (Truesdell and Singers, 
1973) has j'ust been published. 
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Vapor-Dominated Hydrothermal Systems Compared 
with Hot-Water Systems' 

D . E . WHr tE , L . J . P . M U F F L E R , AND A. H . TRUESDELL 

A b s t r a c t 

Vapor-dominated ("dry-steain") geothermal systems are oncommon and poorly 
understood compared with hot-water systems. Critical physical data on both types were 
obtained from U. S. Geological Survey research in Yellowstone Park. Vapor-dominated 
systems require relatively potent heat supplies and low initial permeability. After an 
early hot-water stage, a system becomes vapor dominated when net discharge starts to 
exceed recharge. Steam then tx>ils from a declining water table; some steam escapes 
to the atmosphere, but most condenses below the surface, where its heat of vaporization 
can be conducted upward. The main vapor-dominated reservoir actually is a two-phase 
beat-transfer system. Vapor boiled from the deep (brine?) water table flows upward; 
most liquid condensate flows down to the water table, but some may be swept out with 
steam in channels of principal upflow. Liquid water favors small pores and channels 
because of its high surface tension relative to tbat of steam. Steam is largely excluded 
from smaller spaces but greatly dominates the larger channels and discharge from 
wells. With time, permeability of water-recharge channels, initially low, becomes still 
lower because of deposition of carbonates and CaSO,, which decrease in solubility with 
temperature. The "lid" on the system consists in part of argillized rocks and C02-satu-
rated condensate. 

Our model of vapor-dominated systems and the thermod>'namic properties of steam 
provide the keys for understanding why the major reservoirs of The Geysers, Caiifomia, 
and Larderello, Italy, have rather uniform reservoir temperatures near 240° C and 
pressures near 34 kg/cm* (absolute; gases other than H , 0 increase the pressures). 
Local supply of pore liquid and great stored heat of solid phases account for the 
physical characteristics and the high productivity of steam wells. 

We suggest that vapor-dominated systems provide a good mechanism for separating 
volatile mercury from all other metals of lower volatilit>'. Mercury is Ukely to be 
enriched in the vapor of these systems; the zone of condensation that surrotmds the 
uniform reservoir is attractive for precipitating HgS. 

A more speculative suggestion is that porphyry copper deposits form t>elow the deep 
water tables hypothesized for the vapor^ominated systems. Some enigmatic charac
teristics of these copper deposits are consistent with such a relationship, and warrant 
consideration and testing. 

I n t r o d u c t i o n than a hundred meters or s o ' and near centers of 
A L T H O U G H hot springs throughout the world have f""^^" activity were f o u n d t o yield slightly super-
been studied for centuries, d i r ^ t knowledge of their heated s t ^ ( B u r p s s , 1964) Some wells on Ae 
subsurface relationships was lacking until commercial ^ ' ^ ^ ' ' ^^ ' ^^ « " ' ^ ^ ^-^^*«"^ P ' ° ^ " " ^ *^°* * ^ ' " 
and research drilling was initiated in the 20th Cen- t The metric system is used throughout this paper. Some 
tury. Wi th a few notable exceptions (Allen and readers may find nsehil the following conversion factors: 
Day, 1927; Fenner, 1936) little significant scientific ^ ^ ^ - J^m = 3281 ft; 1 km = 3,281 ft - 0.6214 
data were available prior to 1950. Temperature: (°C x 9/5) •̂  32 = °F. 

Efforts to produce electricity from natural steam Pressure: 1 kg/cm' = 0.9678 atm = 0.9807 bars == 
were first successful in the Larderello region of Italy, "-22 ? " - , . ^ 'P""""""* * ' ' * " ' w : , * t * , i ^ 
. ,. . . .nriA T\ ^l• r lo-v-i .. in-ic kg/cm* added to gage pressure for Yellow-

Startmg about 1904. Dri lhng from 1920 to 1925 gtone Park, and 1.03 kg/on* added to gage 
showed that large quantities of natural steam could pressure at sea level and geothermal areas 
also be obtained at The Geysers in Caiifomia, but _, , ?* ' ° * " l ^ ' i ^ f • - « PTTT I « t /™, -

. J , ^ .. t -̂ .y ..-1 ince Heat: 1 cal = 3i>685 X lir* BTU 1 cal/gm — 
economic aevelopment was not feasible until 1955. j ^ BTU/lb. 
At both The Geysers and Larderello, wells deeper ' A geothennal system mdudes a source of heat within 

the earth's crust (regional heat flow or local igneous intru-
* Publication authorized by the Director, U. S. Geological sion) and the rocks and water affected by that heat. When 

Survey. geothennal systems involve circulating waters, they are also 
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and steam in noncommercial quantities and pressures 
(Allen and Day, 1927, p. 82 ) ; the characteristics of 
such wells have not yet been adequately described. 

From 1946 to 1970 approximately KX) geothermal 
systems throughout the world were explored at depth 
by drilling. Initially, the objective of this search was 
to discover areas yielding dry steam, as at Larderello 
and The (jeysers. This effort, however, soon re
vealed that mpst hot-spring systems yield fluids that 
are dominated by hot water rather than by steam. 

New Zealand first demonstrated that a source of 
dry steam was not essential for the generation of 
geothermal power. At Wairakei, subsurface hot 
water at temperatures up to 260* C is erupted 
through wells to the surface; some of the water 
flashes to steam as temperature and pressure decrease 
to the operating pressure, commonly from 3 to 6 
kg/cm*. This steani, generally 10 to 20 percent of 
the total mass flow, is separated from the residual 
water and directed through turbines to generate elec
tricity. The high energy potential of subsurface 
water has also been demonstrated in Mexico, Iceland, 
Japan, USSR, E! Salvador, the Philippines, and the 
Umted States. 

A few systems, other than Larderello and The 
(jeysers, yield vapor with little or no associated 
liquid water. These include the Bagnore and Pian-
castagnaio fields near Monte Amiata southeast of 
Larderello (Burgassi, 1964; Cataldi, 1967), and 
probably the Matsukawa area of northern Honshu, 
Japan, (Saito, 1964; Hayakawa, 1969; Baba, 1968), 
the Silica Pit area of Steamboat Springs, Nevada 
(White, 1968b), and the Mud Volcano area of 
Yellowstone National Park, considered in this report. 

Hot-water systems have attracted nearly all of the 
research drilling in natural hydrothennal areas. The 
first two research holes in the world were drilled by 
the Geophysical Laboratory of the Camegie Institu
tion of Washington in the hot water systems of 
Yellowstone Park in 1929-30 (Fenner, 1936), and 
seven of the eight research holes drilled at Steamboat 
Springs, Nevada, in 1950-51 (White, 1968b) were 
in a hot-water system. The eighth was in the small 
vapor-dominated Silica Pit system, subsidiary to the 
larger water-dominated area. 

Allhough research drilling by the U. S. CJeological 
Survey in Yellowstone National Park during 1967 
and 1968 was aimed mainly at a better understanding 
of the hot-water systems of the major geyser basins, 
a specific effort was made to find and drill a vapor-

calted hydrothermal systema. The bot part of each hydro
thennal system is commonly emphasized, but in its broader 
meaning the marginal parts involve convective douTiflow of 
cold water, and are also included. A hot spring area is the 
stiHaoe expressioti of a geothermal system and contains bot 
springs, fumaroles, and other obvious hydrotherma] phe
nomena. 

dominated system. The Mud Volcano area was 
found to be such a system and is described here. 

In spite of long and extensive commercial develop
ment at Larderello and The Geysers, the origin and 
nature of the systems that yield dry or superheated 
steam, and why they differ from the abundant hot-
water systems, are not nearly so well understood. 
Facca and Tonani (1964), for example, seem to 
deny that Larderello and The Geysers differ signifi
cantly from Wairakei, New Zealand, and the other 
water-dominated areas. Marinelli (1969) states that 
Larderello is a hot-water area. James (1968) and 
in less detail Elder (1965) and Craig (1966) have 
instead proposed that the reservoirs are filled with 
steam maintained by boiling from a deep water table. 

We submit, in agreement with James (1968), that 
fundamental differences do exist between two main 
types of natural hydrothermal systems: each type is 
recognizable by geologic, physical, and geochemical 
criteria. However, in contrast with James (1968) 
and others, we consider that steam and water must 
coexist in the reservoirs of these systems that yield 
dry steam at the surface. 

Acknowledgments 

We are much indebted to our associates, R. O. 
Foumier, John Haas, Warren Nokleberg, and J. T. 
Nash, for their helpful suggestions and review of 
this manuscript. Gunnar Bodvarsson has been espe
cially helpful in clarifying the properties of coexisting 
liquid and vapor and in pointing out important dif
ferences in specific resistance to flow of liquid water 
and steam. 

Summary of Characteristics of Hot-water 
Systems 

Hot-water systems are usually found in permeable 
sedimentary or volcanic rocks and in competent rocks 
such as granite that can maintain open channels along 
faults or fractures. Total discharge from typical 
systems ranges from several hundred to several 
thousand liters per minute (1pm), with individual 
springs conunonly discharging a few 1pm to several 
hundreds of 1pm. Where near-surface rocks are 
permeable and the surrounding water table is rela
tively low, much or all of the circulating hot water 
escapes below the ground surface, and little or none 
is discharged from local surface springs. For exam
ple, nearly 95 percent of the water at Steamboat 
Springs, Nevada, escapes in such a way (White, 
1968b). On the other hand, where spring outlets 
are at or below the level of the surrounding water 
table, all hot water of the system is likely to be dis-. 
charged in local visible springs. 

The spring systems that discharge at low to mod
erate temperatures are commonly similar chemically 
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to nearby ground waters, but the near-boiling hot 
waters of moderate to high discharge are nearly al
ways characterized by relatively high contents of 
all^li chlorides, SiO„ B, and As (table 1, anals. 4, 
8, and 10; White and others, 1963, Tables 17 and 
18). In confusing contrast, some gassy springs of 
low discharge may differ greatly from these chloride-
rich waters in physical and chemical characteristics. 
Surrounding ground is commonly bleached and 
hydrothermally altered to a porous siliceous residue 
that may be mistaken for hot-spring sinter. The 
bleached ground may contain native sulfur, white, 
yellow, and orange sulfate minerals, and day miner
als, especially kaolinite; vegetation is generally sparse 
or absent. Chemical analyses of such springs (table 
1, anal. 9 ; WTiite and others, 1963, table 20) con
trast strikingly with those of higher discharge; chlo
ride is generally less than 20 ppm, sulfate is the 
dominant anion, pH is usually between 2.5 and 5, 
and Fe, Al, Ca, and Mg are abundant relative to 
Na and K. 

Where these two contrasting types of springs co
exist in the same general area, topographic relation
ships and results bf shallow drilling and augering 
indicate that the nearly neutral to alkaline chloride 
springs are from the main water body, occurring 
where the water table intersects the ground surface. 
Where the water table is low, acid springs may result 
from boiling at this water table. Some steam con
denses in cooler ground and in pools of rain water, 
perched ground, and previously condensed steam. 

HjS that evolves with the steam reacts near the 
surface with atmospheric oxygen to form sulfuric 
acid, thus accounting for the high sulfate contents and 
the low pH's characteristic of these waters. Bac
terial oxidation of intermediate forms of sulfur may 
be involved (Schoen and Ehrlich, 1968). The acid 
dissolves available cations from the surrounding 
rocks, which are adequate sources for the reported 
constituents (White and others, 1963, table 20). 

The geochemistry of chloride is critical in under
standing the differences between the coexisting 
neutral-chloride and acid-sulfate waters, as well as 
the differences between vapor-dominated systems and 
hot-water systems. Most metal chlorides are highly 
soluble in liquid water, and the low content of Q in 
most rocks can be selectively dissolved in water at 
high temperatures (Ellis and Mahon, 1964, 1967). 
The common metal chlorides, however, have negligi
ble volatility and solubility in low-pressure steam 
(Sourirajan and Kennedy, 1962; Krauskopf, 1964). 
The only chlorides with sufficient volatility to account 
for significant transfer of Q in steam at low tem-
.peratures and pressures are H Q and NH«Q, both of 
which are minor constituents of most hot-spring sys
tems. The very low O content of the perched add 

springs associated with some hot-water systems is 
thus consistent vrith near-surface attainment of add-
it)- from oxidation of H,S, rather than by vapor 
transfer of H O from initially acid sources. 

The temperatures of many explored hot-water 
systems increase with depth to a "base" temperature 
(Bodvarsson, 1964a, 1970) that differs with each 
system that has been drilled deep enough. Tempera
tures at Wairakei, New Zealand, rise to a maximum 
of 260° C near 450 m of depth but increase little if 
any more at further explored depths (Banwell and 
others, 1957, p. 52-56), and at Steamboat Springs, 
Nevada, the temperatures in six drill holes were near 
170° C at depths dose to ICX) m, but deeper drilling 
found no higher temperatures even though major 
channds were intersected below 150 m (White, 
1968b). In such an area, meteoric water (Craig, 
1963; White, 1968b) evidently penetrates to consid
erable depths along permeable channels of a huge 
convection system; the water is heated to its base 
temperature by rod< conduction, perhaps augmented 
slightly by magmatic steam. It then rises in the 
core of the spring system, losing only a little heat 
because of its relatively high rate of upflow through 
wallrocks of low thermal conductivity. As the hot 
water rises the hydrostatic pressure decreases, and 
eventually a level is attained where pressure is low 
enough for boiling to begin. 

Of about one hundred hot-water systems through
out the world that have now been explored by drill
ing, fewer than 30 are known to exceed 200° C in 
temperature and only about 10 demonstrably exceed 
250° C. The liquid of the two reservoirs Icnown to 
exceed 300° C is brine rather than rdatively dilute 
water. The Salton Sea system has about 250,000 
ppm of dissolved salts and a maximum temperature 
of "about 360° C (Helgeson, 1968). The Cerro 
Prieto system, about 90 km to the south in Baja 
Caiifomia, Mexico,, has a salinity of about 17,000 
ppm and temperatures as high as 388° C (Mercado, 
1%9). 

Hot-water systems have a high potential for self-
sealing (Bodvarsson, 19(>4b; Facca and Tonani, 
1967) by means of deposition of minerals in outlet 
channels. SiO^ is the most important constituent for 
the self-sealing of high-temperature sysiems because 
quartz is so abundant and its solubility increases so 
much with temperature (Fournier and Rowe, 1966). 
Quartz dissolves rather rapidly at high temperatures; 
when quartz-saturated waters are cooled, quartz pre
cipitates rather readily dovm to about 180° C but 
with increasing sluggishness at lower temperatures. 
The SiOj content of many waters, after cooling, 
greatly exceeds the solubility of quartz and may 
even exceed the solubility of amorphous SiO^. Near 
the surface where temperatures are near or bdow 
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4 7 . 5 

. 2 0 

.18 

2 M 

— 
6 5 . 3 

1 3 . 3 

J .O 

. 6 

761 .7 

7 

SS.5 

7 - 1 1 . n a T v e l u o o 

Ta l lOOTCana, V n . 

•CO,-SO« 

V m v i t - * t m . 

28 

0 . 4 7 

105 

1 2 . 6 

.18 

3 .2 

258 

74 

« .6 

0 . 2 

0 . 1 

4 9 1 . 4 

8 . S ( ? ) 

131 .7 

i ' v i t c h a i CauUros. Uhlca and othara. 1*63, t . 747, aod l f lad f roa k i l n and Sa<, 1>}7. 

-̂  D n l l a U tchas , Wblta a ^ ocbara, 1*63, p: r44, aodl f tad t n m Al ias I 017, I t 27 . 

4 / 

muta aod ocbara, 1M3, p. r47. Coodanaata lo apor - (U lad hola. 

.p. r4o. 

- Al ias aod Da;, 1935, p. 427; daacrlbad aa -Bin Sulplair Pool ' 0.3 t s I of Hud Volcano; loeatioe Indicacai 

Old Sulplnir Cauldroo of I I 4 . 4 , 60 a tSV of T-11 d r i l l tela. 

* l : - SprlDt d lachar | ln« f roa a la i a r , t . kaok of Tallovatooa l U a r O.S ks 81 of T-11 d r i l l ho la: liaa dasoattad 

a la tar Is racaot paac. I f not omr. AnalTiad by Hra. lobarta Samaa. 

- Irupcad f roa T-IJ d r i l l tola Sapt. 22, 1*69 a f ta r hola had ca<rad co 28 m dasch (cahla 1) ; col lactad ky t . 0. 

rou ra la r . CBalyala Vj Hra. Robarca Sarsaa. p* oot rapraaantativa of lo-hola aDvlrosBcnc ^ — - r - f of OOj Iocs, 

acorata l a plaaclc v l t b c laya. 

Note: The word apor should read vapor in footnote 3. 
Reference to Table 1 in footnote 7 should read Table 4. 

100° C, the excess silica in such waters may precipi- exceed 150° C, but as maximum temperatures in-
tate as chalcedony, opal, and cristobalite (White and crease above this value, the potential for self-sealing 
others, 1956). Self-sealing by silica minerals is increases greatly, 
likely to be slight in hot-water systems that do not Calcite, zeolites, and some other hydrothermal 
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tAbla I.-—Cbaalcal Analyaaa of watara aaaoclatad wich ypor-doiatnacad and hoc-i»car £aochar»al avacaaa (conclauad) 

LocAtlon 

Hacar type 

Syicaa type 

• / 
•orria aaaln 

Tallomt'ona, Wyo. 

CKHCO,) 

Hoc vacar 

SIO2 

Al 

Fc 

Hn 

Al 

Ca 

"g 

Ka 

K 

Ll 

KUi. 

H 

HCO3 

CO, 

SOk 

Cl 

T 

Br 

BOj 

B 

BjS 

Tocal nporced 

pB 

Tcaperi turc *C * 

S29 

3.1 

i.e 

0.2 

439 

74 

8.4 

0.1 

38 

744 

4.9 

0 .1 

12 

.0 

1.890 

7.5 

64.5 

J/ 
•o r r ' i i Baala 

Tollovacoaa, Vyo. 

Acid aulfata 

Bac oacar 

109 

2.4 

0.8 

2.2 

0 

2.0 

3.0 

30 

14 

758 

13 

10/ 
Mall 4 

Uilrakcl, D.Z. 

Cl 

Hoc vacer 

386 

26 

«0.1 

1.130 

146 

12 

U.9 

35 

0(?) 

35 

1,930-

6.2 

11/ 
Wall 5 

Hairakal, K . I . 

K»,50^ 

Vaoor-dan.C?) 

Carboll A, 

ItalT 

«0i BOOrtCl) 

Noc vicer 

13/ 
Vail MX-l 

Micsukawa, Japan 

S0k(HC03) 

VlBOr-don. (?) 

191 

Trace 

Trace 

633 

29 

508 

12 

1.7 

230 

17 

1.2 

0.2 

670 

11 

2.7 

3.7 

5.0 

56.6 

32.0 

19.0 

89.7 

137.4 

42.6 

8.7 

264 

144 

37 

1,780 

.12 

6.9 

»43 

1.97 

90 

26 

1.1 

3,750 

6.6 

226+ 

0.5 

0 

1,140 

6.7 

Hl|th 

13.9 

396.2 

-300 

61.2 

Trace 

3,478.9 

4.9 

•240 

— Dr. Moray*! Porkchop, 60 • aouchwaic of Paarl Cavacr (WhlCc and ocbara, 1963, e. '40). 

-'U>cow>clve Sprint, 55 • USW of Norrli Bailn drill hole of Fanner (1936); saeolnt dlacharae (Whlce and ochara, 1963, e. F46). 

10/, 
— Typieal of ahallow Walrakal ayacca; 375 • deep irtch aaxlaua ca^>aracurc of 245*C (Banwell and othara, 1957). Analyili bv 

Wllaon; alao contalna 11 ppo fraa CO; (Wllaon, 1955: euotad In White and othari, 1963, v. F40). 

— Weatam part of Uklrakal (laid (Wllaon, 1955, qustad In White and otbari, 1963, p. F47>. SUllar to aoM watari of vapor-

doalnacid ayitiKi; 667 • daap, maxlaua 217'C at 271 m. 

— Daapiat wall of het-watar ftald on So. border Lardarello ataaa tlaldi (Cataldi and othara, 1*69). Orie- anal. In nsB, auesllad 

by B. Cataldi, 1970. 

— Wall 9 * i m daap, produced ataaa, aoM watar for 1 yaar before drvlnit; thia anal, while atlil wac: eoodcntate of ataan 

SO ppa BjS and 6.2 ppa S (Nakaaura and Sual, 1967; Bayakaw, 1*69). 

minerals are also effective in producing sdf-sealed be most extensive where temperatures decrease most 
margins of some hot-water systems, but generally less rapidly. These marginal parts are of secondary in-
so than the silica minerals. Sdf-sealing is likdy to terest for production drilling, and they have not been 



80 WHITE. MUFFLER. AND TRUESDELL 

Tabla 2.—Aaalyaaa cf laaaa aaaaclatad with napor-^oalnated and hot-water Kaothetmal ayataaa. In yclu— percent 

H.O 

CO;. 

H; 

CH» 

C.Hj 

A 

H;S 

KH: 

H.BO, 

O j 

Tota l 

Tocal vapor , lBcludia« HjO 

1/ 

Tha CavBera, 
C a l l f o r n U 

98.045 

1.242 

0.287 

0.299 

•0 .069 

0.033 

O.C25 

0.0018 

100.002 

2 / 

L a r d e r e l l o , 
I t « l y 

M.OS 

1.786 

-0.037 

0.0105 

0.049 

0.033 

0.0075 

'100.003 

3 / 

The Cayaera, 
C a l l f o r a U 

( 1 ) , r e c a l c . 

63. S 

14.7 

IS .3 

} ' • ' 
1.7 

1.3 

0.09 

100.09 

*/ 
Lardare l lo 

I t a l y 
( 2 ) , r e c a l c . 

93.02 

V 1.92 

0.54 

2.55 

1.72 

0.39 

100.14 

Caaae, «ac 

»/ 
T-11 

Hud Volcano, 
Tallowacona 

96.4 

-O.Ol 

Tr. 

0 .0 

0.6 

0.013 

0 

0.2 

99.42 

ludloii H;0 

»/ 
Mud Volcano 
Tallowatooa 

96. K) 

0.00 

0.10 

W.OO 

0.10 

0.00 

100.10 

7/ 

T-9 . 
• o r r l a . 

vallowacona 

»r.5 

0.9 

0.1 

0.0 

5.1 

0.08 

1.4 

1.0 

100.08 

•/ 
Spr in t 
• o r r i a 

Tallowatooa 

97,40 

O.on 

0.20 

}l.60 

0.75 

0.05? 

100.on 

-^^Well 1, The Ceyeera (Allen and Div. 1927, p. 76). 

— Averate vapor fra> producinj uelli (Burgaail, 1964), recalculated froe analyils in ge per kgc; 2,650,000 kf 
produced par hour; alao contilni 1 ca- total rare gaaea per %4. 

-^'Recalculated fro* - , wichouc HjO. 

— tacalculatad froa -, without B^O. 

-^'collected July 10, 1968, by B. 0. Fournier, whan hole wai atlll open to 316 ft (tabla 3). 

— H a i froB aaaa aprlog aa anal. 5 of table 1 (Allan and Day, 193S, p. 66). 

— Collected by B. 0. Fournier, Sept. 18, 1969, and analytad by D. Brrd, C.S. Gaol. Survay; naa aeparatad froa 
water: aaareet drill hole Co eprlnsi of enal. 6 and 9, table 1. 

— C*» froa unnaaad acld-aulfate tpring "near Congraai Fool," perhapa Locoaotlva (tabla 1, 
Allen and Day, 1935, p. 66, 469. 

Note : Reference to Table 3 in footnote 5 should read Table 4. 

l l . 9 ) . 

cored and studied in much detail except in research 
drilling in Ydlowstone Park (unpublished data). 

For similar geochemical reasons, most hot-water 
systems with subsurface temperatures of 180° C or 
higher (White, 1967a) have hot springs or geysers 
that deposit sinter (amorphous silica precipitated on 
the ground surface by flowing hot water). Waters 
that deposit sinter nearly always have SiO, contents 
of at least 240 ppm, equivalent to a quartz-equilibra
tion temperature of 180° C. Because the solubility 
of amorphous SiO, is so much higher than that of 
quartz, a quartz-saturated water at 180° C must 
cool to about 70° C in order to precipitate amorphous 
silica. If the water becomes sufficiently concentrated 
in SiO, by evaporation, as on the borders of pools 
and in erupted geyser water, precipitation can occur 
at somewhat higher temperatures. 

The existence of sinter, as distinct irom travertine 

(CaCO,) and siliceous residues from acid leaching, 
is evidence for a hot-water system with present or 
past subsurface temperatures of more than 180° C. 

Summary of Characteristics of Vapor-
dominated ("Dry-steam") Systems 

The near-surface rocks of Larderello, Italy, and 
The Geysers, California, are relatively tight and in
competent, and evidently do not permit large quan
tities of meteoric water to penetrate deep into their 
systems (White, 1964). Even in these areas, how
ever, isotopic data indicate that most of the water is 
of surface origin (Craig and others, 1956; Craig, 
1963). 

Surface springs at The Geysers* typically have 

*"The Geysers" is an unfortunate misnoraer. The area 

has never had true geysers, which are restricted to the hot-

water systems (White , 1967*). 
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01 drilled depth (Allen ond Day, 1927) 
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depth (Mc Ni t t , 1963) 

• Ml Maximum temperoture measured 
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plotted depth (Whi le, l9S7o) 

V5B3 Sulfur bank area of The Geysers; 
saturation temperatures colculoted 
from shut-in well-head pressures corrected lor 
•eight of t teom, plotted at drilled depths 
(numbered wells, orol communication^ D McMillian, 
1964; Q-D,. O t te and Dondanville, 1966 from 
generoli2ea pressures of field assumed in-hole, 
abselutc, and ne e f fec t from other gases.) 

I 1 I I I I L 

redicted 
temperatures 
in 2 phase vapor-
dominated reservoir 
(pure water and steam; 
see text) 

IBO-D 
Water-table ossumed' 
at 3000 m 

Approximate temper- -
atures below brine 
water toble(Hass,l970) 

UJ 
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-IOOO Q_ 
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F I C . 1. Measured and calculated temperatures frotn^ The Geysers, Calif., with some theoretical curves. The reference 
boiling-point curve for pure water, curve A, differs in shape from its usual representation because of the logarithmic 
scale for depth. Note that curves B and C are temperttture-dcficient and pressure-deficient relative to curve A. 

very low discharge, totaling little more than 1(X) 1pm 
(Allen and Day, 1927). Most of the springs are 
strongly addic (pH from 2 to 3) . The few neutral 
springs (Table 1, anal. 1) have chloride contents 
of less than 2 ppm, similar to local rain water. 
A careful search of the creek that flows through the 
area was made on the chance that undetected chloride 
springs might be seeping into the creek (White, 
1957a, p. 1651). However, throughout an area of at 
least 30 square miles surrounding The Geysers, the 

surface and ground waters are no higher in chloride 
than normal cold streams. 

Chloride contents have not been induded in re
ports on natural springs associated with the original 
vapor-dominated Larderdlo fidds, but available de
scriptions of spring activity, dominated by mud pots 
and fumaroles, suggest the presence of sulfate waters 
low in chloride. However, present .springs are not 
low in pH (R. Cataldi, written commim., 1970), 
perhaps because of the neutralizing action of.abun-
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Fia 2. Pressure-enthalpy diagram for pure water and -vapor, showing contours of equal temperature, 
density, and mass proportioos of steam to water (computed from Keenan and Keyes, 1936). Open circle 
indicates maximum enthalpy of saturated steam, 670 cal/gm at 236* C and 31.8 kg/cm*. 

dant N H , absorbed from the gases. Some springs 
and wells of the Carboii area just south of the 
vapor-dominated fields (Citaldi and others, 1969) 
contain some chloride (42.6 ppm, Table 1). Al
though this a content is not notably high, it is con
sistent with the abundant water and old travertine 
which suggest that Carboii is a hot-water system. 

