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Abstract

The chemical thermodynamic concepts used in the calculation of solubility data of silica
(quartz) are presented taking into account the PVT characteristics of water. The
temperature-dependence trends between the thermodynamically calculated and the
experimental quartz solubility data are very similar, but the values are widely different at
high temperatures. The experimental solubility, especially along the saturation curve at high
temperature and thermodynamic data for silica need to be reevaluated in order to use silica
chemistry to understand geological processes. There could exist a wide range of values for
silica solubility at a specified temperature, depending upon the amount of water in the
reaction vessel. Thus the silica contents in geothermal fluid, in general, cannot be used as a
geothermometer to estimate the reservoir temperature. The derivation of a silica
geothermometer needs an extra assumption about the total amount of water in the system.
The solubility data for the two extreme cases, i.e. when the vessel (bomb) is completely
filled with water and when there is just enough water to make the total specific volume
equal to the critical volume of water at room temperature (25°C), are considered here.
These lie on the two respective straight lines of log (SiOy(ppm)) against temperature (K).
The equations for the two straight lines are log (SiO, (ppm)) = 0.0179 T (K)—4.3214 and
log SiO, (ppm) = 0.0088 7 (K)—1.6513, respectively. In the case of the well M-19A at
Cerro Prieto, the silica concentration in the reservoir liquid is higher than the experimental
solubility, but is lower than the calculated solubility value. © 2000 CNR. Published by
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The solubility of a substance in an aqueous solution depends, in general, on
both temperature and pressure. In some ranges of temperature or pressure the
solubility gradient could be high enough to use as a geothermometer or a
geobarometer, respectively. In the case of geothermal fluids, White et al. (1956)
proposed for the first time that the silica content could be used as a geochemical
indicator of geothermal reservoir temperature, as the silica concentration in hot
springs at Steamboat, Nevada was very close to the experimental solubility of
amorphous silica reported by Alexander et al. (1954) and Krauskopf (1956). Since
then enormous contributions have been made to gather more evidence and to
create a systematic approach for the identification of geothermal reservoir
characteristics from the fluid geochemistry of silica.

Bodvarsson (1960) and Bodvarsson and Palmason (1961) concluded that the
concentration of silica in warm springs in Iceland geothermal water indicated the
temperature of the underlying geothermal system. Sigvaldason (1966) concluded
that the concentration of silica in deep thermal waters is controlled by quartz
solubility. Mahon (1966) showed that the concentration of silica in hot water
discharged from drillholes at Wairakei in New Zealand is in agreement with
solubility of quartz after corrections for adiabatic steam loss. Fournier and Rowe
(1966) and Fournier and Truesdell (1970) demonstrated that the solubility of
quartz, rather than that of the amorphous silica, controls the silica content of hot
springs at Yellowstone. Arnorsson (1970, 1975) reported that the amount of
dissolved silica in thermal springs in Iceland was governed by the solubility of
chalcedony below 110°C, and by quartz solubility above 180°C. Levitte and
Eckstein (1979) found a good correlation between the silica concentration and the
orifice temperature in the warm springs along the Jordan-Dead Sea Rift Valley in
Israel. Arndrsson (1985) proposed a carbonate-silica mixing model to distinguish
the boiled and non-boiled geothermal waters.

In parallel, considerable efforts have been undertaken to measure the solubility
of different phases of silica and to establish theoretical ground to interpret the
silica contents in natural manifestations and geothermal wells. Morey et al. (1962)
plotted the quartz solubility on a plot of log dissolved silica versus the reciprocal
of absolute temperature. They found that the data fell along a straight line over
the temperature range 20-250°C. Fournier and coworkers have developed similar
working curves for other silica phases including amorphous silica (Fournier and
Rowe, 1966; Morey et al., 1964), cristobalite (Fournier and Rowe, 1962), and
chalcedony (Fournier and Rowe, 1966). The effect of salts on the solubility of
silica phases has been studied by many workers (Fournier and Marshall, 1983;
von Damm et al., 1991; Xie and Walther, 1993, 1997). Bennett (1991) studied the
quartz dissolution in organic-rich aqueous systems. Gislason et al. (1993, 1997)
found that the crystalline silica at the Earth’s surface was a finely intergrown
mixture of quartz and moganite.

