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INTRODUCTION

The application of gegchemistry 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 crust
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 crust.

The explored parts of most presently active hydrothermal systems are
dominated by meteoric or ocean water that has changed composition during
underground movement in response to changing temperature, pressure, and rock
type. Changing temperature has a major effect upon the ratios of cations in
solution and the concentration 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
rock type strongly influence the total salinity and particularly the chloride
concentration thdt a hydrothermal solution is likely to attain.

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



HYOROTHERMAL REACTIONS

" The compos itions of geothermal fluids are controlled by temperature
dependent reactions between minerals and fluids. I[n order to understand and
model hydrothermal systems both the fluid and solids must be characterized.

Browne (1978) summarized the factors affecting the formation of

~— hydrothermal minerals as follows: (a) temperature, (b) pressure, (¢) 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 Tow

-~ temperatures and general\y insignificant above 280°C. Above 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 zeo11tes and c]ay 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 pers1st at high temperatures. Metastable
minerals also form and persist in some geothermal systems, part1cu1ar1y where
glassy rocks are present and temperatures are below about 200°C.

In geothermal reservoirs where permeabilities are relatively high and
— water residence times are long (months to years), water and rock should reach
chemical equilibrium, espec1a1\y where temperatures exceed 200°C. At
equilibrium, ratios of cations in solution are controlled by
— temperature-dependent exchange. reactions such as

Albite K-feldspar
B NaAlSi30g + K* = KA1Si30g + Na*, - (1)
_ Keq = [Na'], | (2)
[x*]
_and
Wairakite Quartz Albite
- CaAl5Si407 » 2Hp0 *+ 25i0, + 2Na* = 2NaAlSiz0g + Ca™ + 2Hp0, (3)
eq = L3 ILH01% (4)

- [(Na®)e

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

K-feldspar K-mica Quartz
3KA1Si30g * 2H" = KA13Si3019(0H), * 65i0p *+ 2«7, (5)
Keq = K71, : (6)
(H"]
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- Albite Na-Montmorillonite Quartz
2.33NaA1Si40g + 2HY = Na_ 33A12 335i3,57010(0H)o + 3.335i0p + 2Nat, (7)
+
Ke = [M, 8)
ANTSS (
and
Wairakite Ca-Montmorillonite

1.17CaA125i4012-2Hp0 + 2H" = Ca 17 Alp_ 33513 67010(0H)2 +
Quartz
Si0p + 2Hx0 + Ca*™* (9)

_[Ca™] {Hp0]°
K = 10)
eq Tt (

In the above equations Koq is the equilibrium constant for the given

reaction, asssuming unit activities of the solid 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 thermodynamic data

(Helgeson, 1969;.Helgeson et al., 1969; Robie et al., 1978).

The first step in testing water-rock equilibration is to collect and
analyze of representative fluid and rock samples (E11is and Mahon, 1977;
Watson, 1978) from a reservoir at a known temperature. Cuttings and core are
collected during 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 sure that all the fragments come from the same interval of rock.
Fragments from higher in the hole may become incorporated in the drilling mud
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 wellhead 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; Arndrsson, 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 limitation of this approach is that thermochemical
data are not available for many of the zeolites, clays, and micas commonly
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found in geothermal systems. Also, many of the minerals are solid solutions
which presently available computer programs treat by assuming pure end-member
compos itions. 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
restricted systems. E1lis (1969), Browne and Ellis (1970) and Ellis and Mahon
(1977) plot water compositions from Wairakei and B8roadlands, N. Z. on a
var1ety of act1v1ty dlagrams. The diagram for Broadlands in terms of
(Na* ]/[H ] and (K" l/[H l sct1vity ratios at 260°C is shown in figure 1, and for
[K*1/{H"] and [Ca*"]/(H"1¢ in figure 2. The Broadlands water composition
shown in figure 1 plots close 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 close to a triple
point of K-feldspar, K-mica, and wairakite. Calcite also is present with 0.15
m COZ in the system. The maximum 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 composition would have plotted even closer to the triple points.
Reasons, other than temperature, for slight discrepancies 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 shows expected [Na*]/(K"] activity ratios in
solutions equ1l1brated with different alkali fe1dspar pairs at various
temperatures. At 100°C, the value of log([Na*]/(K"]) for the assemblage
low=-albite plus m1croc\1ne is about 0.2 units lower than for the assemblage
low-albite plus adularia and about Q.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 upon a few
of the more important components in the system and to visualize 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 COp concentration
is shown by the expanding field of calcite that completely replaces zoisite
when ™ €0, = 0.03 and completely replaces wairakite when I CO; = 1.0.
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ESTIMATION OF RESERVOIR TEMPERATURE

Many different chemical and isotopic reactions might be used as
geochemical thermometers or geothermometers (£11is and Mahon, 1977; Fournier
1977; Truesdell and Hulston, 198Q) to estimate reservoir temperatures. At
present the most widely used are silica (Fournier and Rowe, 1966; Mahon,
1966), Na/K (White, 1965; E1lis and Mahon, 1967; White, 1970; Truesdell,
1976a; Fournier, }979a), Na-K-Ca (Fournier and Truesdell 1973), and sulfate
oxygen isotope, a 80(504= - Hp0), 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 above 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, however, requires
cons ideration 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, shresd investigators will use that kind of
information to their advantage when formulating a model of the hydrothermal
system because different geothermometers may indicate temperatures in
differant parts of the system.