In genera] where surface springs are all low in 
chloride and subsurface thermal waters are similarly 
low ( < 20 ppm) a vapor-dominated system is indi
cated. The Cl content of steam is normally less than 
1 ppm, but near-surface waters involved in conden
sation of the steam commonly contain a few ppm of 
O because, with little or no discharge, G can be 
selectively concentrated. 

Typical wells at Larderdlo (Burgassi, 1964) pro
duce dry or slightly superheated steam vrith 1 to 5 
percent of CO, and other gases (Table 2, anal. 2 ) . 
Liquid water evidently occurs in some noncommer
cial wdls on the borders of the fields. Shut-in well
head pressures in typical steam wdls tend to in
crease with depth up to a maximum of about 32 
kg/cm' (Penta, 1959; Burgassi. 1964). Increased 
productivity reported at greater depths evidently is 
not due to significantly higher initial pressures. Fer
rara and others (1963) list the temperatures of two 
Larderdlo wells as 251° C. but all other cited wells 
are 240° C or lower (depths not given). 

Typical wells at The (ieysers also produce dry or 
superheated steam containing gases similar to those 
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in the Larderello fidd (Table 2, anal. 1). Pressures 
up to about 35 kg/cm* were measured in the deeper 
wdls (500 psi, Otte and Dondanville, 1968), but 
whether pressures were at the wdl-head or in-hole, 
and gage or absolute were not specified. 

Figure 1 shows the maximum temperatures mea
sured or calculated for individual shallow wells in 
The (jeysers field. For a variety of reasons each 
point b individually unrdiable and is probably not 
identical with the original ground temperature at its 
plotted depth. Nevertheless, temperatures of shal
low wdls ( < 350 m) do show a rather dose rda-
tionship to curve A, the reference boiling-point curve 
for hydrostatic pressure of pure water. A few points 
plot above this curve, indicating pressures above 
hydrostatic but bdow lithostatic. 

All of the early shallow wdls at The CJeysers were 
drilled in or near fumaroles, hot springs, and hydro
thermally altered ground that provided evidence of 
surface discharge of thennal fluids. Figure 1 sug
gests, and our modd (to be discussed) assumes, that 
liquid water condensed from rising steam fills much 
of the pore spaces; this condensed water provides a 
major buffering control over temperatures and pres
sures in the zone of upflowing fluids. McNitt 
(1963) conduded from other data that a near-surface 
zone is water saturated; we support his general 
condusions but disagree on the nature of the evi
dence. 

Although available data are scanty, temperatures 
at The CJeysers increase irregularly with depth, 
probably along or near the hydrostatic boiling-point 
curve, until temperatures near 236° C (and pressures 
near 32 kg/cm') are attained, with only slight addi
tional increases approximately along curve B of 
figure 1 to explored depths. In the Sulphur Bank 
area of The Geysers (Otte and Dondanville, 1968), 
about 1^ km west-northwest of the original field, 
wells range from 450 m to more than 2,000 m in 
depth and are remarkably uniform in temperature 
(dose to 240° C) and in pressure (about 35 kg/ 
cm*), as shown in Figure 1. Otte and Dondanville 
state that "the fluid exists in the reservoir as super
heated steam," but the reported temperatures and. 
pressures indicate approximate saturation. No spe-
dfic data for indiviclual wells are available. 

No data have been published to indicate that wells 
in the central parts of any vapor-dominated field have 
penetrated a deep water-saturated zone or a water 
table. In such a penetration, in-hole pressures 
should increase downward through the water-filled 
parts of shut-in wells instead of remaining near 32 
kg/cm'. This evidently does occur in parts of the 
Italian fidds (R. Cataidi, written commun., 1970), 
but detailed rdationships are not yet available. The 
escpected temperature-depth rdationships below the 

lable 3.—Preasurea m i temperatures la a two-phaae 

reaervolr In which ateata 1» t h t contlnuoua phase. 

Top of reservoir aasuaed to be 236*C 31.8 kg/cm^. 

«nd 360 a deep (fron hydroatatle bolllng-polnt curve). 

Depth Pressure, kg/cm^ Tempersture *C 

meters (bottom hole) 

360 

SOO 

1,000 

l.SOO 

2.000 

31.8 

32.0 

33.S 

34.3 

3S.1 

236.0 

236.1 

239.0 

240.3 

241.6 

Note: Second line of coluimi 3 should read 236-3. 

deep wrater table are shown in Figure 1, curve C. 
This curve has an increasing slope with depth and all 
points on it are also deficient in pressure with respect 
to extemal water pressures, probably to depths of 
2,000 m or more below the water table. 

James (1968) noted that initial temperatures and 
pressures of the Larderello steam fidds were close 
to the temperature (236° C) and pressure (31.8 
kg/cm*) of saturated steam of maximum enthalpy 
(670 cal/gm; indicated on Fig. 2) . James reasoned 
that enthalpies up to this maximum can be obtained 
in undisturbed steam reservoirs by evaporation at a 
subsurface water table. Higher temperatures (and 
pressures) can exist bdow but not at the water table. 
He reasoned that if saturated steam at 350° C and 
68.7 kg/cm*, for example, with an enthalpy of only 
612 cal/gm (Fig. 2 ) , formed deep in a system and 
rose up to levels of lower hydrostatic pressure, part 
of the steam would increase in enthalpy as it con
tinued to rise while the rest would condense to liquid 
water and remain behind. For a pure water system, 
this separation of liquid from vapor continues until 
the pressure at maximum enthalpy is attained. 

The enthalpy of saturated steam near its maxi
mum, however, is not very sensitive to changes in 
temperature and pressure (Fig. 2) . James sug
gested that the top of a natural vapor-dominated 
reservoir is likdy to have a temperature near 236° C 
and a pressure near 31.8 kg/cm* but that, because of 
the weight of steam in a deep reservoir, the tempera
ture near a boiling water table may be as much as 
240" C at a pressure near 34 kg/cm*. Table 3 
shows expected depth-related variations in tempera
ture and pressure of a pure water system in a homo
geneous, vapor-dominated reservoir. 

i 'l 
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<y\ 

FIC. 3. Index map of Yellowstone Natiooal Park, Wyo
ming, showing location of Mud Volcano area and the major 
geyser basins. 

The scanty available data suggest that tempera
tures and pressures may exceed the limits suggested 
by James because of the effects of dissolved salts and 
the partial pressures of other gases. In addition, 
although the maximum enthalpy of steam does seem 
to buffer these systems at temperatures near 236° 
to 240° C and pressures near 32 to 34 kg/cm», we 
see no fundamental reason why the available heat 
supply may not form somewhat more steam than can 
escape at these pressures through available channels. 
In this paper we shall assume James' suggested 
range in temperatures and pressures as the most 
probable, but we emphasize that more precise data 
are essential in understanding the detailed character
istics of these systems. 

Recorded temperatures of the vapor-dominated 
reservoirs are significantly lower than in some hot-
water fidds, which range up to 388° C (Mercado. 
1969). The Carboii field on the southem edge of 
the Larderello steam fields is notable in being the 
only described fidd in the Larderdlo region that 
produces more water than steam by mass and thiis 
is a hot-water system. Its maximum temperature is 
about 300° C (Cataldi and others, 1969), which 
cleariy exceeds all temperatures reported from the 
vapor-dominated areas. 

The Mud Volcano Area, Yellowstone Park 

General Setting.—The Mud Volcano area is lo
cated along the Ydlowstone River about 8 km north 
of Ydlowstone Lake (Fig. 3) . Bedrock of the area 

is rhyolitic ash-flow tuffs enipted approximately 
600,000 years ago (R. L. Christiansen and J. D. 
Obradovich, 1969, written commun.). Glacial grav-
d s and sands of Pinedale age (about 25,000 to 
12,000 years B.P.) mantle the bedrock except near 
the center of the area. 

Therma] activity in the Mud Volcano area consists 
almost entirdy of vigorously bubbling mud pots, 
acid-sulfate springs, and steam vents concentrated on 
north-northeast lineaments. Total discharge is oiJy 
about 80 1pm (Allen and Day, 1935, p. 58) from an 
area of 2J km*. There are no chloride-rich springs 
like those of the major geyser basins, even along the 
Ydlowstone River, which is the local base level for 
the water table of the area. Instead, acid-sulfate and 
nearly neutral bicarbonate-sulfate springs occur along 
the river (anals. 5 and 6, Table 1). A little silica 
is being deposited by evaporation from algal mats at 
two of these nearly neutral springs, and opal-
cemented Holocene alluvium is common along the 
riverbanks. Although none of the present springs 
has enough silica to deposit hard sinter from flowing 
water on the surface (generally requiring at least 240 
ppm SiO,), three small areas of old sinter occur as 
much as 3 m above river levd. This indicates that 
sometime in the past 12,000 years silica-rich water, 
presumably also rich in chloride, discharged at the 
surface in the Mud Volcano area. 

Acid-sulfate springs similar in discharge and chem
istry to the Mud Volcano springs occur locally 
where H,S is abundant in high ground of the major 
Yellowstone geyser areas (anal. 9, Table 1). How
ever, in contrast to drill hole Y-11 in the Mud Vol
cano area (anal. 7, Table 1), all drill holes in the 
geyser basins tapped water rich in chloride and simi
lar to waters from the geysers and the principal 
flowing springs (anal. 8, Table 1). 

Y-11 was drilled by the U. S. (Geological Survey 
at the north end of the Mud Volcano area, 75 m 
north-northeast of Old Sulphur Cauldron. Figure 
4 shows the locations of the hole and the "tree line," 
inside of which trees do not grow because tempera
tures are too high. Also shown are two heat-flow 
contours mapped by snowfall calorimetry (White. 
1969). The 900 /ical/cm* sec (microcalories per 
sq cm per second) contour is probably withui 20 
percent of the existing total conductive and convec
tive heat flow. This heat flow is about 600 times the 
world-wide average conductive heat flow of the earth 
(Lec and Uyeda, 1965). The 5.000 ^cal contour is 
less predsdy located, but total heat flow obviously 
increases rapidly southeast from Y-H drill hole. 

Near-surjaee Ground Temperatures.—^Relation
ships between heat flow, depth, and temperature 
determined in shallow auger holes near Y-11 darify 
some principles of major significance to the vapor-
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FIG. 4. Snlphur Cauldron area, north end of Mud Volcano area, showing location of Y-11 drill bole relative to heat 
flow and other features. 
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dominated systems. Hole T-l (Fig. 5) was augered 
on the Y-11 site just prior to drilling, and hole W-l 
was augered 35 m to the southeast (Fig. 4 ) . The 
near-surface temperature at any given depth in
creases abruptly to the southeast, correlating with 
increasing heat flow. 

Temperatures in W-l increased rapidly with depth 
to about 5 m, where they leveled oflf at 88.2° C. 
From 1.0 to 1.55 m there was no temperature change. 
Cx)nsequently, heat cannot be transferred by conduc
tion through this interval, and ail heat that flows out 

at the surface must be transferred in steam and other 
gases through the no-gradient zone. Total heat flow 
at the surface of W-l auger hole has not been mea
sured by snowfall calorimetry, but extrapolation of 
data on Figure 4 suggests a heat flow of perhaps 
10,000 /ical/cm» sec. 

The leveling off of temperatures in W-l at 4.1* C 
bdow the boiling temperature of pure water (92.3° 
C at this altitude) is due to the high content of CO,, 
H,S, and other gases in the rising vapor. The vapor 
pressure of water at 88.2° C is 491 mm of Hg, but 
the atmospheric pressure averages about 572 mm of 
Hg. Thus 14 percent of the total vapor pressure 
results from the partial pressures of other gases. 
At a depth where the temperature is 85° C, 25 per
cent of the total pressure is due to residual gases 
(143 mm of 572 mm of total Hg pressure); simi
larly, 50 percent consists of other gases at 75° C, 
90 percent at 40° C, and 977 percent at 15° C. 

The depth at which the temperatures level off is 
dependent on the heat flux from below, the thermal 
conductivity of the soil, the air-ground interface 
temperature, and the amount and nature of predpita-
tion of the preceding few days or weeks. If the rate 
of upflow of steam increases sufficiently, a surface 
fumarole is produced. If, in contrast, the rate of 
upflow decreases, complete condensation occurs at a 
greater depth appropriate to the thermal conductivity 
heat flow, and surface temperature. 

In the steam-gas mixture in W-l auger hole, no 
steam condenses between a depth of 1.0 m and the 
bottom of the hole because of the absence of a tem-

?00 ZIP. 

F i a 6. Temperatures in Y-11 (Sulphur Cauldron) drill hole. Mud Volcano area. Yellowstone Park, Wyoming. 
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perature gradient. As steani rises above a depth of 
1 m, however, a little starts to condense as a tem
perature gradient first becomes evident. The gra

dient increases upward as the surface is approached, 
so more water vapor can condense. The residual 
gases are progressively concentrated upward as H ,0 
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is condensed, the vdodty of upflow consequently de
creases, and a correspondingly smaller proportion of 
the total heat is transported by water vapor. Con
vective transport of heat at the air-ground interface 
must be largely in the residual gases, but water 
vapor, even though a minor constituent, is still a 
significant transporter of heat because of its high 
heat of vaporization (588 cal/gm at 15° C) , relative 
to heat content of other gases. 

The water vapor that condenses between 1.0 m 
and the surface at W-l percolates downward against 
the flow of steam. The ground is linsaturated with 
liquid at the bottom of the auger hole and probably 
to the local water table (2.3 m in Y-11 drill hole). 
Bdow the water table at W-l , pressures must exceed 
atmospheric, and temperatures probably rise along 
or near the hydrostatic boiling point curve of Fig
ure 6. 

The near-surface temperature gradient in auger 
hole W-l of Figure 5 is much higher than in T-l , as 
we should expect from the heat-flow contours of 
Figure 4. Projection of the T-l gradient downward 
to the water table at 2.3 m suggests that temperatures 
were slightly bdow boilmg at this depth. It appears 
that only a little water vapor and other gases were 
rising at the Y-11 site prior to drilling, and most 
heat was being transferred from the water table to 
the ground surface by conduction. 

Physical Measurements Made During Drilling of 
Y-11.—Data from Y-11 are summarized in Table 4. 
and bottom-hole temperatures are plotted in Figure 
6. The bottom-hole temperatures considered to be 
most reliable are connected by a solid line. Much 
effort was made to obtain reliable data from Y-11 as 
drilling progressed, in part because of the paucity of 
such data from the large commercial vapor-dominated 
systems. Because of the high cost of drilling and 
other factors, available data from the commercial 
systems are entirely restricted to completed wdls, 
and almost no data are obtained at shallow and inter
mediate depths as drilling progresses. 

In the recent holes drilled in Yellowstone National 
Park, temperatures measured at each temporary bot
tom, just before resumption of drilling (generally 
after overnight shut-down of about 16 hours), 
provided reasonable approximations of pre-drilling 
grotmd temperatures; they are far superior to tem
perature profiles measured in completed holes 
(White, Foumier, Muffler, and Tmesdell, unpub
lished data). Measured bottom-hole temperatures in 
Y-11, however, are less reliable than in the other 
holes but are considered to be within a few degrees 
of original ground temperature. At depths less than 
27.4 m, rapid drilling plus the setting of two strings 
of casing prevented acquisition of rdiable data. From 
37.2 to 79.3 m, all drill water was lost into the 

ground, and at greater depths only about 50 percent 
retumed to the surface. Despite the apparent high 
permeability and loss of drill water, however, the 
temperature of 151.9* C at 57.0 m depth is probably 
rdiable because it was repeated on successive days 
with no disturbance by drilling. 

A temperature profile made in the open hole 17 
days after completion is shown on Figure 6 (curve 
D) . It differs greatly from the temperature profile 
obtained as drilling progressed. The temperatures 
frora 12.2 to 83.5 m were almost constant, rising 
only 2° or so, to 153° C at 83.5 m. At greater 
depths, rapid fluctuations of 1° to 5° were observed. 
These fluctuations were not due to instrumental de
fects and were far too large and too rapid to be 
caused by only a vapor phase; coexistence of steam 
and water is thus indicated from 83.5 to 103.7 m. 
The pressure of saturated steam at 153° C is 5.3 
kg/cm*, which is very dose to the measured well
head pressure, 5.4 kg/cm*. The temperature of 
158.2° C at 103.7 m, however, is not consistent with 
the well-head pressure, unless liquid water was 
present near the bottom of the hole. From drill 
records, we conclude that water was probably enter
ing the hole from depths as shallow as 58 m or less, 
while an upward flow of steam dominated the central 
part of the casing. Detailed relationships that ex
isted during the thermistor measurements between 
83.5 and 103.7 m cannot be deciphered completely. 
Evidently some steam was flowing in near 84.2 and 
1037 m. Water seeping down from higher levels 
did not accumulate extensively but was either forced 
out into permeable walls or was evaporated by the 
higher temperature steam. At shallow depths in the 
hole, horizontal and vertical temperature gradients 
were so high that most water vapor condensed and 
residual gases were concentrated, as in auger hole 
W-l . The condensed water trickled down the walls 
of the casing. 

On several occasions during the drilling of Y-11, 
we were unable to prevent the hole from erupting 
for short intervals. The eruptions differed notably, 
however, from those in holes in the hot-water sys
tems of the geyser basins. In drill holes in per
meable rocks, with adequate water supply, and a 
temperature of 160° C, for example, only 11 percent 
of the total liquid water vaporizes to steam when 
empted (at constant enthalpy) to atmospheric pres
sure (Fig. 2 ) . The remaining 89 percent of the 
erupted mass is liquid; the large content of liquid 
water produces effects that are similar to those of the 
early stages of geyser emptions. During an emption 
of Y-11, however, the local supply of liquid water 
was soon nearly exhausted and steam became com
pletely dominant. We estimated that the steam was 
assodated with less than 10 percent of liquid water 
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by weight. Although at no time did the hole dis
charge dry steam free of liquid water, we are confi
dent that a dry discharge would have occurred if the 
emption had been permitted to continue or if the 
hole had been cased a little deeper. (The hole was 
uncased bdow 27.4 m, and the bottom-hole tempera
tures indicate an original dominance of liquid water 
in pore spaces to depths of about 73 m; curves C 
and E, Fig. 6.) 

The pressure of 12.7 kg/cm* measured in the drill 
rods on May .23 at the greatest drilled depth repre
sents the approximate total pressure at the drill bit, 
assuming vapor-filled drill rods raised the usual 3 
to 4 | m above bottom (1 to IJ lengths of drill rods), 
and neglecting the weight of the vapor. If 3.7 m off 
bottom is assumed, with liquid water filling the hole 
bdow the rods, the calculated bottom-hole pressure 
was about 13.1 kg/cm* (with a possible range from 
about 12.8 to 13.6 kg/cm') . The pressure at the 
bottom of an open hole 105.8 m deep and filled with 
water everjrwhere just at boiling should be 10.5 
kg/cm-. Thus, the excess pressure above hydro
static was about 2.6 kg/cm' or 25 percent. The fact 

.that temperatures and pressures are higher than 
those of a simple hydrostatic control is important and 
must be consistent with any satisfactory general 
model of the vapor-dominated systems. 

Liquid-dominated and Vapor-dominated Parts oj 
the System.—In Y-11 drill hole, water-saturated 
ground evidently extended from the water table at 
2.3 m down to a depth of about 73 m. At 72.2 m, 
the bottom-hole temperature measured 3 hours after 
drilling ceased was 154.5° C; 18 hours later it had 
dropped 3° C. We believe that this change was due 
to the cooling effect of drill water continuing to drain 
down the hole and into channels that had formerly 
been dominated by vapor. The pre-drilling ground 
temperature probably was not attained at this drilled 
depth and was probably about 165° C (Fig. 6, curve 
E ) ; flow of water down the hole prevented a normal 
temperature recovery. 

The hole was definitely in vapor-dominated ground 
at a depth of 93.4 m. At this depth an unanticipated 
emption through the drill rods first discharged abun
dant drill water and then changed rapidly to wet 
steam with only traces of Hquid water. Such a 
change in behavior is not particularly significant in 
tight rocks of a hot-water system when the water 
available for immediate emption is exhausted; the 
behavior is similar to that of a geyser as it changes 
from its main emptive phase to a steam phase 
(White, 1967a). However, permeability was so 
high at all depths bdow 37 m in Y-11 that little or 
no drill water retumed to the surface. Lack of per
meability dearly does not explain the observed erup
tive behavior; a limited supply of available liquid 

water provides the only reasonable altemative. If all 
lost drill water had remained in nearby permeable 
ground, the emption likevrise could not have been 
so nearly dry. The drill water must have percolated 
down former vapor-filled channels to become un
available in supporting the eruption. 

Forty-six days after completion of the hole, mea
surements made by an in-hole sampling device 
(Fournier and Tmesdell, 1970) demonstrated that 
the hole was filled with vapor to 96.4 m, where cav
ing had occurred. Presumably all drill water was 
then exhausted and all inflowing pore water from 
higher levels either evaporated completely or escaped 
downward through former •vapor-filled channels. 

From these data we can conclude that vapor pres
sure in the hot core of the system below about 76 m 
is now significantly above hydrostatic pressure (Fig. 
6 ) . Some vapor is being forced upward and out
ward into the cooler walls. The excess driving pres
sure above hydrostatic presumably is dispersed in 
overcoming the frictional resistance to flow of vapor 
along narrow channelways, which become increas
ingly dogged upward and outward with liquid water 
condensed from steam; some of the gases other than 
steam dissolve in this liquid condensate. If many 
large free-flowing channds vented to the surface as 
fumaroles and mud volcanoes, the high vapor pres
sures in excess of hydrostatic obviously could not be 
maintained. 

Another factor that may be of major importance 
in impeding the escape of vapor is the formation of 
montmorillonite and kaolinite, which are the domi
nant alteration products in rocks and fracture fillings 
of Y-11 drill core from about 15 to 58 m. Mont
morillonite and kaolinite also occur sporadically at 
greater depths but are generally less abundant than 
other hydrothermal minerals and unaltered rock sili
cates. The condensed steam is saturated with CO. 
and other gases from the rising vapor. This car
bonated water, represented by analyses 6 and 7 of 
Table 1, is highly effective in altering feldspars and 
other silicates to day minerals, and in leaching cat
ions from the rocks. Pyrite is also rdatively abun
dant through the same general interval, from 18 to 
61 m, but is sporadic at greater depths. Much sulfide 
from the rising H,S evidently dissolves in the con
densate and becomes fixed, combining with Fe of 
the rocks. 

The hot vapor-dominated core of the system evi
dently is not sharply separated by a single fluid 
interface from the cooler liquid-dominated walls. 
We conclude that, in the core of the system, the 
largest fractures and open spaces are mostly or 
entirdy filled with vapor but open spaces of similar 
dimensions in the margins of the system are largely 
filled with liquid water, except for dispersed clays 
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and vapor bubbles that sporadically rise through the 
water. 

General Model of Vapor-dominated Geothermal 
Sjrstems 

A vapor-dominated geothermal system must nor
mally develop from water-saturated rocks. This 
statement may be unconvincing for young volcanic 
rocks (how do we know that such rocks were ever 
water-saturated?) but is irrefutable for old marine 
sediments that are now far bdow the regional water 
table, as in Tuscany and The CJeysers. A new re
gime is initiated with the introduction of a local 
potent source of heat at depth (probably a body of 
magma). Much heat is transferred via conduction 
and circulating water into surrounding rocks that 

have some permeability. Because of thermal expan
sion and resulting decrease in density of the heated 
water, a hot-ivater convection system is then initiated. 
Most rocks seem to be sufficiently permeable to per
sist as hosts for hot-water systems; the rate of flow 
of water remains high enough and the supply of con
ducted heat bdow the circulation system remains low 
enough for most of the water flowing through the 
system to remain liquid. Near-surface temperatures 
in the hotter systems, however, are high enough for 
some boiling to occur as the water rises to intersect 
the boiling point curve (A of Fig. 6) . The depth 
where boiling first occurs in the rising water depends 
mainly on the temperature of the water. 

Many hot-water systems are to a major extent 
self-regulating. With more heat flow, the upflowing 
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water becomes hotter and lower in density and vis
cosity ; the pressure drive for recharge increases, and 
the increased rate of through-flow removes most of 
the additional heat. This sdf-regulation, however, 
may be limited by insufficient penneability. 

With suflficiently potent heat supply or, for any 
reason, a decreasing rate of recharge of water, a hot-
water system of Umited permeability may start to 
boil off more water than can be replaced by inflow. 
A vapor-dominated system then starts to form. Di
rect evidence for the assumed initial dominance of 
liquid water is lacking for the major vapor-dominated 
systems. Hot-spring sinter constitutes the clearest 
evidence, and is so interpreted for the Mud Volcano 
system. However, sinter is deposited only from very 
hot water that flows so rapidly to the surface that 
little SiO, precipitates en route. In addition, the 
early hot-water stage of these systems of high heat 
flow and low permeability is likely to have been brief 
and their thin sinter deposits (if any) are likely to 
be destroyed by erosion. 

Figure 7 is our tentative general model of a well-
devdoped vapor-dominated system. Different parts, 
discussed below, are keyed by number oil the figure. 

(1) Fluids that discharge at the surface provide 
much of the evidence for a vapor-dominated system. 
Fumaroles ( la ) are generally at temperatures near 
surface boiling or somewhat lower. High-chloride 
springs are completely absent; associated springs and 
mud pots are generally acid, high in sulfate, and low 
in discharge (such as lb of Fig. 7, and anals. 2 and 
5, Table 1), and they deposit little if any sinter. 
Surrounding ground may be bleached and lacking in 
vegetation. Some springs not so strongly influenced 
by oxidation of H;S (or containing enough N H , 
absorbed from gases) are nearly neutral in pH and 
are dominated by bicarbonate and sulfate without 
much chloride (Ic, Fig. 7, and anals. 1 and 6, 
Table 1). 

(2) Zone 2 lies between the ground surface and 
the water table.' Where hot enough, steam and other 
gases rise above the water table, as in auger hole 
W-l of Figure 5. At the water table heat transfer 
is nearly all convective, but as the temperature gra
dient inciLases upward and water vapor condenses, 
near-surface heat transfer becomes largely conductive. 

(3) Zone 3 inhibits the free escape of rising vapor. 
The zone is nearly saturated with Hquid water de
rived largely from condensing steam rich in CO,. 
Montmorillonite and kaolinite form by reaction of this 

> In sands and gravels the water table is easily recognized. 
In clays, however, the water table is poorly defined, but we 
con.vider it to be the level at which water is maintained in a 
shallow open hole. The zone of saturation can rise as much 
as 10 m above this level, owing to surface tension in the 
clays. Hydrostatic pressure increases downward only below 
the water tahle a.1 defined in the open hole. 

COj-saturated condensate with nxk silicates. Qay 
minerals and condensed water clog most pore spaces 
and channds, impeding but in many places not pro
hibiting the escape of residual uncondensed gases. 
Temperatures in this zone may be similar to those 
along the hydrostatic rderence curve A of Figure 6. 
Near major channds of upflowing steam (3a, Fig. 
7) , temperatures and pressures are somewhat above 
hydrostatic, and conductive heat flow and condensa
tion of steam are consequently high; at least part of 
the condensate is swept upward to the water table or 
to surface springs, mud pots, and mud volcanoes. 
A cmde steady-state rate of upflow is determined 
by pressure gradients, dimensions of the channels, 
strength of wallrocks, and impedance provided by 
condensate and suspended days. Other parts of 
zone 3 (3b, Fig. 7) are dominated by downflowing 
condensate and some surface water, with tempera
tures that are likely to be somewhat lower than those 
along reference curve A of Figure 6. As tempera
ture gradients in general increase outward and up
ward through zone 3, more of the heat of vaporization 
in the rising steam can be transferred by conduction, 
so water vapor is continuously condensing and the 
rate of mass flow of vapor therefore decreases up
ward. A part of the heat in rising vapor is trans
ferred through local horizontal gradients to heat the 
downward-percolating condensate, which must ab
sorb heat as it descends into hotter ground. The 
dashed line bounding the outer part of zone 3 marks 
the gradation in mode of heat transfer from domi
nantly convective to dominantly conductive. 