Reed and Spycher (1984) proposed an approach to estimate the reservoir
temperature by considering simultaneous temperature-dependent equilibria



M.P. Verma | Geothermics 29 (2000) 323-346 325

between many mineral phases including quartz and the solution. This approach is
further developed and applied in many geothermal systems by D’Amore et al.
(1987), Tole et al. (1993) and Pang and Reed (1998).

From the experimental quartz solubility data, Fournier (1977) presented the
first geothermometer in equation form. Henley et al. (1984) compiled all the
existing silica geothermometers for many silica phases, including the effects of
adiabatic and conductive cooling processes. Fournier and Potter (1982a) derived a
polynomial equation for the quartz geothermometer using the revised quartz
solubility data, that is applicable up to 330°C. Ragnarsdottir and Walther (1983)
determined the pressure dependence of quartz solubility at 250°C and concluded
that pressure had significant effect on calculated quartz equilibrium temperatures
from silica contents in waters from deep geothermal reservoirs. Recently, Verma
and Santoyo (1997) applied a statistical data treatment method and theory of
error propagation to improve the silica geothermometer equation presented
initially by Fournier and Potter (1982a). They also pointed out reasons for the
spread in geothermometer temperatures, including errors in the regression
coefficients of the geothermometric equations, accuracy and precision of the
analytical determinations of chemical species in a given sample, sampling errors,
calibration errors of the geothermometers for high-temperature hydrothermal
systems, and errors related to the geologic and thermodynamic processes of the
chemical equilibria involved in the reactions. However, the chemical
thermodynamics of silica solutions is of prime importance in assessing the
feasibility and applicability of silica geothermometry in geological hydrothermal
systems.

The use of silica geothermometers is at present an integral part of almost all the
geochemical investigations of geothermal systems around the world. Being such an
important facet of geothermal energy resource development, it justifies
highlighting the fundamental aspects of silica solubility and discussing the merits
of its use in geothermometry. It has been well established by now that the fluids in
most of the high-temperature geothermal reservoirs have sufficient residence time
to attain equilibrium with quartz. The present work therefore, is focused on a
chemical thermodynamic theoretical approach for calculating the solubility of
quartz and comparing the calculated values with the experimental solubility data
available in the literature. The derivation of the quartz geothermometer equation
and the limitations of its use in geothermal systems will also be discussed. The
application of this approach is elucidated in the case of the Cerro Prieto
geothermal system.

2. PVT characteristics of water during solubility determination experiments

In the solubility experiment a certain amount of water and silica is closed in a
reaction vessel (or bomb) and the system is heated to a certain temperature. To
understand the effects of heating on the thermodynamic state of such systems, an
acquaintance with the PVT characteristics of water is helpful. For the purpose of
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discussing PVT characteristics of water during such experiments, let us assume
that there is only water in the vessel. The amount of water determines whether
there will be only liquid and/or vapor in the vessel on heating to high temperature
(Smith and van Ness, 1975; Verma, 1997). For example, assume that the amount
of water is such that it makes a total specific volume of 10.0 cm®/g (i.e. the total
volume of container divided by the total weight (mass) of water and vapor). As
we start the experiment at the environmental conditions, the initial pressure and
temperature could be considered as 0.1 MPa and 25°C, respectively. So there will
be compressed liquid from 25 to 100°C. As we pass the temperature 100°C, there
will be vapor and liquid along the water—vapor saturation curve. On continued
heating there will be more and more vapor. When the temperature reaches
approximately 344°C (see steam tables by Haar et al., 1984), all the water will
convert into vapor and there will be vapor only beyond this temperature. Thus
there will not be any solution of silica in this case above 344°C. On the other
hand, if the amount of water is such that it makes a total specific volume of 2.5
cm’/g, there will be a two- phase region between 100 and 370°C and only liquid
after 370°C.