The Silica Geothermometer

Bodvarsson (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 solution, combined with higher temperature
results of Kennedy (1950), provided 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

reservoir temperatures.

The quartz geothermometer works best for well waters where subsurface
temperatures are above 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 indiscriminately. 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) effacts of steam separation, (c)
passible polymerization and/or precipitation of silica before sample
collection, (d) possible polymerization of silica after sample collection
owing to improper preservation of the sample, (e) control of agueous silica by
solids other than quartz, (f)-the effect of pH upon gquartz solubility, and {g)
poss ible dilution of haot water with cold water before the thermal water

reaches. the surface.

Ooc. 0413a, Fournier page 5 Jly 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; Fournler and Rowe, 1966; Truesdell 1976a; Fournier, 1977) are good to
about +2°C over the temperature range 0° C to 250°C. Above 250°C the equations
depart drastuca]ly 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 1in proportion to the amount of steam that
separates. 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 cooling, as outlined by Fournier and
Rowe (1966). Vigorously boiling springs with mass flow rates grater than 120
to 130 kg/min can be assumed to have cooled malnly adiabatically (Truesdell et
al., 1977), and equatwon b in table 1 (for maximum steam loss at 100 kPa
pressure) ar curve 8 in figure 4 can be used to estimate the reservoir
temperature. If cooling was partly adiabatic and partly by conduction, the
reservoir temperature should be between the temperatures given by equations a
and b in table 1 or between the temperatures indicated by curves A and B in
figure 4. For springs issuing high above sea level, final steam formation can
occur at significantly less than 100 kPa, so that equation b in table 1 for
maximum steam formation and curve B in f)gure 4 will give a calculated

reservoir temperature that is slightly high.

Precipitation of silica prior to sample collection - The quartz
geothermometer works because the rate 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 temperature, pH, salinity, and degree of initial silica
supersaturation or undersaturation. High salinity and pH in the range 5 to 8
favor faster reaction rates. Below 100 C, solutions may remain supersaturated
with respect to gquartz for years. When waters f]oﬂ up to the surface from
reservairs 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 temperatures are above 250 °C,
some quartz is likely to precipitate in the deep, hot part of the system as
the solution cools. [n addition, an ascending solution starting at
temperatures above about 225°C will become supersaturated with respect to
amorphous silica before reaching the surface owing to the decreased
temperature, especially if adiabatic cooling takes place (figure 4).

Amorphous silica precipitates much more quickly than quartz at comparable
temperatures. Because of the precipitation of guartz at high temperatures and
palymerization and precipitation of amorphous silica at low temperatures, the
quartz geothermometer applied to hot spring waters seldom indicates
temperatures exceeding 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 silica at 25°C 15 about 115 mg/kg (Morey et al., 1964}, The
solubility of quartz is 115 mg/kg at about 145°C (figure 4). Therefare,
waters coming from reservoirs above 145°C will ,become supersaturated with
respect to amorphous silica upon cooling to 25°C. At high temperatures all of
the dissolved silica in equilibrium with 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 simsltaneous precipitation of amorphous
silica. Colorimetric methods of analysis used to determine dissolved silica
are sensitive to monomeric silica, 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 into about SO ml of silica-free water immediately after sample
collection.

Control of agueous silica by salids other than quartz - Quartz is the most
stable and least soluble polymorpnic 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 figqure 5. Plots of log
concentration vs. recxprocal 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 Si02
per kg water, to temperature for the various silica phases are given in

table 1. ,

In most natural waters at temperatures above 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 drill holes; (2) paragenetic sequences of silica minerals in drill
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).

[n the basaltic terrain of Iceland, chalcedony generally controls aqueous
silica at temperatures below 110°C and sometimes at temperatures as high as
180°C (Arnorsson, 1975). [n some granite terrains agueous silica is
controlled by quartz at temperatures above 90°C and by chalcedony at lower
temperatures {Christian Fouillac, oral commun., 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 equilibrated
with chalcedony, as indicated above. However, the silica concentrations in
many groundwaters result from non-equilibrium reactions in which silica is
released to solution during 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 $0 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 HpS or COj.
According to Ivan Barnes and R. H. Mariner (written commun., 1975) cold waters
with high silica concentrations (attaining saturation with respect to
amorphous silica) and near neutral pH are particularly prevalent where COp

and water react with serpentine. This conclusion is in agreement with results
of experimental studies by Wildman et al. (1968) in which serpentine was
dissolved at 25°C at various pressures of COjp. '