The lower limit or "pinch-out" of zone 3 is at a 
depth where the hydrostatic pressure of water in the 
reservoir margins exceeds the total vapor pressure of 
steam and gases in the reservoir. Below this depth, 
vapor can no longer effectively penetrate the reservoir 
margin. 

Wells drilled into parts of zone 3 may produce 
liquid dominantly, but if drilled and cased into deeper 
parts they probably yield wet steam and some water 
when first produced (as in Y-11 drill hole). If an 
uncased section of hole intercepts channels of upflow
ing steam and zones of cooler downflowing conden
sate, the temperature and pressure of the steam will 
commonly dominate the hole. This occurred in Y-11 
below 72 m. 

(4) Zone 4 is characterized mainly by conductive 
heat flow, with heat being supplied from condensing 
steam within zone 3. Wells bottomed in zone 4 may 
fill with water, and may erupt hot water and some 
steam, but discharge rates are likdy to be low and 
the wells noncommercial. 

(5) Representative channels of intermediate-level 
recharge are deep enough at points of entry for 
hydrostatic pressure to exceed the vapor pressure of 
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about 31 to 35 kg/cm' in the main reservoir (zone 
11). 

Chaimds of inflow tend to be enlarged by solution 
of SiO, as the inflowing water is heated by conduc
tion (indicated by heat-flow arrows in Fig. 7 ) . 
(Thannds are diminished, however, by deposition of 
CaCO, and CaSO,, which are rather tmusual in 
decreasing in solubility with increasing temperature 
(see, for example, Holland, 1967). In all rocks 
vrith recharge waters rdativdy high in CaCO, and 
CaSO,, channd permeabilities are especially likely 
to decrease rather than increase with time. These 
considerations may be important in understanding 
Larderdlo, which involves anhydrite-bearing lime
stone and shales, and The (jeysers, where mafic lavas 
and serpentine are associated with graywacke and 
shale. 

(6) Zone 6 consists of reservoir margins where 
temperatures decrease toward the reservoir. The 
depth of the top of zone 6 is not easily predicted. 
If there were no convective heat flow, the depth 
would be near that of the 240° C isotherm of the 
original conductive gradient from the surface to the 
magma chamber. If 600° C is assumed at 4 km, 
for example, and the rocks are homogeneous, 240° C 
would be at 1.6 km depth. The development and 
downward penetration of the tnain vapor-dominated 
reservoir as excess pore water is vaporized result in 
extensive convective modifications of temperature 
that greatly change the relationships. Convective 
cooling from downflowing meteoric water increases 
this depth, and a shallower intmsion at higher tem
perature decreases i t These reservoir margins con
tain channels of inflowing water at pressures that are 
close to hydrostatic and much greater than ~33 kg/ 
cm' of the reser\oir. Sharp pressure and tempera
ture gradients decreasing toward the reservoir must 
therefore exist in zone 6. In contrast to zone 3, heat 
is transmitted through zone 6 by conduction (and 
inflowing H , 0 ) to the reservoir. The temperatures 
of zone 6 grade downward into, and are maintained 
by conduction from zone 10. 

(7) Channels of inflowing water are narrowed by 
precipitation of calcite and anhydrite as zone 6 is 
approached; clogging of channels by these minerals 
of decreasing solubility may be offset entirdy or in 
part by solution of quartz, which increases in solu
bility as long as the liquid water continues to rise in 
temperature. At the outer edge of zone 6, however, 
pressures and temperatures in the recharge channels 
attain their maxima; with further flow toward the 
reservoir, boiling commences and temperature de
clines as the pressure drops to that of the reservoir. 
The fluid in these channds is now a twc>-phase mix
ture of steam and water. Spedfic resistance to fiow 
(resistance per unit of mass) of steam is much 

greater than that of liquid water, and specific flow 
resistance of a two-phase mixture is greater than a 
linear combination would indicate (I. G. Donaldson 
and (Junnar Bodvarsson, oral common., 1970). Be
cause of evaporative concentration by boiling and 
because of decreasing temperature, quartz and other 
minerals are now deposited, further impeding the 
flow of the two-phase mixture. The result of all of 
these processes is to decrease the rate of recharge 
through the deeper channels. 

(8) The deep subsurface water table recedes as 
long as the heat supply is suflficient for net loss of 
liquid water and vapor from the system to exceed 
net inflow (water table shown in Fig. 7 is horizontal, 
but it may be very irregular in detail). As mentioned 
above, recharge tends to decrease with time as re
sistance to flow of H , 0 through individual channds 
increases. As the water table recedes and liquid 
water in the reservoir is largdy replaced by vapor 
at nearly constant pressure throughout the reservoir, 
the driving pressure on the deeper channds of inflow 
increases, offsetting in part the increasing impedances. 
A cmde steady state may be attained in some sys
tems, especially as rate of heat flow eventually starts 
to dedine. 

(9) With time, if not initially, the water boiling 
bdow the deep water table becomes a brine as re
charging water boils off and as dissolved substances 
of low volatility are residually concentrated. Vapor 
from brine is superheated with respect to pure water 
at the same pressure. Steam boiling from 25 percent 
NaO brine at 35 kg/cm', for example, is superheated 
by about 12° C with respect to saturated steam and 
pure water (254° vs 242° C, Haas, 1970). The 
critical temperature of a salt solution increases above 
that of pure water (374* C) as salinity increases; 
that of a 1 percent NaO solution is about 384° C 
(Sourirajan and Kennedy, 1962, p. 134) ; that of a 
10 percent solution is about 480° C; and that of 
a 25 percent solution is about 675° C. Thus, brine 
can be a very effective agent for convectve transfer 
of heat and dissolved matter at temperatures much 
above 374° C. Note that Figure 7 has no vertical 
scale; the depth of zone 9 may be 1 ,(XX) m or more, 
and through all or most of this depth, pressures are 
lower than hydrostatic pressures outside the system 
(Fig. 1, curve C, increases downward in slope). 

(10) Conductive heat flow from the magma pre
dominates deep under the reservoir where rock plas
ticity due to increasing temperature prevents the 
maintenance of open channds. On the outer mar
gins of zone 10 where convective disturbance is not 
so severe, conductive heat flow predominates to 
higher levels than under zone 9, grading upward 
without distinct boundaries into zones 6 and 4. The 
amount of convective circulation may eventually de-
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crease beneath the vapor-dominated reservoir by 
decreased permeability from deposition of minerals, 
and possibly as a stable salinity gradient becomes 
established. 

11) The main vaf>or-dominated reservoir contains 
liquid water and vapor coexisting, except possibly 
in major channels of steam discharge and locally just 
above the brine water table. Steam and other gases 
rise in the largest channels where resistance to flow 
is lowest. Steam starts to condense on the outer 
borders of the reservoir and continues to condense 
from all vapor escaping into zone 3, where tempera
tures decrease outward and provide a thermal gradi
ent for conductive transfer of the heat of vaporization 
of steam. The condensate from zone 3 percolates 
down into the reservoir, favoring narrow channels 
and pore spaces between mineral grains because of 
surface tension and the lower spedfic resistance to 
fiow of liquid water relative to steam. 

Edwin Roedder (personal commun., 1970) has 
suggested that our model for vapor-dominated sys
tems is similar in many respects to recently-devd-
oped remarkable devices that have been called "heat 
pipes" (Eastman, 1968). These devices may be 
"several thousands of times more efficient in trans
porting heat than the best metallic conductors." They 
consist of a dosed chamber with inside walls lined 
by a capillary structure or wick, and saturated with 
a volatile fluid. Heat is transferred by vapor from 
the hotter to the cooler end, where the vapor con
denses. The liquid condensate retums by capillary 
action to the evaporator section; temperature gradi
ents in the pipe may be extremely low. The top end 
may be the hotter, with capillary retum of liquid (to 
some limited height) being opposed by gravity. Our 
natural "heat pipes" are not completely dosed sys
tems, and their depth has no theoretical limit because 
gravity assists rather than opposes the return flow 
of condensate. 

Parts of the subsurface reservoir such as 11a of 
Figure 7 may be isolated from direct outflow of 
vapor and may be representative of parts of the 
Larderello and The Geysers systems that have no 
apparent dired discharge in fumaroles. Pressures 
throughout the reservoir are controlled primarily by 
the total vapor pressure at the boiling water table, 
modified by fridional resistance to the upward flow 
of vapor and by the weight of the vapor. Near the 
top of the reservoir the vapor may be greatly en
riched in CO,, H,S, and other gases that are not 
flushed out of the system as actively as near the top 
of the main reservoir (11). Much water vapor 
condenses below the boundary of the vapor-domi
nated reservoir near 11a. In contrast to the flushed 
part of the main reservoir, significant thermal gradi
ents exist in the poorly flushed parts, (consequently. 

Table 3.—Saturation temperature! of water calculated 

tor Ideal ateaa-Kaa mlacturea at eopatant vapor 

preaaure. 31.8 fca/co^. 

Percent 

atean 

100 

99 

96 

95 

90 

SO 

70 

50 

30 

10 

5 

1 

Percent 

other gaaeo 

0 

i 
2 

5 

10 

20 

30 

50 

70 

90 

95 

99 

Preaaure, 

lie/™* 

31.8 

31.5 

31.2 

30.2 

28.6 

25.4 

22.3 

15.9 

9.5 

3.2 

1.6 

0.3 

Saturat ion 

teop.,*C 

236 

235.5 

23A.9 

233.1 

230.1 

223.7 

216.9 

200.1 

176.8 

134.7 

113.0 

68.0 

some steam can condense and other gases are residu
ally concentrated. Pressure of the remaining water 
vapor requires lower saturation temperatures, as 
shown in Table 5. This table suggests that tempera
tures in isolated parts of the reservoir differ little 
from 236° C until the residual gases are enriched 
above 5 percent. With higher residual gas contents, 
temperature gradients and conductive heat flow in
crease. 

The above-described relationships may explaun the 
rdativdy high pressures and low temperatures of 
the vapor-dominated fields of Bagnore and Piancas-
tagnaio near Monte Amiata (Burgassi and others, 
1965; Cataldi. 1967). Initial pressures were 22 to 
40 kg/cm* and gas contents of the vapor were as 
high as 96 percent, but reported temperatures did 
not exceed about 150° C (Burgassi, 1964; Burgassi 
and others, 1965; Cataldi, 1967). Pressures and gas 
contents of the vapor decreased rapidly with pro
duction. 

Similar reasoning indicates that high contents of 
gas in vapor coexisting with liquid water at a tem
perature near that of the maximum enthalpy of steam 
can result in total vapor pressure significantly above 
31.8 kg/cm* at 236° C (Table 6 ) . These data indi
cate that, as contents of other gases increase in the 
vapor phase at constant temperature of liquid and 
vapor, total pressures must increase. The least 
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Table <.—Total vapor preaaurca of ateaa-Baa 

• I t t u r ea coexlgtloK vith l iquid water at 236*C 

Vol. perccat 

B** In 

vapor 
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5 

10 

20 

SO 

BjO 

preaaure 

kg/»2 

31. B 

31.8 

31.8 

31.8 

31.8 

31.8 

31.8 

Preaaure 

other gaaea. 

kg/ca* 

0 

0.3 

0.7 

1.7 

3.5 

7.9 

31.8 

Total 

preaaure. 

kg/ca* 

31.8 

32.1 

32.4 

33.5 

35.3 

39.8 

63.6 

Note: Pressures 32.4 and 39S in column 4 should read 
32J and 397 respectively. 

actively flushed extensions of The (jeysers fidd that 
have recently been discovered are likely to have 
higher gas contents and initial pressures than the 
original field. 

Table 6 also suggests a possible triggering mecha
nism for some hydrothermal explosions and phreatic 
emptions (Muffler and other, 1970) in gas-rich hot-
spring and volcanic systems where escape of vapor 
and flushing of residual gases are inhibited by ter
riers of low permeability. Local accumulatons of 
gas-rich vapor can attain pressures that exceed hy
drostatic and perhaps even lithostatic, finally result
ing in mpture and explosive emption. 

The tentative model described above has additional 
support from thermodynamic calculations and com
parison of actual production data with production 
predicted on the basis of our model (manuscript in 
preparation). We are hopeful that the modd will 
prove to be of value in predicting the behavior of 
individual wells, in detecting interference between 
wells, in detecting inhomogeneities within the reser
voir, in calculating reserves of steam in the original 
vapor-dominated reservoir, and in detecting a major 
influence by increased boiling bdow the water table 
as a result of declining reservoir pressures. 

Speculations Relating Vapor-domtnated Systems 
and Ore Deposits 

Some mercury deposits may have formed in the 
upper parts of vapor-dominated systems. We also 
suggest, more tentatively, that porphyry copper de-

poshs may have formed in the deep brine zones 
hypothesized to underlie vapor-dominated reservoirs. 

Mercury Deposits.—Many mercury deposits ap
pear to have formed near the surface in rdatively 
recent time. Furthermore, mercury deposits occur 
on the periphery of two active vapor-dominated geo
thermal systems: The (jeysers in Caiifomia and 
Monte Amiata in Italy (White, 1967b; Dickson and 
Tunell, 1968). Recent geothermal exploration for 
extensions of The (jeysers fidd disdosed dry steam 
2^ km to the west under the Buckman mercury 
mines. Other wdls yield dry steam near Anderson 
Springs, only 1^ km from the Big Chief and Big 
Injun mercury mines (White, 1967b), which are 
10 km southeast of the original steam fidd. A num
ber of other mercury mines in the district are within 
3 km of steam wdls. 

Vapor-dominated systems of high gas content, pre
viously discussed, have recently been discovered from 
3 to 10 km south and southwest of the major Monte 
Amiata mercury mine (Burgassi and others, 1965; 
Cataldi. 1967). the largest Italian mercury deposit. 
No vapor-dominated reservoir has been found to 
prove a genetic relation to the mercury deposits, 
although abnormally high temperatures (63° C at 
440 m depth) and notable concentrations of CO, and 
H,S characterize these Italian deposits (White, 
1967b). Dall'Aglio and others (1966) have shown 
that mercury occurs in anomalous amounts ( > 1 
ppm) in stream sediments in and around the Larde-
rdlo-Monte Amiata fidds. The anomalies in some 
stream drainages may be rdated to specific mercury 
deposits, but many dearly are not. These wide
spread anomalies instead seem more directly rdated 
to the geothermal fields and their broad anomalies in 
temperature gradient (Burgassi and others, 1%5, 
Fig. 7) . 

Krauskopf (1964) has emphasized the high vola
tility of mercury, which provides an attractive mecha
nism for separating this metal from most others. 
The vapor-dominated geothermal systems, as we 
now understand them, provide a mechanism for shal
low, moderately high temperature vapor-phase sepa
ration of mercury from other metals. Mercury is 
known to occur in vapor from The Geysers steam 
fidd (White, 1967b, p. 590, and unpub. data), and 
large mercury anomalies have been, found in Ydlow
stone Park in mudpots of the Mud Volcano area and 
elsewhere, that are maintained by steam flow and 
condensation (W. W. Vaughn, U. S. Geol. Survey, 
written commun.. 1969). Especially attractive is the 
possibility that Hg and H,S dissolve in the steam 
condensate of zone 3 of our modd (Fig. 7 ) , precipi
tating as HgS as temperature decreases and as the 
pH of the condensate increases from reaction with 
silicates. 
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We do not claim that all mercury deposits form in 
this way. The Sulphur Bank and Abbott mines east 
of The (jeysers, for example, are associated with 
discharging thermal chloride waters that may be, 
respectively, metamorphic and connate waters being 
forced out of their source rocks by lithostatic pres
sure (White, 1957b, 1967b). During peak minerali
zation at high temperatures, similar water was almost 
certainly being discharged, perhaps with more abun
dant vapor than now. 

Porphyry Copper Deposits.—The possibility that 
porphyry copper deposits may be forming in the zone 
of boiling brine below vapor-dominated systems 
(zone 9 of Fig. 7) should be tested in these systems 
by looking for copper minerals in core and cuttings 
from the deepest drill holes. The model provides 
attractive possibilities for explaining many aspects 
of these deposits: 

1. Recent isotope studies (Sheppard, Nielsen, and 
Taylor, 1969) demonstrate that water of meteoric 
origin probably is dominant over water of other 
origins during mineralization stages. 

2. Temperatures of filling of fluid inclusions are 
most commonly above 250° C and exceptionally 
range up to 725° C (Edwin Roedder, oral and 
written commun.). The salinities of many indusions 
are exceedingly high, jjrobably ranging up to 60 per
cent of total fluid by weight. However, many inclu
sions are largely vapor, protably indicating boiling 
of the saline fluid at the time of entrapment. 

3. Fluid relationships and the geologic setting of 
Copper Canyon, Nevada, are considered to be gen
erally similar to porphyry copper deposits (J. T. 
Nash, written commun., 1970). Extensive fluid-
inclusions studies by Nash and Theodore (1970) 
demonstrate that a) temperatures are most commonly 
in the range of 315° to 375° C; b) salinities of the 
ore fluids are commonly in the order of 40 percent (or 
higher, if CaO, is abundant), with highest salinities 
in and near the porphyry intmsion and with lower 
salinities (2 to 15 percent) in peripheral gold-bear
ing deposits; c) vapor bubbles were trapped in many 
indusions, demonstrating the prevalence of boiling 
or near-boiling conditions. The copper deposits are 
largdy dispersed in the intmded rocks adjacent to 
the porphyry, and thus are within the spectmm of 
deposits that have been called porphyry copper de
posits (Lowdl and Guilbert, 1970). 

4. High-salinity brines can devdop from residual 
concentration of dilute (or saline) recharge water, 
providing a satisfactory system for transferring heat, 
metals, sulfur and CO, from the large magma body 
that presumably underlies the small multiple porphyry 
intmsions of most deposits. The critical temperature 
of water increases with salinity; with sufficient con

tents of alkali and calcium chlorides, water can re
main liquid at temperatures as high as those of the 
magma body. Copper and other metals could be de
rived from the local porphyries, a larger underlying 
magma chamber, and from surrounding rocks. 

5. The retum flow of condensate through the 
vapor-dominated reservoir is relatively dilute, but is 
normally saturated in SiO, (with respect to quartz. 
440 ppm at 240° C, Foumier and Rowe, 1966). 
Reevaporation of this water may account for much of 
the abundant hydrothermal quartz of porphyry cop
per deposits. 

6. Condensate from the discharge areas of vapor-
dominated systems is high in sulfate. Some and 
perhaps much of this condensate may drain down
ward to the deep vrater table and account for the 
abundant anhydrite of many porphyry copper de
posits. 

7. The most commonly quoted range in depth for 
the tops of porphyry copper deposits is from 1,(X)0 
to 3,000 meters (Lowdl and Guilbert, 1970). The 
shallower depths seem too low for attaining the indi
cated temperatures and salinities, but may be possible 
in a brine below a shallow vapor-dominated reser
voir (Fig. 1, curve C, can be at shallower as well as 
greater than plotted depth). 

8. If porphyry copper deposits were indeed formed 
at depths of 1,000 to 3,000 meters, if most of the 
water of the ore fluids is of surface origin, as indi
cated by isotopes, and if near-magmatic temperatures 
and excess heat flow were maintained dose to the 
surface for thousands of years, some type of hydro-
thermal activity must have characterized the then-
existing ground surface. Hot-water systems are 
numerically far more abundant than vapor-dominated 
systems, and may be the surface expression of some 
kinds of ore generation (White, 1967b, 1968a), but 
dissolved salts are dispersed by discharging water, 
and extreme salinities are not ordinarily attained. 
The highest salinity yet known in active hot-water 
systems is about 25 percent, characterizing both the 
Salton Sea and the Red Sea geothermal brines 
(White. 1968a). Chemical evidence indicates 
strongly that the high salinities of these two systems 
result from the solution of NaCTl-rich evaporites. 
We doubt that evaporites are also involved in the 
generation of all porphyry copper deposits; some 
other mechanism for attaining extreme salinity is 
indicated. Our proposed mechanism for residual 
concentration of salts by boiling bdow vapor-domi
nated systems is a feasible and attractive possibility. 

9. The postulated water below a vaporndominated 
reservoir may be charaderized by high positive tem
perature and salinity gradients extending downward 
from the deep water table (Fig. 1), thereby provid
ing a favorable environment for upward transport and 
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deposition of ctjpper sulfides and pyrite. Tempera
tures in the water-dominated zone must increase 
toward the source of heat, presumably an igneous 
intmsion; actual gradients are highly dependent on 
the extent of convection in this zone. Forma
tion of vapor bubbles probably occurs largely near 
tfie base of penetration of water of the system, where 
temperatures are highest relative to pressure. Sa
linity is thereby increased by residtial concentration 
near the base, where permeability is low enough 
to inhibit convection. On the other hand at higher 
levds near the deep water table, dissolved salts 
are being diluted by three processes: (a) conden
sation of dilute water from steam bubbles rising 
in the brine, as pressures decrease to about 34 kg / 
cm*, as discussed above; (b) downward percolation 
of condensate of steam from the upper margins of 
the vapor-dominated reservoir; and (c) entry of 
new water recharging the system; this water is likely 
to be considerably more dilute than the average 
deep water. 

Porphyry copper deposits should be reexamined 
with consideration of these speculations on tempera
tures and salinities. If temperatures and salinities 
do increase sharply downward, our model may pro
vide a new understanding of mode of transport and 
deposition of the ore minerals. Both decreasing 
temperature and decreasing salinity upward should 
favor precipitation of copper sulfides because of the 
decreasing stability of copper chloride complexes. 
Introduction of the ore metals may normally occur 
during a late stage in the total activity after very 
high salinities have been attained from residual con
centration by boiling, and perhaps after the deepest 
permeable fractures (zone 9 of Fig. 7) have extended 
downward into a partly cooled major magma 
chamber. 

Porphyry copper deposits should also be examined 
to determine whether the primary deposits were lim
ited in upward development by a subsurface water 
table (8 of Fig. 7 ) . Copper and other base metals 
have low volatilities and could not be transferred 
into the vapor-dominated reservoir. Pyrite and dn-
ttabar are likely to be characteristic of the zone of 
condensation (zone 3) , and pyrite can also form 
within the reservoir (zone 11) by reactions involv
ing HjS and Fe of the rocks. However, pyrite is 
likely to be much more abundant below the brine 
water table. Thus, where the original upper limit 
of copper mineralization and the levd of the former 
brine water table are exposed in the present topog
raphy, the water table may be indicated by an 
anomalous upward decrease in supergene oxidation, 
where pyrite was initially so scarce. 
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INTRODUCrriON 

Considerable advances have been made in the knowledge 
of the chemistry of geothermal fluids in Ihe five years 
between the first and second United Nations Geothermal 
Symposia held in Pisa (1970) and San Francisco (1975). 
At the Pisa Symposium. Donald E. White reviewed the 
entire field of geothermal geochemistry. He emphasized the 
distinction between hot-water and vapor-dominated geother
mal systems and carefully reviewed the application of 
quantitative and qualitative geothermometers to each type 
of system. Geothermal chemistry was also recently reviewed 
by Sigvaldason (1973). Ellis (1973. 1975). and Mahon (1973). 
In reporting on fluid chemistry papers from the San Francisco 
Symposium. I shall build on these earlier reports and indude 
Symposium papers and abstracts with geochemical data, 
as well as some recent papers not submitted to the Sympo
sium. The literature in this field is expanding so rapidly 
that some worthy papers were probably missed. 

Geothermal fluid chemistry finds its widest application 
in exploration, and it is this aspect that will be stressed 
in this report. Recent exploration activities have resulted 
in new chemical data on thermal fluids from springs and 
wells in Afars and Issas. Canada, Chile. Columbia, Czecho
slovakia, El Salvador, Ethiopia, France, Greece, Guade
loupe, Hungary, Iceland, India, Indonesia, Israel, Italy, 
Japan, Kenya, Mexico. New Britain. New Zealand, the 
Philippines. Poland, the Red Sea, Rhodesia, Swaziland, 
Switzerland. Taiwan, Turkey, the United States, the USSR, 
and Yugoslavia. New methods for estimating subsurface 
temperatures have been proposed based on chemical and 
isotopic analyses of surface and well discharges. Chemical 
indices based on trace constituents of spring fluids and 
deposits, altered rocks, soils, and soil gases have been 
proposed as aids to geothermal exploration. Chemical models 
of interaction of geothermal fluids with reservoir rocks have 
been constructed. Studiesof alteration in geothermal systems 
have aided exploration and exploitation. Finally, studies 
of geothermal rare gases suggest that although most are 
atmospheric in origin, excess 'He in some systems may 
come from the Earth's mantle. 

Although not covered in this report, chemical studies also 
assist in the exploitation of geothermal resources. Analyses 
of produced fluids indicate subsurface temperatures and 
production zones. Problems of scale deposition, corrosion 
of piping, and disposition of environmentally harmful chem
ical substances in geothermal fluids have been studied and 

solved in some applications. Plans continue for the recovery 
of valuable chemicals from geothermal fluids. 

CHEMICAL COMPOSITION OF FLUIDS 

Summaries of analytical data on selected thermal spring 
and well discharges, indicated geothermometer temperatures, 
and references to data sources are presented in Table I. 
Most data are from papers submitted to this Symposium. 
The classification of geothermal system type in Table I 
is based on the assumed genesis of their anomalous heat 
and follows, in a general way. classifications proposed by 
Mahon (p. 7.S5). Arnorsson (1974). Ivanov (1967), Kononov 
and Polak (p. 767). and White (1970). Volcanic systems 
(where the heat sources are inferred to be recent igneous 
intrusions) dominated by hot water or steam are distinguished 
from nonvolcanic systems in which the heat source is normal 
or elevated regional heai flow and the waters are heated 
by deep circulation along faults or by their position in broad 
downwarped sedimentary basins. There are many chemical 
studies of volcanic geothermal systems because these are 
most easily exploited with current technology; fault-related 
and sedimentary systems are poorly understood chemically, 
although these may yield large quantities of heat for non
electrical uses. Additional data on nonvolcanic geothermal 
systems may be found in the Proceedings of the Symposium 
on Water-Rock Interactions held in Prague in 1974 (Cadek, 
1976). Because pf their distinctive and relatively uniform 
chemistry. I have treated seawater systems separately and 
discussed them in a special section. 

Mahon's Classification 

Mahon (p. 775) characterizes geothermal fluids as origin
ating from volcanic and subvolcanic geothermal systems, 
which may be either water or steam systems, and from 
nonvolcanic geothermal systems. Volcanic water systems 
are usually characterized at depth by waters of the neutral 
sodium chloride type which may be altered during passage 
to the surface by addition of acid sulfate, calcium, or 
bicarbonate componenis. The concentration of chloride may 
range from tens to tens of thousands of ppm. The origin 
of the water itself is dominantly meteoric, and the con
centrations of readily soluble components such as Cl. B, 
Br, L i . Cs, and As are related to their concentrations in 
the rock, to the subsurface temperature, and possibly to 

liii 
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contributions from deep fluids related to the volcanic heat 
source. Other less soluble constituents such as SiO], Ca, 
Mg. Rb. K. Na. S0«. HCOj. and CO, are controlled by 
subsurface temperature, mineral solubility, mineral equili
bria, and pH. Gases in these sysiems normally include CO;. 
HjS. Hj. CH4, Nj. and inert gases, with COj predominant, 
and constitute 0 to 5% by weight of the deep fluid. 

