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INTROOUCTION

The application of geochemistry to the development of geothermal energy is
a big subject encompassing many facets . In this chapter emphasis will be
placed upon the use of water chemistry to determine underground temperatures
and boiling and mixing relations in the exploration and production phases of
geothermal energy utilization . Although knowledge of the composition and
behavior of gas associated with hot water is of very great interest and
practical importance , gas geochemistry will not be discussed here.

Thermal energy serves as an engine that sets water in the earth ' s trust
into convective motion, forming what we call hydrothermal systems . Water may
become heated owing to deep circulation along favorable structures in regions
of normal geothermal gradient or by interaction with magmas and cooling
ignecus rocks that have intruded to relatively shallow levels in the trust.

The explored parts of most presently active hydrothermal systems are
dominated by meteoric or otean water that has changed composition du ring
underground movement in response to changing temperature, pressure, and rock
type. Changíng temperature has a major effect upon the ratios of cations in
solution and the concentratíon of dissolved silica. Changing pressure is an
important factor in regard to evaporative concentration and partitioning of
volatile components between water and steam during boiling . Variations in
ro ck type strongly influence the total salinity and particularly the chloride
concentration thát a hydrothermal solution is likely to attain.

*In: Geothermal Systems : Principies and Case Histories
Edited by L. Rybach and L. P. Muffler
1980 John Wiley a Sons Ltd., p. 109-143



HYOROTHERMAL REACTIONS

The campositions of geothermal fluids are controlled by temperature
dependent reactions between minerals and fluids. In order to understand and
model hydrothermal systems both the fluid and solids rrust be characterized.

Browne (1978) summarized the factors affecting the formation of
hydrothermal minerals as follows: (a) temperature, (b) pressure, (c) rock
type, (d) permeability, (e) fluid composition, and (f) duration of activity.
He further stated that the effects of rock type were most pronounced at low

- temperatures and generally insignificant aboye 280'C. Abone 280°C and at
least as high as 350*C the typical stable mineral assemblage found in active
geothermal systems is not dependent on original rock type and includes albite,

_ K-feldspar, chlorite, Fe-epidote, calcite, quartz, illite, and pyrite. At
lower temperatures many different zeolites and clay minerals also are found.
Apparently epidote does not form below about 240'C, although in some places it
may persist metastably at lower temperatures. Where permeability is low
equilibrium between rocks and reservoir fluids is seldom achieved and unstable
primary minerals or glass can persist at high temperatures. Hetastable
minerals also form and persist in some geothermal systems, particularly where
glassy rocks are present and temperatures are below about 200*C.

In geothermal reservoirs where permeabilities are relatively high and
water residente times are long (months to years), water and rock should reach
chemical equilibríum, especially where temperatures exceed 200'C. At
equilibrium, ratios of cations in solution are controlled by
temperature-dependen t exchange. reactions such as

Albite K-feldspar

NaAlSi308 + K+ = KAlSi308 + Na+, (1)

Keq = Na+ , (2)
[K+]

and

Wairakite Quartz Albite

CaA12Si4O12 . 2H20 + 2Si02 + 2Na+ = ZNaAlSi3O8 + Ca++ + 2H20, (3)

Keq _ [Ca-][H20]2 (4)
[Na+]2

Hydrogen ion activity (pH) is controlled by hydrolysis reactions, such as

K-feldspar K-mica Quartz

3KAlSi3O8 + 2H+ = KA13Si3010(OH)2 + 63i02 + 2K+, (5)

Keq = Ir], (6)
[H+]
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Albite Na-Montmorillonite Quartz

2.33NaA1Si3O8 + 2H+ = Na.33R12.335i3.67010(0H)2 + 3.33Si02 + 2Na+, (7)

Keq = Na
+J,

(8)

and

Wairakite Ca-Montmorillonite

1.17CaA12Si4012•2H2O + 2H+ = Ca.17 A12.33Si3.67010(OH)2 -!-

Quartz

Si02 + 2H20 - Ca++ (9)

Keq _ [Ca++ ] [H2O]2 (10)
-- CH+J2

In the aboye equations Keq is the equilibrium constant for the given
reaction, asssuming unit activities of the salid phases, and square brackets
indicate activities of the dissolved species. The extent to which natural
water-rock systems approach chemical equilibrium can be tested by comparing

- actual compositions of fluids and minerals found in drilled geothermal
reservoirs with theoretical compositions calculated using thermodynamíc data
(Hélgeson, 1969;-Helgeson et al., 1969; Rabia et al.., 1978).

The first step in testing water-rock equilibration is to collect and
analyze of representative fluid and rock samples (Ellis and Mahon, 1977;
Watson, 1978) from a reservoir at a known temperature. Cu ttings and core are
collected du ring drilling , although sidewall cores can be collected later.
Core is preferred over cuttings for mineralogic work because paragenetic
relations are clearer , and minerals that occur only in veins can be
distinguished from those only in the rock matrix. Also, with cuttings, one
cannot be su re that al] the fragments come from the same interval of rock.
Fragments from higher in the hole may become incorporated in the drilling mid
along with cuttings from the bottom of the well.

Fluid samples are collected after drilling mud and makeup water have been
- flushed from the well. The best way to collect a water sample is with a

downhole sampler, but weilhead samples can be used provided the water in the
well comes from only one permeable zone. From the results of the chemical
analyses combined with data on the conditions of sample collection, the
original thermodynamic state of the fluid in the reservoir can be calculated
using computer programs (Truesdell and Singers, 1974; Arn6rsson, 1978) that
correct for the presence of complex ions and the separation of steam. The
natural and theoretical systems can be compared by noting the degree of
saturation of the fluid in respect to each of the various minerals found in
core and cuttings from the reservoir rocks, using a computer program (Kharaka
and Barnes , 1973). A major limitatíon of this approach is that thermochemícal
data are not available for many of the zeolítes, clays, and micas commonly
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found in geothermal systems. Also, many of the minerals are salid solutions
which presently available computer programs treat by assuming pure end-member
compositions . Results of this type of procedure usually show that the
solutions are saturated with respect to the observed minerals (those for which
thermochemical data are available) within the limits of error of the method.

- Another method of comparison is to determine where the activity ratios of
aqueous species (calculated by computer) plot on theoretical activity diagrams
(Helgeson et al., 1969) that depict mineral stability fields in chemically
restrictedsystems. Ellis (1969 ), Browne and Ellis (1970) and Ellis and Mahon
(1977) plot water compositions from Wairakei and Broadlands, N. Z. on a
variety of activity diagrams. The diagram for Broadlands in terms of
[Na+]/[H+] and [K+J/[H+]Ictivity ratios at 260'C is shown in figure 1, and for
[K+]/[H+] and [Ca+ ]/[H in figure 2. The Broadlands water composition
shown in figure 1 plots clase to the triple point of K-feldspar, K-mica, and

_ albite, suggesting an approach to water-rock equilibrium involving those
minerals at 260'C. In figure 2, the Broadlands water plots clase to a triple
point of K-feldspar, K-mica, and wairakite. Calcite also is present with 0.15
m C02 in the system. The maxinum temperatures in wells at Broadlands usually
are in the range 270* to 290°C. If figures 1 and 2 had been drawn for 290°C,
the water camposition would have plotted even closer to the triple paints.
Reasons, other than temperature, for slight díscrepancies between actual
solution compositions and theoretical equilibrium compositions involve
uncertainties in the structural states of the reacting solids and limitations
in our knowledge of all the possible complex ions that may be present at high
temperatures in natural waters. The influence of structural state is
illustrated in figure 3 which'showws expected [Na+]/[K+] activity ratios in
solutions equilibrated with different alkali feldspar pairs at various
temperatures. At 10TC, the value of log([Na+]/[K+]) for the assemblage
low-albite plus microcline is about 0.2 units lower than for the assemblage
low-albite plus adularia and about 0.7 units lower than for the assemblage

_ high-albite plus sanidine . Differences are still significant at 300'C; about
0.3 units.

The activity diagram method of presentation allows one to focus u pon a few
of the more important components in the system and to visu alize the effects of
changing one or more parameters. In figure 1, lowering the temperature while
maintaining water-rock equilibrium would cause the solution to follow the path
shown by the arrow. In figure 2 the effect of increasing C02 concentration
is shown by the expanding field of calcite that completely replaces zoisite
when m C02 _ 0.03 and completely replaces wairakite when m C02 = 1.0.
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ESTIMATION OF RESERVOIR TEMPERATURE

Many different chemical and isotopic reactions might be used as
geochemícal thermometers or geothermometers (Ellis and Mahon, 1977; Fournier
1977; Truesdeil and Hulston, 1980) to estimate reservoir temperatures. At
present the most widely used are silica (Fournier and Rowe, 1966; Mahon,
1966), Na1K (White, 1965; Ellis and Mahon, 1967; White, 1970; Truesdell,
1976a; Fournier, 979a), Na-K-Ca (Fournier and Truesdell 1973), and sulfate
oxygen isotope, e 80(S04° - H20), which uses the fractionation of oxygen
isotopes between water and dissolved sulfate (Lloyd, 1968; Mizutani and
Rafter, 1969; Mizutani, 1972; McKenzie and Truesdell, 1977). Equations
expressing the temperature dependence of the aboye geothermometers are listed
in table 1. It is relatively easy to compute temperatures using the equations
in table 1. Interpreting the results of these computations, how ever, requíres
consideration of the geologic and hydrologic setting and the physical nature
as well as complete chemical analysis of the fluid that was sampled. Some
people find it dismaying that different geothermometers give different
estimated temperatures. However, shrevd investigators will use that kind of
ínformatíon to their advantage when formulating a model of the hydrothermal
system because different geothermometers may indícate temperatures in
different parts of the system.