Effect of pH ~ The effect of pH upon the solubility of quartz at various
temperatures can be calculated from the work of Seward (1574) or Busey and
Mesmer (1977), and is shown in figure 6. The dashed line 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 increase 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 increase while at 100°C a pH of just
8.2 is required., The effect of pH upon quartz sofubility is most pronounced
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 CO» 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 upon 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 cancentration
owing to high underground temperature and then became alkaline after cooling
and loss of CO0p, 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 evidence 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 siilica geothermometer
will give a calculated temperature that is too low. Methods of dealing with
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, 1867; €11is, 1970; Fournxer and Truesdell, 1970, 1973. and Mercado,
1970). F\gure 7 shows Na /K" mg/kg concentratmon ratios in waters from
geothermal wells throughout the world, plotted at the respective measured
reservoir temperatyres. In figure 7, curves C and 0 show the approximate
Tocation (assuming activity ratios = 1.7 x mg/kg concentration ratios) of the
low-~albite plus m1croc11ne and high-albite plus sanidine curves from figure
3. Note that above 100°C most of the well waters plot between curves C
and D. Below 100°C most we1l waters plot below curve C, indicating that the
ratio of dissalved Na™ to K% generally is not controlled by cation
exchange between coexisting alkali feldspar pairs at low temperatures.

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

The equation of curve A, figure 7, is labeled g in table 1. Truesdell
(1976a) recommended using a combined curve of White (1965) and E11is (1970)
for geothermometry as drawn by Fournier and Truesdell (1973). That curve is
shown as line B8 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 B in figure 7 (equatlon g or h) is used far estimating temperatures, At
temperatures between 125°C and 200°C, 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 fails to g1ve reliable results
for waters from environments with temperatures below 100°C. In particular,
low-temperature waters rich in calcium give anomalous results by the Na/K

me thod.

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 geathermometer is that it is less affected by dilution
and s team separatlon 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, X, and Ca is listed in table 1, letter i.
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When using equation i in Table 1, first calalate the temperature using a
value of 8 = 4/3 and cation concentrations expressed either as mglkg or ppm.
If that calculated temperature is <100°C and {log(vCa/Na) + 2.06] is positive,
proceed no further. However, if the 8 = 4/3 calculated temperature is >100°C
or if {log(v/Ta/Na) + 2.06] is negative, use 8 = 1/3 to calaulate the
temperature.

Changes in concentration resulting both from boiling and from mixing with
cold, dilute water will affect the Na-K-La geothermometer. The main
consequence of boiling is loss of CO whlch can cause CaCl
precipitate. The loss of aqueous Ca ¥ generally will resu%t 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
negligible if the high~temperature geothermal water is much more saline 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 8 = 1/3 and 8 = 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 8 = 4/3 temperature of 143°C and a 8 = 1/3
temperature of 198°C. By the criteria of Fournier and Truesdell (1973) the

= 1/3 temperature would be selected as most likely. Thus, the Na-K-Ca
geothermometer would give a temperature 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 8 = 4/3 geothermometer temperature drops to less
than 100°C and a hot spring would emerge at less than 60°C. Because the 8 =
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 8 = 1/3

temperature.

Fournier and Potter (1879) showed that the Na-K-Ca geothenﬂometer gives
anomalously high results when appiied to waters rich in Mg**., Figqure 9
shows temperature corrections that should be subtracted from the Na-K-Ca
calculated temperatures to correct for Mg™™. Temperature corrections also
can be calculated using the following equatuons that were derived by Fournier

and Potter (1979): For R between 5 and 50
styg = 10.66 - 4.7415R + 325.87(log R)Z - 1.032x105(10g R)Z/T -
1.968x107 (log R)Z/T2 + 1.605x107 (lag R})3/T2, (11)

and for R < § '
Aﬁ%g = -1.03+ 59.9?1109 R + 145.05(%0g R)2 - 36711(%0g R)ZIT -
1.67x10710g R/TZ, (12)
where
R = [Mg/ (Mg + Ca + K)] x 100, with concentrations expressed in
equivalents.
atMg = the temperature correction in °C that should be subtracted from the
Na-K-Ca calculated temperature.
T = the Na-K-Ca calculated temperature in "K.

For some conditions, equations 11 and 12 may give negative values for
[n that event, do not apply a Mg correction to the Na-K-Ca

geo%hermometer

Doc. 0413a, Fournier page 11 July 28, 1980



As with other geothennometers, the Mg-corrected Na-K-Ca geothermometer is
subject to error oumng to contirued water-rock reaction as an ascending water
cools. [If the Mg concentrat1on increases during that upward flow,
application of an Mg correction will lead to an anomalously low ca]cu]ated
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 geolegic and
hydrolagic setting of the particular water that was sampled. HKowever, high
magnes ium concentrations do indicate that water-rock reactions have occured at
relatively low temperatures. Therefore chemical geothermometer resulits should
be used with great caition when applied to Mg-rich waters.

The 4180 (504= - Hp0) Geothermometer

The sulfate oxygen isotope geothermometer is based upon the experimental
work of Lloyd (1968), who measured the exchange of 60 and 180 between
S04= and water at 350 C, and the work of M1n:tan1 and Rafter (1969) and
M1zutan1 (1972) who meaSured the exchange of 169 and 180 petween Ho0 and
H304~ at 100- 200°C. The agreement of the 100-200°C HSO4~ data and
the 350 C S04= data and other arguments suggest no fractionation of 169
and 189 petween S04= and HSO04~. At the pH of most natural fluids
S04~ is present rather than HSO4-.