The near-surface fluids of volcanic steam (vapor-dominat
ed) systems are low in chloride (except for fundamentally 
unrelated high-temperature volcanic fumaroles with HCI). 
They contain only elements soluble in some form in tow-
pressure steam (SO, as HjS. HCO, as COj. B as HBOj. 
Hg, NHj). The gases are similar to those in volcanic water 
systems. Because of their relative rarity and because vapor 
rather than liquid is produced (although liquid may predomi
nate at depth), the geochemistry of these systems is not 
well understood. 

Nonvolcanic geothermal systems have a wide range of 
water compositions and concentrations, from dilute meteoric 
waters to connate waters, metamorphic waters, and oil field 
brines. The controls on their compositions are less well 
known than those of volcanic waters. 

Arnorsson's Classification 

Arnorsson (1974) classifies Icelandic thermal fluids as 
related to (I) temperature. (2) rock type, and (3) influx 
of seawater. Low-temperature waters (<l50°C)are the result 
of deep circulation in regions dominated by conductive heat 
flow (up to 4 to 5 hfu. which is above average for most 
of the world) and are characterized by low dissolved solids 
contents (200 to 400 ppm) and gases dominated by nitrogen. 
Higher temperature waters (>200°C) result from intrusions 
of igneous rocks and are characterized by higher dissolved 
solids contents (700 to 1400 ppm) and by gases with large 
amounts of COj. HjS. and H,. Fluids in silicic rocks tend 
to be higher in Cl and other dissolved solids than fluids 
of the same temperature in basaltic rocks if seawater is 
not involved. 

deserve more study. The occurrence of excess 'He in the 
hydrothermal fluids of Kamchatka (Gutsalo. p. 745). Lassen, 
and Hawaii (Craig. 1976) and of Yellowstone h^S values 
near zero (Schoen and Rye. 1970) suggests these fluids are 
"riftogenic" when, in fact, they are far from present 
spreading centers. 

Classifications of White 

Reviews by D. E. White of mineral and ihermal water 
chemistry (1957a. b. 1968,1970.1974) have greatly influenced 
most workers in this fidd. Space does not allow adequate 
description of his water classification schemes, which have 
evolved as more chemical and isotopic data became avail
able. In brief, meteoric waters dominate shallow crustal 
circulation and mix with more saline deep waters of all 
types. Meteoric waters may also circulate deeply under the 
influence of magmatic heat and receive additions of NaCl. 
CO,. HjS. and other substances from rock leaching, thermal 
metamorphism. and possibly magmatic fluids. These moder
ately saline sodium chloride deep waters of volcanic associa
tion undergo near-surface rock reactions and atmospheric 
oxidation to form the range of observed surface volcanic 
waters. Oceanic water is incorporated in marine sediments 
and, by extended low-temperature reactions, becomes 
evolved-connate water. Deep burial and higher-temperature 
reactions cause expulsion of highly altered metamorphic 
waters from rocks undergoing regional metamorphism. 
MogiJiflUc water has been dissolved in magma but may have 
various ultimate origins. The existence of juvenile water 
new to the hydrologic cycle is certain, but its recognition 
is doubtful. Recent work by White and his coworkers has 
elaborated the chemical distinctions between hot-water and 
vapor-dominated systems (White, Truesddl. and Muffler. 
1971; Truesdell and White. 1973) and demonstrated the 
existence of thermal water of nonmeteoric origin in the 
California Coast Ranges (White. Barnes, and O'Neil. 1973). 

VOLCANIC HOT-WATER SYSTEMS 

Classifications of Ivanov and Kononov and Polak 

Ivanov (l%7) proposed a classification of thermal fluids 
based on gas contents, which has been expanded by Kononov 
and Polak (p. 767). Ruids directly related to volcanic 
processes are characterized either by HjS-COj gases and 
acid sulfate or acid sulfate-chloride waters in the oxidizing 
zone, or by Nj-COjgases and alkaline sodium chloride waters 
in the reducing zone. Fluids related to thermometamorphic 
processes have high CO2gases and carbonated waters, which 
mayinpart be connate. Fluids ofdeepdrculation but outside 
of volcanic and thermometamorphic zones have Nj gases 
and dilute sodium chloride-sulfate waters. Kononov and 
Polak further divide volcanic fluids into "geyseric" with 
Hj-COj gases and "riftogenic" with Hj gases, which occur 
in spreading centers and characterize the highest temperature 
(>300°C)geothermal systems. It isonly in "riftogenic" fluids 
that anomalous contents of 'He and HjS with S^S near 
zero are expected. Parts of this classification are applied 
in detail to Icelandic thermal fluids by Arndrsson, Kononov, 
and Polak (1974). 

Although this classification may need modification based 
on the chemistry of fluids in.drilled systems, it has the 
advantage of focusing attention on geothermal gases, which 

Deep Fluids 

Hot-water geothermal systems with volcanic heat sources 
have been very thoroughly studied. The deep fluids of these 
systems are. in general. waters of dominantly meteoric origin 
with chloride contents of 50 to 3000 ppm. unless seawater. 
connate water, or evaporites are involved. Components of 
these fluids, such as Na. K. Ca, Mg. and SiOj. that are 
present in major amounts in most volcanic reservoir rocks 
almost certainly originate from rock-water reactions. Other 
fluid components, such as Cl. F. B. CO,, and HjS. are 
present in these rocks only in trace quantities and have 
been explained as magmatic contributions (Allen and Day. 
1935; White. 1957a). Experimental rock-leaching studies 
(Ellis and Mahon. 1964, 1%7) have shown, however, that 
these soluble components may be extracted from most rocks 
at moderate temperatures (200 to 300°C). and isotope studies 
(see below) have failed to delect magmatic water in geother
mal systems. Rock leaching as a sole source of chloride 
has been criticized by White (1970) because it appears to 
require unreasonable rock volumes or unreasonable original 
rock chloride contents to mainlain the chloride flux of old 
geothermal systems, such as Steamboat Springs, Nevada 
(age I to 3 m.y.: Silberman and White. 1975), or Wairakei. 
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New Zealand (age 500 000 years: Banwell . I%3: Healy. 
p. 415. suggests half this figure). 

Recent isotope studies of fresh and altered Wairakei rocks 
suggest that the apparent waterrrock mass ratio of drilled 
parts of this system is at least 4.3:1 (Clayton and Steiner. 
1975). Since the Cl contents of possible rocks at depth in 
this system are less than IOOO ppm (Ellis and Mahon. 1964), 
a mechanism other than simple leaching would appear 
necessary to produce the 1400-ppm-CI Wairakei deep water. 
More probably, however, the rock leached of chloride was 
at much deeper levels as in the deep reservoir hypothesized 
by Hochstein (Abstract 1-16) and at those levels the 
water:rock ratio was much lower. However, a lower 
water:rock ratio requires a larger volume or rock which, 
if the predrill ing f lux of chloride (2.5 x lO ' ^g /yea r : Ellis 
and Wi lson. 1955) has been maintained over the life of 
the system, requires more Ihan 5 x 10' k m ' o f leached rock; 
this is more than ten times the possible volume of the sysiem 
estimated by Hochstein (Abstract I-16). T o resolve this 
problem. Wilson (1966) and Ellis (1966) suggested that f low 
ingeothermal systems is intermittent and that present activity 
is much greater than that of Ihe past. Ellis (1970) suggests 
this cycle might have a period of 10'' years with the active 
part of the cycle complete in 10' years. Experimental and 
model studies of nonuniformly heated f luid in porous media 
by Horne and O'Sullivan (1974) produced intermittent f low, 
which may support this suggestion. However, the numerous 
dormant geothermal systems (999? of the lotal) required 
by this model would be easily recognizable by fossil sinter 
deposits and have not been found. 

The efficacy of rock leaching as a source of dissolved 
constituents in geothermal waters must depend on the 
availability of fresh rock surfaces. Heat transfer and leaching 
f rom established fractures should be rapid, and solute 
concentrations and temperatures would be expected to 
decrease rapidly. This may not occur because the growth 
of thermal stress fractures (Hariow and Pracht, 1972; Smith 
et a l . . 1973: Lister, Abstract 11-27) would provide fresh 
rock surfaces and heat transfer at the same rate so that 
the chemical and thermal properties of convecting fluids 
would be uniform in l ime. Studies of f luid inclusions from 
Broadlands. New Zealand, suggest that changes of f luid 
concentration and lemperature may have been small over 
the lO-'-year life of this system (Browne, Roedder, and 
Wodzick i . 1976). Careful chemical and physical modeling 
is needed to further test the rock-leaching hypothesis. 

The opposite hypothesis, that small quantities of magmatic 
f luids of high salinity supply a significant part of geothermal 
solutes, has been defended by White (1957a. 1970). Recent 
f lu id inclusion and isotopic studies (reviewed by White, 
1974; see also later issues of Economic Geology) indicate 
that two fluids were involved in the generation of many 
ore deposits. Initial f luids of porphyry copper, epithermal 
base metal, and other ore deposits were probably magmatic 
in origin, and later fluids were local meteoric waters. 
However, magmatic waters have not yet been positively 
identified in epithermal gold-silver deposits, which are most 
closely related to active geothermal systems. The presence 
of mantle-derived 'He in geothermal fluids (Kononov and 
Polak. p. 767; Gutsalo, p. 745: and Craig, 1976) may not 
indicate direct contribution of other juvenile or even 
magmatic components because o f the possibility that helium 
may migrate independently of other fluids or may be con
tained in some volcanic rocks (Lupton' and Craig, 1975) 

and enter geothermal fluids f rom rock leaching. 
Perhaps the most persuasive evidence for the participation 

of at leasl small amounts of magmatic components in 
geothermal fluids is the close temporal and spatial relation 
and analogous geochemical behavior of certain volcanic and 
geothermal sysiems. The volcanic zone in Taupo. New 
Zealand, with numerous geothermal systems, has the active 
volcanoes of White Island at its north end and Ruapehu 
and Ngauruhoe al its south end. Chemical studies of White 
Island have shown that fumarole discharges alternate be
tween typical high-temperature (to 800°C) volcanic emana
tions with high sulfur:carbon ratios when flows of volcanic 
gases are not impeded, and nearly typical geothermal steam 
at temperatures below 300°C wi lh low sulfur:carbon ratios 
when the gases are forced to pass through surface waters 
(Giggenbach. 1976). Some fluids of geothermal systems 
associated with near-active volcanoes of the Tatun Shan. 
Taiwan (Chen and Chern. written commun., 1975) and of 
Tamagawa (Iwasaki et a l . . I%3) and Hakone (Noguchi et 
a l . . 1970). Japan, may be similar to the drowned volcanic 
emanations of White Island. Hydrolysis of sulfur or near-
surface oxidation of H,S cannot produce the HCI acidity 
proven at Hakone and Tamagawa and indicated at Tatun 
(analysis Ta I. Table I . ' f rom New Zealand Dept. Sci. ind. 
Res., quoted by Chen and Chern) which must originate 
f rom high-temperature, probably magmatic. processes 
(White and Truesdell. 1972: R. O. Foumier and J. M. 
Thompson, unpub. data). Magmatic f lu id contributions to 
these geothermal systems appear probable, but proof is 
lacking. More work is needed on this problem, possibly 
through more extensive isotopic studies of elements dis
solved in geothermal waters. However, fractionation during 
crystallization and re-solution of trace constituents is 
expected to be small, so leached material may be indistin
guishable f rom direel magmatic contributions. 

Near-surface Alteration of Hot Waters 

Near-surface processes producing the varied compositions 
of geothermal waters of volcanic systems include steam 
separation during adiabatic cooling, mixture with cold shal
low meteoric waters, and chemical reactions involving rock 
minerals, dissolved gases, dissolved constituents of diluting 
waters, and atmospheric gases. Many indicators of subsur
face f low (see bdow) depend on the effects of these 
processes on ascending geothermal fluids. Fluid component 
ratios that are not affected by these processes, such as 
CI :B. are useful in indicating the homogeneity of subsurface 
fluids and thus the continuity and size of geothermal systems 
(Stefansson and Arnorsson. p. 1207; Cusicanqui. Mahon. 
and Ellis, p. 703). 

Subsurface reactions with dissolved gases and rock miner
als control the contents in the water of most components 
present in excess in the rock or in the dissolved gas. Most 
of the bicarbonate and part of the sodium and potassium 
are produced by reaction of dissolved COj with the rocks 
to produce mica or clay minerals and bicarbonate and alkali 
ions (Foumier and Truesdell. 1970), 

CO, -I- H j O -I- (Na.K) silicate = HCO3- -t- ( N a ^ K • ) 
-̂  H silicate. 

The coupled increase in HCOj:CI and decrease in C02:other 
gases during lateral f low through a near-surface aquifer has 
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been demonstrated for Shoshone Geyser Basin, Ydlowstone 
(analysis US30). where near-surface rocks are glacial sedi
ments composed of rhyolitic glass (Truesdell, 1976a). Crys
tallized rhyolite and ash flow tuff are not as reactive as 
glassy rocks, so CO, is converted to HCO, less rapidly, 
as at Norris Geyser Basin, Yellowstone, where waters 
flowing in devitrified ash flow tuff are low in HCO) (analysis 
US34). 

Mixture of deep hot water with cold meteoric waters 
produces variations in the concentrations (but not the ratios) 
of Cl, B, and other componenis not involved in tower-
temperature rock reactions. The resulling temperatures in 
subsurface aquifers where mixture takes place (Truesdell 
and Fournier, p. 837) affect all temperature-sensitive equili
bria such as quartz solution and exchange of dissolved 
cations with aluminosilicate minerals. With sufficient dilu
tion, subsurface boiling may be prevented and a high partial 
pressure of CO, retained in waters at temperatures well 
t>elow 200°C. Under these conditions, the solubility of calcite 
is relatively high (Holland, l%7) and calcium can be leached 
from volcanic rocks. When these dilute high Pcoj-h'gl' Ca 
solutions emerge at the surface, they lose CO, and deposit 
travertine as wdl as silica. 

Steam separation produces changes in water chemistry 
because most salts are neariy insoluble in low-pressure steam 
(Krauskopf, 1964) and remain entirely in the liquid phase, 
while gases partition strongly into the vapor (Ellis and 
Golding. 1%3: Kozintseva. 1964). The result of Ihese pro
cesses is an increase in nonvolatile salts and a decrease 
in dissolved gases (principally CO, and H2S) in the liquid 
phase. The loss of gas produces an increase in pH from 
about 6 at depth to near 9 at the surface (Ellis, 1967: Truesdell 
and Singers, 1971) through the reaction 

HCOj- -(- H* = C O J -H HJO. 

The effect of CO, loss is greatest in waters with large contents 
of bicarbonate such as those from Shoshone Geyser Basin. 
Yellowstone (analysis US30) or Orakeikorako. New Zealand 
(analysis NZ7). so these waters become very alkaline 
whereas waters with little bicarbonate (for example Norris 
walers. analysis USJ4) remain near neutral. 

Sulfate can originate from oxidation of HjS by atmospheric 
oxygen dissolved in meteoric water of deep or shallow 
circulation. The amount of sulfate ion that can be formed 
in this manner is 22 ppm from rain water percolating 
underground after equilibrating with air at 0°C (Truesdell. 
1976). This is ctose to the observed sulfate contents in 
water not affected by near-surface oxidation of HjS in 
volcanic rocks with low sulfate contents, such as those 
inthe Yellowstone caldera (analyses \JS29-34) and the Taupo 
volcanic zone (analyses NZ/-/0), Higher contents of sulfate 
in volcanic hot water probably originate from leaching of 
sulfate contained in some volcanic rocks. Sulfate in low-
temperature waters in basalts probably has this source 
(analyses Ic f-J). In high-temperature areas the self oxidation 
of SOj to HjS and SO4 must also be considered. The sulfate 
contents of thermal waters in sedimentary aquifers are 
usually much higher as a result of solution of sedimentary 
sulfate from the rock (for example Kizildere. Turkey, 
analyses T/-2). 

Acid waters with very high sulfate contents are produced 
by direct superficial atmospheric oxidation of HjS to sulfuric 
acid in areas of drowned fumaroles or steaming ground 

(White, 1957b). The acid-sulfate-chloride waters at Waiman
gu, New Zealand, and Norris, Yellowstone, probably result 
from percolation of this acid sulfate water into near-surface 
reservoirs where it mixes with chloride water from bdow. 
The change from deep, slightly acid chloride waters, to 
neutral CI-HCOj-SO, waters, to acid sulfate waters with 
decreasing depth in the Onikobe caldera has been described 
by Yamada (p. 665). 

Roote of Volcanic Hot Water Systems 

Knowledge of the deepest parts of geothermal systems 
must come chiefly from refined geophysical studies and 
from fossil geothermal systems exposed by erosion; but 
experimental studies of the thermodynamic chemistry of 
water and rock minerals provide important constraints for 
modeling. 

From chemical and isotopic compositions of surface fluids 
and the phase chemistry of water and silica, Truesdell et 
al. (Abstract 111-87) have proposed that a 3- lo 6-km-deep 
reservoir of dilute (1000 ppm NaCl) waler at 340 to 370°C 
underlies much of Ydlowstone. This reservoir may corre
spond to the deep (also 3 to 6 km) reservoir proposed by 
Hochstein (Abstract 1-16) on geophysical evidence to under
lie the Taupo volcanic zone. New Zealand. Fournier, White, 
and Truesdell (p. 731) proposed that the solubility maximum 
of quartz (at 340°C for dilule steam-saturated water: increas
ing with salinity and. lo a lesser extent, pressure) acts as 
a thermostatic mechanism for deep waters because circula
tion to higher temperatures would cause rapid quartz deposi
tion and permeability decrease. Circulation of fluids through 
the zone of quartz solubility maximum should produce 
addilional porosity by solulion. 

STEAM (VAPOR-DOMINATED) SYSTEMS 

Certain geolhermal sysiems (Larderello and Monte Amia
ta. Italy: The Geysers, California; Matsukawa. Japan; Mud 
Volcano, Yellowstone; and olhers) are characterized by 
production of saturated or slightly superheated sleam withoul 
liquid waler. Despite intensive search, few examples of this 
type of system have been found. Two new discoveries, 
Ihe Kawah Kamojang and Salak fields of Indonesia, have 
been reported to this Symposium and another likely candi
date has been identified in Mt. Lassen National Park, 
California (Renner. White, and Williams, 1975). 

Although known systems have been intensively drilled, 
the character of the reservoir fluid, the mechanism of steam 
production, and the origin of these systems have been highly 
controversial and at least seven major models have been 
proposed. The latest of these models (While. Muffler, and 
Truesdell. 1971) has utilized the chemistry of superficial fluids 
and deep pressure and lemperalure measurements to con
clude that bolh steam and water are present in these 
reservoirs. The model was elaborated and the mechanism 
of superheated steam production explained in a later paper 
(Truesdell and While, 1973). 

New dala on the Kawah Kamojang, Indonesia, field 
(Hochstein, p. 1049; Kartokusumo. Mahon, and Seal. p. 
757) indicate that il is vapor dominaled. Drillholes to 600 
m showed the reservoir temperature below 550 m (390 m 
below the water table) to be 238°C. close lo that of sleam 
of maximum enthalpy (236°C). as predicted for these sysiems 
(James. 1968). Production initially was a steam-water mixture 
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that changed to saturated steam and finally superheated 
steam. Surface drainage and borehold fluids are nearly 
chloride-free (<2 ppm in hot waters: 3 to 6 ppm in drainage 
walers). as expected in a system with only steam flow from 
depth. The resistivity to 500-m depth is 2 to 5 ohm meters, 
indicating a near-surface water-saturated zone above the 
reservoir. Deeper resistivity is >10 ohm-meters, probably 
indicating the presence of steam. This resistivity structure 
is similar to that found in the vapor-dominated Mud Volcano. 
Yellowstone, geothermal system (Zohdy. Anderson, and 
Muffler. 1973). Deeper drilling is needed at Kawah Kamojang 
lo confirm the presence of the predicted low "vaposlatic" 
pressure gradient. The Salak. Indonesia, field is also consid
ered to be vapor dominated, as indicated by surface fluid 
chemistry (Kartokusumo and Seal. Abstract III-49). 

Isolope chemistry of Larderello. Italy, sleam has shown 
that increased production has drawn fluids from recent 
inflow at the sides of the reservoir and from deeper levels 
inthecenier(Celatietal.. 1973: Panichi etal.. 1974). Marginal 
inflow was also indicated by a hydrologic balance (Petracco 
and Squarci. p. 521). Sleam from the central area has been 
shown to carry up to 60 ppm chloride associated wilh 
ammonia and boron (F. D'Amore, oral commun.. 1975). 
which may indicate boiling from a high-chloride brine water 
table. Reassessment of original pressures of this system 
has indicated that, in general, they conform to the vapor-
dominated model (Celati et al.. p. 1583). 

NONVOLCANIC HOT-WATER SYSTEMS 

Earth temperatures increase generally with depth, and 
although most normal thermal gradienis average 25°C/km. 
there are broad regions where thermal gradients are 40 to 
75°C/km or higher (White. 1973). In these regions, hot water 
may be exploited by drilling in sedimentary basins or along 
fault zones where deep circulation occurs. Chemical data 
on these waters are sparse, but thermal water in sedimentary 
basins appears similar lo nonthermal waters in similar 
geologic situations. The fault-controlled waters are similar 
to, but more dilute than, volcanic waters. The recent review 
of the chemisiry of subsurface water by Barnes and Hem 
(1973) may be useful. 

Examples of thermal systems that are considered nonvol
canic in Czechoslovakia. France. Iceland. India, Israel, 
Japan. Switzeriand. Turkey, the United Slates, and Yu
goslavia are given in Table I. The waters of the Pannonian 
and relaled sedimentary basins of Czechoslovakia. Hungary, 
and Yugoslavia appear to be crudely zoned, with bicarbonate 
predominating near the lop of the aquifer and chloride at 
greaier deplhs (for example analysis Cz f; Franko and Mucha, 
p. 979; Boldizsar and Korim. p. 297; Petrovic. p. 531). Waters 
in carbonate aquifers (analysis Hf. Y2?) have relatively 
high contents of bicarbonate, calcium, and magnesium as 
might be expected, and gases appear to contain more CO, 
than in sandstone aquifers, which have more nitrogen. 
Methane is also present. Sedimentary basins in Russia are 
reported to yield water at 40 to I05°C with 1 to 10 g/1 
salinity at deplhs of 2500 to 3000 m withoul further chemical 
data (Mavrilsky and Khelkvist, p. 179). More studies are 
needed on thermal waters of sedimentary basins. 

Walers heated by deep circulation along faults may be 
very dilule with only atmospheric dissolved gases if their 
temperatures are low (analysis US4) and become much more 
concentrated with more COj and HjS as their subsurface 

temperatures approach those of volcanic systems (analysis 
US26 for example). The waler source is meteoric and salts 
are probably leached from rock, although evaporites may 
be associated with some fault-heated waters. Wollenberg 
(p. 1283) suggesis that uranium may accumulate at depth 
in some of these systems owing to reducing condilions. 

SEAWATER GEOTHERMAL SYSTEMS 

Many geothermal sysiems in coastal areas have remark
ably similar thermal fluids which are mixtures of local 
meteoric waters and thermally allered seawaler. The effect 
on seawaler of high temperature reaction with rock is marked 
increase in calcium and smaller increase in potassium and 
occasionally chloride, with marked decreases in magnesium, 
sulfate, and bicarbonate, and oflen a smaller decrease in 
sodium. These changes are apparently due lo formation 
of montmorillonile, chlorite,and albitefrom calcic feldspars, 
which releases calcium and causes consequent precipitation 
of anhydrite and calcite (Mizutani and Hamasuna, 1972; 
Bischoff and Dickson. 1975). The salinity is affecied by 
dilulion and subsurface boiling. Chemical and isolopic slud
ies have shown the presence of altered seawater in coastal 
thermal areas of Fiji (Healy, 1%0). Greece (analyses G/-7: 
Dominco and Papaslamaloki, p. 109; Stahl. Aust, and 
Dounas, 1974). Guadeloupe (analysis Guf; Demians d'Ar
chimbaud and Munier-Jolain, p. 101), Iceland (analyses 
lc7-/0; Bjornsson. Arnorsson, and Tomasson. 1972; Arnors
son. 1974; Arnorsson et al., p. 853). Israel (analysis Is/: 
Eckstein, p. 713). Ilaly (analyses lt/-2; Baldi. Ferrara, and 
Panichi. p. 687). Japan (analyses J /-2; Mizutani and Hama
suna. 1972; Matsubaya et al., 1973; Sakai and Matsubaya, 
1974), New Britain (analysis NB/: Ferguson and Lambert, 
1972). New Zealand (Crafar. 1974; Skinner, 1974), and 
Turkey (analyses T3 and T6: Kurtman and §amilgil, p. 447). 
The composition of normal seawaler is given in Table 1 
for comparison (analysis SW/). 

The application of chemical and isotopic geothermometers 
to seawaler thermal fluids has some unusual features. Silica 
geothermometers apparently behave normally, but may 
reequilibrate more rapidly upon cooling because of the high 
salinity, thus indicating lower temperatures (Fournier, 1973). 
Cold seawater and partly altered seawater in low-to-
moderate-temperature thermal sysiems indicate anomalously 
high temperatures, near 100°C from Na:K and I70°C from 
NaKCa. The sulfate-water isotope geothermometer also 
indicates temperalures near 180°C for cold and partially 
allered seawater. These high-lemperalure indications may 
be relics of partial equilibration in submarine geothermal 
convection sysiems located along spreading ceniers (Lister, 
p. 459; Williams, Abstract 1-40). with the seawaters resisting 
reequilibralion in moderate-temperature coastal geothermal 
sysiems because of insufficient rock alteration to affect 
their high ion contents. Seawater-rock interaction experi
ments now in progress (Hajash. 1974; Moltl, Corr. and 
Holland. 1974; Bischoff and Dickson, 1975) will provide 
more data on this problem and may suggest new geother
mometers for Ihese systems. Where thermal seawaters have 
higher chlorinities than local seawaters and there is no 
evidence of evaporite coniribution. I have calculated the 
subsurface temperatures required to produce the observed 
concentrations by boiling (analyses G7, Ic7, NB/. and T6). 
The indicated subsurface temperature of the Reykjanes. 
Iceland, seawater geothermal system agrees with that ob-



Iviii ALFRED H. TRUESDELL 

served. Chloride leached from rocks and conductive heating 
would tend to increase apparenl temperatures and mixing 
with dilute waters would tend to lower them. 

GEOTHERMOMETERS 

Where fluids from geolhermal convection sysiems reach 
the surface in springs or wells, the chemical and isolopic 
compositions of these fluids may indicate the subsurface 
temperature and flow patterns, as well as the recharge 
source, type of reservoir rock, and other important parame
ters of the sysiem. Componenl concentrations or ratios that 
can be related to subsurface temperatures are called geo
thermometers. Chemical geothermometers may be quantita
tive, so that specific subsurface temperalures may be calcu
lated, or qualitative, so that only rdative temperatures may 
be inferred. Important advances in the application of quan
titative and qualitative geothermometers have been made 
since the first UN Geothermal Symposium in Pisa in 1970. 

Quantitative Chemical Geothermometers 

The theory of quantitative chemical geothermometers has 
been discussed by Fournier. White, and Truesdell (1974). 
These thermometers depend on the existence of tempera
ture-dependent equilibria al depth which are quenched or 
frozen during passage to the surface. 