Fig. 1 shows the P—T relations for water along different isochores. These curves
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Fig. 1. The P-T characteristics of water for different total specific volumes in a closed vessel. The
region above the critical point pressure (P.) and temperature (7;) is known as the fluid (supercritical)
region. The line corresponding to the ““supercritical” represents the extension of the P-T curve for the
case when the specific volume is equal to the critical volume (i.e. ¥ = 3.106 cm?/g) in the supercritical
region.
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have been constructed using the steam tables of Haar et al. (1984). The values for
pressure and temperature are chosen so that the total specific volume on each
curve is fixed to the noted value. The curve for which the total specific volume is
greater than the critical specific volume of water (3.106 cm®/g) follows the water—
vapor saturation curve above 100°C and at a certain temperature a path in the
superheated vapor region. When the total specific volume is lower than the critical
specific volume, the curves end in a compressed liquid region at higher
temperatures. On continued heating, the pressure and temperature will increase
and the system may reach the supercritical region (for example, see the curves
corresponding to ¥ = 1.66 and 2.50 cm®/g in Fig. 1). But there will definitely be
compressed liquid in the reaction vessel even in the supercritical region. If the
vessel is completely filled initially, the system will always be in the compressed-
liquid region during such experiments.

On the other hand, if the total specific volume of water in the vessel is just
equal to the critical volume of water there will be water and vapor along the
water—vapor saturation curve up to the critical point. After the critical point there
will not be any distinction between water and vapor along the ¥ = 3.106 cm®/g
path, but there will be compressed liquid at any point above this line and
superheated vapor below it.

Above the critical pressure and temperature the region is known as the fluid
(supercritical) region, which is marked off by the thick solid dashed lines in Fig. 1.
The fluid region does not represent any phase change from liquid or from vapor
(Smith and van Ness, 1975). A supercritical fluid is not a single phase. There will
be no phase change if a system moves from the liquid region to the fluid region
unless it crosses the vaporization curve or the extended dashed and dotted line in
the fluid region. It is interesting to note that if a system passes from the liquid
region to the gas region across the extended dashed and dotted line, the phase
change will be gradual while an abrupt phase change takes place across the
vaporization curve.

In summary, there will be only vapor at high temperature if the total specific
volume is greater than the critical specific volume of water, and vice versa. In the
middle temperature region, however, there could be both liquid and vapor phases
along the water—vapor saturation curve. At high temperature along the saturation
curve, the specific volumes of vapor and water are of the same order of
magnitude; the proportion of liquid (water) and vapor in the reaction vessel at
each condition of temperature and pressure even above the critical condition, is
therefore fundamental for accurate measurement of silica solubility.

3. Thermodynamic calculation of silica solubility

Silica is found naturally in many stable phases including quartz, chalcedony,
tridymite, cristobalite, coesite, stishovite and amorphous silica. The dissolution—
precipitation equilibration of such multi-phase minerals depends upon the
solution—mineral contact time, and its definition requires an understanding of
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mineral solubility kinetics (Stumm and Morgan, 1981). Quartz is the most stable
phase and has the lowest solubility, whereas amorphous silica is the least stable
phase and has the highest solubility. Thus quartz and amorphous silica must
represent two extreme cases of silica dissolution—precipitation equilibria in
hydrothermal systems. The solubility of other silica phases will be in between the
two extreme solubilities. The residence time for geothermal reservoir fluid is high
enough to reach equilibrium with quartz. Therefore, we will deal only with the
solubility of quartz in this work.

Theoretical considerations to explain quartz solubility results have been
proposed by many workers (Jasmund, 1952; Brady, 1953; Frederickson and Cox,
1954; Franck, 1956; Mosebach, 1957; Greenberg, 1958; Wood, 1958; Wasserburg,
1958; Wasserburg and Wood, 1958; Smith, 1958; Kitahara, 1960; Laudise and
Ballman, 1961 and others). Volosov et al. (1972) derived empirical equations for
first and second dissociation constants for silicic acid as function of temperature
only from a compilation of experimental solubility data in the temperature range
25-350°C. Seward (1974) determined experimentally the first ionization constant
(K,) of silicic acid from quartz solubility in borate buffer solution at 350°C. Iler
(1979) reviewed the chemistry of silica. Walther and Helgeson (1977) formulated a
semi-theoretical basis for the solubility in water of a-quartz and other
polymorphic forms of silica at conditions ranging from 0 to 600°C and pressures
up to 500 MPa. Fournier (1983) presented an empirical formula to express quartz
solubility in terms of temperature and density of water, indirectly taking care of
the activity coefficient and pressure effect terms. Ragnarsdottir and Walther (1983)
studied the pressure sensitivity of quartz solubility at 250°C.