The rate 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 prolonded residence time in a reservoir at high
temperature, there is little re-equilibration of the oxygem isotopes of
sylfate as the water cools during movement to the surface, unléss that
movement is very slow. Unfortunately, if steam separation occurs during
cooling, the oxygfn isotog1c 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. Therefore, if a water cools adiabatically from 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 contimuously
over a range of temperatures or whether all the steam remalned 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 al8Q (S04= - Hp0) geothermometer. McKenzie and Truesdell (1977)
showed that sulfate/oxygen isotope geothermometer temperatures could be

calalated 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 calculated by the 2180 (S04= - Hp0) 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 HpS 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. [f analytical data are available
for only one or two springs, addition of sulfate by HzS oxidation may go
unnoticed unless pH values are abnormally low. Where analytical data are
available for several springs and they all have the same C1/S0q ratio,
oxidation of HpS is probably unimportant. When variations in C1/304 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 HpS oxidation.
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UNDERGROUND MIXING OF HOT AND 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 all 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 rc-equ111brat10n is more \1ke\y if the temperature after
mixing is well above 110°C to 150°C or if mixing takes place in aquifers with
long fluid residence times.

Some indications of mixing discussed in Fournier (19790) 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 tr1t1um) (4) cool springs with large mass flow rates and much
higher temperatures indicated by chemical geothermometers (greater than 50°C);
(5) systematic variations 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
saline lake water mixes with an ascending hot water. The above indications of
mixing may be shown by different compositions of nearby springs or by seasonal

variations in a single spr1ng

The Silica Mixing Model

Under some circumstances the dissolved silica concentration of a mixed
water may be used to determine the temperature of the hot water companent
(Fournier and Truesdell, 1974; Truesdell and Fournier, 1977). The simplest
method of calculation uses a p]ot of dissolved silica vs. enthalpy of liquid
water (figure 10). Although temperature is a measured property and enthalpy
is a derived property, obtained from steam tables if temperature, pressure and
salinity are known (Keenan et al., 1969; Haas, 1976), enthalpy is used as a
coordinate rather than temperature. Thws is becaJse 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

temperatures 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 w1th 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 assumption, consider that steam was lost
at atmospheric pressure prior to mixing (point D, figure 10). The horizontal
line drawn from point D to the intersection with the maximum steam loss curve
gives the initial enthalpy of the hot-water component (point E£). If steam had
been lost at a higher pressure before mixing, point D would lie abave 419 J/g
on the extension of line AB and point € would lie at an appropriate dstance
between the maximum steam loss and quartz solubility qurves.

In order for the above 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 soludbility of
silica in the high-temperature water. Even with these restrictions the silice
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-temperature companent.
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EFFECTS OF UNDERGROUND BOILING

An upflowing hot solution may boil because of decreasing hydrostatic
head. [f 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 liquid in proportion to the amount of
steam that separates. In a boiling process that takes place owing to a
decrease in pressure from Py to Py, 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
all at once at Py (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.

Calaulation of change in concentration resulting from boiling

For non-volatile components that remain with the residual liquid as steam
separates, the final concentration, Cg¢, after single-stage steam separation
at a given temperature, tg, is given by the formula

J (Mg - He) o o 13
Cs TFE'T_F?T Cj (13)

where C; is the initial concentration before boiling, Hj is the enthalpy

of the initial liquid before boiling and Hf and Hg are the enthalpies of

the final liquid and steam at t¢. For solutions with salinities less than
about 10,000 mg/kg, enthalpies of pure water tabulated in steam tables (Keenan
et al., 1969) can be used to solve equation (13). For higher salinities
enthalpies 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 liguid 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 B gives the concentration of x in the residual
liquid after steam separation. If final steam separation took place at 200 C,
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.,
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Use of Enthalpy-chloride diagrams for estimating reservoir temperatures

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 about the minimum temperature of the reservoir feeding the springs
(W. A. J. Mahon in Lloyd, 1972; Truesdell and Fournier, 1976b; Fournier,
1979b). For example, figure 12 shows the chloride range in two chem1ca11y
distinct types of hot spring waters from Upper Basin in Yellowstone National
Park, plotted at the enthalpies corresponding to liquid water at the measured
temperature of each spring. The Geyser Hill type waters have ratios of
C1/(HCO3*C03), expressed in equivalents, greater than four and chloride
concentrations ranging from 352 to 465 mg/kg. The Black Sand-type waters have
C1/(HCO3 + CO3) ratios close to 0.9 and chlorides ranging from 242 to 312
mg/kg. The minimum 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 maximum chloride (point A) to the enthalpy of steam at
100°C, and then extending a vertical line from the spring with least chloride
(p01nt 8). 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 temperature of 218°C (Keenan et al., 1969). The silica
(quartz) geothermometer applied to water A (assuming max1mum 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 CGeyser Hill has a temperature close
to 218°C. The range in chloride concentrations in the Black Sand-type waters,
E to D, suggests a reservoir temperature of about 209°C (point F in figure
12); the silica geothermometer gave 205°C.