At the time of the Pisa Symposium (1970), the quartz-satu
ration geothermometer (Mahon. 1966; Fournier and Rowe, 
1%6). which depends on the near-universal equilibrium with 
quartz in geothermal fluids above 100 to I50°C. and on 
the relative reluctance of quartz to precipitate from super
saturated solutions, was widely used in exploration and in 
monitoring well discharges. Temperatures above 200 to 230°C 
are seldom indicated by this geothermometer from spring 
analyses because reequilibralion above 200°C is relatively 
rapid and solutions initially saturated with quartz al higher 
temperatures can precipitate amorphous silica during passage 
to the surface (Fournier. 1973; Truesdell and Fournier. p. 
837). Lower-temperature waters may be saturated with 
chalcedony rather than quartz (Fournier and Truesdell. 
1970). with some Icelandic waters suggesting chalcedony 
saturation at temperatures as high as I80°C and others 
suggesting quartz saturation as low as I IO°C (Arnorsson. 
1970. 1974. 1975). Examples of many thermal waters with 
probable quartz or chalcedony saturation are given in Table 
I. and equalions (dala from Foumier. 1973. 1976) for quartz 
saturation with conduclive and adiabatic (maximum sleam 
loss) cooling and for chalcedony saturation are given in 
Table 2. Adiabatic cooling is probably mosl common in 
high-lemperalure geothermal systems (M. Nathenson. 
unpub. calculations), but loss of silica from reequilibralion 
during upward flow may make conductive quartz tempera
tures appear to indicate reservoir lemperaiures more ac
curately (While, 1970). Systems with bolh adiabatic and 
conductive cooling have been discussed by Fournier, While, 
and Truesddl (p. 731). 

The other geothermometer widely used 5 years ago was 
the Na:K ralio. The empirical calibration of this geother
mometer does not agree wilh experimental studies of feldspar 
and mica equilibria, and in 1970 there was wide divergence 
belween calibration scales. Syntheses of available data 
(mostly from the Pisa Symposium) by White and Ellis (quoted 
in While. 1970) and by Fournier and Truesdell (1973) have 

produced two slightly different scales, which are approxi
mated by equations given in Tab! • 2. Since the White-Ellis 
curve is more widely used, il has beei> adopled for calcula
tions in Table I. 

Because the Na:K geothermomeler fails al temperatures 
below 100 lo 120°C and yields improbably high temperatures 
for solulions with high calcium contents, an empirical N.'KCa 
geothermometer was proposed by Foumier and Truesi'dl 
(1973). NaKCa temperatures have been found to be close' 
to quartz-saturation temperatures for thermal springs of 
Nevada by Hebert and Bowman (p. 751), but Na:K tempera
tures appear to be equally accurate for 200 to 300°C low-cal
cium well discharges (Table I), and may correctly indicate 
fluid temperatures and movement in drilled systems (Merca
do. p. 487). 

The caiion (Na: K and NaKCa) geothermometers are useful 
in initial evaluations of the geothermal potential of large 
regions because they are less affecied by reequilibralion 
and near-surface dilulion than are the silica geothermome
ters. Cation geothermometers have been used in regional 
evaluations in Canada (Souther, p. 259). Iceland (Slefansson 
and Arnorsson. p. 1207). India (Krishnaswamy. p. 143; 
Gupta. Narain, and Gaur. p. 387). Israel (Eckstein, p. 713), 
Italy (Fancelli and Nuti, 1974). the Philippines (Glover. 
1974a. b. 1975). and the United States (Young and Mitchell. 
1973; Swanberg. 1974,1975; Mariner el al., 1974a, b: Renner, 
White, and Williams. 1975: Reed. 1975). 

Cation geothermometers. allhough empirical, apparently 
depend on equilibria between thermal walers and alumino
silicate minerals original to the host rock or produced by 
alteration. If equilibrium is nol achieved, or if the mineral 
suite is unusual, misleading lemperaiures may be indicated. 
Thus, cation geothermometers must be used with caution 
in geolhermal sysiems involving seawaler, because in many 
of these, equilibrium with rocks probably is nol reached 
because of the resistance to chemical change of the concen
trated solution: and apparent temperatures are close lo those 
indicated by cold seawater (analysis SW /—t^ajc. 100°C and 
*NaKCa- I70°C). Howcver. in some high-temperature geother
mal systems, seawater does appear lo have neariy equilibrat
ed with rock and indicated temperatures are close to those 
observed in drillholes (analyses Ic7-S .̂ analyses J/-2). Acid 
sulfate springs in which silica and cations are leached from 
surface rocks are not suitable for chemical geothermometry. 
although acid sulfate chloride waters of deep origin give 
reasonable indicated temperatures (analyses J/2. Ta/-2). 
Cation (and silica) geothermometers may also give misleading 
results when applied to waters in highly reactive volcanic 
rocks (Fournier and Truesdell, 1970: Baldi et al., 1973: 
Arnorsson. 1975). especially those rocks with high contents 
of potassium (Calamai et al.. p. 305). or to warm waters 
Ihal emerge in peat-containing soils (Stefansson and Arnors
son. p. 1207). Paces (1975) has suggested a correction factor 
for the NaKCa geothermometer when applied to high-COj 
waters. 

Although many other high-temperature chemical equilibria 
exist, most of these equilibria are affected by subsurface 
conditions other than lemperature. reequilibrate rapidly, or 
are affected by other reactions during ascent to the surface. 
These equilibria can. however, be used as qualitative geo
thermometers (see below) and. in specialized circumstances, 
as quantitative geothermometers. 

The content of magnesium in thermal waters varies in
versely with temperature, but it is also affected by CO, 
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pressure. Experimental calibration by Ellis (1971) allows 
magnesium contents to be used as a quantitative geother
mometer if COj pressures can be otherwise calculated. 

•.f> Waters wi lh high calcium and sulfate and low bicarbonate 
contenis, such as thermally allered seawaler (see discussion 
above), may be saturated with anhydrite at depth and become 
undersaturated during ascent because of the inverse temper
ature dependence of anhydrite solubility (analyses J / -2: 
Sakai and Matsubaya, 1974). The contents of calcium and 
fluoride in geothermal walers are in part controlled by 
equilibrium with fluorite (Nordstrom and Jenne. Abstract 
111-70). but reequilibralion apparently is rapid. 

The reaction C O , + 4 H j = CH< -(• 2HjO may occur in 
geolhermal reservoirs (Craig. 1953; Hulston, 1964.; but see 
Gunter and Musgrave, 1966,1971), and Ihe amounts of these 
gases in surface discharges may indicate subsurface temper
atures. Temperatures calculated f rom Wairakei borehole 
gases (analysis N Z / ; Hulston and McCabe, 1%2a; Lyon , 
1974) are reasonable, but Arnorsson et al. (p. 853) have 
applied this meihod to fumarole discharges with somewhat 
ambiguous results. 

M i x i n g Models 

Although mixing of Ihermal waters wi lh cold near-surface 
waters limits the direct application of chemical geother
mometers. the dilution and cooling resulting from mixing 
may prevent reequilibralion or loss of steam and allow the 
calculation of deep temperatures and chemical conditions. 
The chloride contents and surface temperatures of springs 
were used to calculate minimum subsurface temperatures 
in eariy New Zealand geothermal surveys (Mahon. 1970). 
More recently, models have been proposed based on surface 
lemperature and silica contenis of cold and warm springs 
(the warm spring mixing models in: Truesdell, 1971; Fournier 
and Truesdell. 1974; Truesdell and Fournier. 1976). and on 
the temperaiure, chloride, and silica concenlralions of mixed 
boiling springs and the chloride concentrations and tempera
tures of cold springs and nonmixed boiling springs (the boiling 
spring mixing model in : Truesdell and Fournier. p. 837. 
Fournier. White and Truesdell, p. 731). A mixing model 
using chloride-enthalpy relations of cold. warm, and boiling 
springs was proposed by Glover (1974a) for Tongonan. 
Philippines, geothermal walers (analysis Ph/ ) . Relaled dia
grams of chloride and enlhalpy (or temperature) have been 
used lo analyze subsurface processes in drilled systems 
(Giggenbach, 1971; Mahon and Finlayson, 1972; Cusicanqui, 
Mahon, and Ell is, p. 703). 

The warm spring mixing model depends on the assumption 
of conservation of enlhalpy and silica and on the nonlinear 
lemperalure dependence of quanz solubil i ly. The boiling 
spring mixing model depends on assumed conservation of 
chloride and enthalpy and reequilibratlon with quartz after 
mixing. Proper application of these mixing models depends 
therefore on the fulf i l lment of a number of assumptions, 
the validity of which should be considered in each case. 
Mixing model temperatures have been calculated for appro
priate spring and well analyses in Table 1. The accuracy 
of mixing model calculations depends lo a greal degree on 
measuremenl or accurate estimation of the chemistry and 
temperature of local cold subsurface water. For these 
calculations, as well as for isotope hydrology (see below), 
collection and analysis of cold waters should be an important 
part of a geochemical exploration program. The warm spring 

mixing model was applied by Gupta. Saxena, and Sukhija 
(p. 741) lo Ihe Manikaran, India, geothermal system and by 
Young and Whitehead (1975a,b) to Idaho ihermal waters. 

Components other than silica and chloride may be used 
in mixing models. The temperature and salinity of a hypo
thetical concentrated high-temperature component have 
been calculated by Mazor, Kaufman, and Carmi (1973) from 
'^C contents and by Mizutani and Hamasuna (1972) from 
sulfate and waler isotopes (analyses IsJ and J / ) . 

Qualitative Geothermometers 

Qualitative geothermometers were reviewed at Ihe first 
U N Geothermal Symposium by Mahon (1970). Tonani (1970). 
and White (1970). These geothermometers may be applied 
lo spring waters and gases, fumarole gases, altered rock, 
soils, and soil gases. Ratios and contents of dissolved 
hot-spring constituents and gases resulting f rom high-
temperature reactions, but not susceptible lo quantitative 
temperature calculation, are useful for indicating subsurface 
f low paths when siting wells (Mahon. p. 775). 

Substances carried in steam are imporiant in the study 
of systems without hot springs and may indicate subsurface 
f low paths more effeclively than liquid waler discharges, 
which are more subjecl to lateral f low (Healy, p. 415: Healy 
and Hochstein. 1973). Gas discharges were used by Glover 
(1972) to indicate upflow zones in Kenya geothermal sys
tems, where hot water discharges were lacking or grossly 
contaminated with surface waters. Gas ratios were also 
useful at El Tatio. Chile (Cusicanqui. Mahon. and Ell is, 
p. 703). where exiensive lateral f low of hot waler occurs 
(see discussion below). Ammonia and boron have been used 
as indicators in thermal seawaters which are otherwise 
unresponsive lo subsurface lemperature (Dominco and 
Papaslamaloki. p. 109). 

New studies using sensitive analytical meihods have 
shown that soil gases in geothermal areas have anomalous 
concentrations of mercury (Koga and Noda. p. 761) and 
helium (Roberts et a l . . 1975). and contain CO, with anoma
lously high " C : ' ^ ratios (Rightmire and Truesdell. 1974). 
Volatile substances dispersed from geothermal fluids may 
accumulate in soils and altered rocks, and patlerns of soil 
mercury (Mall ick and Buseck, p. 785) and of mercury, 
arsenic, and boron in altered rocks (Koga and Noda, p. 
761) may indicate subsurface f luid f low, as may alteration 
patterns (Sumi and Takashima, p. 625). 

The most important application of qualitative geother
mometers is in preliminary exploration over large areas. 
" B l i n d " convection systems may exist or surface fluid flows 
may be inconspicuous or diff icult lo distinguish from non
thermal sources. In these cases, it may be possible to analyze 
surface fluids for distinctive "geothermal" components. 
Li thium in surface waters of central Italy has been tested 
as a geothermal indicator by Brondi. Dal l 'Agl io. and Vitrani 
(1973): and. in a sludy of the same area, criteria for 
distinguishing river sulfate of geolhermal origin (from H,S 
oxidation) f rom sulfate resulting from solution of evaporites 
or f rom oxidation of sulfide minerals have been developed 
by Dall 'Agl io and Tonani (1973). Much anomalous boron 
in surface walers (other than those in closed basins) is 
probably of geothermal origin (Morgan, 1976). and Larderello 
sleam has been shown to contribute large quantities of boron 
to surficial waters (Celaii. Ferrara. and Panichi. Abstract 
I I I - l I ) . Anomalous arsenic from natural and exploited geo-
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thermal systems has been found in the Waikato River, New 
Zealand (Rothbaum and Anderton, p. 1417), and in the 
Madison River, Montana (Stauffer and Jenne, Abstract 
IV-14). Fish in the Waikato River appear to accumulate 
mercury of geothermal origin (Weissberg and Zobel, 1973), 
but Ydlowstone fish do not (L. K. Luoma and E. A. Jenne, 
oral commun., 1976). 

Geothermal walers of meteoric origin may exchange 
oxygen isotopes with rock during deep circulation, and this 
"oxygen shift" has been used as a positive or negative 
qualitative geothermometer (Fancelli, Nuti. and Nolo. Ab
stract 111-23; Fouillac et al.. p. 721). 

Although sampling is difficult, gases and solids can also 
be used in regional exploration. In a reconnaissance study 
of much of central and southern Italy, Panichi and Tongiorgi 
(p. 815) found carbon isotopes in CO,, and travertine 
associated with known and prospective geothermal areas, 
to be distinctly heavy compared with those from other 
sources. The use of other isotopes in regional exploration 
(' 'Sin air gases for instance) should be investigated. Mercury 
vapor has been found in the atmosphere of the Beppu. 
Japan, geolhermal sysiem (Koga and Noda, p. 761) and 
mighl be delectable in a regional survey. 

ISOTOPE HYDROLOGY AND THERMOMHRY 

Isolope compositions and rare gas contents of geothermal 
fluids have been used to indicate sources of recharge, time 
of circulation, fluid mixing, and subsurface temperatures. 
Geolhermal isotope and nuclear sludies have been the subjecl 
of symposia at Spoleto. Ilaly (Tongiorgi. 1963). Dallas. Texas 
(Hall. 1974). and Pisa, Italy (Gonfiantini and Tongiorgi. 
1976), and were extensively reviewed by While (1970. 1974). 
Many papers on nuclear hydrology with application to 
geothermal studies were recently presenled at Vienna (In
ternational Atomic Energy Agency. 1974). 

Hydrology 

A major discovery resulting from early measurements 
of the oxygen-18. deuterium, and tritium contents of Ihermal 
fluids was that iocal meteoric water overwhelmingly domi
nates recharge of most geothermal systems (Craig. Boato. 
and White. 1956; Craig, 1%3; Begemann. 1963). More receni 
studies (reviewed by White. 1970) agree with the early data 
with a few exceptions. New "O. deuterium and tritium 
measurementsof cold and thermal fluids of Larderello. Italy, 
demonstrate local meteoric recharge wilh both long and 
short circulalion times (Celati et al., 1973; Panichi et al.. 
1974). Meteoric wafer dominance has also been demonstrated 
for thermal fluids of El Tatio, Chile (Cusicanqui, Mahon. 
and Ellis, p. 703). Kawah Kamojang. Indonesia (Kartokusu
mo. Mahon, and Seal. p. 757). the Massif Central. France 
(Fouillac et al.. p. 721). Iceland (Arnason. 1976; Tomasson. 
Fridleifsson. and Stefansson. p. 643), Lake Assal, Afars 
and Issas (Bosch et al., 1976), Broadlands, New Zealand 
(Giggenbach. 1971). Yellowstone, Wyoming (Truesdell el 
al.. Abslract 111-87). Ixing Valley. California (Mariner and 
Willey. 1976), and southwestern Idaho (Rightmire, Young, 
and Whitehead, 1976). In most of these systems (El Tatio. 
Yellowstone. Iceland. Idaho, and Long Valley), hot-spring 
waters are a mixture of a local cold meteoric componenl 
and a hot thermal water componenl. also of meteoric origin 
but from higher elevation and somewhat distant from the 
hot-spring area. 

Mixing of local cold water with hot seawaler has been ., 
demonstrated by "O and deuterium studies of coastal 
geothermal sysiems of Greece (Stahl, Aust, and Dounas. 
1974), Italy (Baldi, Ferrara, and Panichi. p. 687), and Japan .̂  
(Mizutani and Hamasuna. 1972; Matsubaya et al.. 1973; ^ 
Sakai and Matsubaya. 1974). Thermal connate and metamor
phic waters were shown to mix wilh meteoric water in the 
California Coast Ranges by White. Barnes, and O'Neil 
(1973). Meteoric thermal waters are interpreted to mix with 
cold saline lake waters at Lake Assal, Afars and Issas, 
by Bosch et al. (1976). although the high salinity of borehole 
walers from this area (Gringarten and Stieltjes, 1976) sug
gests a more complicated system. 

Tritium measuremenis have been used to demonstrate 
mixing with young near-surface waters. Gupta, Saxena, and 
Sukhija (p. 741), using this approach, calculate hot-waler 
fractions for spring waters of Manikaran. India, that agree 
with those calculated from the warm-spring mixing model. 

In general, radioactive isotopes have not been successful 
in indicating the circulation times of geothermal systems. 
This results from the generally long circulation times in
volved (except for some Larderello steam discussed above), 
which are usually beyond the range of tritium dating: from 
the large quantities of metamorphically produced old CO,, 
which prevent use of '*C measurements: and from the 
common admixture of young near-surface walers with old 
deep walers in surface thermal discharges. Receni improve
ments in low-level tritium analysis may improve the situation. 
The radioactive "Ar isotope has a half-life of 269 years, 
which allows a dating range of 50 to IOOO years, and has 
been used successfully to estimate a <70-year age for water 
in a Swiss thermal spring (Oeschger et al.. 1974). This 
analysis, although difficult, should also be possible for drilled 
high-temperature geothermal sysiems. 

Geothermometry 

Certain isotope geothermometers equilibrate more slowly 
than chemical geothermometers and are capable of indicating 
lemperaiures in the deeper parts of geolhermal sysiems. 
By considering a number of chemical and isolopic geother
mometers with various rates of equilibration, it may be 
possible to calculate the lemperalure history of a thermal 
water. This calculation would depend on the existence of 
considerably more rale data than are now available. 

At the lime of the first UN Geothermal Symposium, only 
the distribution of carbon isotopes between COj and CH<, 
(A"C[C0,,CH4]). had been tested as a geothermometer. 
Analyses of wdl discharges of Larderello (analysis h8; 
Ferrara. Ferrara. and Gonfiantini. 1%3) and Wairakei (anal
ysis NZ/: Hulston and McCabe, l%2b) indicated tempera
tures in good agreement wilh measured reservoir tempera
lures. These indicated temperatures were based on frac
tionation factors calculated by Craig (1953) which have been 
shown to be somewhal in error by Bottinga (1%9). Using 
the correcled fractionation factors, indicated temperatures 
are increased by .50 to 75°C and the new lemperaiures are 
higher than those found in the reservoir. Experimental work 
is needed on this geothermometer to confirm the new 
fractionation factors, but the indicated temperatures may 
be real and exist in these systems bdow drilled depths. 
CO,-CH< temperatures at Broadlands. New Zealand (analy
sis NZJ), range from 385 lo 42.5°C (Lyon. 1974) considerably 
above the reservoir temperatures (~270°C), allhough tem-
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peratures in a deep Broadlands drillhole reached 307°C. New 
measuremenis at Larderello (C. Panichi, oral common., 1975) 
indicate subsurface temperatures that vary with, but are 
higher than, observed reservoir temperatures. Temperatures 
for A "C(CO J .CH ,) ha ve also been calculated for geothermal 
fluids from Indonesia (analysis Ids /) , Kenya (analyses 
K/-J), and the United Stales (analyses USi and USJ6). 

Hydrogen isotope geothermometers. AD(H,,CH4) and 
AD(Hj,H20). have been tested in a few systems in Kenya; 
New Zealand; the Imperial Valley. California: and Yellow
stone; but appear to reequilibrate rapidly and in most cases, 
indicate temperatures that approximale those of collection 
(analyses K2. NZJ. US.̂  and USJ6). Recently. Horibe and 
Craig (in Craig, 1976) have experimentally calibrated the 
Hj-CH, geothermomeler, which should encourage more 
isolopic analyses of these gases. 

Allhough gas isotope geothermometers are the only ones 
available for vapor-dominated systems, they leave much 
to be desired as practical exploration tools for hol-water 
sysiems. Equilibrium may be achieved only below drillable 
depths (COj-CH,) or continue up to the sampling point 
(H2-CH4, H2-H2O), and mosl geothermal gases (especially 
from hot springs) are so low in methane that collection 
and separation are difficult. 

For hot-water systems the mosl useful proven isotope 
geothermomeler may be the fractionation of oxygen isotopes 
belween water and its dissolved sulfate, which appears to 
equilibrate in geothermal reservoirs al temperatures as low 
as 95°C, and lo reequilibrate so slowly during fluid ascent 
to the surface that evidence of temperatures above 300°C 
is preserved in some hot-spring wafers. Experimental equi
librium and kinetic data have been measured by Lloyd (1%8), 
Mizutaniand Rafter (1969),and Mizutani (1972). Equilibrium 
has been demonstrated between dissolved sulfate and 
borehole water from Wairakei (analysis NZ/: Mizuntani and 
Rafter, 1969: Kusakabe, 1974). Otake. Japan (analysis J6; 
Mizutani. 1972), Larderello (analysis it8\ Cortecci, 1974), 
and Raft River and Bruneau-Grandview. Idaho (analyses 
US/5 and US/7: Truesdell ef al., unpub. data, 1975). The 
application of this geothermometer to boiling springs of 
Yellowstone, correcting for the effecl of steam loss on "O 
content of the water, was made by McKenzie and Truesdell 
(Abstract 111-65), and unpublished measurements have been 
made on several other United States spring systems (analyses 
US7, US/0. US/«, US24, US26-27). Estimates of subsur
face temperatures in Japanese geothermal sysiems wilhoul 
deep drillholes and uncorrected for sleam loss appear rea
sonable (analyses J1-5: Mizutani and Hamasuna, 1972; Sakai 
and Matsubaya, 1974). 

Two olher geothermometers need more testing. The firsl, 
A'*S(S04,H2S). which has recently been calibrated experi
mentally by Robinson (1973), indicated unreasonably high 
temperatures for Wairakei bore fluids (analysis NZ2, Kusa
kabe. 1974) and for Mammoth, Yellowstone, water (analysis 
USJ5; Schoen and Rye. 1970). The second, A"C(C02.HC0j) 
may indicate the temperature of bicarbonate formation at 
Steamboat Springs, Nevada, and Yellowstone (analyses 
US24, US JO, and USJ2), but experimental data in this sysiem 
need reevaluation (O'Neil et al., Abslract II1-7I). 

In the rather special circumstances where water and steam 
phases may be separatdy analyzed, or steam analyzed and 
water isotopes estimated from olher samples, the liquid-
vapor fractionation of deuterium or *^ may be used to 
estimate temperatures of phase separation. This has been 

done at Wairakei (Giggent>ach, 1971). Campi Flegrei. Italy 
(Baldi. Ferrara. and Panichi, p. 687), Kawah Kamojang. 
Indonesia (Kartokusumo, Mahon, and Seal, p. 757), and 
White Island, New Zealand (Stewart and Hulston. 1976). 

Rare Gas Studies 

Rare gases (He, Ne, Ar, Kr, and Xe) have been analyzed 
in geothermal fluids and shown to indicate the source of 
water recharge and, less certainly, the mechanism of steam 
loss (Mazor. p. 793). Ne. "Ar, Kr, and Xe are not produced 
in rocks and do nol undergo chemical reactions. However. 
Ihey are affected by phase changes and their distribution 
between liquid and vapor is temperature dependent. For 
this reason, their contents in geothermal waters that have 
nol boiled indicate that recharge waters are meteoric and 
allow calculation of temperatures of lasl equilibration wilh 
the atmosphere. In systems with subsurface boiling, the 
water phase is depleted in gases and their concentration 
palterns may indicate dilution and boiling mechanisms. 

Other rare gases (*He and ""Ar) are produced from 
radioactive decay of rock materials and their concentrations 
may indicate rale of water movement through the sysfem 
(Mazor, Verhagen, and Negreanv, 1974). High-temperature 
thermal waters in young volcanic rocks of Yellowstone and 
New Zealand apparently do not contain anomalous '"Ar 
(Mazor and Fournier. 1973; Hulston and McCabe, l%2b), 
although young volcanic rocks that have not lost volatile 
elements have high ""Ar contenis (for example. Dalrymple 
and Moore. 1968). The origin and fate of '̂'Ar in geothermai 
systems needs much closer study. 

Several recent studies have been made of excess 'He 
in ocean water (Craig, Clarke, and Beg, 1975), volcanic 
rocks (Lupton and Craig, 1975). and geothermal fluids of 
Iceland (Kononov and Polak. p. 767). Kamchatka (Gutsalo. 
p. 745), and Imperial Valley, Lassen, and Kilauea in the 
United States (Craig, unpub. data, 1975). 'He has been 
depleted from the atmosphere and crust because il is lost 
into space at a greaier rate than 'He, and its enrichment 
in walers and rocks associaied with spreading centers 
indicates contributions from the mantle. As noled earlier, 
mantle contribution of this isotope does not necessarily 
indicate that other mantle-derived components are present 
in geothermal fluids. 

CHEMICAL MODELING AND METHODOLOGY 

Modeling 

Geothermal systems are chemically very active. Deep 
minerals are altered in response lo the prevailing pressure, 
temperature, and chemical conditions, and ascending fluids 
change their physical and chemical properties rapidly over 
relatively short distances and effecl profound mineralogical 
changes in rocks traversed. Mineralogical changes in these 
processes were reported by Bird and Elders (p. 285) and 
Reed (p. 539). ll would appear both challenging and reward
ing to model these changes, but disappointingly few attempts 
have been made. 

Pampura, Karpov, and Kazmin (p. 809) report a chemical 
model for the changing compositions of ascending fluids 
of the Pauzhetsk geothermal sysiem. Many of the changes 
described earlier as occurring during the near-surface altera
tion of volcanic waters are successfully modeled, but the 
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absence of potassium in the fluids and of aluminosilicate 
minerals is a severe limitation. A relatively simple model 
for computing fhe downhole character of geothermal fluids 
(Truesdell and Singers. 1971) has been used to calculate 
deep pH values. 

Using established models for solution and mineral equi
libria, mineral alteration has been relaled lo deep fluid 
chemistry for Broadlands. New Zealand, by Browne and 
Ellis (1970) and for Cerro Prieto. Mexico, by Reed (p. 539). 
In both these sysiems. deep walers are in near equilibrium 
with rock minerals and produced their observed metamor
phism. Mass transfers in the Dunes. Imperial Valley, geo
thermal system were deduced from mineralogical changes 
by Bird and Elders (p. 285). 

Methodology and Data 

The geochemical investigations described in this report 
depend bolh on the accurate chemical and isotopic analysis 
of natural fluids and on laboratory measurements of the 
properlies of chemical substances over a range of lempera
lure and pressure. Because analyses of many samples from 
a geothermal sysiem allow a more complete reconstruction 
of chemical processes and deep condilions. analytical meth
ods that are rapid and inexpensive or that can be automated 
are useful. Bowman et al. (p. 699) and Hebert and Bowman 
(p. 751) describe automated instrumental methods of water 
analysis that appear to be rapid and accurate and can provide 
analyses for trace constituents not normally measured. Some 
of Ihese traces may provide geothermometers when their 
behavior is belter understood. 

Geothermometer components are necessarily nol in equi
librium under surface conditions, and special care must be 
taken to preserve them for analysis by dilulion (SiO,) or 
filtration and acidification (Ca). Thompson (1975) and 
Presser and Barnes (1974) repori meihods for collection 
and preservation or field analysis of geothermal waters. 
Akeno (1973) describes methods for preservation and analy
sis of geolhermal gases. Downhole samplers for geothermal 
wdls have been described by Fournier and Morganstern 
(1971) and Klyen (1973). Collection of geothermal fluids 
was Ihe subjecl of a recent workshop (Gilmore, 1976). 