The Silica Geothermometer

8odvarsson (1960) suggested an empirical, qualitative geothermometer based
on the silica concentrations in natural thermal waters in Iceland. The
experimental work of Morey et. al. (1962) on the solubility of quartz in water
at the vapor pressure of the solu tion, combined with higher temperature
results of Kennedy (1950), províded a theoretical basis for.the geothermometer
(curve A in figure 4). Mahon (1966) showed that the silica concentrations in
waters from geothermal wells in New Zealand are controlled by the solubility
of quartz, and Fournier and Rowe (1966) described a method of using the"silica
concentration in hot-spring and well waters to make quantitative estimates of
res ervo i r temperatu res .

The quartz geothermometer works best for well waters where subsurface
temperatures are aboye about 150*. It has been shown to work well for some
hot spring waters (Fournier and Truesdell, 1970), but can give erroneous
results when applied indiscríminately. The following factors should be
considered when using the quartz geothermometer: (a) the temperature range in
which the equations in table 1 are valid, (b) effects of steam separation, (c)
possible polymerization and/or precipitation of silica before sample
collection, (d) possible polymerization of silica after sample collectíon
owing to improper preservatíon of the sample, (e) control of aqueous silica by
solids other than quartz, (f)•the effect of pH upon quartz solubility, and (g)
possible dilution of hot water with cold water before the thermal water
reaches the surface.

Doc. 0413a, Fournier page 5 lily 28, 1980



Temperature range of equations - The equations commonly used to describe
the solubility of quartz at the vapor pressure of the solution (Morey et al.,
1962; Fournier and Rowe, 1966; Tru esdell, 1976a; Fournier, 1977) are good to
about *2'C over the temperature range 0'C to 250'C. Aboye 250°C the equations
depart drastically from the experimentally determined solubility curve
(Curve A in figure 4) and should not be used.

Effects of steam separation - As water boils, the silica concentration in
the residual liquid increases in proportion to the amount of steam that
separatas. Thus, when applying the quartz geothermometer to boiling hot
springs it is necessary to correct for the amount of steam formation or the
proportion of adiabatic vs. conductive coolíng, as outlined by Fournier and

- Rowe (1966). Vigorouslyboiling springs wíth mass flow ratas grater than 120
to 130 kg/min can be assumed to have cooled mainly adiabatically (Truesdell et
al., 1977), and equation b in table 1 (for maximwm steam loss at 100 kPa
pressure) or curve 8 in figure 4 can be used to estimate the reservoir
temperature. If cooling was partly adiabatic and partly by conduction, the
reservoir temperatura should be between the temperatures given by equations a
and b in table 1 or between the temperaturas indicated by curves A and 8 in
figure 4. For springs issuing high aboye sea leve], final steam formation can
occur at significantly less than 100 kPa, so that equ ation b in table 1 for
maxímam steam formation and curve B in figure 4 will gíve a calculated
reservoir temperatura that is slightly high.

Precipitation of silica prior to sample collection - The quartz
geothermometer works because the rata of quartz precipitation decrease
drastically as temperature decreases. In the temperature range 200"C to 250'C
water reaches equilibrium with quartz in a few hours to a few days, depending
on the solution temperatu re, pH, salinity, and degree of initial silica
su persatu ration or undersatu ration. Hish salinity and pH in the range 5 to 8
favor faster reaction rates. Below 100 C, solutions may remaín supersaturated
with respect to quartz for years. When waters flow up to the surface from
reservoirs with temperatures less than about 225*C to 250'C and cool fairly
quickly (in less than a few hours), little quartz is likely to precipitate
during the upflow. However, where reservoir temperaturas are aboye 2S0`C,
some quartz is likely to precipitate in the deep, hot part of the system as
the solution cools. In addition, an ascending solution starting at
temperatures aboye about 225'C w i l l become su pers atu rated w i th respect to
amorphous silica before reaching the surface swing to the decreased
temperatura, especíally if adiabatic coolíng takes place (figure 4).
Amorphous silica precipitates much more quickly than quartz at comparable
temperaturas. Because of the precipitation of quartz at h i gh temperatu res and
polymerization and precipitation of amorphous silica at low temperatu res, the
quartz geothermometer applied to hot spring waters seldom indicates
temperatures exceedíng 225-250'C, even where higher temperature reservoirs are
known to exist.
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Precipitation of silica after sample collection - The solubility of
amorphous si ica at 25 C is about 115 mg/kg Mor(1t' et al., 1964). The
solubility of quartz is 115 mg/kg at about 145'C (figure 4). Therefore,
waters coming from res ervo i rs aboye 145"C w i l l become su pers atu r ated w i th
respect to amorphous silica upon cooling to 25'C. At high temperaturas al] of
the dissolved silica in equilibrium wíth quartz is in the monomeric form.
When a cooling solution becomes saturated with respect to amorphous silica
some of the monomeric silica usually converts to highly polymerized dissolved
silica species, with or without the simultaneous precipitation of amorphous
silica. Colorimetric methods of analysis used to determine dissolved silica
are seas itive to monomeric sil. ica, but fail to detect most highly polymerized
forms of dissolved silica. To prevent silica polymerization and precipitation
of amorphous silica, a known amount of the sample (5 to 10 ml) should be
pipetted finto about 50 ml of silica-free water immediately after sample
collection.

Control of aqueous silica by solids other than guartz - Q,artz is the most
stable and least soluble polymorphic form of silica within the temperature and
pressure range found in geothermal systems. However, for kinetic reasons
other silica phases may form or persist metastably within the stability field
of quartz. The solubilities of various silica phases. in liquid water at the
vapor pressure of the solution are shown in figure S. Plots of log
concentration vs. recíprocal of absolute temperature yield essentially
straight lines below 250'C that make extrapolation of the data to lower
temperatures very simple. Equations relating the solubility, C, in mg SiO2
per kg water, to temperature for the various silica phases are given in
table 1.

In most natural waters at temperatures abone 150'C, and in some waters
- below that temperature, quartz appears to control the dissolved silica

concentration. However, under special conditions for short periods of time
any of the other silica species may control aqueous silica, even at very high
temperatures. This conclusion is based upon (1) compositions of natural
waters.in dril] hules; (2) paragenetic sequences of silica minerals in dril]
core from hot spring areas; and (3) laboratory investigations in which it has
been found that as long as two different silica species contact the solution,
e.g., quartz and glass, the more soluble one controls aqueous silica
(Fournier, 1973).

In the basaltic terrain of Iceland, chalcedony generally controls aqueous
silica at temperatures below 110'C and sometimos at temperatures as high as
180'C (Arnorsson, 1975). [ n some granite terrains aqueous silica is
controlled by quartz at temperatures aboye 90'C and by chalcedony at lower
temperatures (Christian Fouillac, oral comrun., 1977).

Most groundwaters which have not attained temperatures greater than 80'C
to 90'C have silica concentrations greater than those predicted by the
solubility of quartz. Some of these low-temperature waters have equílibrated
with chalcedony, as indicated aboye. However, the silica concentrations in
many groundwaters result from non-equilibrium reactions in which sílíca ís
released to solution diring acid alteration of silicate minerals (for example
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equations 5, 7, and 9). At low temperatures , the rates of quartz and
chalcedony precipitation are very slow so aqueous silica values may become
high where acid is continually supplied from an outside source, such as by
decay of organic material, oxidation of sulfides , or influx of H2S or C02.
According to Ivan Barnes and R. H. Mariner (written commun ., 1975 ) cold waters
with high silica concentrations ( att.aining saturation with respect to

- amorphous silica ) and near neutral pH are particularly prevalent where C02
and water react with serpentine . This conclusion is in . agreement with results
of experimental studies by Wildman et al. (1968 ) in which serpentine was
díssolved at 25 ' C at various pressures of CO2.

Effect of pH - The effect of pH upon the solubility of quartz at various
temperatures can be calculated from the work of Seward ( 1974) or Busey and
Mesmer (1977), and is shown in figure 6. The dashed líne in figure 6 shows pH.
values at which the solubility of quartz becomes ten percent greater than the

_ solubility in water with pH = 7.0 . A ten percent íncrease in dissolved silica
owing to increased pH will cause silica geothermometer temperatures to be
about 6 ' too high at 180' and about 12' too high at 250'C. At 25'C a pH of
8.9 is required to achieve a ten percent íncrease while at 100 ' C a pH of just
8.2 is required. The effect of pH upon quartz solubility is most pronaunced
at about 175 ' C where a pH of 7.6 will cause an increase in quartz solubility
of ten percent . However, pH values of solutions in high-temperature
geothermal reservoirs are likely to be below 7.5 because of buffering of
hydrogen ions by silicate hydrolysis reactions . such as shown by equations 5,
7, and 9. pH . values . higher than 7.5 in natural hot-spring waters generally
result from the loss of C02 after the water leaves the high-temperature
reservoir.

Whether or not a correction should be applied to adjust the silica
concentration of an alkaline hot spring water for pH effects before applying
the silica geothermometer depends upan where and when the solution attained
its aqueous silica . If a solution became alkaline and then dissolved
additional silica in response to the rise in pH, a pH correction is
necessary . In contrast , if a solution attained a high silica concentration
owing to high underground temperature and then became alkaline after cooling
and loss of C02, no pH correction should be applied . In general, if there
is other supporting evidence that a thermal water comes from a higher-
temperature environment at depth , a pH correction should NOT be applied to the
observed silica concentration.