Although point F in figure 12 represents a more dilute and slightly cooler
water than point C, water F cannot be derived from water C by simple mixing.of
hot and cold water (point N) because any mixture-would lie on or close to the
line 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 loss of COp into the steam
phase can explain the different Cl/(HCO3 + C03) ratios found in waters €
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 still hotter reservoir exists at greater

depth.

Effect of boiling upon geochemicai thermometers

The effect of underground boiling owing to decreasing hydrostatic head
upon different geothermometers was covered previously as edach geothermometer
was discussed. In brief, adiabatic cooling affects different geothermometers
in various ways: the Na/K geothermometer is not affected; the Na-K-Ca

Doc. 0413a, Fournier page 17 July 28, 1980



geothermometer is significantly affected only if loss of COp causes CalO3

to precipitate, resulting in calculated temperatures that are too high; the -
silica gecthermometer must be corrected for separation of steam; and the
A180(SO4= -Hp0) geothermometer also must be corrected for steam loss

becasse of the temperature-dependent fractionation of oxygen isotopes between

liquid water and steam.
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VAPOR--0OOM INATED 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 rock and
locally derived shallow groundwater provide a cap over a reservoir of
cons iderable vertical extent in which steam is the continuous phase in
relatively open channelways and liquid water fills most of the intergrarular
pore spaces (figure 13). Fluid temperature and pressure increase with
increasing depth above 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 constant throughout the steam zone becasse the temperature of a
mixture of steam and water depends on pressure. Below the steam zone, ligquid
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 increasas
with depth, and the maximum temperature is limited by a boiling point curve

(Haas, 1971).

Where a vapor-dominated system is present, it is likely that steam
carrying relatively volatile components such as NH3, COp, HpS, Hg and 8
will condense in the overlying cap-rock region. The slightly volatile
components will redissolve in the condensate, but some of the more volatile
companents are likely to continue moving up into overlying colder
- groundwater. Thus, groundwaters and springs over vapor-dominated systems tend
to be rich in the above mentioned volatile components of the geothermal fluid
or their reaction products and low in non-volatile companents, such as
chloride, which remain in the residual brine at depth.

Fumaroles, mud pots, acid-sulfate springs with low rates of discharge,
sodium bicarbonate spring waters, and acid-altered hot ground are typical
surface expressions of vapor-dominated systems. They are not unique to
vapor—dominated systems, however, becaise similar features commonly are
present over hot-water systems where underground boiling occurs. Generally,
but not always, chloride-rich neutral to alkaline springs emerge above
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 systems. 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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COMPARISON QOF THERMAL WATERS FROM SPRINGS AND WELLS
Chemical analyses of representative waters from wells and springs at
various geothermal localities are listed in table 2.
The enthalpy-chloride diagrams shown in figure 15 were drawn using data
from table 2 and assuming cold water components with relatively little
_chloride and temperatures 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 solution at
the given temperatures and no excess steam. In figure 15a, point 26 (Spring
664) from Orakeikorako, N. Z. lies 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 low 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 rnumber 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 precipitatsed. Samples
15 and 16 also appear to have cooled by conduction after mixing, but either
sample could result by mixing cold 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
cors iderable water-rock reactions that could have occured in reservoirs with

—intermediate temperatures.

Hot spring 181 from E£1 Tatio, Chili, point 3 in figure 15¢, 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

—.points a and b.

The two springs from Ahuachapdn, points 7 and 8 in figure 15d, both lie
__above the mixing line of cold water with deep water. Their position above the
line could result (a) from mixing with a high-temperature component having
much higher eathalpy than point 6 or (b) from condensation of excess steam
derived from boiling water at depth (distillation). Excess steam appears to
“be the more plausibie explanation because the spring waters are relatively
rich in volatile components, S04= and HCO3~.
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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 becarse in many places reservoirs at intermediate temperatures are
present but have been cased off in an attempt to produces 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 HCO3~
and 504= commonly 1ncrease K* decreases relative to Na", and Ca™
T increases relative to Na© unless CaC0y precipitates. The Mg*" data are
incomplete, but in some places, such as Cerro Prieto and Reykjanes, there are
very s1gn1f1cant increases 1n 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
— temperatures 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 temperatures.

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 compositions and different gas contents may show directions of
underground hot water movement (Truesdell, 1976b) as well as successive
chemical re-equilibrations at lower temperatures.
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APPLICATIONS FOR RESERVOIR ENGINEERING

Geochemistry has many applications for reservoir engineering. It
yrovides 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
irilling. Flow testing may speed the temperature recovery in the production

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

_brine containment or disposal facilities or delayed delivery of tast
equipment. Production and collection of a small amount of fluid at the
wellhead 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 drilled near Coso
Hot -Springs, California, in 1977 (Goranson and Schroeder, 1978). The same day
—that the well was completed it was stimulated into production for 1 hour at a
rate of 29 to 36 m3/hr uysing an air 1ift., Water samples were collected far
chemical analyses every 15 minutes 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). B8efore stimulation the maximum .temperature in
—-the well was 165°C, and six days after stimulation the maximum temperature was
178°C. -After 3 months the maximum temperature in the quiescent well had
increased to 187°C, and after 4 months, it was 195°C. It is significant that
_the first water co]1ected from the wel] immediately after well completion _gave
a good indicaticn of the reservoir temperature even though about 1.3 x 1067L
of makeup water and 1.3 x 103 kg dry weight of mud were injected into the

_formation during drilling.