Potter (p. 827) and Potter, Shaw, and Haas (1975) have 
compiled and assessed the status of studies on the density 
and Olher volumetric properties of geothermal brine compo
nents, and. using critically evaluated data. Haas (1971) has 
calculated boiling point-to-depfh curves for sodium chloride 
solulions. Compilations of geochemical dala are also being 
made by the Lawrence Berkeley Laboratory (Henderson, 
Phillips, and Trippe, Abslract I-15). 

ll is impossible to review here the many experimental 
studies of solution chemistry at high temperatures and 
pressures lhat are directly applicable togeothermal systems. 
These studies have been recently reviewed by Ellis (l%7, 
1970). Franck (1973), Helgeson (1969), Helgeson and Kirk
ham (1974). and Marshall (l%8. 1972). When sophisticated 
chemical models are constructed for geothermal systems 
in their natural and disturbed states, these experimenlal 
studies will provide vital data. 

AN EXAMPLE OF EXPLORATION GEOCHEMISTRY 

The role of chemistry in geothermal exploration is well 
illustrated by investigations at El Tatio, Chile, reported by 

Cusicanqui, Mahon. and Ellis (p. 703). Lahsen and Trujillo 
(p. 157). and Armbrust ei al. (1974). lhat were made in 
conjunction with geological and geophysical sludies (Healy 
and Hochstein. 1973; Hochstein. Abstract 111-39; Healy. ^ 
p. 415) by New Zealand and Chilean scieniists wilh United ^ 
Nations support. El Tatio lies at an altitude of 42.50 m in 
the high Andes. There are over 200 hot springs, most of 
which boil (at 85.5°C al this altitude) and deposit sinter 
and halite. Many of these springs were analyzed for major 
and minor components and some, along with cold springs 
and snow samples, were analyzed for " 0 and deuterium. 
Fumaroles were analyzed for gases. 

The analyzed spring waters showed narrow ranges of CI:B 
and Na:Li ratios, indicating homogeneous thermai water 
at depth. Waters of the northernmost spring group were 
rather uniform in composition, with 8000 ±200 ppm chloride. 
SiO, contenis of 260i ppm. and Na:K weight ratios near 
8.2. To the south and west, spring waters have lower SiOj 
contents, higher Na:K ratios, and Cl contents of about 4000 
lo 6000 ppm. indicating mixing with near-surface wafers. 

Direel appiication of chemical geothermometers to high-
chloride spring waters indicated minimum subsurface tem
peratures averaging 160°C from quartz saturation. 167°C 
from Na:K ratios, and 205°C from NaKCa relations. Maxi
mum indicated lemperaiures were I89°C (quartz saturation). 
210°C (Na:K). and 23TC (NaKCa). The boiling-spring mixing 
model of Truesdell and Fournier (p. 837). not yet developed 
at the time of the original investigations, can be applied 
to fhese spring waters assuming that those to fhe north 
were not diluted and that those to the south and west were 
mixtures with cold dilute water (t = 4°C. Cl = 2 ppm). 
Average calculated subsurface temperatures are 208°C. but 
fhe maximum indicated temperature of 274°C is considered 
fo be a better indicat ion of the maximum aquifer lemperature. 
Some of fhe high-chloride El Tatio springs issue at tempera
lures bdow boiling, and warm-spring mixing calculations, 
assuming cold waters of 4°C and 25 ppm SiO,. indicate 
an average subsurface temperature of 269°C (standard de
viation I3°C). 

The patterns of Cl contents. SiO, contenis, Na:K ratios, 
and Na:Ca ratios were interpreted to indicate that cold 
near-surface drainage from the east was entering a shallow 
aquifer in the western and southern areas, and diluting 
high-chloride water rising from greater depths. 

Deuterium analyses of the thermal walers agreed with 
fhe general picture of near-surface mixing, but suggested 
that the deep recharge was from higher elevation precipi
tation with lower deuterium values. Cold-water samples from 
the higher mountains to the east also tended to have lower 
deuterium values fhan local precipitation and were consid
ered possible recharge waters. 

Fumarole gas analyses also suggested movement from 
east fo west, but at shallower depths. Eastern fumaroles 
had much higher contenis of COj and H,S than other gases, 
and higher ratios of HjS:C02- Quantitative interpretation 
of gas concentrations is difficult because of the effects of 
rock reaction and fractional separation into steam. In general. 
gases tend to decrease in CO, and H,S content and in 
H2S:C0, ratio with lateral fiow (Mahon, 1970: Truesdell. 
1976a). In retrospect, more weight should have been given 
to fhe fumarole chemistry in siting exploratory wells. 

On the basis of resistivity surveys and spring chemistry, 
six slim holes were drilled to about 600-m depth. In the 
west and northwest, holes 1, 2, and 4 encountered maximum 
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temperatures of 212 to 230°C, with temperaiure inversions 
toward the bottoms of the wells. In wells 3 and 6, in the 
southwest, temperature inversions were not found and 2S4°C 
was measured in well 3. Seven production wells were located 
near No. 3. and the best of these (No. 7) tapped fluids 
of 263°C. A shallow (about 170-m) aquifer at 160°C was 
encountered in the Trucle dacite, which is probably where 
mixing with near-surface water occurs to produce the lower 
chloride waters of the western and southern springs. Deeper 
aquifers in the Puripicar ignimbrite (500 to 600 m) and the 
Penaliri (Salado) tuffs and breccias (700 to 900 m) were 
at about 230 and 200 to 260°C, respectively. 

Comparison of drillhole and spring analyses indicates that 
the mosl concentrated spring walers are undiluted samples 
of the deep thermal fluids. The quartz saturation. Na:K. 
and NaKCa geothermometer temperatures are low, indicat
ing considerable subsurface reequilibralion. The mixing 
calculation temperatures are, however, surprisingly ac
curate. 

Lateral subsurface flow from east to west, indicated by 
wafer isotopes and fumarole gases, was confirmed by 
drillhole measurements. Tritium contenis of drillhole fluids 
suggested thaf the subsurface transit time was 15 years 
(unusually short for geothermal waters), buf small additions 
of young near-surface water would also explain the results. 
The early resistivity survey did not indicate lateral flow, 
and a resurvey was made after the exploratory holes were 

drilled. This showed a much larger anomaly that could be 
interpreted as due to deep lateral flow. 

Two chloride inventories were made to estimate the total 
heat flow from the heaf rchloride ratio of the thermal wafers, 
which was established from drillhole fluid temperatures and 
chloride contents. These were not very accurate because 
of salt accumulalion at the surface, buf indicated a heat 
flow of 30 to 50 X 10* cal/sec. 

El Tatio is very favorable for the application of geochemi
cal methods because there are a large number of springs 
wilh rapid flow from the Ihermal aquifer, and fhe surface 
chemistry indicated subsurface conditions with reasonable 
accuracy. Gas and isotope analyses correctly suggested 
subsurface flow palterns, and chemical geothermometers 
and mixing models predicted temperalures at increasing 
depths in the system. 
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Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids. (See end of table for explanatory notes.) 
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T e n p A n a l y s e s 

Ha t s r 
Type 

aaia i o ^ ^ « , A t „ « c a 
O t h « r 

G e o t h e r m o r a e t e r s 
•c 

O b s e r v e d Tveip 
•c 

( d e p t h ) 
R e f e r e n c e a 

l e S 

l c 2 

t c S 

l e 4 

l e S 

l c 6 

I c 7 

I c 8 

Icff 

J c l O 

i c U 

l c l 2 

I c e l a n d 

S e l f o s s 

D e i l d a r t u n g a 

S e l t j a r n a r n e s 

L ^ s u h 6 1 1 

T o r f a j o k u l l p 
E y r a r h v e r 

G e y s i r 

R e y k j a n e s 

R e y k j a n e s H e l l 6 

S v a r t s e n g i H e l l 3 

K r i s u v i k H e l l 6 

N l M f j a i l N e l l 4 

I t v e r a g e r d i H e l l 4 

HVF 

HVF 

HVF 

HVF 

VH 

VH 

VSw 

VSw 

VSw 

VSw7 

VH 

VH 

79 

99 

83 

40 

95 

84 

99 

370 

236 

258 

358 

198 

w , l 

w . i 

w . i 

w . i 

w . i 

w . i 

w . t r . g 

. g . i 

, g . i 

Na»Ca>>K>>>Hg 
c i » s O t x : 0 2 

Ha>»Ca>K»Hg 
sa„>cl>c02 

Ha»Ca>>K»>Hg 
c i» so^>>x :02 

Ra>>ca>K>Hg 
C 0 2 » > C l > > S 0 h 

K a » > R » > C a > > M g 
C 1 » S 0 „ > C 0 2 

Ha»K>»Cs>>Rg 
C O j t C l i S O , 

N a » C a > K > » M g 

C 1 > » 3 0 ^ > » C 0 2 

Ka»Ca2K»>Ng 
C l » > C 0 2 > > > S 0 i . 

Ha»K>Ca>»Hg 
C 1 » > C 0 2 > > S 0 ^ 

N a » > K > C a > » N g 
C1»>HC02>SO., 

R a » R » > c a » > N g 
C 0 2 > S 0 j > C l 

N a » > K > > c a » H [ | 
C02>Cl>S0i . ' 

6 6 7 

358 

1 1 1 0 

1 6 7 0 

13S0 

1130 

4B300 

3 3 6 5 0 

3 3 4 6 0 

3 6 0 0 

9 5 6 

6 8 1 

N 2 » C 0 2 

C 0 2 » > N 2 

C02>>>H2>H2S 
>02>>CH., 

H2>C02>H,S 
>H2>>CH,, 

C 0 j > > > H 2 -

132 

145 

137 

160 

194 

327 

334 

136 

150 

143 

176 

209 

256 

263 

270 

341 

357 

2 6 1 

200 

87 

8 6 

6 8 

162 

14B 

200 

210 

334 

2 5 1 

260 

262 

169 

120 

123 

109 

174 

199 

3 3 0 

2 3 1 

2 4 0 

2 4 5 

234 

237 

187 

9 6 C h a l c 

124 C h a l c 

115 C h a l c 

153 C h a l c 

193 C h a l c 

262 b o l l i l 

2 1 5 - 3 4 0 K 

1B3 C h a l c 

A m S r s s o n 11974) t A r n a s o n ( 1 9 7 6 ) i 
T6( i iasaon . F r i d l e i f s s o n a n d 
S t e f S n s s o n ( p . 6 4 3 ) . B j O m s a o n , 
A m f i r e a o n a n d Tf tnasson ( 1 9 7 2 ) . 
A c n S r s s o n e t s l . ( p . B53} 

3 7 0 

3 3 6 

3 5 8 1500 a ) 

358 

198 
H2S»>CH„ 

P u g s , L a d a k h INH 
H i m a l a y a s u b p r o v . 1) 

I d s ; S p r 101 

I d s 2 M e l l GW5 

O n u n a t h a n g . L a d a k h 
IHW H i i s a l a y a I ) 

I d a J S p r 4 0 

I d s 4 H e l l CCHl 

H a n i k s r a n , H l m s c l i a l 
P d . INH H i n . I I ) 

I d s S 

I d s S 

I d s 7 

I d a * 

I d s S 

I d s 10 

I d a ! / 

I d a ; 2 

I d s / J 

S p r 4 

S p r 11 

ICssol (NH H i a . I I ) 

T s t w a n l 
INH H i n . I l l ) 

R o p l l l . H s q a - L u s h s i 

T u r a l R s t n i q I r l , 
Wes t C o n s t 

Tuwa . Camlssy 

B a k r e s h w a r . W. B e n g a l 
I E . I . p r o v i n c e ) 

Dug w e l l , S o h n a 

81 

1 0 0 

49 

8 5 

8 1 

82 

42 

57 

57 

61 

6 3 

8 1 

4 2 

R a » l t > » C a - N g 
HC03>C1>>S0^ 

Ha>>K>>Ca>>>Hg 
HC0 j>C l»S0u 

Na»lc2Ca>>Kg 
KCO3>S0t>>Cl 

N a » > i t - C a » H g 
HC03>S0i,>Cl 

Na»Ca>K>Ng 
HCO3>Cl»S0i, 

Ca>Ra>Mg>K 
HC03>>C1»S0|, 

Ca>Ra>Mg>lc 
H C 0 3 » S 0 , - C 1 

Ha»>Ca> l ! » l g 
Cl>HCO3»>S0i, 

Ha»>Ca»K>Mg 
IIC03-S0(.>C1 

Ha>Ca>R>»Mg 
Cl»S0i .>HC03 

C a » H a » K » H g 
C1»S0» 

Na>»K>Ca«Hq 
Cl-HC03>S0i, 

Na>Ca»Hg>K 
KC03>Cl»S0u 

2B50 

2420 

1250 

1460 

595 

550 

531 

611 

449 

922 

3527 

46B 

701 

149 

163 

153 

1 6 1 

157 25n 247 221 HSHH 

171 248 234 2 1 1 HSMM 

166 

171 

14a 170 

151 171 

141 

127 

105 

90 

l i e 

119 

119 

120 

94 

148 

131 

111 

93 

122 

125 

124 

124 

77 

288 

268 

322 

117 

ion 

279 

50 

193 

204 

194 

195 

146 

w g 

207 

114 

161 

209 H s m 

170 HSHH 

224 WSMM 

113 HStH 

203 H s m 

165 WS)0( 

100 (51 a ) 
maa 135 142 n l 

103 ( 3 0 a ) 
max 109 130 m) 

S h a n k e r e t a l . ( p . 245) i 
C h a t u r v e d i a n d R a y a a h a s h a y ( p . 329) t 
G u p t a , s a x e n a a n d 5 u k h l ) a ( p . 7 4 1 ) ) 
J a n g i e t s l . I p . 1 0 8 5 ) ) K r l s h n a a w a a y 
I p . 1 4 3 ) t C u p c a . N a r a i n a n d G a u r 
I p . 387) 

1 1 0 - 1 5 1 ( 2 7 0 0 » ) 
170l>340ni i i ) 



A n a Sytt i . ^ .4 a • ' • ^ " ' 

- 1 ^ ^ 
Saj^ l lng 

T«ap Analyses ^̂ i-a' ^ V '^JF* 
o t h e r 

OaothanKiaatara 
•c 

•c 
(depth) 

t d l l 

IdaS 

X n d o n t t i a 

Rawth KoBojang, 
Ha l l 6 

Dieng, 
Pt t ioaar i Spr 

3JS w.p l .pg R a » K > » c a 
8 0 t > » C l 

SS w Ra2ca>K2llg 
Cl>S0t-«CO] 

730 CO}»N28 

1340 

240 

153 

232 

436 

217 

250 

220-230 " I t o t o p a -
260 «"CIC02,CH|,) 

203 HSm2 

238 (620 a) Kar tokuawo, Hahon and Beal (p . 757) i 
E l l i a (para, coaaun. . 1975) 

173 (139 a) Truaadal l (1971)) Radja Ip . 233) quoted 
fron Danilchik (1973) 

l a c a t l 

l a i Haaaa El Faran 

laS R l t t v a l l a y Spr 

l a j Ramnat Gader 

HVSW7 e 

RVF7 e 

52t p w . i . g . Ra>Ca»Hg>K 
•'•C C1>HC03>S0» 

1 4 9 0 N 2 > 0 2 > C H t , 
r a r e gases 

g i 143 

175 90 68 ' V : mixing 

Eckste in (p. 713) 

Nslor (p. 793) 

Nazor, Kaufman and ( ^ r a i 11973) 

l t l 

I t s 

t t J 

It« 

I t s 

I t s 

I t 7 

I t s 

I t s 

J I 

J 2 

J J 

J4 

JS 

Jff 

J7 

JS 

I t a l y 

CaiVl F l a g r a l 

sp r 60 

Spr 5 

Stufe d 'Reroaa 

Tuacany, Rooana. 
Spr 50 (group C) 

Ceaano Hel l 1 

Tuacany Spr 12836 

Acqua Borra 

L a r d e r e l l o 

Hel la 

B.S . Hichele 

Japan 

Coaata l Hatera 

Shimogaao 30 

Ibuauki 4 

Ariaa Typa 

Taahio 

Greentuff Type 

T o t t o r i 

Volcanic Typa 

Beppu 

Otaki 8 

Otaki Spr 

Matsukawa 

Hel l HR3 

VSw a 

VSw a 

VH a 

VH w 

VH a 

VR a 

VS w 

VS a 

34 

88 

56 

38 

37 

47 

w . t r 

w . t r 

w . t r 

w . t r 

w 

p w . i 

I . T 

p w . i 

I 

i 

g 

R a » C a > I t » N g 
C l » > S 0 i , > B C 0 j 

Ra»>Ca>K 
C l » > S 0 k » H C 0 3 

C a » N 9 » K - n a 
S0h>RCO3»>Cl 

N a > K > » C a » H g 
S 0 i , » C l » H C 0 j 

Ca>Ra>Hg»K 
HC03»SO,>C1 

Ha»>Ca>K 

Ha i l i g>Ca»K 
C1>BC03>S0» 

VH 

VU 

p w , l , Cai l la»>R»>ng 
ilSOt) Cl»>S0i,>HC03 

pw. i , Ra»Ca>K»Ng 
i lso. . ) C1»>S0, 

pw. i , Ra»K!Ca»ng 
ilSOi.) C1>HC03>S0« 

pw. l , Na»Ct»K>Hg 
i(sOk) sa«>ci>HcO] 

3600 

35500 

3390 

356000 

6400 

> 10600 

C02»>N2>>'02 

116 

161 

108 

148 

74 

133 

171 

111 

153 

353 

97 

>300 

760 

548 

190 

169 

317 

167 

360 

521 

78 

198 

271 HSm 

130-190 d l ' o - O 
la teaa -wate r ) 

82 Chalc 
163 HSHM 

•<.19000 

•V34OO0 

p w . i . 
KSO,,) 

w . t r . i , 
i(so») 
w 

w 

Na»K>Ca>Hg 
C l » S O a > » K C 0 3 

K s > > K » C a » > H g 
C l » S O » » H C O j 

H a » K » C a i H g 
C l»>S0k>HC03 

H a > K > C a » > l ^ 
SO»»>HC03>C1 

1.1800 

3190 

3680 

3760 

>300 (1800 a) Ba ld i , Fer ra ra and Panichi (p . 687) i 
Caraell e t a l . Ip. 315) 

Mldav and Tonani (p. 114J) 

Baldi e t a l . (197J) 

210 (1400 a) c a l a a a l e t a l . (p . 305) 

Brondi, Oa l l 'Agl io and V i t r a n i 
(1973) 

F a n c e l l i and Nuti (1974) 

220-390 6 "C (CO, .CM. , ) 1-240 
152-329 A<>0(S0.,.H2O) 

Panichi e t a l . (1974)) F e r r a r a , 
Fer ra ra and Gonf ian t in i (1963)) 
Cor tecci 11974) 

200 6l*0(SO,-H20) 
150 caSO^ a a t . 
331-335 lao tope a i x l n g 

30O 6"0(SOi,-H20) 
'V200 CaSOh a a t . 

183 231 170 6l '0(S0, , -n20) 

76 130 102 a"0IS0i,-H20) 

232 239 193 6"0(SOi,-H20) 

2J7 222 229 220 4"0(SO,-H20) 

210 223 

n . a . (179 a) Mltutanl and Raaaauna (1973)) 
Sakai and Natai4>aya 11974) 

Sakai and Nata t tuya (1974)) 
nataubaya e t a l . (1973) 

195 (500 a) Mlsutani (1973)i Koga (1970) 

Nakamura (19691 

susd and Haeda 11973) 



Table 1. Chemical summaries and geolhermometer temperalures for selected thermal fluids {cotttinued). 

S y a t e a 
T y p e 

S a n p l i n q 
, & Temp A n a l y a a a 

H a t e r 
Type 

' : s i 0 2 
a d i a " i^^ 'H./K 

•c ^ 
'NaKCa 

•C 

O t h e r 
G e o t h e n n o n e t e r a 

O b a a r v a d Temp 
•c 

( d e p t h ) 

J $ 

I to 

J I J 

J I 2 

KI 

K2 

K3 

HI 

H2 

J a p a n ( c o n t i n u e d ) 

v o l c a n i c T y p e 

H a t a u k a w a 

Akagawa 

N a t a u k s w s 

O n i k o b e 

M i t a k l 

K a t a y a m a GO-10 

Kenya 

O l k a r i a 12 

e b u r r u 

H a n n i n g t o n 

M e x i c o 

C e r r o P r i e t o 

U e l l MS 

W e l l M9 

VH 

VH 

VH 

VU7 

VU7 

W 

VU 

w 

w 

4 2 

5 4 . 

99 

9 9 

42 

54 ,5 

w 

c 

P" 

pw 

K a » K - C a » H g 
S 0 , » ) C 1 

H H j » H B O j > F » H g j 

Ra»Ca>K»>Mg 
C1»>HC03»S0|. 

Ha>Ca»>>ng 
C 1 » > S 0 ^ > » H C 0 , 

.>AB 

600 

20 

1540 

10800 

C1>HC0, 

6 0 0 0 -
1 4 5 0 0 

r .pg N a » K > C a > > > L i > > > n q 2 7 6 0 0 C02>>H2!^ 
Cl>>>HCOj>>SO,, 

>,pg NB>>K>Ca>»Li>>Mg 1 7 5 0 0 C02>>H2S 
Cl>>>HC0]>S0g 

278 

228 

252 2 0 8 

3f.l 270 

3 6 0 4 " C I C 0 2 . C H , . ) 
>300 KICOj -^H^) 

490 6"c(C02.CH») 
1.110 &0(H2.CH^) 

2 4 0 - 5 0 0 » " C I C 0 2 . C H » ) 

319 292 3 8 8 BSMM 

249 2 5 0 292 BSMM 

250 ( 1 1 0 0 a ) F u ] i i a n d Akeno I I 9 7 0 I ) Baba e t a l . 
( 1 9 7 0 ) 

Koga a n d Nods ( p . 761) 

VsBuids ( p . 6 6 5 ) ) H i t o s u g i s n d 
Y o n e t s n l (19721 

2 9 5 11300 m) 

286 11300 n) Noble snd Ojissbo Ip. 189). recslc. 
from Lyon, Cox and Hulston 11973 
a.bl) Clover (1972, 1973) 

289 (1300 a) Reed (p. 5391) Mercsdo (p. 487) 

228 (1400 a) 

New Britain 

H s t u p i - f t s b a l a n k a i a VSw 3 8 5 pw, pg IVa>>Ng>Ca>K 
C 1 » S 0 ^ 

3 4 2 0 0 C02>>>HjS 143 1 8 9 > 1 5 0 b o i l i n g c a l c . F e r g u s o n a n d Ls idber t ( 1973) 

NZS 

me 

New Zealand 

Wairakei 

Hell 44 

Broadlanda 

Hell 8 

Springs 

Kawerau 

Hell 8 

S p r i n g s 

w . i . g N a » K > > > C a » > M g 
Cl>>>S0i,>HC03 

. i . g . t r N a » K > » C a > » M g 
cl»>nc03>>>sOu 

Ha>>K>>>Ca>Mn 
Cl>>HC03^>Sni. 

4 6 0 0 C02>>>Hj>H2 
>>02>Oli ,>Ar 

4 1 2 0 C02>>>CH»>N2 
>>H2>*>Ar>02 

3070 COj>>>HjS 
>Hr>Nj>Hj 

179 a v e 
11 O 

202 InflX 

18R a v p 
7 o 

lO'J max 

360 A"c(C02.CHbl 
200 K(C02-<H») 
' '< 'Ar/"»r-290 

105 6<'o(S0k,H,O) 
400 »'''S(S0i.,B2S) 

302 3 8 5 6 " C ( C 0 2 . C H , ) 
3 7 5 aOICHi i .H , ) 
265 6 0 ( H 2 . H 2 0 I 
325 K ( C 0 2 - C H | J 
' " ' ' A r / ^ ' A r - 2 7 0 

183 a v e 270 a v e BSMM 
17 0 23 o 

218 max Vtfi max 

265 2ni 

227 a v e 2 2 5 a v e BSMM 
B e 24 0 

239 max 207 max 

Mahon 1 1 9 7 3 ) ) Lyon a n d H u l s t o n 
119701) Lyon 11174) 

K u s a k a b e 11974) 

273 ( 7 7 1 a ) Mahon a n d F i n l a y s o n 1 1 9 7 2 ) , 
307 ( 2 1 6 0 n ) G i g g e n b a c h ( I 9 7 l | i Sew.>rd ( 1 9 7 4 ) i 

i n r e a e a r c h R i t c h i e ( 1 9 7 3 ) , r e c a l c . f rom Lyon 
w e l l ( 1 9 7 4 ) , M a c d o n a l d I p . 11131 

2 6 0 , 2 6 5 , 2 7 2 

1 R 5 . 2 1 8 . 2 J 5 
2 < . o , 2 r . 5 . 2 H i 

T r u e s d e l l a n d F o u r n i e r | p . 8 3 7 ) , 
Mahnn 1 1 9 7 3 , 19721 



awataa " t Sampling 

» J ^ l l T«p Analy... •c -c *̂  '̂  

Other 
Gaotheraxanetara 

•c 

Obaarvad Tei^ 
•c 

(dapth) 

Raw Zealand (contlnoad) 

Orakeikorako 

ntr 

me 

mt 

mio 

m i l 

R»M 

PM 

PM 

Ha l l 3 

sp r 179 (Araa 2) 

S p r i n g . (ArM 3) 

Halotapn 

B a l l 6 

Springe 

Ngawha Hel l 1 

P h l l l p p t n e a 

Tongonan 333 

Okoy B. PA6 

•(,99 

98 .5 

Ra»K»>Ca>«g 
Cl»HC032SO|, 

l l a»K»>Ca 
BC03-Cl»S0t 

l l a » K » > C a > » N g 
Cl»>tiC032SO^ 

C02>>H2S»> 
H2>N2>KC 

334 

193 

188 
6 

197 

357 

187 
33 

310 

ava 
0 
max 

ave 
0 
max 

350 

330 

269 

249 

249 

233 
7 

245 

260 

189 
46 

236 

ava 
o 
max 

ava 
o 
nax 

252 B S m 

246 ave BS I« 
7 o 

252 nax 

293 B S m 

VH 

VH 

VH 

w 

a 

a 

•V99 

8 5 . 6 

94 

w 

W. I 

w . l 

l l a » > K > C a 
C l>8>HC03»>SOt 

I U » I O C a » > R g 
Cl»>HC03>>S0fc 

R a » i ( > C t » > n g 
Cl»>BC03>S0fc 

4700 

3170 

5400 

154 

171 

163 

182 

241 B8MI 
246 C l - B 

260 

210,360,295 

220-225 

196 (JOS a) Clover (1974t ,bi 1975) 
W.11 T(Z 4 

He t t C t r p t t h l t n t tnd 
Suda t iea 

Tl 

T> 

RSI 

Roacuty 

Zakopane 

Rad Sea Brine 

A t l a n t l a I I daap 

HVS 

HVS 

40.5 

36 pw.i 

• •»>Ca»Hg>K 
C1»S0,,»HC03 

•a»>Ca>K>Hg 
Cl>»SOi, 

9540 

328 

57 IB 98 75 HSm 

17-47 6 l > 0 ( S 0 t , n 2 0 ) 

62 1S9 210 haat ba lance 
211 HSm 
261 A I ° 0 ( S O « , H 2 0 ) 

40.S (1020 a) Dowgtatlo (p . 123) 

36 (1560 a) Oortaccl and Dowglatto (197S) 

Schoel l (p . SSJ)i Braver and 
Spencer (1969), Longine l l i and 
Craig (ig67) 

Rhodaala 

RJ Binga Spr 

SHI Sea Hater 

100 pg 

4-30* w •la»l(9>>ca>K 
Cl>>S0i,>>>HC03 

rare gaaea >bolling rare gaa 

101 173 1S0< A»0(SO,,-H20) 

Haaor (p. 793) 

Rood (1972)) Longinelli and 
Craig 11967) 

Swaxlland 

Swal Kkoba Spra 51.5 pw.pg.i iia»>ca»K 
HC03»Cl>>SO|, 

190 r a r e gaaea HaloT, Itaittagan and laaqraanv (1974) 

Swil 

Tal 

T«2 

T«3 

Swi tsar land 

Lavey l ea Baina 

Taiwan 

Tatun Stuin 

Hainpeitou 

Mataao E205 

I l an Tuchung lT-1 

w 

w.g 

w .g . i 

IU>K>Ca»Hg 
Cl>SOi, 

Ra»K>Ca-Hg 
Cl»>sOii 

Ha»>K 
i«:03»>sOi,>ci 

8180 

15000 

3640 

C02>H2S 

C02»H2S 

168 177 '°' " * 2*} ''̂ "X 

];i 264 246 

J7S 189 45 1.160 187 A"O(SO|„H20) 

N a t o r ( p . 793) 

Hhlta and Truaadal l (1973) i c h n and 
(3iern (wr i t t en c o a m n . . 1975) 

240 
(293 In E208) 

164 F o u m i e r . Hehring and MRSO 
max 171 1240 m) lunpub. d a t a , 1976) 



Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids (continued). 