The work of Rimstidt and Barnes (1980) on the kinetics of silica dissolution—
precipitation is widely accepted. Recently, Dove and coworkers (Dove and Crerar,
1990; Dove and Elston, 1992) studied the effect of temperature and pH on the
kinetics of quartz dissolution in a wide variety of electrolyte solutions. Knowledge
of quartz dissolution kinetics is helpful in understanding the time required to
reach the dissolution—precipitation equilibrium. Here we are concerned only with
the equilibrium model (i.e. water and quartz are always in equilibrium), and will
therefore not pay much attention to the kinetics of quartz dissolution.

The experimental measurement of solubility constants over wide ranges of
temperature and pressure for all the reactions in an aqueous system is a tedious
job due to the slowness of equilibration and the difficulty in determining the
actual species in the solution (Hemley et al., 1980). An alternative approach is the
chemical thermodynamic calculation, presented by Chatterjee (1991) in a very
systematic way for geological systems. In his study, Chatterjee uses this approach
to study the dissolution—precipitation of quartz in pure water. The dissolution of
quartz produces silicic acid, H4SiO4 (Mosebach, 1957; Anderson and Burnham,
1967, Busey and Mesmer, 1977), which further dissociates to H3SiO; and
H,SiO3~ (Greenberg, 1958). The details of the calculation procedure with the
chemical reactions considered for the SiO,—H,0 system are presented in Appendix
A. The geothermal systems have temperatures lower than the o-f phase transition
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of quartz at 571°C (Robie et al., 1978). Thus we will be dealing with a-quartz in
the formulation of silica solubility.

Table 1 presents the thermodynamic data set for the quartz-water system, which
were taken from Robie et al. (1978) and Naumov et al. (1971). The
thermodynamic data for water also reported by Robie et al. (1978) are applicable
for 0.1 MPa and any temperature. In geothermal systems both temperature and
pressure vary, so these data are of limited use. On the other hand, the steam
tables contain very accurate thermodynamic data for water, taking the triple point
as standard state (Haar et al., 1984). The thermodynamic state functions are
independent of path, so the thermodynamic data (such as enthalpy and entropy)
for liquid water at any temperature and pressure can be calculated from the steam
tables, converting them to the standard state, 0.1 MPa and 298.15 K.

The approach for creating internal consistency in the thermodynamic data set
for solid phase minerals was developed by Berman and Brown (1985), Powell and
Holland (1985), Berman (1988), Holland and Powell (1990), and Saxena (1992).
Richet et al. (1982) measured the thermodynamic properties of many silica phases
up to 2000 K. Recently, Swamy et al. (1994) developed an internally consistent
thermodynamic data set for many solid silica phases. The pressure dependence of
the Gibbs free energy for quartz used in our calculation was taken from their
work. The pressure dependence of quartz for the temperature and pressure range
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Fig. 2. Experimental and theoretical quartz solubility data. The theoretical curves are for the two
extreme cases: (a) when the vessel is completely filled with water, and (b) when it is filled just enough to
make the total specific volume equal to the critical volume.
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along the water—vapor saturation curve has little significance, but when the
reaction vessel is completely filled with water, pressure plays a very important role
(Ragnarsdottir and Walther, 1983).

Fig. 2 shows the theoretically calculated quartz solubility curves for the two
extreme cases, when the vessel (bomb) is completely filled with water at room
temperature (25°C) and pressure of 0.1 MPa and when it is filled just enough for
the total specific volume to be equal to the critical volume of water. It can be
observed that these curves are exponential. At low temperatures the solubility
gradient is too small to be used as a geothermometer, but is very high in the
higher temperature range. The use of silica geothermometers might have been
limited to the temperature range 120-250°C because of this reasoning (Fournier,
1977; Henley et al., 1984).