Subsurface dilution of thermal water by cold water - In many places there
is evidente that ascending thermal water becomes diluted by cooler water. A
new water-rock chemical equilibrium may or may not be attained after mixing.
If chemical equilibrium is attained after mixing, the silica geothermometer
will give the temperature of that last equilibrium . If chemical equilibrium
is not attained after mixing , direct application of the silica geothérmometer
w i l l give a cal cu l ated temperature that is too low.. Methods of deal í ng w í th
diluted thermal waters will be discussed in the section on underground mixing
and boiling.
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The Na/K Geothermometer

Many investigators have noted the variation of Na+ and K+ in natural
geothermal waters as a function of temperature (White, 1965, 1970; Ellis and
Mahon, 1967; Ellis, 1970; Fournier and Truesdell, 1970, 1973; and Mercado,
1970). Figure 7 shows Na+/K+ mg/kg concentration ratios in waters from
geothermal wells throughout the world, plotted at the respective measured
reservoir temperatures. In figure 7, curves C and 0 show the approximate
location (assuming activity ratios = 1.7 x mg/kg concentration ratios) of the
low-albite plus microcline and high-albite plus sanidine curves from figure
3. Note that aboye 100*C most of the well waters plot between curves C
and 0. Below 100*C most well waters plot below curve C, indicating that the
ratio of dissolved Na+ to K+ generally is not controlled by cation
exchange between coexísting alkali feldspar pairs at low temperatures.

fine A, figure 7, is the least-squares best fit of the well water data
points aboye 80'C. The data points at temperatures below 80`C were not
included in the least squares fít because the Na/K method generally gives
unreliable results at low temperatures.

The equation of curve A, figure 7, is labeled 4 in table 1. Truesdell
(1976a) recommended using a combíned curve of Whíte (1965) and Ellis (1970)
for geothermometry as drawn by Fournier and Truesdell (1973). That curve is
shown as Cine 8 in figure 7 and its equation is labeled h in table 1.

At temperatures near 270*C it makes little difference whether curve A or
curve 8 in figure 7 (equation g or h) is used for estimating temperatures. At
temperatures between 125"C and 2007, curve B departs significantly from most
of the data points. Therefore, curve A is recommended for•geothermometry
instead of curve B. Curve 8 does come closer to most data points below 100°C,
but it appears•that the Na/K method generally fans to give reliable results
for waters from environments with temperatures below 100*C. In particular,
low-temperature waters rích in calcium give anomalous results by the Na/K
method.

Where waters are known to come from high-temperature environments (>180`C
to 200'C), the Na/K method generally gives excellent results. The main
advantage of the Na/K geothermometer is that it is less affected by dilution
and steam separation than other commonly used geothermometers, provided there
is little Na" and K+ in the diluting water compared to the reservoir
water.

The Na-K-Ca Geothermometer

The Na-K-Ca geothermometer of Fournier and Truesdell (1973) was developed
specifically to deal with calcium-rich waters that give anomalously high
calculated temperatures by the Na/K method. An empirical equation giving the
variation of temperature with Na, K, and Ca is listed in table 1, letter i.
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When using equation i in Table 1, first calculate the temperature using a
value of a = 4/3 and cation concentrations expressed either as mg/kg or ppm.
If that calculated temperatu re is <100'C and [log(/Ca/Na) + 2.06] is positive,
proceed no further. However, i f the a = 413 cal cu l ated temperature is >100*C
or if [lo g(//Na) + 2.06] is negative, use a = 1/3 to cala late the
temperatu re.

Changes in concentration resulting both from boi1íng and from mixing with
cold, dilute water will affect the Na-K-Ca geothermometer. The main
consequence of boiling is loss of COZ which can cause CaCO3 to
precipitate. The loss of aqueous Ca + generally will result in Na-K-Ca
calculated temperatures that are too high.
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The effect of dilution on the Na-K -Ca geothermometer is generally
negl i gible i f the high -temperature geothermal water is much more sal ine than
the diluting water. However , if a particular water is thought to be a mixture
of hot and cold water with less than 20 to 30 percent hot water component, the

- effects of mixing on the Na-K-Ca geothermometer should be considered . Figure
8 shows a = 1 / 3 and a = 4/3 Na-K-Ca geothermometer temperatures for various
mixtures of two hypothetical waters, one starting at 210' C and the other at
10'C. A 50: 50 mixture of the two waters would have an actual temperature of
about 110 ' C and would give a a = 4/3 temperature of 143 'C and a a = 1/3
temperature of 198 ' C. By the criteria of Fourníer and Truesdell (1973) the
a = 113 temperature would be selected as most likely . Thus, the Na-K-Ca
geothermometer would give a temperatu re only 12' C below the actual 210'C
temperature. However, when the amount of cold water in the mixture becomes
greater than 75 percent , the s = 4 / 3 geothermometer temperature drops to less
than 100'C and a hot spring would emerge at less than 60'C. Because the a =
4/3 temperature is less than 100'C, it normally would be selected as the more
likely temperature of water-rock equilibration instead of the a = 1/3
temperatu re.

Fournier and Potter (1979) showed that the Na-K-Ca geothermometer gives
- anomalously high results when applied to waters rich in Mg++. Figure 9

shows temperature corrections that should be subtracted from the Na-K-Ca
calculated temperatures to correct for Mg++. Temperature corrections also
can be calcu.lated using the following equations that were derived by Fournier
and Potter (1979): For R between-5 and 50

etm g 10.66 - 4.7415R + 325.87 ( log R)Z - 1.032x105 (log R)2/T -

1.968x107 ( log R)2 /T2 + 1.605x107(log R)3/T2, (11)

and fo r R < 5

attg - 1.03 + 59.9711og R + 145 . 05(log R ) 2 - 36711(log R)2/T -

1.67x1071og R/T2, (12)

where

R = [Mg/ (Mg + Ca + K) ] x 100, with concentrations expressed in

equivalente.

atMg = the temperature correction in 'C that should be subtracted from the

Na-K-Ca calculated temperature.

T = the Na-K-Ca calatlated temperature in 'K.

For some conditions, equations 11 and 12 may give negative values for
etm In that event, do not apply a Mg ++ correction to the Na-K-Ca
geofhermometer.
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As with other geothermometers , the Mg-corrected Na-K-Ca geothermometer is
- subject to error owing to contirued water-rock reaction as an ascending water

cools. If the Mg++ concentration increases during that upward flow,
application of an Mg++ correction will lead to an anomalously low calculated

_ reservoir temperature. At this time there is no easy "rule of thumb" to
determine when and when not to apply an Mg +'+ correction to the Na-K-Ca
geothermometer . That decision should be based upon the general geologic and
hydrologic setting of the particular water that was sampled. However, high
magnesium concentrations do indicate that water-rock reactions have occured at
relatively low temperatures . Therefore chemical geothermometer results should
be used with great cation when applied to Mg-rich waters.

The &180 (S04 - H20) Geothermometer

The sulfate oxygen isotope geothermometer is based upon the experimental
work of Lloyd (1968 ), who measured the exchange of 160 and 180 between
S04= and water at 350*C, and the work of Mizutani and Rafter (1969) and
M i zu tan i (1972) who measu red the exchange of 160 and 180 between H20 and
HS04- at 100-200'C. The agreement of the 100-200°C HSO4- data and
the 3S0 C 504= data and other arguments suggest no fractionation of 160
and 180 between SO4= and HS04-. At the pH of most natural fluids
504- is present rather than H504-.

The yate of equilibration was measured by Lloyd (1968). In the pH range
of most deep geothermal waters, the rates of the sulfate oxygen isotope
exchange reaction are very slow compared to silica solubility and cation
exchange reactions . This can be advantageous for geothermometry because once
equilibrium is attained after prolonged residence time in a reservoir at high
temperatu re, there is little re-equilibration of the oxygen isotopes of
sulfate as the water cools during movement to the surface, unless that
movement is very slow . Unfortunately , if steam separation occurs during
cooling, the oxyg n isoto ic composition of water will change. The
fractionation of 160 and 180 between Tiquid water and steam is temperature
dependent and comes to equilibrium almost immediately at temperatures as low
as 100'C. The re fore , if a water cools adiabatically f ro m a high temperature
to 100*C, the ' liquid water remaining at the termination of boiling will have a
different isotopic composition depending on whether steam escaped continuously
over a range of temperatures or whether all the steam remained in contact with
the liquid and separated at the final temperature, 100*C (Truesdell et al.,
1977).

Although boiling makes interpretation more complex, it does not preclude
use of the &180 (S04= - H20) geothermometer. McKenzie and Truesdell (1977)
showed that su lfateloxygen isotope geothermometer temperatures could be
calculated for three end-member models: (1) conductive cooling, (2) one step
steam loss at any specified temperature , and (3) continuous steam loss. Where
water is produced from a well and steam is separated at a known temperature
(or pressure), there is no ambiguity in regard to which model to use.
Likewise, conductive cooling is assumed for springs that emerge well below
boiling.
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The validity of temperatures cala lated by the e180 (S04= - H20) method
is adversely affected by mixing of different waters (generally hot and cold)
unless corrections are made for changes in isotopic composition of both the
sulfate and water that result from that mixing. Even if the cold component of
the mixture contains no sulfate, calculated sulfate/oxygen isotope
temperatures will be in error unless the isotopic composition of the water is
corrected back to the composition of the water in the hot component prior to
mixing. Examples of calculated corrections for boiling and mixing effects
applied to waters from Yellowstone National Park and Long Valley, California,
were given by McKenzie and Truesdell (1977) and by Fournier et al. (1979).