JB Sampling 
syatea » ,̂  Analyaaa 
Type I !; .. 

Hater 
Type •c "c "̂  '̂  

other 

Geothe mometera 
•c 

'C 
(depth) 

Tl 

T2 

TJ 

T< 

TJ 

re 

T7 

usi 

US2 

USJ 

Turkey 

K ia i l de re 

Denir taa 

He l l KD-16 

S e f e r l h l a a r . 
Cuma 

Afyon, 
Gecek H. 

Ankara, 
Kiiilcahamam 

Canakltale. 
Tu t la 

Aydin, 

United S ta t ea 

Alaska 

Pi lgr im 

umnak Ia land 

Arizona 

Casa GraiMle 

Arkansas 

US4 

USJ 

use 

US 7 

us8 

USP 

USIO 

USll 

USI2 

USlJ 

USK 

Hot Springs Nat. 
Park. Spr 42 

California 

Imperial Valley 

no 12 

Mesa 

Long v a l l e y 

Magma 45 

L i t t l e H o t C r e e k 
S p r 

S u r p r i a e V a l l e y . 
L a k e C i t y 

Morgan S p r i n g s 

C l e a r L a k e 

W i l b u r S p r 

E l g i n S p r 

S e i g l e r S p r 

T h c m w l w a t e r s 

VSw 

VU 

VU 

NVF7 s 

VU s 

100 

99 

82 

96 

55? 

102 

87? 

w .pg 

w 

w 

w 

w 

w 

w .pg 

Na»>X>»Ca>Mg 
HC03»S0i ,>Cl 

Ha»>K»>Ca>Mg 
HC03»S0i ,»Cl 

N a » K > C a » H g 
C l»>BC03>S0t 

N a » C a > K » N g 
Cl>BC03>S0k 

R a » K > C a » H g 
RC03»Cl>S0i , 

Na»Ca>K>>>Hg 
C l»>S0t>HC03 

Na»>K>Ca>>>Mq 
BC03>C1»>S0^ 

55 

100 

w . i Na>Ca»K>:»Mg 
Cl»>HC03>S0t, 

Na>»K>Mq>>>Ca 
C l » S O i 

Ha»Ca>>>K»>Mq 
C l » S 0 u » > H C 0 3 

5550 

1610 

2600 

, L ' ^ C Ca»Hg>Na>K 
HC03>>>S0.,>>C1 

Na>Ca>K>>>Mg 
C l » > S O i , 

180 w . l 

79 w . i . g 

9<i.5 w . i 

9 5 . 4 w 

N a > > K > » C a » H q 
HC03>C1>SD|, 

Na»Ca>K>>>Hq 
HC03>>Cl>S0t, 

Na>»K>Ca>>>Mq 
S0i,>Cl>HC0 3 

Na>>K>>Ca>>>Mg 
C 1 » » S 0 , , > H C 0 3 

55 w . t r , g . l Na>>>K>NHh>>Mq 

Cl>HC03>>>S0i, 

6 8 . 5 w , l Na>»K>NH,.>>Hq>>Ca 
c l > K C 0 ] > > > s n i 

52 w , i , g Na>Mg»K>Ca 
HC03>>C1 

3780 C 0 3 » > H 2 S 156 

4 2 1 0 166 

1 9 5 0 0 175 

5 4 9 0 147 

2 4 8 0 114 

5 8 7 0 0 107 

4 9 3 0 C 0 2 , H 2 S , S 0 2 1 7 8 

129 

194 

270 N2>C02>02 

1 7 0 0 

1660 C 0 2 > » H j » 153 
02*Ar>>>CH(, 

170 1210 

4 5 9 0 

2 7 2 0 0 C 0 2 > » C H k 

2 8 9 0 0 

1130 C02>»CHu>N2> 

"2 

rare gases 

179 

166 

179 

lf.0 

16J 

175 

188 

153 

120 

107 

189 

177 

172 

223 

166 

195 

220 

158 

231 

236 

338 

187 

301 

342 

193 

225 BSMM 

198 HSMM 

176 HSWI 

285 boiling calc 

137 110 146 

209 158 236 

63.5 394 

3727 

219 

143 

354 

207 J 

203 

156 

308 

2301 

238 

171 

380 / \ ' 3c (C02 .CH, ) 
220 ADIH2.H2O) 
255 AD(CH|.,H2) 

240 « " O I S 0 . . . H 2 0 ) 

220 B s m 

IRO 118 160 

190 227 229 213 4"OISOu,H20) 

180 

194 

lr,n 

126 240 

132 238 

211. 169. 
257 215 

Dofflinco and ̂ Smilgil (1970) 

207 (666 m) Alpan (p. 25) 

137 1 7 0 m ) K u r t m a n a n d J S m i l g l l I p . 4 4 7 ) , 

C y d e r a n d § i m f e k ( p . 3 4 9 ) 1 Tan 

1 0 6 ( 9 0 5 m) ' P - ' " 3 ) . OngUr ( 1 1 - 3 6 ) 

M i l l a r ( 1 9 7 3 ) ) M i l l e r , B a r n e a a n d 
P a c c o n ( 1 9 7 5 ) 

102 ( 2 5 0 0 ml D e U e c h a i e l p . 139) 

B e d i n g e r e t a l . ( 1 9 7 4 ) 

300 ( 1 1 1 0 m ) H h i t e 1 1 9 6 8 ) ) C r a i g ( 1 9 7 6 ) 
3 4 0 ( I I D t l ) 

200 ( 2 4 0 0 t m ) S w a n b e r g ( 1 9 7 4 ) 

M a r i n e r a n d H i t l e y ( 1 9 7 6 ) , s o r e y a n d 
(.ewla 1 1 9 7 6 ) , T r u e s d e l l lunpid>. 
d a t s , 1 9 7 5 ) 

Raed ( 1 9 7 5 ) 

H h l t a . Hem a n d H a r l n g 1 1 9 6 3 ) , 
T r u e a d e l l , Bowen a n d N e h r l n g 
( u n p u b . d a t a , 1976) 

B e r k a t r v s s e r ( 1 9 6 8 ) , H h l t e . B a m e a a n d 
O ' N e i l 1 1 9 7 ) ) , B a r n e s . H i n k l e e t a l . 
( 1 9 7 3 ) 1 B a r n e a , O ' N e i l e t a l . ( 1 9 7 3 ) , 

G o f f . D o n n e l l y a n d Thoaipson ( u n p u b . 
d a t a , 1 9 7 6 ) 

Macor ( p . 793) 



Byata 
S a a g i l i n g 

T e a p A n a l y a a a 
•c 

t S l O ; 

• c ' c <̂  <: 

O t h e r 
G a o t l i e r T a a e i a t a r a 

•c 

O b a a r v a d Tamp 
•c 

( d a p t h ) 

OSIS 

BSJ» 

nsl7 

lists 

asl9 

OS 2 0 

OS 21 

0S2S 

DS2J 

U524 

US2S 

0S2» 

OS27 

Onited Statea (continu 

Idaho 

Raft River 

Crank Hall 

Hall 11S2SE-11 

Bruneau-Grandview, 
Hell 5S3E-38 

Helaer, 
Hell 11N6H-10 

Hontana 

Marysville 

Big Creek 

Nevada 

Beowane 

Buffalo Valley 

Kyle 

Steaaboat 

New Mexico 

Jeneit Mtn., 
Jemes Spr 

Oregon 

Alvord 

Xlamath Falla. 
Olene Gap 

Otah 

BVF7 

? 

HVF7 

NVFJ 

HVF7 

VH7 

HVF? 

NVF? 

DS28 Rooaevelt Hot Spr 

HyoBlng 

V e i l o w a t o n a P a r k 

s)wia)K>na B a a i n 

US2P A r e a I S p r a 

VSSO S p r J S 

Upper Baain 

USJI Springe 

USJ2 Ear spr 

H o r r l e B a a i n 

OSJJ S p r l n g a 

USJ4 P o r c e l a i n T e r r a c e 

9 0 

6 0 

6 5 

76 

w , l , g 

w . g . i 

9 8 w 

49 w . t r 

77 w . t r 

94 w 

76 w 

74 w 

l l a » C a » K » > ) 4 g 
C l > » S 0 k > K C 0 3 

N a > » C a > K » M g 
HC0,>S0 ,^C1 

N a » > K > C a 
RC03>>C1>S0^ 

N a » > K > C a 
S0.,>HC03>C1 

N a » > R > c a » > H g 
B C O j > S O , , » C l 

Na»>K>Ca>>>Hg 
H C 0 3 » S 0 | , > C 1 

H a » > K » > C a > » l 4 g 
HC03>SO^>C1 

Na>>Ca>K>Mg 
K C 0 3 » S 0 | , > > C I 

Na»Ca>K>Mg 
C l > K C 0 3 > » S 0 i . 

N a » > R > > C a > > > N g 
C l > B C 0 3 » > S 0 t 

Ha>>Ca>R»»4g 
C1>HC03>>»S0» 

N a » > K » C a > > H g 
HC03>C1>>SO„ 

Ka>>Ca»K>>»49 
S0i ,»Cl»HCO3 

K a » K > » c a 
C 1 » > H C 0 3 > S 0 , , 

N a » > K » > C a > M g 
KC03>C1>>S0^ 

H a > » K > » C a » > H g 
C i » H C 0 3 > > S 0 t 

N a » K > » C a > > > H g 
C l » > H C 0 3 > S 0 i , 

3 3 6 0 N 2 > > C 0 2 > > 0 2 » R 1 3 1 

3 7 3 107 

334 N 2 » 0 2 > C N i , 1 3 9 

S66 149 

6 9 0 

9 7 5 

1 1 4 0 

1 3 7 0 

2 2 7 0 

2 3 7 0 

3 4 0 0 

8 5 0 

140 

130 

1 2 5 0 C 0 2 » > R » > H 2 S 1 8 5 

136 

111 

136 

157 

90 

98 

40 

95 

139 

131 

105 

141 

143 6>'0(SO«,R20) 

149 HSMM 

115 6>80(S0,,.H20) 
108 Chalc 

338 HSMM 

1 4 8 198 

1 3 6 103 130 

202 273 284 

1 9 0 a v e 
10 0 

2 0 3 max 

1 9 5 a v e 
11 o 

2 1 0 max 

2 1 0 a v e 
22 o 

2 5 5 max 

234 &<<>0(S0„,H20) 

125 

154 

128 

161 

124 

143 

158 

173 

98 (ntalc 

223 HSMM 

198 

118 

152 

188 

214 

125 

161 

201 

151 

223 

234 

184 

194 

197 

211 

207 

215 H s m 

257 HSI« 

2201 6l*0(S0t,H20) 
1901 A I > C I C 0 2 , H C 0 , ) 

217 H s m 
209 6 • ' 0 I S 0 ^ . H 2 0 ) 

192 HSMM 
196 A«>0IS0, , ,R20) 

1 7 5 a v a 267 a v e BSIW 
16 o 5 o 

2 2 3 a a t 272 a a t 

1 7 1 2 7 2 B S m 
2 6 0 & l ' 0 ( S O t , R2O) 
1 9 0 1 6 " C ( C 0 2 , R C 0 3 ) 

1 8 6 a v a 2 J 0 a v a B S m 
20 a 1 8 0 

221 max 280 )aax 

314 6 " 0 ( S O „ , H 2 0 ) 
2 0 1 4 " C ( C 0 2 . H C O 3 ) 

2 5 1 a v e 276 a v e B S m 
32 o 32 o 

294 max 374 max 

RRSEl 147 Toung a n d M i t c h e l l ( 1 9 7 3 ) ) Toung a n d 
( 1 5 2 6 a ) H h i t e h e a d ( 1 9 7 5 a . b ) ) H i l l l a x a e t a l . 

( p . 1 2 7 3 ) ) R i g h t m i r e , Towig aitd 
H h l t e h e e d ( 1 9 7 6 ) , T r u e a d e l l , N e h r l n g 
a n d Thompson ( u n p u b . d a t a . 1 9 7 5 ) 

9 8 ( 1 0 0 0 m) B l a c k w e l l a n d Morgan ( p . 8 9 5 ) > m r g a n 
( w r i t t e n c o o a u n . . 1 9 7 6 ) 

R o b e r t a o n , F o u m i e r a n d S t r o n g 
I p . 5 5 3 ) 

312 ( 4 0 0 a ) M a r i n e r e t a l . ( 1 9 7 4 a ) , Bowman a t a l . 
( p . 6 9 9 ) , H o l l e n b e r g ( p . 1 2 8 3 ) , H h l t a 
( 1 9 6 8 ) , T r u e s d e l l a n d N e h r i n g l u n p i l ) . 
d a t a . 1975) 

T r a i n e r ( 1 9 7 4 ) 

M a r i n e r e t a l . ( 1 9 7 4 b ) i U n d . C u l v a r 
a n d S v a n e v i k ( p . 2 1 4 7 ) i T n i a a d e l l , 
S a a a a l , M a r i n e r a n d N e h r i n g ( u n p < ^ . 
d a t a , 1975) 

M u n d o r f f ( 1 9 7 0 ) 1 S w a n b e r g ( 1 9 7 4 ) 1 
B a a v a r O a u n t y Hewe ( 1 9 7 6 ) 

T r u a a d a l l a n d r t > u z n l a r ( p . 8 3 7 , o « 
a t d . d a v . ) I M c K a n t l * t n d T r u e e d t l l 
( I I t - « 5 ) i I t i o a p t o n a t a l . ( 1 9 7 5 ) 1 

H h l t a a t a l . ( 1 9 7 9 ) , T r u a a d a l l 
a n d r « u m l a r ( 1 9 7 6 b ) ) T r u e a d e l l 
( u n p i l ) . d a t a . 1 9 7 5 ) 

2 3 7 . 5 ( 3 3 3 a ) 

309 6 " 0 ( S 0 i , , H 2 0 ) 



Syatea 
Sampling 
Temp luialyaaa Hater 

Typa 
"^^i *3i^ V * 'HiKCa 

other 
Geothe tiBoaatara 

•c 

Obaarvad Twap 
•c 

(dapth) 

OSIS 

USIS 

a s i 7 

USIS 

USI« 

US20 

US27 

US22 

0S2J 

as24 

US2J 

usts 

US27 

US2S 

US2S 

U n i t e d S t a t e a ( c o n t l m i a d ) 

I d a h o 

R a f t R i v e r 

Crank H e l l 

H e l l 11S35E-11 

B runeau -Grandv iew . 
H a l l 5S3B-28 

M a l a a r . 
H e l l l lNe i« -10 

Hontana 

H a r y a v l l l a 

B i g Creek 

Nevada 

aaowane 

B u f f a l o v a l l a y 

K y l e 

S t e a a b o a t 

New Mex ico 

J e a a t M t n . , 
J e a n t Spr 

Oregon 

A l v o r d 

R l a a a t h F a l l a , 
O lene Gap 

U tah 

• o o a a v a l t Hot Spr 

H y o t i n g 

r a l l o w a t o n e Park 

Shoahone B a a i n 

Area I Spra 

HVF 

HVS7 

HVF? 

HVF? 

? 

NVF? 

NVF? 

HVF? 

VW? 

VH 

HVF? 

HVF? 

VH? 

VU 

USJ2 

90 

60 

65 

76 

98 

93 

98 

49 

77 

94 

75 

76 

74 

es 

w . l . g 

w 

w . g . i 

w . l 

w 

w 

w . t r 

w . t r 

w 

w 

w 

w 

w 

M a » C a » K > » M g 
C l»>SOt>HCO, 

Na»>ca>K>>Hg 
HC03>S0 i j c l 

Ha»>K>Ca 
NC03»Cl>S0k 

Ha»>K>Ca 
SOt>HC03>Cl 

H a » > K > C a » > N g 
HCO,>S0i ,»Cl 

N a » > K > C a » > H g 
HC03»S0^>C1 

Na»>K>>>Ca>>>Ng 
HC03>S0k>Cl 

Na»Ca>K>Mg 
H C 0 3 » S 0 , » C 1 

Na»Ca>R>Mg 
Cl>HCO3»>S0i , 

Na>>>K»>ca>»Hg 
C l>HC03»S0k 

Na»Ca>K»>Mg 
C1>HC03»>S0,. 

H a » > R » C a » M g 
HC03>C1»S0» 

H a » C a » K » > M g 
SO, ,»C l iKCOj 

Na>>K>»Ca 
Cl»>HC03>S0k. 

Spr JS 

Upper Baain 

Sprlnga 

Ear Spr 

Morria Baain 

Sprlnga 

Porce la in Terrace 

Na»>K»>Ca>Hg 
HC03>Cl»S0i, 

Na»>K»>Ca>>>Hg 
C1»HC03>>SO., 

Na>>K>»Ca>>>Hg 
C1»>HC03>S0» 

3360 N2»C02>>02>>R 131 

372 107 

324 H2»02>CH|, 129 

566 149 

690 

975 

1140 

1370 

2270 

2370 

3400 

850 

140 

130 

136 

111 

136 

157 

90 

98 

40 

95 

139 

131 

105 

141 

143 6>'0(S0«,H20) 

149 HSMM 

115 al>0IS0^,H20) 
108 Chalc 

228 HSHM 

148 198 

136 102 130 

202 273 284 

190 ava 
10 a 

203 max 

1250 C02»>R»>H2S IBS 

195 t v 
11 a 

210 max 

306 

310 ava 
33 o 

255 max 

234 « ' » 0 ( S 0 , „ H 2 0 ) 

125 

154 

128 

161 

124 

143 

158 

173 

98 Chalc 

233 HSMM 

198 

118 

152 

188 

214 

125 

161 

201 

151 

223 

234 

184 

194 

197 

211 

207 

315 HSMM 

357 HSm 

2201 4"0(SO,„H2a) 
1901 6'»C(C02,HC03) 

217 HSHM 
209 6>°0IEOt,H20) 

192 HSKH 
196 Al'OISOk.HiO) 

175 ava 267 ava 
16 a S o 

233 a a t 373 aaa 

27] BSMM 
260 SI'OISO),, R2O) 
190* 6>>C(CO,,RC03) 

1S6 ava 230 ava BSWI 
20 o 18 0 

221 a a t 380 a a t 

314 6l*0IS0a,H20) 
201 6l 'c(C02,HC0|) 

251 ava 376 ava SSW 
32 0 J2 o 
294 aat J74 Bat 

273 309 &>'O(S0t,H2O) 

RRGEl 147 Toung and Mi tche l l (1973)) Toung and 
(1526 a) Hhitehead (1975a,bl) H i l l i a a a a t a l . 

(p. 1373)) R l g h t a i r a , Voitig and 
Hhitehead (1976), T r u a a d a l l . Nehring 
and TYioagieon lunpub. d a t a . 1975) 

11000 a) Blackwell and Morgan (p. 895) , Morgan 
(wr i t ten ciaamiiK, 1976) 

Robertaon, F o u m i e r and StrO)tg 
(p. 553) 

212 (400 a) Mariner e t a l . (1974a), Bow«an a t a l . 
(p. 699)) Hollenberg (p. 1283)) Hhi te 
(1968): Trueadel l and Hehring (unpt^. 
d a t a , 1975) 

(233 a ) 

Trainer 11974) 

Mariner e t a l . (1974b)1 Lund. Culver 
and Svanevik Ip. 2147); T rueade l l , 
Sa sns l , Mariner and Hehring lunpub. 
d a t a , 1975)' 

Mundorff (1970), Swanberg 11974)1 
Beaver Oouity Nawa (1976) 

Truaadal l and P o u m l a r (p. 837, a » 
a t d . dev . ) ) NcKantla and Truaada l l 
( I I I - 6 5 ) , Thoapeon e t a l . (1975) 1 
Hhlta e t a l . (197S)i Truaadal l 
and Fournier (1976b) 1 Truaadal l 
(unpti>. d a u , 1975) 

(1S2 a ) 

3 J 7 . 9 (JJ3 a ) 



tr trace waler analysis 
tig trace gas analysis 
8 gas analysis 
• wafer (••O.O) or olher isotopes 
T,'*C tritium, carl)on-14 

W<t« Type Is calculated on a wetgfit (lasis. Ttw syntiols mean: 
A a B A approximately equals B in corKentration 
A £ B A is 1 to t.2 times Ihe concentralion of B 
A > B A is 1.2 lo 3 times the concenlralion of B 
A » B A is 3 to 10 times lhe concentration o( B 
A » > B A is more than 10 times Ihc conceniration of B 

TIX is the sum cf (he reported constituents of the analysis In ppm (mg/kg). 

C a m are in order of molar or volume abundance with the same symbols as for waler type. 

A'KfCOj.CH,): Temperatures indicated t>y the fractionation of "C belween CO, and OH,. The notation tor 
Ihis and olher isotope geothermometers is self-evident (see ted). 

K(CO, -» CH,): Temperature calculated from diemical equilibrium constants lor Ihe reaction CO2 + 4H, - CH, 
+ 2H,0. 

Boiling calculation: Temperatute calculated from the apparent increase in concentration of seawater due to 
boiling. 

Na-Ca-SiO,. isotope mixing, "C mixing, "isolope", heat balance, Cl-E: Special methods explained in the original 
references. 

Oliiervcd Tcmperatuic is aqufHer lemperatuie rather than maximum tanperature where aquHers are Identified; 
otherwise, maximum recorded lemperature. 

ReferetKcs in many cases are grouped where data for a wetl, spring or geolhermal systen are from more 
Ihan one source, "recalc. from" means lhat lemperaiures were calculated from a calibration curve other Ihan 
Ihal used t>y lhe aulfior. 

Table 2. Equations for geothermometers. 

Silica Ceothermotneters (SIO, in ppm)* 

Quarte, adiabatic cooling ,tt 2°C from US-27S'0 

Quartz, conductive cooling t t 0.5°C from 125-250°C) 

Chalcedony, conductive cooling 

White and Ellis (see text) (± 2 ^ from 10O-275°C) 

Foumier and Truesdell (1973) 

1533.5 
t°C= 273.15 

5.768 - log SiOj 

1315 
°C) t°C = 

t ^ = 

5.205 - log SiO, 

1015.1 

4 .655 - log SiO, 

Na/K Ceothermometen (Na, K in ppm) 

t°C = 

t°C = 

855.6 

log(Na/K) + 0.8573 

777 

273.15 

273.15 

- 273.15 

Foumier and Tmesdell (1973, 1974) 

P = 4 / 3 f o r V c r / N a > 1 a n d t < ^(XrC 

P = 1 / 3 f o r V T a " / N A < 1 o r t , / , > 100°C 

log(Na/K) + 0.70 

(itaKCa Ceothermometer (Na, K, Ca in moles/lifer) 

t ^ = 
1647 

log (Na/K) + fi log ( V c T / N a ) + 2.24 
- 273.15 

•Dala Irom Foumier (written common., 1973) 
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PROCEDURE FOR ESTIMATING THE TEMPERATURE OF 

A HOT-WATER COMPONENT IN A MIXED WATER BY 

USING A PLOT OF DISSOLVED SILICA VERSUS ENTHALPY 

By A. H. TRUESDELL and R. 0. FOURNIER, Menlo Park, Calif. 

Ahttract.—A graphical method using a plot of dissolved silica 
versus enthalpy allows quick determination ot tbe temperature 
of the liot-water comiionent of a nonboiling thermal spring. 
Tbe method is applicable to warm spring waters tbat either 
bave not lost heat before mixing or have lost heat by separa
tion of steam before mixing. 

Foumier and Truesdell (1974) published giaphical 
and analytical procedures for estimating the tempera
ture and proportion of a hot-water component mixed 
with a cold water. These procedures, valid for warm 
springs of large flow rate, were based on heat and 
silica balances. This paper presents simplified graphi
cal procedures for obtaining those results. The method 
makes use of the dissolved silica-versus temperature 
graph of Fournier and Rowe (1966, fig. 5), replotted 
in figure 1 as dissolved silica versus enthalpy of liquid 
watftr in equilibrium with steaiti. To simplify the pro
cedure, we have chosen to plot enthalpy in Interna
tional Table calories (CEIIT) per gram (above O'C) 
rather than joules per gram because the enthalpy of 
liquid water is numerically approximately the same 
as the temperature. 

Iti using figure 1. one may assume either that no 
steam or heat had been lost from the hot-water com
ponent before mixing or that steam had separated 
from the hot-water component at an intermediate 
temperature before mixing. In either event, it is nec
essary to assume that no loss of heat occurs after mix
ing, that the initial silica content of the deep hot 
water is controlled by the solubility of quartz, and 
that no further solution or deposition of silica occurs 
before or after mixing. These assumptions are dis
cussed in greater detail in Fournier and Truesdell 
(1974). 

PROCEDURE 
Assuming no loss of steam or heat before mixing; 

then do the following: 

1. Determine or estimate the temperature and silica 
content of nontliermal ground water in the re
gion and plot as a point in figure 1, the silica-
versus-enthalpy graph. Plot temperature in de
grees Celsius as calories. This is shown as point 
A in figure 2. 

2. Plot the temperature and silica content of the warm 
spring water as another point on the graph, 
point B in figure 2 (again plotting temperature 
as calories). 

3. Draw a straight line through the two points and 
extend that line to intersect the quartz solubility 
curve, point C in figure 2. Point C is the enthalpy 
and silica content of the deep hot-water compo
nent. 

4. Obtain the temperature of the hot-water component 
from its enthalpy by using steam tables (Kee
nan and others. 1969) or figure 3. 

5. Determine the fraction of hot water in the warm 
spring by dividing the distance AB by AC. 

It is possible that point B may plot at too high a 
silica value for the extension of line AB to intersect 
the quartz solubility curve. This may be due to the 
assumption of too low a value for the silica content 
of the nonthermal water, and this value may be in
creased if it seems reasonable. Alternately, the hot-
water component may have lost heat, but not silica, 
before mixing. If heat was lost by separation of steam, 
it is possible to evaluate the situation. 

Assuming steam loss from an adiabatically cooled 
liquid before mixing with cold water; then do the fol
lowing : 

1. Plot tho temperature and silica contents of the 
warm and cold watere as in the above procedure 
(fig. 4, points A and D). 