Monitoring Temperature Changes in Production Wells

- It is expenmsive to interrupt production of a geothermal well to run a
temperature 10g. 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 w1th1n £3°C of downhole measured
temperatures which in turn were good only to £3°C. Mahon (1966) also showed
that the silica concentration in the water entering wells did decrease in
response to decreasing temperatures of the aquifer.
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—~onfimation of Production from Multiple Aquifers at Different Temperatures

Mercado (1970) found that variations in the Na/K ratio in well waters at
—.erro Prieto, Mexico 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.
wbsequently the rate of discharge was periodically increased by allowing the
fluid to escape through larger and larger orifice plates up to 14.6 cm
liameter. As the orifice 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
cupplied 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).

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

“lashing in the Reservoir

Orawdown can casse flashing or boiling in the reservoir befare the liguid
2nters the well. Fflashing in the reservoir can result in enthalpies of the
_lischarged fluid that are higher or lower than the initiai enthalpy of the

ligquid in that reservoir.

A Where a flashing front moves out into rock .away from a well and the fluid
pressure in the formation drops below the initial vapor pressure of the
~s0lution, the fluid temperature will decrease almost immediately owing to
vaporization of liquid. Rock temperatures, however, do not decrease as
rapidly as fluid temperatures. Transfer of heat from the reservoir rock to
the fluid will caise more steam to form than would form by simple adiabatic
“axpansion of the fluid. If this "excess" steam enters the well along with the
“res idual 1liquid, the enthalpy of the discharged fluid will be higher than the
enthalpy of the initial fluid in the reservoir. “Excess” steam has been
- jascribed in fluids produced from wells at Wairakei and 8roadlands, New
lealand {Grindley, 1965; Mahon and Finlayson, 1972) and at Cerro Prieto,
Mexico (Truesdell and Mafion, in press).

. A relatively low enthalpy of the discharged fluid will 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 above 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

steam.

From the foregoing discussion it follows that reservoir temperatures based
“upon 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 indicate whether or not flashing is-occurring in the reservoir and whether
* axcess or deficient steam accompanies the produced liquid.
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Truesdell and Mafion (in press) used the silica concentration 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 calailated reservoir temperature, based upon silica,
indicates boiling with steam segregation in the formation and Viquid water
preferentially produced into the well. A calaslated reservoir temperature,
_ based upon silica, that is lower than the reservoir temperature based upon

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 somewshat ambiguous, however, because a relatively low calculated
"~ silica temperature also would result if silica precipitated before the water
sample was collected for analysis. Even in the absence of silica
precipitation in the formation or well, another difficulty is that the
silica-enthalpy method might not indicate an cutward migrating flashing front
unless there is segregation of steam and residual liquid 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 above 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 independently from silica, Na/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. There 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 entering 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/K 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 within a System

A comparison of the composition of wellhead and downhale water samples may
help verify the existence of a deeper and higher-temperature reservoir than
that indicated by temperature measurements in a well. 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 bottom hole temperatures had stabilized 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 temperatures 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.
Point 8 represents the condition of the water at the bottom of the well at
142°C, assuming maximum adiabatic cooling during bailing. The water flowing
into 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 entirely conductively before entering
the well (route DBA). Line CD shows the probable range in chloride
concentration 1n the deap reservoir, assuming that the reservoir temperature
is between 240°C and 250 C and coolwng 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 al 0(304 -H0) = 243°C. In figure 17 point €
shows the cond1txon 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 £) indicates that f]ashxng 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 all the geothermometer temperatures applied to the wellhead and

downhole samples strongly suggests that the actua] 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-dominated system, the movement of recharge water into 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 temperature and pressure. In hot-water systems, however, the rapid
influx of surrgunding cold water or reinjected waste water may significantly
lower the temperature of the produced fluid in a fes years. Where there is an
influx of cold water into the production zone, Nathensan (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
poros ity, 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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- 1973).

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 zane (Celati et al.,

In the hot-water system at Cerro Prieto, Mexico, drawdown of fluids
from an overlying lower-temperatyre aquifer is shown 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).
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SUMMARY

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-X-Ca, and al 0(504 - Hp0). Each of these geothermometers

- requires special consideration in its application. In many places, some or

all of these geothermometers applied to hot spring waters give good
indications of deep reservoir temperature. In other places, however, these
geothermometers give information only about shallow reservoirs containing more
dilute and 1ower-temperature fluids than are present in deeper reservo1rs
Under some conditions mixing models may be used to estimate reservoir
temperatures and salinities in deeper reservoirs than is otherwise possible.