The formation of sulfate by oxidation of H2S at low temperatures is a
particularly difficult problem to deal with when applying the sulfate/oxygen
isotope geothermometer. A small amount of low-temperature sulfate can cause a
large error in the geothermometer result. If analytical data are available
for only one or two springs, addition of sulfate by H2S oxidation may go
unnoticed unless pH values are abnormally low. Where analytical data are
available for several springs and they all have the same Cl/SO4 ratio,
oxidation of H2S is probably unimportant. When variations in C1/SO4 are
found in hot spring waters from a given region, the water with the highest
C1/S04 ratio has the best chance of being unaffected by H2S oxidation.
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UNOERGROUNO MIXING OF HOT ANO COLO WATERS

Recognition of Mixed Waters

Mixing of ascending hot water with cold groundwater in shallow parts of
hydrothermal systems appears to be common. Mixing can also occur deep in
hydrothermal systems, especially at the margins. The effects of mixing upon
various geothermometers have been discussed previously.

Where al] the thermal waters reaching the surface at a given locality are
mixtures of hot and cold water, recognition of that situation can be
difficult. The recognition that mixing took place underground is especially
difficult where water-rock re-equilibration occurred after mixing. Complete
or partial chemical re-equilibration is more likely if the temperature after
mixing is well aboye 110'C to 150*C or if mixing takes place in aquifers with
long fluid residence times.

Some indications of mixing discussed in Fournier (1979b) are as follows:
(1) variations in chloride concentration of boiling springs too great to be
explained by steam loss; (2) variations in ratios of relatively conservative
elements that do not precipitate from solution during movement of water
through rock, such as C1/B; (3) variations in oxygen and hydrogen isotopes
(especially tritium); (4) cool springs with large mass flow rates and rruch
higher temperatures indicated by chemical geothermometers (greater than 50 C);
(5) systematic variatlons of spring compositions and measured temperatures.
Generally the colder water will be more dilute than the hotter water.
However, in some situations the cold water component could be more
concentrated than the hot water, such as where ocean water or closed-basin
salive lake water mixes with an ascending hot water. The aboye indications or
mixing may be shown by dífferent compositions of nearby springs or by seasonal
variations in a single spring.

The Silica Mixina Model

Under some ci rcums tances the dissolved silica concentration of a mixed
water may be used to determine tne temperature of the hot water component
(Fournier and Truesdell, 1974; Truesdell and Fournier, 1977). The simplest
method of calculation uses a plot of dissolved silica vs. enthalpy of liquid
water (figure 10). Although temperature is a measured property and enthalpy
is a deri ved property, obtained from steam tables i f temperature, pressure and
salinity are known (Keenan et al., 1969; Haas, 1976), enthalpy is used as a
coordinate rather than temperature. This is because the combined heat
contents of two waters at different temperatures are conserved when those
waters are mixed (neglecting small heat of dilution effects), but the combined
temperatu res are not.

For most situations, solutions are sufficiently dilute so that enthalpies
of pure water can be used to construct enthalpy-composition diagrams. A
straight line drawn from a point representing the non-thermal component of the
mixed water (point A, figure 10) through the mixed-water warm spring (point B)
to the intersection with the quartz solubility curve gives the initial silica
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concentration and enthalpy of the hot-water component (point C). This
procedure assumes that any steam that formed adiabatically as the hot-water
component moved up to a more shallow environment did not separate from the
residual liquid water before mixing with the cold-water component.

Truesdell and Fournier (1977) discussed the procedure for determining the
enthalpy and temperature of the hot water component when steam was lost before
mixing took place. As an end-member assu mption, consider that steam was lost
at atmospheric pressure prior to mixing (point 0, figure 10). The horizontal
fine drawn from point 0 to the intersection with the maximum steam loss curve
gives the initial enthalpy of the hot-water component (point E). If steam had
been los t at a higher pressure before mixing, point 0 would líe aboye 419 J/g
on the extension of line AB and point E would líe at an appropriate dstance
between the maximum steam loss and quartz solubility curves.

In order for the aboye silica mixing model to give accurate results, it is
vital that no conductive cooling occurred after mixing. If the mixed water
cooled conductively after mixing, the calculated temperature of the hot-water
component will be too high. It is also necessary that no silica deposition
occurred before or after mixing and that quartz controlled the solubility of
silica in the high-temperature water. Even with these restrictions the silica
mixing model has been found to give good results in many places. In special
circumstances, a silica mixing model could be used in which chalcédony or
another silica phase is assumed to control the dissolved silica in the
high-temperatu re component.
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EFFECTS OF UNOERGROUNO BOILING

An upflowing hot solution may boíl because of decreasing hydrostatic
head. If the rate of upflow is fast enough, cooling of the fluid may be
approximately adiabatic . Where boiling occurs there is a partitioning of
dissolved elements between the steam and residual liquid; dissolved gases and
other relatively volatile components concentrate in the steam and non-volatile
components become concentrated in the ]¡quid in proportion to the amount of
steam that separates . In a boiling process that takes place owing to a
decrease in pressure from P1 to P2, Truesdell et al. (1977 ) showed that
slightly different amounts of residual liquid water will remain at the end of
the process depending upon whether the steam that forms is continuously
removed from the system as pressure decreases, or whether the steam maintains
contact and re-equilibrates with the cooling water until the 'steam is removed
al] at once at P2 (single-stage steam loss). This distinction between
processes involving continuous steam loss and single-stage steam loss is very
important when dealing with volatile subtances (gases, isotopes), but can be
neglected when dealing with non-volatile components.

Cala lation of chanqe in concentration resulting from boiling

For non-volati le components that remain with the residual liquid as steam
separates, the final concentration, Cf, after single-stage steam separation
at a given temperature , tf, is given by the formula

Cf = (Hs Hf) ci (13)
Hs - H1)

where Ci is the initial concentration before boiling , Hi ís the enthalpy
of the initial liquid before boiling and Hf and Hs are the enthalpies of
the- final liquid and steam at tf. For solutions with salinities less than
about 10,000 mg/kg , enthalpies of pu re water tabulated in steam tables ( Keenan
et al., 1969) can be used to solve equation (13). For higher salinities
enthálpies of NaCl solutions can be used , such as those tabulated by Haas
(1976 ). Equation (13) also can be solved graphically using a plot of enthalpy
vs. a non-reactive dissolved constituent ( such as chloride ), as shown in
figure 11. One-step steam loss processes can be represented by straight lines
radial to the composition and enthalpy of steam in figure 11. Thus, if the
enthalpy and concentrations of constituent x are known prior to boiling (point
A in figure 11), the concentrations of x in the residual liquid after boiling
can be obtained by extending a straight line from the enthalpy of steam at the
final steam separation temperature through point A to the enthalpy of the
remaining liquid water after boiling . For example , in figure 11, the initial
condition at point A is 300*C and 100 units of x, the final steam separation
takes place at 100*C, and point 8 gives the concentration of x in the residual
liquid after steam separation. If final steam separation took place at 20TC,
point C would give the concentration of x in the residual liquid . The process
can be looked at in reverse . If the final concentration of x is known after
steam separation at a given temperature , the initial concentration of x in the
non -boiled solution can be determined graphically if the initial enthalpy is
known; or, the initial enthalpy can be determined if the initial concentration
of x is known.

Doc. 0413a, Fournier page 16 July 28, 1980



Use of Enthalpy-chloride diagrams for estimating reservoir temperatu res

Where a range in chloride concentration of hot springs appears to result
mainly from different amounts of boiling, that range in concentration can give
information abou t the minimum temperature of the reservoir feeding the springs
(W. A. J. Mahon in Lloyd, 1972; Truesdell and Fou rnier, 1976b; Fournier,
1979b). For example, figure 12 shows the chloride range in two chemically
distinct types of hot spring waters from Upper Basin in Yellowstone National
Park, plotted at the enthalpies corresponding to liquid water at the mease red
temperature of each spring. The Geyser Hill type waters have ratios of
C1/(HCO3+CO3), expressed in equivalents, greater than four and chloride
concentrations ranging from 352 to 465 mg/kg. The Black Sand-type waters have
Cl/(HCO3 + C0�) ratios close to 0.9 and chlorides ranging from 242 to 312
mg/kg. The mínimum temperature of the water in the reservoir feeding the
Geyser Hill hot springs can be determined by first drawing a straight line
from the spring with maxirrum chloride (point A) to the enthalpy of steam at
100"C, and then extending a vertical line from the spring with least chloride
(point B). The intersection of that vertical line with the previous line,
point C, gives the minimum enthalpy of the water in the reservoir, 936 joules,
which indicates a temperatu re of 218`C (Keenan et al., 1969). The silica
(quartz) geothermometer applied to water A (assu ming maximum steam loss) gave
a calculated reservoir temperature of 216'C and applied to water B (assuming
no steam loss) gave a temperature of 217`C. The agreement between the
calculated reservoir temperatures using silica and chloride relations is
strong evidence that the reservoir feeding Geyser Hill has a temperature Glose
to 218'C. The range in chloride concentrations in the Black Sand-type waters,
E to 0, suggests a reservóir temperature of about 209*C (point F in figure
12); the silica geothermometer gave 205'C.