2. Draw a straight line between those points (A and 
D) and extend that line to the liquid-water en
thalpy equivalent of the temperature at which 
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FiocBE 1.—^Dissolved silica-enthalpy graph for determining temperature of a hot-water component mixed with cold 

water yielding warm spring water. 

steam is assumed to have escaped befoie mixing 
(point E for IGCC in fig. 4) . 

3. Move horizontally across the diagram parallel to 
the abscissa until the maximum steam-loss curve 

is intersected (point F in fig. 4) . Point F gives 
the enthalpy of the hot-water component befoie 
the onset of boiling, and point G gives the orig
inal silica content before loss of steam occurred. 
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FiouBE 2.—Dissolved siUca-enthalpy graph to l>e used when 
assumption is made that no steam or heat has l>eeD lost 
tiefore mixing. See text for explanation. 

4. Determine the fraction of hot water (after steam 
loss) in the warm spring by dividing the distance 
AD by AE. The weight fraction of original hot 
water lost as steam before mixing, x, is given by 
the formula 

Q I ^ I I t I 1 I I I I I I I I I I I I I 1 I I I t I I I I I I I I I I 1 I t t I I I I 
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FIGURE 3.—^Temperature-enthalpy relations for liquid water In 
e<iuilibrium with steam. 
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If steam is lost at temperatures above 100°C, point 
F will lie on an intermediate steam loss (ISL) curve 
between the 100°C maximum steam loss (MSL) curve 
and the quartz solubility (QS) curve. The relative 
distance of the ISL curve from the QS and MSL 
curves is in tlie proportion {HQS-HKL)/{HiaL-Hioo) 
where HQB is the enthalpy of liquid water at the quartz 
solubility curve at a given value of silica, HISL is the 
enthalpy of liquid water at the actual teinperature of 
steam loss, and Hioo is the enthalpy of liquid water at 
lOO-C. 

If steam separates at less than 1 atmospheric pres
sure, the enthalpy of the residual liquid water will be 
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FjouBE 4.—Dissolved silica-enthalpy graph to be used when 
assumption is made that steam separated at 100°C from the 
bot-water component before mixing. See text for explanation. 
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less than 100 caliT/g. Point F will then be positioned 
on a different maximum steam-loss curve located 
slightly to the left of the maximum steam-loss line 
shown in figure 4. However, the change in position 
of the maximum steam loss cune as a function of the 
atmospheric pressure (altitude) is generally trivial. 

DISCUSSION 

The maximum enthalpy of the hot-water component 
that can be reliably determined is set by the point at 
which an extended Hne, such as AB (fig. 2), would be 
tangent to the quartz solubility curve. For most rea
sonable silica contents of nonthermal water, this will 
be at about 300 calix/g (~285°C). Higher initial en
thalpies of the hot-water component would cause an 
extended line to intersect the quartz solubility curve 
at two points, and the lower enthalpy point probably 
would be erroneously selected as the solution to tho 
mixing problem. Although this presents a problem in 
interpretation, another probleni inherent in dealing 
•with very high enthalpy wafci-s (above 275 to 300 
calix/g) is probably more serious. Qnailz precipitates 
relatively quickly from such waters, and. therefore. 

tempei-atures derive*! from any relation as.siniiing no 
silica pi-ccipitation are likely to be in error. 

This method does allow easy evaluation of the effects 
of variations in assumed silica content and temperature 
of nonthennal water. The method also allows results 
obtained assuming no steam loss to be coinpared 
quickly with results obtained assuming steam loss at 
various intermediate temperatures. Siinilar graphical 
methods can be used to accommodate other silica phases 
such as chalcedony and cristobalite. 
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Calculation of Deep Temperatures in Geothermal Systems 

from the Chemistry of Boiling Spring Waters of Mixed Origin 

A. H. TRUESDELL 
R. O. FOURNIER 

U.S. Ceological Survey, Menlo Park, California 94025, USA 

ABSTRACT 

Compositions of hot spring waters which result from 
subsurface mixture of hot and cold water components can 
be used to estimate the original temperature and fraction 
of the hot water component. Computations based on the 
chemistry of warm (t < 80°C) springs of mixed water origin 
were described by Fournier and Truesdell (1974). A new 
method has been devised to calculate the temperature and 
fraction of the hot water component of mixed springs that 
issue at boiling temperatures. The surface temperature, 
chloride, and silica content of the mixed spring water and 
the temperature and chloride content of an assumed unmixed 
spring water and of local cold ground water are used to 
calculate the temperature and fraction of the hot component 
ofthe mixture. In using the method, it is necessary to assume 
that (1) a sample of unmixed water is available; (2) no heat 
loss or gain occurs before or after mixing; (3) re-equilibration 
with quartz occurs after mixing; and (4) silica is not precipi
tated during ascent of the mixed water to the surface sampling 
point. If assumptions I, 2, and 4 are not entirely true, the 
calculated temperature will usually be a minimum value. 
If assumption 3 is not true, too high a value is obtained. 
Results of calculations by graphic and analytical methods 
described here are given for selected areas in New Zealand, 
Chile, and Yellowstone Park. 

INTRODUCTION 

The maximum underground temperature of a geothermal 
system is critical to the evaluation of its energy potential. 
Under favorable conditions, determination of underground 
temperatures can be made from surface samples of hot 
spring waters by the use of chemical geothermometers 
(Fournier, White, and Truesdell, 1974). These geother
mometers, however, do not usually indicate temperatures 
exceeding 200 to 230°C even though higher temperatures 
are found when these systems are drilled (Mahon and 
Finlayson, 1972). This temperature limit results from re-
equilibration during passage of the water to the surface 
(Fournier, 1973; Fournier and Truesdell, 1973) and limits 
the usefulness of chemical geothermometers to lower tem
perature systems and to indicating temperatures of shallow 
aquifers in high-temperature systems. Higher subsurface 
temperatures may be indicated by isotope geothermometers 
(Hulston and McCabe, 1%2; Craig, 1963; Gunter, l%8; 

McKenzie and Truesdell, 1975) and by calculations based 
on the temperature and silica content of warm springs of 
large flow that result from the subsurface mixture of hot 
and cold waters (Fournier and Truesdell, 1974). Unfortu
nately, the warm-spring mixing model method does not work 
where the mixed water emerges at boiling temperature, as 
is the case for many high temperature systems. A new 
calculation method described here, applicable to high-
temperature systems with boiling springs of differing chloride 
content, is applied to geothermal sysiems in the United 
States, New Zealand, and Chile. 

LIMITATIONS OF SILICA GEOTHERMOMETER 

The geothermometer based on the assumed saturation 
with respect to silica minerals is by far the best understood 
(Fournier, 1973). Atiove about I50°C, geothermal waters 
in equilibrium with rocks containing excess normative silica 
are generally saturated with quartz. If these waters move 
rapidly to the surface from aquifers at temperatures less 
than about 200 to 230°C, they may retain all or very nearly 
all of their dissolved silica and will indicate the temperature 
of quartz equilibrium. This has been demonstrated for spring 
waters rising from shallow aquifers in Yellowstone Park 
(Fournier and Truesdell, 1970). (In some places where 
subsurface water-rock equilibration occurs at a temperature 
below about 140 lo I50°C, dissolved silica may be controlled 
by the solubility of chalcedony rather than quartz.) If, 
however, the equilibration occurs in deeper, hotter aquifers, 
the content of dissolved silica will be such that the solubility 
of amorphous silica will be exceeded during passage of 
the water to the surface. When this happens, some silica 
is very likely to be deposited because the precipitaiion of 
amorphous silica from supersaturated solulions is rapid 
relative to quartz, which precipitates slowly at temperatures 
less than 200°C (White, Brannock, and Murata, 1956; Four
nier, 1973). For systems in which quartz is present at depth, 
the maximum subsurface temperature that can be indicated 
by the silica geothermomeler without possible deposition 
of amorphous silica depends principally on the temperaiure 
of the spring and, therefore, for boiling springs, on the 
atmospheric pressure. This relation is shown in Figure 1, 
in which the solubility curve of amorphous silica (Fournier, 
1973) is combined with the silica geothermomeler curves 
for adiabatically and conductively cooled spring walers 
(Fournier and Rowe, 1966; Mahon, 1966). If lhe surface 
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Figure 1. Solubility of amorphous silica and quartz (curve 
A) as a function of temperature. Curve B shows the amount 
of silica that would be in solution after an Initially quartz-satu
rated solution cooled adiabatically to 100°C wilhoul any 
precipitation of silica. Modified from illustrations in Fournier 

and Rowe (1966). 

boiling lemperature is 100°C (for sea-level geothermal sys
tems), saturation with amorphous silica represents about 
370 ppm SiO 2, which could result from subsurface quartz 
saturation at 206°C with adiabatic cooling or at 226°C with 
conduclive cooling. If quartz saturation occurs at higher 
temperalures, near-surface precipitation of amorphous silica 
may occur. At the elevaiion of Yellowstone Park, boiling 
occurs al 92°C and amorphous silica saturation represents 
340 ppm Si02 in solulion. Dissolved silica values for most 
Yellowstone walers olher than Norris waters show an abrupt 
cut-off al aboul 370 ppm SiO3 (Fig. 2). Some Norris waters 
have higher SiO, contents because they flow rapidly to 

the surface from very hoi aquifers that probably exist at 
relalively shallow depths. The highest-altitude geolhermal 
area for which detailed analyses are available is El Talio, 
Chile, where waler boils al 85..5°C (A. J. Ellis, written 
commun., 1975). In this system, the predicted limits are 
305 ppin SiO2 or quarlz saturation temperatures of 195°C 
(adiabatic) with 21 TC (conduclive). The maximum observed 
silica content is 280 ppm (Ellis, written commun., 1975), 
which corresponds to an indicated temperaiure of I88°C 
(or 202°C), considerably below the maximum temperature 
(260°C) encountered in drill holes in this system (Armbrusl 
et al., 1974). 

MIXTURE CALCULATIONS 

One way to estimate subsurface temperatures above the 
temperature limits ofthe silica geolhermometer is to examine 
the chemistry of springs lhat result from the subsurface 
mixture of hot and cold waters. If this subsurface mixture 
produces a temperature below boiling, and if the flow is 
sufficiently large thai this temperaiure is unchanged during 
passage lo the surface, then the warm spring mixing model 
of Fournier and Truesdell (1974) may be applied to calculate 
the lemperalure and fraction of the hoi waler component. 
This model depends on the admixture of cold water diluting 
the dissolved silica sufficiently so that saturation with and 
precipitation of silica does nol occur and that the mixture 
does nol equilibrate wilh silica minerals afler mixing because 
of the low temperature. These conditions are met in parts 
of Yellowstone thermal systems, where reasonable subsur
face temperatures have been calculated (Fournier and 
Truesdell, 1974). Unfortunately, the use of this mixture 
calculation is limiled by the scarcity of suitable springs, 
by the problem of steam loss before mixing (as discussed 
in the original paper), by its sensitivity to the silica conlenl 
of the cold water, usually not accessible lo direel measure
ment, and by its inability, for geometric reasons, lo indicate 
tempeiatures above aboul 300°C. These disadvantages do 
not apply to a new mixing model suggested for systems 
containing boiling springs of different chloride contents 
resulting from the mixing of different amounts of hoi and 
cold water. 

NORRIS • 
OTHER ^ 

I • • 
700 

ppm Si02 
Figure 2. Frequency of silica contents dissolved in Yellowstone Park hot-spring waters. 
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MIXING MODEL FOR BOILING SPRINGS 

If cold water at .5°C mixes wilh hoi waler al 270°C (a 
reasonable average for drilled high-lemperalure sysiems), 
hot water fractions of about 0.5 to 0.8 will produce waler 
temperatures of 150 to 2I0°C. These waters can be expected 
to equilibrate wilh quartz if they remain in an aquifer at 
these temperalures for a relatively long lime and will nol 
deposil amorphous silica during passage to the surface. The 
indicated quarlz saturation temperatures of boiling springs 
in Yellowstone (Fig. 2) and in olher sysiems tend to be 
in the middle of this range, suggesting that dilution by cold 
water and re-equilibration with quartz in shallow aquifers 
may be common features of high-lemperalure geolhermal 
systems. 

If these processes are common and if the silica geother
mometer reliably indicates temperatures resulting from mix
ing, then only the mixing fraction need be determined in 
order to calculate the temperaiure of the hot-water compo
nent for these high-temperature geothermal systems. 

GRAPHICAL METHOD OF CALCULATION 

The simples! method of calculating the temperature of 
the hot-water component uses a plot of water enlhalpy versus 
chloride content (Fig. 3). On this plot, the composition of 
the cold water, of steam, and of all the hot spring waters 
issuing at surface boiling temperatures (HS^ through HS„) 
can be represented. Lines from the hot spring waters loward 

STEAM 

STEAM LOSS 

DEEP WATER 

COLD WATER 

CHLORIDE 

Figure 3. Hypothetical plot of enthalpy relative to chloride 
for various waters that result from the mixing of hot and 
cold waters. Enthalpies of deep waters are estimated using 

the silica content of hot-spring waters. 

the average composilion of the separated sleam (HS, to 
Sleam, and so on) represent the varialion in enlhalpy and 
chloride content of the liquid water fraclion caused by the 
process of sleam separation during passage to the surface. 
(The enlhalpy of the separated sleam may vary from 2676 
to 2804 joules per gram belween 100 and 327°C. We recom
mend using an average value of 2775 joules per gram or 
639 calories per gram.) The points AQ^ through AQ,^ on 
each of these lines are fixed from the temperature indicated 
by the silica geolhermometer applied to the respective 
springs, assuming adiabatic cooling, and with waler enlhalpy 
obiained from sleam tables (in Keenan et al., 1969). 

If a spring water is thought to cool mainly by conduction, 
a slightly higher estimated subsurface lemperature and 
enthalpy would be obtained using the silica geothermomeler, 
and the chloride conlenl of the deep water would be the 
same as that of the emerging spring waler, lhat is, a point 
AQx would plot directly above the poinl HS^ instead of 
along a line pointing lo steam. A more complete discussion 
of the problem of treating dala where bolh adiabatic and 
conductive cooling may have occurred is given in Fournier, 
White, and Truesdell (1975). 

If the AQ points are aligned radial lo lhe cold-water point 
(a "dilulion line"), then cold-water dilution is strongly 
indicated as the dominant process controlling the subsurface 
temperatures and relative chloride contents. This is illustrat
ed by data from Shoshone Geyser Basin, Yellowstone Park, 
Wyoming, and from Orakeikorako, New Zealand (Figs. 4 
and 5). It is to be expected lhat the indicated waler enthalpies 
of the more concentrated (higher chloride contents) springs 
will fall below the dilulion line if the temperaiure of lhe 
hot-water component is above that which produces amor
phous silica deposition, as discussed earlier. If only a few 
waters are sufficiently diluted loresult in mixed temperatures 
below the amorphous silica deposition limit, then the dilution 
line may have to be forced through the cold-water poinl. 
In either case, the intersection of the dilution line wilh 
the steam separation line of the highest chloride water 
represents the estimated water enlhalpy and chloride content 
of the least diluted water before passage lo the surface. 
If several walers of a spring system have chloride contenis 
near the maximum, then these waters may reasonably be 
laken lo represent samples of lhe undiluted hot water, and 
their deep temperaiure, laken from the intersection of their 
steam separation lines wilh the dilulion line, may be laken 
to be that of the undiluted hot water. The proportion of 
deep hot water to cold water in the mixed water, such 
as AQ2 in Figure 3, is given by the relalive lengths of 
the line segments from the cold-water poinl to AQ2 and 
from AQ2 to the hot-water poinl. 

Generally, when a high-temperature water mixes with a 
low-temperature water the resulling solulion will be super
saturated with silica in respect lo the solubility of quarlz. 
In the above discussion, it was assumed that the silica in 
the water re-equilibrated (precipitated quarlz) after mixing 
and before furiher cooling. For situations in which dissolved 
silica does not re-equilibrate completely afler mixing, the 
estimated enthalpy of the mixed water will be slightly higher 
than the true enlhalpy and the corresponding AQ poinl (Fig. 
3) will plot too high. 

ANALYTICAL METHOD OF CALCULATION 

The same results may be obtained from an analytical 
.solution. It is possible 10 write heat balance and chloride 



840 

13001-

I1200 -

TRUESDELL AND FOURNIER 

^ STEAM 

z 
< 

o 
(T IIOO 
Ul 
0 . 

tn 
UJ 

3 1000 
o - 5 

> 
0 . 
_ l 
< 900 
»-

AREA 
O 1 
+ 2 
D 3 
A 4 

_ 

— 

800 -

700 -

282»C 

,278 "C 

2 7 2 ' C 

267 "C 

6 0 0 
160 180 200 

CHLORIDE , PPM > 
2 2 0 260 

Figure 4. Enthalpy relative to chloride for waters from four geographic areas wiihin Shoshone Geyser Basin, Yellowstone 
National Park. I A and 1M respectively refer to the average and maximum lines through the data poinls for area 1. Similarly, 

2A and 2M and 3A and 3M refer to average and maximum lines through the dala points for areas 2 and 3. 

balance equalions for each part of the overall process. For 
the mixture of hot waler wilh cold waler, these equalions 
are: 

and 

h„,= Xh , + 0 - X ) h ^ 

C 1 „ = X C I , - K I - X ) C 1 , 

(1) 

(2) 

where h and Cl are specific enlhalpy and chloride content, 
subscripts m, h, and c are mixed, hoi and cold respeclively, 
and X is the fraction of hot waler. For the processes of 
sleam separation during passage lo the surface for a mixed 
waler, the equalions are: 

and 

h „ , - Y h l + { ] - Y ) h ' : ' 

ci„=yci!„ + ( i - y ) c i ; 

(3) 

(4) 

in which the symbols are as before, with superscripts i 
and w referring to sleam and waler al surface temperaiure 
and y the fraclion of sleam formed. Similar equalions for 
an unmixed spring waler which results from the passage 

to the su 
are: 

and 

irface of the undiluted hot component of the mixlure 

\ = z/ i ' + ( i - Z ) h ; 

CL = Z C I ? + ( l - Z ) C 1 " 

(5) 

(6) 

in which Z is the resulting fraclion of steam. Because the 
solubility of chloride in low-pressure sleam is very small, 
Cl" can be set equal to zero, and equalions (3) and (4) 
and (5) and (6) may be combined as: 

C l„ = 
hL - hZ 

• a : (7) 

and 

h i - h . 
(8) 

When equalions (7) and (8) are combined wilh equalions 
(I) and (2), and wilh (h ' - h") written as h', the heal of 
evaporation, the final equalions are: 
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Figure 5. Enlhalpy relative to chloride for waters from four geographic areas at Orakeikorako, New Zealand. 1A and IM 
respectively refer to the average and maximum lines through the dala poinls for area 1. Similarly, the A and M notation 

is used for the average and maximum lines through the data points for areas 2 and 3. 

O ' l h U h ' - h J - ^ - C \ r h ' ( h „ - /i.) - C l , . / i ' Ail 
^ , m n ^ tn m ' n tn ^ m *-' c m ft /ry. 

^ = {y) CKKihl-h,)-a,hi,hi 
and 

' ' . = 
h,., - h.. 

- + h . . (10) 

In these equations, Ir', h' , and h"̂  are surface valuesof 
enlhalpy of sleam, of evaporation, and of cold water that 
can be found in steam tables (Keenan et al., 1969) for 
measured or estimated surface temperature of hot and cold 
springs, and Cl;;; and Clj;' are the surface chloride contents 
of lhe mixed waler and the presumed nonmixed water. The 
value of h„,is the subsurface enlhalpy of the mixed waler 
before sleam separation, which can be obiained from the 
silica content of the waler using the silica geolhermometer 
wilh correclion for steam loss (Mahon, 1%6; Fournier and 
Rowe, 1966) and the steam tables. Once the hot waler 
fraction, X, is calculated, the subsurface enlhalpy of the 
hot water, h^, may be calculated and its temperaiure derived 
from the steam tables. 

The analytical meihod is nol recommended as superior 
to the graphic method; in fact, the errors involved in the 
calculation may be obscured by its use. It can, however, 
be incorporated in compuier programs along wilh other 
geothermometric meihods for screening of hot spring dala. 

APPLICATION OF MIXING CALCULATIONS 

Mixing calculations have been made for hot springs in 
Yellowstone Park, Wyoming, USA, in the Taupo volcanic 
zone, New Zealand, and at El Talio, Chile. Two hot spring 
systems for which numerous modern analyses were available 
have been treated in detail and are shown in Figures 4 
and 5. These areas are Shoshone Geyser Basin, Yellowstone 
(Truesdell, 1975a;Thompson el al., 1975) and Orakeikorako, 
New Zealand (Mahon, 1972). In each of these areas, fault 
conlrol of hot spring localions is evident, and hot springs 
localed along a single fault tend to lie along a single dilulion 
trend on the enthalpy-chloride diagram. At Orakeikorako, 
aquifers are considered lo exist at differenl lemperaiures 
and these aquifers are intersected by differenl faulls, giving 
rise to chemical zonation in the spring waters (Mahon, 1972 
and 1973). At Shoshone, subsurface informalion is lacking, 
and the alternative interpretation that some waters have 
lost silica and others gained sleam is favored. 

In Figure 4, the subsurface enlhalpy and chloride contents 
of Shoshone hot spring walers, calculated by means of the 
compuier program GEOTERM (Truesdell, 1975b), are plot-
led using different symbols for the spring walers of the 
western area (I), the central area (II), the soulh central 
area (Mi), and the north central area (IV). Waters from 
these areas form chemically distinct regions on a plot of 
their Cl/SO^ ratios versus their C l / H C O , ratios. Except 
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for one water with an anomalously high calculated enthalpy, 
the enthalpy-chloride points of waters of area 1 are reason
ably well aligned along a narrow dilulion trend lhat intersects 
the steam loss line of the highest chloride spring al an 
enthalpy corresponding to aboul 270°C, laken as the temper
ature of the hot component of the mixture. Although the 
average projection of these area I points indicates a hot-
component lemperature of 267°C. the maximum indicated 
temperature of 272°C is considered more likely because some 
of the waters may have lost silica. The area II poinls do 
not have as wide a range of chloride and enthalpy and 
plol lo the left of the area I points, suggesting that, during 
or before mixing, these waters may have gained steam from 
subsurface boiling of other waler, and that the indicated 
temperalures (278°C average; 282''C maximum) are therefore 
probably too high. The silica contents of the walers of areas 
111 and IV are close to saturation wilh amorphous silica; 
and as they appear to have lost silica during ascent, their 
indicated hot-component temperatures are too low. Springs 
with acid walers were not included because their silica 
contents do not reflect subsurface equilibrium with quartz. 

Only area I springs have a wide range of subsurface 
enthalpy and chloride and line up along a convincing dilution 
line (line fM). These springs have the greatest areal spread, 
and, in aggregate, discharge most of the thermal water of 
the basin. It is therefore probable that the thermal water 
entering the base of the system had a temperature of 272°C, 
as indicated by the maximum projection of the dilution line 
of area 1 on the steam-loss line of the most concentrated 
spring. It is possible, however, that this most concentrated 
spring is itself mixed, that it may have lost silica during 
ascent, and that the temperature of the hot component of 
the mixture may be higher. 

Examinaiion of lhe detailed hoi spring daia available for 
the Orakeikorako, New Zealand, geolhermal system 
(Mahon, 1972) shows a somewhat similar picture. Three 
of the four areas distinguished by Mahon on geographic 
and chemical grounds seem to contain walers that fall along 
well-defined trends (lines 2-4, Fig. 5), wilh maximum indi
cated temperatures only slightly higher than average indicat
ed temperatures. The observed aquifer temperatures from 
drill hole data (Mahon, 1973) are very close to the calculated 
temperalures. In this sysiem, the existence of several dilution 
trends is probably not due to silica loss or steam gain but 
to the existence of several aquifer waters wilh differenl 
temperalures feeding hot springs through separate faulls 
and being separately diluted. For this reason, the indicated 
temperalures for each of the four areas are given in Table 
1. 

Hot spring chemical dala for other systems in Yellowstone 
and New Zealand for the El Tatio, Chile, system have been 
used lo calculate geothermomeler and mixing model temper
atures wilh reasonable agreement between the latter and 
the observed produclion aquifer temperatures for drilled 
sysiems (Table I). In order to test the meihod as objectively 
as possible, the hot spring analyses have been used withoul 
statistical weighting (except for the elimination of acid sulfate 
spring analyses). In an exploralion program, it may be 
advisable to weight spring dala using crileria described by 
Fournier, While, and Truesdell (1974), a meihod applied 
lo hoi springs of the Long Valley, California, geolhermal 
system (Sorey and Lewis, 1975) and lo the Upper, Lower, 
and Norris Geyser Basins of Yellowstone National Park 
(Fournier, While, and Truesdell 1975), 

SUMMARY 

In this paper it is demonstrated that, in high-lemperalure 
geothefmai systems with boiling hot springs having a range 
of chloride contenis, aquifer temperatures above the usual 
range of the silica geolhermometer may be calculated from 
a simple rhixing model. The requirements for this calculation 
include that: (1) no loss or gain of steam occur before mixing 
lakes place; (2) the temperatures resulling from mixing be 
within the range of accuracy of the quartz-saturation geo
thermometer (usually 150 lo 205°C); (3) no precipitation of 
silica occur after mixing; and (4) no conduclive loss of 
heat occur before or afler mixing. These requirements are 
met by numerous high-temperature geolhermal sysiems in 
Yellowstone Park. USA, in the Taupo volcanic zone. New 
Zealand, and elsewhere. In drilled sysiems, calculated tem
peratures are close to those encountered in drilling. 
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Table 1. Subsurface temperatures {°C) of geothermal systems observed in drill holes and calculated from chemical, geother
mometers and from the boiling spring mixing model using the computer program GEOTERM (Truesdell, 1975b). 

Temperatures indicated from hot spring chemistry 
Temperalures 

observed 
Thermal SiOj Na-K-Ca Boiling spring in production zone 
system Adiabatic p = 1 /3 mixing model or hole maximum Reference 

Yellowstone Park 
(Wyoming, U.S.A.) 

Shoshone 
Basin 

Lower 
Basin 

Upper 
Basin 

Norris 
Basin 

ave. 
std. dev. 

max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 

Taupo Volcanic Zone 
(New Zealand) 

Broadlands 

Kawerau 

Orakeikorako 
Area 1 

Area 2 

Area 3 

Area 4 

Waiotapu 

El Tatio 
(Chile) 

ave. 
std. dev. 

max. 
ave. 

std. dev. 
max. 

ave. 
std. dev. 

max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 
ave. 

std. dev. 
max. 

190 
10 

203 
179 

11 
213 
195 

11 
210 
210 

22 
255 

179 
11 

202 
188 

7 
199 

183 
9 

204 
188 

6 
196 
179 

10 
194 
188 

7 
202 
187 

22 
210 
160 

15 
189 

175 
16 

223 . 
162 

16 
218 
186 
20 

221 
251 

32 
294 

183 
17 

218 
227 

8 
239 

226 
11 

240 
232 

7 
245 
229 

19 
264 
221 

15 
236 
185 
46 

236 
205 

20 
231 

267 
5 area 1 

272 
210 

18 
303 
230 

18 
280 
276 

32 
374 

270 
23 

306 
225 

24 
267 

210 
18 

244 
246 

7 
252 
218 

7 
225 
207 

8 
222 
293 

293 
208 

27 
274 

— 

170, 174, 203* 

143*, 170*, 180* 

196*, 238* 

260, 265, 272 

185*,' 218*. 235*, 
260, 265, 281 

212,218-222, 
232-241 

210, 260, 295* 

140-170, 190-235, 
236-263 

1 

1,2,3 

1,2,3 

1,2,3 

4,5 

5,6,7 

5,8 

5,9 

7,10,11 

* Dri l l ing was lermiiiated before the maximum temperature was reached. 
'Temperature calculated from discharge silica contents. 
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