Geochemistry can be used to estimate reservoir temperatures encountered by
newly drilled wells long before temperature logs give a good indication of

" predrilling conditions. Geochemistry can also be a powerful and sensitive

tool for detecting changes in a reservoir during production, particularly when
used in conjunction with physical measurements at the wellhead.
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Figure Captions

Figure l.--Phase diagram showing est\mated stab1]1ty fields for various
minerals at different [Na®J/(H"] and [KT]/(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 Eilis, 1970).

Figure 2.--Phase diagram showing estwmated stab1\1t¥ fields for various
minerals at different [K"J/[H'] and [Ca™™]/(H"]¢ activity
ratios in the Eresence of quartz. Also shown are activity ratios
of [Ca*"]/[H"]C at which calcite will precipitate for m CO?
values of 0.01, 0.15, and 1.0 (from Ellis, 1969).

Figure 3.--Theoretical variation of [Na*]/[K*] activity ratio in
solutions equilibrated w1th a]ka11 feldspar pairs with indicated
structural 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 sglution 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 various silica phases in water at the vapor pres-
sure of the solution. A = amorphous silica, B = g-cristobalite,
C = a—cristobalite, D = 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 shows 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 above 80°C. Curve B is the combined White (1965) and
E114is (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).

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

QTMg 3 tO

Figure

Figure 9.--Graph for estimating magnesium temperature correction,
be subtracted from the Ma-K-Ca calculated temperature. )
= 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 calaulating
the initial enthalpy of a high-temperature water that has mixed with a low
temperature water (modified from Truesdell and Fournier, 1977).

Figure 11.—Enthalpy~composition diagram showing changes in concentration
resulting from adiabatic cooling (boiling) with single stage steam
separation. Points Sygg and Sppp show the enthalpies of steam at 100°
and 200 C respectively. X is dissolved material (arbitrary units}. See

text for additional discussion.

Figure 12.--Enthalpy-chloride relations for waters from Upper Basin
Yellowstone National Park. Small circles indicate Geyser Hill-type waters

and small dots indicate Black 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 relations for hot spring and well waters from
selected localities listed in Table 2. 15a, Orakeikorako; 15b, Cerro
Prieto; 15¢, £ Tatio; and 15d, Ahuachapdn. (Mumbers 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) Na/K, 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 cirgles are mixtures of hot and cold water.

fFigure 17.—Enthalpy-chloride relations for waters from a 114 m well at Coso
Hot Springs, California.
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T Na/Kge 300 200 302 265 223 280 280 213 203 208 209
T Nasky 308 308 30 254 196 an 216 182 170 170 1
T Na-K-Ca 289 282 211 228 213 29% 238 — - — 216
T Na-K-Ca-Mg 161 178 164 169
€1/4C03 132 -- » 274 2 3.1 6 9.6
C1/50y ~- 35 8.3 o 643 29 252 1.2
ci/8 271 - - .- t 10 0.4 0.8
X | SAN Y 9 5 9.4 8.9 3.2 2.0 2 .3
Clypg/Claupth o.M 0.25 0.56 0.89 (]
Referoncs 12 13 3] 19 1] 15 15 15
0752 references, tablea & captlons for 0M1da
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Fournler, p. W4




; | [ Tante 2.(-~Co¢purla{on of hot iat-rln‘g nmlr wall watera, Contlaued.

Orakeikorako, New Zealand Rotokawa, New Zealsnd Chingshut, Tajwan
Colusn Na. 23 24 25 26 27 28 29 30 3 32
Feature Weil 2 vail 2 Spg. 22 Spg. 668 Well 2 Woll 2 Spg. b Well 1C-b  Well ¥C-M Spg. 20
Flashea  Au Depthl/ Fiashed AL Dopthl/ Fisshed At Dapth}/

Depth, = 1150 880 1505
Tenp OC 99 260 99 1] 99 220 654 100 195 99

: oH 9.1 9.2 8.2 7.8 2.5 8.5 9.1
510, x80 321 260 150 430 329 340 42 280 289
Ca 3] <3 0.8 k.6 50 18 " Lr [0 tr
He - - - 0.6 .- - 1173 tr tr tr
Ne 550 315 370 135 1525 1168 990 1099 896 92)

. X 54 37 kL] 10 16 135 102 16 29 39

: [RY 3,1 2.t 3.8 1.2 10,2 1.8 7,8 1 6 -

g #Coy 2908/ 198 " 201 558/ x2 wab/ o807 2296 2586

: 504 we 91 185 2 120 92 520 32.1 26.2 0.3
i S46 172 wou 78 2675 2049 1133 8.3 5.0
f 5.7 3.9 10.8 2.9 66 5.1 - - --
] 1.7 5.2 3.4 5.4 102 78 45 36 29 10
T 510, 223 216 187 61 215 ’ F1Y] 219 200 20% 196
T NasKyg 215 216 210 19% 228 229 219 LY wo 156
T Na/Kyp © 186 166 79 157 203 204 191 92 9 Mo
T He-X-Ca - - ! 223 17 224 22y 223 -- - -

; T Na-X-Ca-Mg | 138 a8
C1/h00y 1.2 6.2 0,69 8 17 .0} <.01}
€1/50y 10.4 5.9 1.6 60,4 1.5 1.55 1.58
ci1/8 22 36.2 (R} 8.0 9.1 0.16 .06
K/ 3.4 1.8 t.5 3.1 2.3 0.9 --
Clypa/Clygpen V.09 6.21 0.170 0.30
Refsrence 17 1 17 1% . 15 L} 19

0152a references, tables & captiona for 0%1)a Fournler, p. 15
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Table 2.--Comparison of hot spring and well walera, Continued.