Although point F in figure 12 representa a more dilute and slightly cooler
water than point C, water F cannot be derived from water C by simple mixing-of
hot and coid water (point N) because any mixture-would líe on or Glose to the
fine CN. Waters C and F are probably both related to a still higher enthalpy
water such as G or H. Water F could be related either to water G or H by
mixing in different proportions with N. Water C would be related to G by
boiling (adiabatic cooling resulting from a decrease in hydrostatic head) and
evaporative concentration of chloride in an ascending solution. Water C would
be related to H by conductive cooling of a slow moving solution. The route G
to C appears more likely because boiling and loas of C02 into the steam
phase can explain the different Cl/(HC O 3 + CO3) ratios found in waters C
and F. Using additional hot spring data from Midway and Lower Basins,
Fournier et al. (1976) concluded that a reservoir at about 270'C underlies the
Upper and Lower Basins• and that a sti l l hotter reservoir exists at greater
depth.

Effect of boiling upon geochemical thermometers

The effect of underground boiling owing to decreasing hydrostatic head
upon different geothermometers was covered previously as each geothermometer
was discussed. In brief, adiabatic cooling affects different geothermometers
in various ways: the Na/K geothermometer is not affected; the Na-K-Ca
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geothermometer is significantly affected only if loss of C02 causes CaC03
to precipitate, resulting in calculated temperatures that are too high; the
silica geothermometer must be corrected for separation of steam; and the
e180(S04= -H20) geothermometer also must be corrected for steam loss
because of the temperatu re-dependent fractionation of oxygen isotopes between
liquid water and steam.
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VAPOR-OOMINATED COMPARED TO HOT WATER SYSTEMS

The model of a vapor-dominated system formulated by White et al. (1971) is
now generally accepted. In that model, relatively impermeable rroc'k and
locally derived shallow groundvater provide a cap over a reservoir of
considerable vertical extent in which steam is the continuous phase in
relatively open channelways and liquid water fills most of the intergrarular
pone spaces (figure 13). Fluid temperature and pressure increase with
increasing depth aboye the steam zone. Within the steam zone, fluid pressure
remains relatively constant becaise steam weighs very little compared to
water, so there is little change in hydrostatic head. Temperature also is
relatively corstant throughout the steam zone becaise the temperature of a
mixture of steam and water depends on pressure. Below the steam zone, liquid
fills the open channels and pressures and temperatures again increase with
increasing depth. In contrast, in a hot-water system, hot water is the
continuous phase in the open channels, although bubbles of steam or gas may be
present in the water (figure 14). Hydrostatic pressure continuously increases
w i th depth, and the max imum temperature is l im i ted by a boiling po i nt curve
(Haas, 1971).

Where a vapor-dominated system is present, it is likely that steam
carrying relatively volatile components such as NH3, CO2, H2S, Hg and 6
will condense in the overlying cap-rock region. The slightly volatile
components will redissolve in the condensate, but some of the more volatile
components are likely to continue moving up into overlying colder
groundwater. Thus, groundwaters and springs over vapor-dominated systems tend
to be rich in the aboye mentioned volatile components of the geothermal fluid
or their reaction products and low in non-volatile components, such as
chloride, which remain in the residual brine at depth.

Fumaroles, mud pots, asid-su lfate springs with low rates of discharge,
sodium bicarbonate spring waters, and acid-altered hot ground are typical
surface expressions of vapor-dominated system. They aré not unique to
vapor-dominated systems, however, becaise similar features commonly are
present over hot-water system where undergrou'nd boiling occurs. Generally,

- but not always, chloride-rich neutral to alkaline springs emerge aboye
hot-water systems at topographically low places and acid sulfate springs and
mud pots emerge at higher elevations. The Coso, California, geothermal area
is an example of a situation where the surface expression of a hot
water-dominated system consists only of low-chloride, acid sulfate springs and
other features typically equated with vapor-dominated system. Orilling at
Coso Hot Springs showed that a chloride-rich, hot-water system exists at depth
with the top of the hot water reaching to within 30 to 45 meters of the ground
surface (Fournier et al., 1980; Austin and Pringle, 1970).
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CCMPARISON OF THERMAL WATERS FROM SPRINGS ANO WELLS

Chemical analyses of representative waters from wells and springs at
various geothermal localíties are listed in table 2.

The enthalpy-chloride diagrams shown in figure 15 were drawn using data
from table 2 and assuming cold water componente with relatively little

,_chloride and temperaturas ranging from 4° to 20*C, depending on latitude and
elevation of the geothermal field. Enthalpies of the solutions at known
temperatures and salinities were obtained from steam tables (Keenan et al.,
1969; Haas, 1976) assuming liquids at the vapor pressure of the solutioñat
the given temperatures and no excess steam. In figure 15a, point 26 (Spring
664) from Orakeikorako, N. Z. líes very close to the straight line extending
from the deep hot water component, point 24, to the cold water component.

-Therefore, it appears there was little conductive cooling after mixing. This
is consistant with the relatively high rate of mass flow of Spring 664, 12
L/sec. When additional hot spring data (W. A. J. Mahon in Lloyd, 1972) are

-employed in the interpretation, it appears that water from a lower temperature
aquifer (-180' to 240'C), such as point P in figure 15a, probably mixes with
cold waters to give point 26 (Fournier, 1979b). This conclusion is also
supported by the relatively 1ow Na/K temperature of 194'C for water in column
26.

In figure 15b the three Cerro Prieto springs all lie below the line drawn
from cold water to the high-temperature deep water,-point 13. It is very
likely that rumber 14 cooled by conduction from a temperature near 200'C after
mixing. The alkalies in that mixed water have retained the high-temperature

�imprint of the deep hot-water component but silica has precipitated. Samples
15 and 16 also appear to have cooled by conduction after mixing, but either
sample could result by mixing coid water with a hot water from a reservoir

-with a temperature below 290 C. Alkali geothermometers applied to the mixed
waters give temperatures significantly lower than 290*C, indicating
considerable water-rock reactions that could have occured in reservoirs with
intermediate temperatures.

Hot spring 181 from El Tatio, Chili, point 3 in figure 15c, emerges at the
-boiling temperature for the elevation. That mixed water could have cooled by
conduction, adiabatically, or a combination of these processes. The salinity
and maximum enthalpy of the water just after mixing should lie between the

__ poi nts a and b.

The two springs from Ahuachapán, points 7 and 8 in figure 15d, both lie
aboye the mixing line of cold water with deep water. Their position aboye the
line could result (a) from mixing with a high-temperature component having
much higher enthalpy than point 6 or (b) from condensation of excess steam
derived from boiling water at depth (distillation). Excess steam appears to
be the more plausible explanation because the spring waters are relatively
rich in volatile components, S04= and HC03-.
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In summary, based on the chloride concentrations in spring waters compared
to chloride concentrations at depth and in flashed well waters, springs in
columns 3, 11, 42, and 45 appear to have cooled mainly adiabatically, springs
in columns 22, 25 and 39 partly adiabatically and partly by conduction, and
the spring in column 19 by conduction. Based on boron and other dissolved
constituents, spring 32 also cooled conductively. The rest of the springs
appear to be mixed waters.

The direct application of chemical geothermometers to the spring waters
listed in table 2 gives variable results as shown in figure 16. Chemical

-geothermometers applied to some of those hot spring waters give accurate
indications of reservoir temperatures encountered in drill holes, but most
give lower temperatures. However, the results shown in figure 16 are somewhat

-misleading because in many places reservoirs at intermediate temperatures are
present but have been cased off in an attempt to produce only from deeper and
higher-temperature parts of the system.

The main generalization that can be drawn from a comparison of the well
and spring data shown in table 2 is that waters tend to react chemically with

_wall rocks after the waters leave deep reservoirs and before emerging at the
surface. These reactions may take place in intermediate reservoirs or in the
channelways leading to the surface. As temperatures decrease, both HC03-
and SO4= commonly increase, K+ decreases relative to Na+, and Ca++

- increases relative to Na+ unless CaC03 precipitates. The Mg ++ data are
incomplete, but in some places, such as Cerro Prieto and Reykjanes, there are
very significant increases in Mg*-" in the spring waters compared to the deep

-waters. This increase in Mg++ as hot waters cool leads to a dilemma in the
application of the Mg correction for the Na-K-Ca geothermometer devised by
Fournier and Potter (1979). Waters which were never very hot may give Na-K-Ca

- temperatu res which are much too high unless an Mg++ correction is applied.
On the other hand, waters which start out hot and react with wall rocks as
they cool may give Na-K-Ca temperatures which are closer to the temperature

- deep in the system than the Mg*-" corrected temperatu res.

Continued water-rock reactions as solutions move up from depth and cool
_ are not always a detriment in regard to obtaining useful information about a

given hydrothermal system. The geographic distribution of springs with
different water campositions and different gas contents may show directions of
underground hot water movement (Truesdell, 1976b) as well as successive
chemical re-equi l i brations at lower temperatu res .
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APPLICATIONS FOR RESERVOIR ENGINEERING

Geochemistry has many applications for reservoir engineering. It
)rovides information about noncondensable gases that decrease turbine

efficiency, environmental concerns in regard to waste disposal, and scaling
and corrosion associated with production and reinjection. Illustrations of a
Few other applications are given below.

Early Indication of Aquifer Temperatures in Wells

- Geochemical thermometers may be used to estimate aquifer temperatures in
wells weeks or months before underground temperatures return to normal after
drilling. Flow testing may speed the temperature recovery in the production

_tone, but interferes with obtaining information about pre-drilling
temperatures elsexhere in the well. Also, extensive flow testing immediately
after the termination of drilling is not always possible because of limited

_brine containment or disposal facilities or delayed delivery of test
equipment. Production and co l lection of a small amount of f lu i d at the
*Nellhead or a downhole water sample, however, may be all that is necessary to
provide a good indication of the aquifer temperature.

A 1477 m geothermal exploration well (CGEH No. 1) was dri l led near Coso
Hot•Springs, California, in 1977 (Goranson and Schroeder, 1978). The lame day

-that the well was completad, it was stimulated into production for 1 hour at a
rate of 29 to 36 rn3/hr using an air lift. Water samples were collected for
chemical analyses every 15 mirutes during that production. The Na-K-Ca
geothermometer applied to those..waters ranged from 191'C at the start to 194°C
at the end 'of the production period, and the Na/K geothermometer gave 195'C to
198*C (Fournier et al., 1980). Before stimulation the maximum temperature in

__the well was 165C, aad six days after stimulation the maximum temperature was
178* C. - A'f ter 3 months the maximum temperature in the qu i escent we l l had
increased to 187*C, and after 4 months, it was 195'C. It is significant that

_the first water collected from the well immediately after well complet1on gave
a good indication of the reservoir temperature even though about 1.3 x 106 L
of makeup water and 1.3 x 105 kg dry weight of mud were injected finto the
formation during drilling.

Monitoring Temperatura Changes in Production Wells

It is expensive to interrupt production of a geothermal well to run a
temperature log. Logging a well is also a relatively slow process, and a
temperature survey of a field with several production wells could take many

-- days or weeks. By the time the last well is logged the temperatures in the
first wells could. have changed. To overcome these disadvantages Mahon (1966)
devised a method of monitoring temperatures of waters supplying drillholes at

-Wairakei using the silica content of that water. Water samples could be
collected from all the producing wells the same day without interrupting
production. Calculated temperatures were within t3'C of downhole measured
temperatures which in turn were good only to t3°C. Mahon (1966) also showed
that the silica concentration in the water entering wells did decrease in
response to decreas i ng temperatures of the aqu i fer.
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.onfirmation of Production from Multiple Aqu¡fers at Oifferent Temperatu res

Mercado (1970) found that variations in the Na/K ratio in well waters at
-:erro Prieto, M'exico were very useful for interpreting well behavior. He
discussed well M-20 in detail. Upon completion of that well, water started
'lowing spontaneously through a small 1.27-cm diameter drain line.
bbsequently the yate of discharge was periodically increased by allowing the
fluid to escape through larger and larger orifíce plates up to 14.6 cm
!iameter. As the orífice plate diameter was increased, the enthalpy of the
lischarge decreased and the Na/K ratio in the discharged fluid increased. The
variations in the Na/K ratio clearly showed that more than one aquifer
,u pplied water to the well and that the proportion of water from the cooler
iquifers increased as the total rate of production from the well was allowed
to increase (and downhole pressure decrease).

Variations in the chloride concentration of the produced fluid also can
give a good indication of production from dífferent aquifers.

=lashing in the Reservoir

Orawdown can cause flashing or boilíng in the reservoir before the liquid
3nters the well. Flashing in the reservoir can result in enthalpies of the

_.iischarged fluid that are higher or lower than the initial enthalpy of the
liquid in that reservoir.

Where a flashing front moves out into rockaway from a well and the fluid
pressure in the formation drops below the initial vapor pressure of the
>olution, the fluid temperature will decrease almost immediately owing to
raporization of liquid. Rock temperatures, however, do not decrease as
rapidly as fluid temperatures. Transfer of heat from the reservoir rock to
the fluid will canse more steam to form than wóuld form by simple adiabatic
axpans ion of the -flu id. If this "excess" steam enters the well along with the
residu al liquid , the enthalpy of the discharged fluid will be higher than the
enthalpy of the initial fluid in the reservoir. "Excess" steam has been
iescribed in fluids produced from wells at Wairakei and Broadlands, New
Zealand (Grindley, 1965; Mahon and Finlayson, 1972) and at Cerro Prieto,
Mexico (Truesdell and Mañon, in press).

A relatively low enthalpy of the discharged fluid wi11 result if some or
all of the steam fails to enter the well along with the parent water. The
steam may escape upward through porous rock or may form a steam cap aboye the
inlet to the well. Where a steam cap forms, enlargement of the steam zone
could cause wells to switch eventually from producing fluids with relatively
low enthalpy to producing fluids with relatively high enthalpy or even dry
s team.

From the foregoing discussion it follows that reservoir temperatures based
upan wellhead enthalpy measurements may be too high or too low even where only
one aquifer contributes fluid to the well. The application of geochemistry
may indícate whether or not flashing is occu rring in the reservoir and w hether
excess or defici.ent steam accompanies the produced liquid.
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Truesdell and M añon ( in press ) used the sílica concentratíon in flashed
(atmospheric pressure) well waters at Cerro Prieto, Mexico to detect excess
and deficient steam in the produced fluids. They calculated aquifer
temperatures using the silica geothermometer and compared those results with
aquifer temperatures calculated from measured enthalpies of the discharged
fluids. A higher caloulated reservoir temperature, based upan silica,
indicates boiling with steam segregation in the formation and liquid water
preferentially produced finto the well. A calculated reservoir temperature,
based upon sílica, that is lower than the reservoir temperature based upan
enthalpy also suggests boiling in the formation, but excess steam enters the
well owing to boiling caised by heat stored in the reservoir rock. The
situation is some.<hat ambiguous, however, because a relatívely low calculated
silica temperature also would result if silica precipitated before the water
sample was collected for analysís. Even in the absence of silica
precipitation in the formation or well, another difficulty is that the
sílica-enthalpy method might not indicate an outward migrating flashing front
unless there is segregation of steam and residual ]¡quid in the formation;
without segregation both the silica and enthalpy of the produced fluid will
indicate about the same aquifer temperature that is higher than the actual
temperature. In some places the aboye difficulties can be overcome by using
the Na/K geothermometer instead of the silica geothermometer (Truesdell et
al., 1979).

Another approach is to use Na /K geothermometer temperatures in conjunction
with silica and enthalpy temperatures to do a better job of evaluating
flashing in the formation (Truesdell et al ., 1979). Aquifer temperatures
calculated índependently from silica, Ña/K, and enthalpy of the produced fluid
can all be in agreement (no indication of flashing in the reservoir), be in
partial agreement , or all be different . The re are 13 possible combinations of
results. Some of the most likely combinations can be interpreted as follows:

Where silica and Na/K temperatures are in near agreement and either higher
or lower than the enthalpy temperature, it is likely that the enthalpy
temperature is in error owing to flashing in the formation with a
disproportionate amount of steam enteríng the well. Where Na/K and enthalpy
agree and silica gives a lower temperature, silica probably precipitated
before the sample was collected. Where silica and enthalpy agree and Na/K
gives a lower temperature, there may be an outward moving flashing front in
the formation without segregation of steam and residual liquid that enter the
well.

Where silica and enthalpy agree and Na/K gives a higher temperature, the
Na.IK value may be residual from a time when the water equilibrated with rock
at a higher temperature than that which is present in the immediate aquifer
supplying fluid to the well. There are indications at Wairakei and
Broadlands, New Zealand, that Na/K does not respond as rapidly as silica to a
change in underground temperature (Ellis and Mahon, 1977).
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- Evidence of Higher Temperatures Elsewhere wíthin a System

A comparison of the camposition of wellhead and downhole water samples may
help verify the existence of a deeper and higher-temperature reservoir than
that indicated by temperatu re measu rements in a we l l . An example is at Coso
Hot Springs, California, where a shallow 114 m prospect geothermal well was
drilled by the U. S. Navy in June 1967. In March 1968, the well was produced
by bailing after the bottcn hole temperatures had stabílízed at 142'C (Austin
and Pringle, 1970). A wellhead sample collected toward the end of the bailing
activity contained 3042 mg/kg chloride after flashing at atmospheric
pressure. Cation geothermometer temgeratures applied to that water indicated
a reservoir temperature of about 240 C to 250'C. Figure 17 shows
enthalpy-chloride relations that could yield the wellhead sample, point A.
Poínt B represents the condition of the water at the bottom of the well at
142'C, assuming maximum adiabatic cooling during bailing. The water flowing
finto the well in response to the bailing could have moved up quickly from the

- high-temperature reservoir, boiling as it came with little conductive heat
loss (route CBA) or it could have cooled entírely conductively before entering
the well (route OBA). Line CO shows the probable range in chloride

- concentration in the deep reservoir, assuming that the reservoir temperature
is between 240'C and 250'C and cooling is partly adiabatic and partly
conductive. In 1978 a downhole sample was obtained and analyzed (Fournier, et
al., 1980). The chloride was 2370 mg/kg and geothermometer temperatures were
Na-K-Ca = 234°, Na/K = 231', and a180(S04= -H20) = 243'C. In figure 17 point E
shows the condition of the downhole sample at the point of collection and
point F gives the calculated condition according to the geothermometers. The
difference in chloride between the wellhead sample after flashing (point A)
and without flashing (point E) indicates that flashing occurred in the
formation in response to the bailing and that the minimum temperature in the
reservoir supplying water to the well should be at least 215°C. The near
agreement of al] the geothermometer temperatures applied to the wellhead and
downhole samples strongly suggests that the actual temperature of the
reservoir supplying water to the well is near 240*C and water from that
reservoir cooled partly adiabatically and partly by conduction when the well
was bailed.