1
Tuchang, Telwan Xiz)ldere, Turkey

Column No. kX ] b1 35 36 n 36 »
Featurs Wel) IT-3 Well I7- Spg. Sps. Nell XDIS Well KD1S Spg.

Plashed At Depthl Unnaaed Unnesad Flashad at bepth}!  Unosses
Depth, = Y45 506
Temp OC 160 113 &0 96 99 205 100
pit . 8.7 6.7 8.1 7.8 9.0
510, 253 21} 25 69 268 21% 185
Ca tr tr 13 -- 6 5 1.2
Mg te tr VT - 1.2 1.0 0.1
e 100 947 338 710 172 935 1260
[4 15.8 13.6 7" .7 1 9 125
L1 - - - - .- - -
HCO] 2084 2484 1258 2010 2502 2000 2560
S0g 6 3 82.3 32 178 621 150
(4} 21 18 .2 13.% 112 89 103}
P .- .- - 6.9 13/5 8
B 30.5 26.3 - - 25.6 20.4 23
T 510, 183 184 12 us 185 Toa8s 11
T Na/Kap 99 99 1“1 1Hé 217 216 216
T Ha/Kp [1] 4y 64 6% 187 187 107
T Na-K-Cs - - 7 - 2N 226 2511/
T Na-K-Ca-Hg 11 217
Cl/”COa .0} .02 .0V .08 .08 .07
C1/50y 1.57 0.k7 .13 0.39 1.36
Ccr/8 0.2y - - 1.33 t.36
K/Ly - - e - -
Cly047Clagptn 0.79 0.7% - --
Relerance 16 19 9 20
0752a celecences, tables & captions for ONIda fournisr, p. V6



IIMOABAAIN AL L ARF LTsn i,

Table 2,--Coaparison of hot apring and well waters, Continued.

| } | ’ |

Yeliowstone Park, United States
¥

Coluan No. LL] At L¥d A3 L 1] L}
feature well 11 Well Y3 0jo Wall Y8 Well 8 Ruoty
fleahed2/ At Deptn3/ Callents Flashed2/ At Depth}/ Gaysar

Dopth, « 88 [

Teap OC 92 1 9% 92 1698/ 92

pit 8,12 8.1 1.9 8.8

310, -~ 230 3oz - 258 91

Ca 1.9 1.26 1.1 1.8 1.2 .29

e .02 .02 .02 .05 .08 .63

Ha 19 2710 n %21 360 %08

[ S 13 n 9.2 17.5 15 19

L " 3.5 4.5 3.0 2.6 2.7

Hooy 209 11 249 516 493 513

S04 22/8 1971 a 13 16 \a

C) 329 218 n 201 2\0 292

r 35 30 13 30 .26 K3

B L 95 } 3.6 §.0 3.0 2.6 3.0

1 810, 16 192 198 151

T Na/kpp 154 154 13 155 155 62

T HasKy 108 108 8 109 109 na

T Ns-K~Ca 167 166 153 (kL) 112 LLL]

T Re-K-Ca-Mg

CL/HCOy 2.1 23 0.84 0.88
. C1/504 39 n [} W

Cis/B ] 25 28 30

[ #2191 0.6 0.4 1.0 1.3

Cly0g/Clyeptn .19 .22

Raference 22 R 23 2]

07528 referonces, tables & captions for OUida

fournter, p. 7
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37522 references, tadles & captions for 0413a fournier, p. 19

Footnotss for table 2
Composlition calculated from analysis of (lashed sazple.
Campositios calceulated from analysis of downhole saaple.

Collected using a down-hole samspler, Ave, 11 samples.

Sample collected aftee (lashing at 70 kPa. Analysis recalculated to

flasbing at 100 kPa.

Tocal ACD.” and co3‘ recaleulated to 8CD,.

Total 002 recalculated to HO:,.

Tatimated teaperature probably L3 such too digh oving %o tze

precipitation of C.atl‘J3 .

The vell apparently intarsected a fracturs that 3ap3 a deeper reservolr

with a temperature of about 190° o 200°%.
Cusicanqul and others (1376)

Remagnall and others {1976)

3jornsson and others (1972)

Reed (1976)

Hercado (1968)

Mahon and Finlaysoan (1972)

Zllis end Mahoa (1977)

E1lLs (19686)

Mahea in Lloyd (1972)

Mining Research & Sevei{ce Organizatioca (1977)
Personal cammunication, MRSO (1977)

MIX Pamphlet

D;inco and Samilgil (1979)

Bargac and others (1973)

Unpublished data, U. S. Ceological Survey

e o
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