Geochemical Evidence of Orawdown

In a vapor-domínated system, the movement of recharge water finto the
production zone as a result of drawdown may be advantageous for the efficient
extraction of heat stored in the rock without significantly lowering the
reservoir temperatu re and pressu re. In hot-water systems, however, the rapid
ínflux of su rrounding cold water or reinjected waste water may significantly
lower the temperature of the produced fluid in a few years. Where there is an
ínflux of cold water finto the production zone, Nathenson (1975) showed that
chemical changes should precede thermal changes and that the elapsed time
between these changes is related to the porosity of the rock. With 0.2
porosity, chemical changes that appear X years after the start of production
indicate that thermal changes will appear about 3.4 X years'later.
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At Larderello, Italy, the movement of recharge water into the
vapor-dominated system is indicated by the appearance of tritium in steam
produced from wells at the margins of the production zone (Celati et al.,
1973). In the hot-water system at Cerro Prieto, Mexico, drawdown of f'(Tuíds
from an overlying lower-temperature aquifer is show n in the southeastern part
of the field by a decrease in the chloride concentration in well water and an
increase in the Na/K ratio (Truesdell et al., 1979).

Doc. 0413a, Fournier page 26 'b ]y 28, i980



SLIIMARY

The ratios of the cations in geothermal fluids are controlled by
temperature-dependent water-rock reactions with chemical equilibrium attained
in high-temperature reservoirs where fluid residence times are relatively long
(years).

At present the most useful geochemical thermometers or geothermometers are
silica, Na/K, Na-K-Ca, and &180(504= - H20). Each of these geothermometers
requires special consideration in its application. In many places, some or
al] of these geothermometers applied to hot spring waters give good
indications of deep reservoir temperatura. In other places, however, these
geothermometers give information only about shallow reservoirs containing more
di lu te and lower-temperature fluids than are present in deeper reservoirs.
Under some conditíons mixing models may be usad to estimate reservoir
temperatures and salinities in deeper reservoirs than is otherNise possible.

Geochemistry can be usad to estimate reservoir temperaturas encountered by
newly drílled wells long before temperature logs give a good índication of
predrilling conditions. Geochemistry can also be a paverful and sensitive
tool for detecting changas in a reservoir during production, particularly when
usad in conjunction with physical measurements at the wellhead.
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Figure Captions

Figure 1.--Phase diagram showing estimated stability fields for various
minerals at different [Na+]/[H+] and [K�]/[H+] activity
ratios in the presence of quartz at 260 C. Dashed lines show, a
portion of the diagram at 230`C (from Browne and Ellis, 1970).

Figure 2.--Phase diagram showing estimated stability fields for various
minerals at different [K+]/[H+] and [Ca+ ]I[H+]2 activity
ratios in the gresence of quartz. Also shown are activity ratios
of [Ca++]/[H at which calcite will precipitate for m C02
values of 0.01, 0.15, and 1.0 (from Ellis, 1969).

Figure 3.--Theoretical variation of [Na+]/[K+] activity ratio in
solutions equilibrated with alkali feldspar pairs with indicated
stru ctu ral states at 25'C to 300`C (data from Helgeson et al .,
1969).

Figure 4.--Solubility of quartz (curve A) and amorphous silica (Curve C) as a
function of temperature at the vapor pressure of the solution.
Curve B shows the amount of silica that would be in solution after
an initially quartz-saturated solution cooled adiabatically to

- 100'C without any precipitation of silica (from Fournier and Rowe,
1966, and Truesdell and Fournier, 1976a).

Figure 5.-Solubilities of v.arious silica phases in water at the vapor pres-
sure of the solution. A = amorphous silica, 8 = B-cristobalite,
C = a-cristobalite, 0 = chalcedony, and E = quartz (from Fournier,
1973).

Figure 6.-Calculated effect of pH upon the solubility of quartz at various
temperatures from 25*C to 350'C, using experimental data of Seward
(1974). The dashed curve s.hows the pH required at various
temperatures to achieve a 10 percent increase in quartz solubility
compared to the solubility at pH 7.0.

Figure 7.--Na/K ratios of natural waters plotted at measured downhole
temperatures in wells. Curve -A is the least-squares fit of the
data points aboye 80'C. Curve 6 is the combined White (1965) and
Ellis (1970) curve used by Truesdell (1976a). Curves C and D show
the approximate locations of the low albite-microcline and high
albite-sanidine lines from figure 3 (from Fournier, 1979a).

Figure 8.-For the indicated starting compositions, the effect of dilution of
hot water by cold water upon the.calculated Na-K-Ca temperature.
Different startíng compositions will give different results.

Figure 9.--Graph for estimating magnesium temperature correction, P.TMg, to
be subtracted from the Na-K-Ca calculated temperature.
R = 100 Mg/(Mg + Ca + K), expressed in equivalents. (From Fournier
and Potter, 1979).
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Figure 10.-Dissolved silica-enthalpy graph showing procedure for calculatíng
the initial enthalpy of a high-temperature water that has mixed with a low
temperature water (modífied from Truesdell and Fourníer , 1977).

Figure 11 . -Enthalpy-composition diagram showing changes in concentration
resulting from adiabatic cooling ( boiling) with single stage steam
separation. Points 5100 and S200 show the enthalpíes of steam at 100°
and 200*C respectively . X is dissolved material ( arbitrary units). See
text for additional discussion.

Figure 12.--Enthalpy -chloride relations forwaters from Upper Basin
Yellowstone Natíonal Park. Small circles indicate Geyser Hill-type waters
and small dots indicate Slack Sand - type waters.

Figure 13.-Schematic model of conditions in a vapor -dominated geothermal
system.

Figure 14.-Schematic model of conditions in a hot-water-dominated geothermal
system where boiling temperatures prevail through a steeply dipping
structure filled with water.

Figure 15.-Enthalpy-chloride relatíons for hot spríng and well waters from
selected localities listed in Table 2. 15a, Orakeikorako; 15b, Cerro
Prieto; 15c, El Tatio ; and 15d, Ahuachapán . ( Numbers in diagrams
correspond to columns in table 2.)

Figure 16.-Comparison of measured reservoir temperatures in. wells and
calculated reservoir temperatures using (a) silica, ( b) NaIK, and (c)
Na-K-Ca geothermometers applied to hot spring waters listed in Table 2.
Triangles indicate waters that have cooled adiabatically, squares indicate
conductive cooling, X indicates partly conductive and partly adiabatic
cooling, and circles are mixtures of hot and coid water.

Figure 17 . -Enthalpy-chloride relations for waters from a 114 m well at Coso
Hot Springs, California.
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CEOTHERMOMETER EQUATION RESTRICTIONS

a. Quartz-no steam loss t°c = 1309 - 273.15 t = 0°C-250°C
5.19 - log C

b. Quartz -maximum steam loss t°C = 1522 - 273.15 t = 0°C-250°C
5.75 - log C

c. Chalcedony t°C =
4.69

103
2log - 273.15 t = 0°C-250°C

C

Cd. a-Cristobalite toc =
11.78

1000
log

- 273.15 t = 0°C-250°C

e. 8-Cristabalite t°c 781 273.15 t 0°C-250°C
4. 5

1
log

C

1f. Amorphous silica t °C =
4.52 731og C -

273.15 t = 0°C-250°C

Na/K (Fournier ) t°c = 1217 - 273.15 t>150°C
log (Na/K) + 1.483

h. Na/K ( Truesdell ) t°C = log (Na85 .6 0.8573 - 273.15 t>150°C

i . Na-K-Ca t°C 16117 - 273.15 t<100°C, 8 = 4/3
log (Na / K) + ti[log ( Ca/Na ) 2.061 + 2!17 t>100°C, Q = 1/3

A180(504=-H2O) 1000 In a = 2.88(106T-2) - 4.1

1 000 + 61 80(HSO4-) and T = °K

1000 + 6180( 11 20)
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Colean No. 1 2 3 4 5 6 7 8 9 10 11

tuture Vol) 11 Mell 11 1 apa . 181 Spa . 214 Nell Ah-1 Vol) Ah-1 $pa. F Spa . M vell B ve¡¡ 6 9pa.

Plaahed AL Depthi/ tluhed AL D.pth Pla 3 hed21 ► t Depth31 Unnaaed

Dcpth, • 894 1400 1754

Teap oC 85 240 89 . 5 es 9 6 232 61 70 100 211 99

pN 6.98 6 .9 7.30 1 .4 8 .0 6 .6 6.1 6.2

3102 148 526 122 269 663 490 114 235 988 636 544

Ca 208 146 170 214 116 308 201 29 3480 1530 2260

0.15 0 . 11 6 0.4 Lo Ir 1 0 25 16 123

p 4900 3450 2250 4330 6120 4530 768 378 14930 9610 14325

I[ 625 580 230 525 995 736 1 8 39 2095 1348 1610

1.i 44.9 31 . 6 -- 46 -- -- -- -- - -
xco3f/ 41 29 36 27 29 21 52 377 41506/ 26106/ 56/

504 32 23 36 27 28 2 1 224 35 47.9 3D.8 206
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P
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C1/NCO3 364 61 341 610 51 2.2 12.4 10013

C1/504 722 302 815 1054 18.5 2.2 1693 363

C1/8 13. 2 13.4 13.5 21 23 16 _ 736

K/Li 3.21 -- 2.03 -- -- -- `
0.19 0.06 1.51

Clapa/Cldepth 0.65 1.33

Pafarenoa 9 9 9 10 10 10 11 11
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Flaahed./ Al. Deplh!/ P¡aahed Flaahed AL DepttJ / Pool flaahed AL Depttt!/ Bath

Depth , a 1240 1030 585
Teap oC 300 292 40 57 96 99 260 95 99 230 50

pH 8.0 2 . 40 6.50 7.4 B.3 7.05 1.4 6.5

5102 1156 105 247 45 92 805 549 338 460 343 186

Ca 911 592 407 283 492 2 . 2 1.5 -- -- -- 8
1 0.6 8 1 20 38 0.08 .01 -- -- -- 2.5

Ve 10461 6382 4100 1350 3700 1050 716 660 950 708 870
C 2544 1551 t010 233 400 224 143 82 80 60 19
u 23.6 14.5 12 . 1 11.11 8 11 7 8. 0 7 4 12 2 9.1 !!
NCO3 46 28 0 128 42 120x/ 87 1190á/ 61á/ 45 24ob/
304 <6 < 3.5 690 960 130 8 5 100 17 13 500
el 19548 11918 8410 29)0 6100 1743 s8 8 1060 1625 1211 1336

- -- -- -- 7.3 5.0 5.2 o . 8 .6 0.3
B 22 13.4 -- -- -- 48. 11 32.9 32 1200 894 1020

T 5102 203 286 195 91 132 262 261 219 220 220 175
T Na/KRF 300 300 302 265 223 280 280 213 203 204 209
t Na/Kt 308 308 310 254 196 277 276 182 110 110 177
T HA-K-CA 289 282 217 228 213 294 238 -- -- 216

T Na-K -CA-Mg 161 118 164 169

C1/HCO3 732 -- 39 274 23 3.7 46 9.6
01/504 -- 35 8.3 140 643 29 252 1.2
C1/8 271 -- - -- 11 l0 0,4 0.4

K/tl 19 15 9.4 8.9 3 . 2 2.0 1.2 1.3
Ciapg /Cldepth 0 . 71 0.25 0 . 56 0.89 1.10

15 15 15Referenoa 1 2 13 13 13 14

0752a referencea , tablea 1 captlona for 0413a Fournler, p. 14



T•^le 2 .-- Coapert 3 on o( hot epr ) n4 nnd we11 we/era, Contlnued.

Orakelkoreko H̀ew Zeelend aotokewe , New Zealend Chtnrtahul, Taiw n

Co1u.n No. 23 24 25 26 27 28 29 30 31 32
Feature Nail 2 Nelk 2 Spa . 22 Spa • 664 Nall 2 Nell 2 Seg. 6 Nell IC-4 Ne11 )C-4 Spa. 20

F145hed AL DepM!/ Flashed Al. Deptti/ Flaehed At Deptlt-1/

Depth, ■ 1150 880 1505

te.p oC 99 260 99 64 99 220 654 100 195 99
pH 9.) 9 . 2 6.2 7.6 2.5 8.5 9.7

5102 480 327 260 150 430 329 340 342 280 289

Ca 0 <1 0 . 8 4.6 50 38 11 lr tr ir
0.6 -- -- 11/3 tr tr tr

Na 550 315 370 135 1525 1168 990 1095 896 923

a 54 37 34 10 176 135 102 36 29 39

11 3 1 2 . 1 3.4 1.2 10 2 1 . 8 7 8 7 6 --
0 ) 55E/ 42 144x/ 2807 2296 2586HCO3 290

?
1 198 113 201.

504 142 97 185 12 120 92 520 32.) 26.2 10.3

cl 546 372 404 76 2675 2049 1433 18 . 3 15.0 6

r 5.1 3 . 9 10.8 2.9 6/6 5 .1 -- -- --
e 7.7 5 . 2 3.4 5 . 4 102 76 45 36 29 30

T 3102 223 216 187 161 215 217 219 200 204 196

T Na/K8p 215 216 210 194 228 229 219 141 140 156

T Na/Kt 186 186 179 157 203 204 191 92 91 110

T 8a-a -Ca -- -- 223 174 224 221 223 -- -- --
T N& -a-Ca-It 138 88

C1/Nco3 3.2 6.2 0 , 69 84 17 . 01 <.01

C1/S04 10.4 5.9 11 . 6 60.4 7.5 1.55 1.58

cl/8 22 36 . 2 4.4 8 . 0 9.7 0.16 .06

Uti 3.1 1.8 1.5 3.1 2.3 0.9 --

C1aPa/cldepth 1 . 09 0.21 0 . 70 0.38

aeference 17 17 17 15 15 18 19

0352a roferencea , tablea 1 cepttons (or 0413 • rournter, p. 15



Tabla 2.--Comparl 3on of hoL sprlna and wa11 waters , Continuad.

Tuchang , Taiwan KtzIldere , Turkey

Column No. 33 34 35 36 31 36 39
Faature Mell IT-3 NalIl 17-3 Spg . Spg. 11e11 KD15 Me11 KD15 Spe.

Plu bad AL Depttt1 Unnsmed Unnamed flashed At DepLlt l/ Unnamed

DsptA , m 445 506
Temp °C 100 173 60 96 99 205 100
pN 8.7 6.7 8.7 7.8 9.0

St02 253 211 25 69 268 214 3 85

Ca te tr 73 -- 6 5 1.2

1145 tr tr 17 -- 1.2 1.0 0.1
Na 1100 947 338 710 1172 935 1260
K 15.8 13 . 6 7) 14.7 117 93 125
Ll -- -- -- -- -- -- --
NCO3 2884 2484 1258 2010 2502 2000 2560
504 36 31 82 . 3 32 718 621 150
Cl 21 18 14.2 13.4 112 89 10)

-- -- -- 16.9 13/5 l8
8 30.5 26.3 -- -- 25 . 6 20.4 23

7 5102 183 184 72 118 185 185 )74
T Na/Kar 99 99 117 116 21 1 216 216

T Na/KT 44 44 64 64 1 6 1 187 t87
7 Na-K-Ca - 73 -- 23 ) 228 25111
T Na-K-Ca-Ma 13 211

Cl/ 11 C0 3 . 01 .02 . 01 .08 .08 .07
C1/504 1.57 0.47 1 . 13 0.39 1.36
CIJB 0.21 -- -- 1 . 33 1.36
K/L1 - -- --
C1,D8/Ctdeptn 0 . 79 0.74 --

Referente 18 19 19 20

0752 • referentes , tablea 1 captlona for 0413 • Pournlar, p. 16



f f

Tabla 2.--Co.parl 3 on of hot apr1i and well watera , Contlnued .

teliowstone Par), Untted Statea

Colu.n No. 40 41 42 43 44 45
teatura Yalt t3 Valt 23 Ojo Wa11 18 Wa11 t8 Nuety

tianhe421 At 04 ptn3/ 'Cal ie nte tluhed2/ ¡t Dcptbl/ Gorgor

Dapth, . 88 64
Teap oC 92 114 95 92 1698/ 92
pN 8.12 6.31 1.9 e.8

5102 -- 230 302 256 291
Ca 1.49 1 . 26 1.1 1 . 4 1.2 .29
me .02 . 02 .02 .05 .04 <.01
Na 319 270 317 421 340 406
[ 13 11 9 . 2 17.5 15 19
Ll 4.1 3 . 5 4.5 3.0 2.6 2.7
►ICO3 209 177 249 516 493 573
304 2216 19/1 27 19 16 17
CI 329 276 331 261 240 292

35 30 33 30 26 29
B 4.3 3 . 6 4.0 3 .0 2.6 3.0

t 51 02 116 192 198 191
T Na/tj7 154 154 134 155 155 162
T Na/[t 108 108 84 109 109 118
T Ha-C-Ca 161 166 153 174 112 194
t 05 -[-Ca-H

C1/NCO3 2 . 1 2.3 0.84 0.68
el/304 39 3) 41 47
C1/8 24 25 20 30
[/L/ 0.6 0 . 4 1.0 1.3
Clapg /Ctdapth 1 . 19 1.22

Baterenco 22 22 23 23

07520 referencea , tablao A eaptiona for 0413 • tournler , p. 17



Feotnotea Cor tabla 2

�/ Compoaltion calculated frm analyala ef flaahed sample.

2 1 CmDOaltioa calculated fYm analyala eC dovnhole samola.

Colleeted casing a dovn-hole saapler . Ave. 11 aasplaa.

Y/ Sample collected 1Cter~!r%at 670 kPa. Analyala recalculatad to

rlaahlag at 1 00 kPs.

5/ total RC03 - 4nd CO 3.
recalculated CO RC0

61 total CO2 recalculated to 903-.

71 Utlmted tempera cure probably 14 mueh toc blgh ovt.n to tbe

preclpitatlon oir caco
3*

=/ ?he vell apparently tnteraected a fracture thac tapa a deeper reaervolr

vith a teaperat ure oC about 190° co 200°C.

Cualeanpul and ochera (1976)

t0/ Romageell aad oeners (1976)

1t/ 8 jornaioe and ochera (1972)

?2/ Reed (1976)

Mercado (1968)

1 4 / Maneo aod Finlayaoa (1972)

Ellla end Mahoe (1977)

16 1 Ellta (1966)

17/
Manco in Lloyd (1972)

~
18 1 Mining Reaeareh & Sevetce 0rganlzatioa (1977)

9/ Personal comunieatlon , I Z0 (1977)

20/ M7A Pamphlet

21 1 Ominco and Samllgtl (1970)

- 22/ cargar and otnera (1973)

Onpubliahed data , U. S. Ceological Survay

07521 referente , tablea & caotions Cor 04 13a rournier, p. 19
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