4. Experimental quartz solubility data

There exists a vast literature on the experimental determination of silica
solubility over a wide range of experimental conditions of pressure, temperature,
pH and presence of other minerals (Fournier, 1973; Fournier and Potter, 1982a,
1982b; Bennett, 1991; Dove and Elston, 1992; Gratz and Bird, 1993). Here we are
only concerned with the quartz solubility in pure water with varying temperature.
For the two extreme cases considered here, pressure is not an independent
variable and is controlled by temperature. Table 2 presents a summary of quartz
solubility data compiled from the literature.

The solubility determination has been performed using one of the three methods
(Fournier and Potter, 1982b): (1) weight loss of quartz in a known amount of
water, (2) chemical analysis of dissolved silica remaining in solution after rapid
quenching and opening of the reaction vessel, and (3) chemical analysis of
dissolved silica in a small amount of solution extracted from the reaction solution
while the vessel is maintained at the specified temperature and pressure.

All the solubility data are also plotted together with the theoretical solubility
curves in Fig. 2. As mentioned earlier, the theoretical curves are plotted for two
extreme cases, when the vessel (bomb) is completely filled with water at room
temperature (25°C) and a pressure of 0.1 MPa, and when it is filled just enough to
make the total specific volume equal to the critical volume of water. Thus, the
experimentally determined quartz solubility data in pure water should lie between
these two curves. It can be observed, however, that the data fall below the curve
for water—vapor saturation, but the behavior of all the experimental data is
approximately the same as that of the theoretical curves.

The values of pressure and temperature for all the solubility experiments,
together with the theoretical P—T curves for the two extreme cases, are plotted in
Fig. 3. All the experimental pressure and temperature data lie between the two
theoretical curves. The details of pressure and temperature control during the
experimental solubility measurements are not described clearly in the literature. In
absence of such details, and taking into account that all the experimental pressure
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and temperature data points fall between the theoretical curves, it can be
summarized that the pressure and temperature during all these studies were
controlled by the amount of water in the reaction vessel. Under these
circumstances the experimental solubility data should also lie between the
theoretical curves in Fig. 2.

5. Discrepancy between theoretical and experimental solubility data

To wunderstand the differences between the theoretical and experimental
solubility data we consider two fundamental aspects: (1) the thermodynamic data
set for all the species and (2) the details of the measurement methods and
experimental conditions to achieve equilibrium between solid and liquid phases.
Dissolved silica in natural water behaves like a weak acid (Roller and Ervin, 1940;
Ryzhenko, 1967; Seward, 1974; Arnorsson, 1975), so silicic acid is the dominant
specie in aqueous solution (Weill and Fyfe, 1964; Busey and Mesmer, 1977). The
thermodynamic data for silicic acid therefore play an important role in the
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Fig. 3. The pressure and temperature values for all the experimental determinations of quartz solubility,
together with theoretical values for the two extreme cases of the amount of water in order to make sure
that water phase only exists at high temperatures (i.e. when the reaction vessel is just filled with water
equal to the critical volume and when it is completely filled at room temperature). The fluid
(supercritical) region is marked with dashed lines. The experimental points lie within the compressed
liquid region even in the fluid region.
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solubility calculations. One way of obtaining consistency between the theoretical
and experimental solubilities is by adjusting the thermodynamic data for silicic
acid.

The experimental determination of quartz solubility also needs looking into.
Natural surface waters have much higher silica concentrations than determined
by the solubility of quartz (Okamoto et al., 1957). This is an indirect
indication of the slowness of silica solubility equilibria. Therefore, equilibrium
between water and quartz at room temperature requires very long-run
experiments without supersaturating the solution at any instant, in order to
prevent equilibration with other silica phases. Morey et al. (1962) mentioned
that some researchers obtained values for quartz solubility at room
temperature that are very close to theoretically calculated values (Brisco et al.,
1936/1937; van Lier et al.,, 1960). It was argued that they got higher values
because very fine quartz powder was used in the experiments. It is true that
equilibrium can be achieved slightly earlier with fine quartz but the final
concentration will be controlled by the quartz solubility equilibrium. A small
amount of amorphous silica initially present in the quartz could strongly
influence the silica concentration in the solution. The recent data by many
workers (Fournier and Potter, 1982a, 1982b; Fleming and Crerar, 1982) show
that the solubility of quartz at 25°C and 0.1 MPa is 6.6+ 1 ppm.

Most of the solubility determinations were performed with the weight loss
method or by rapid quenching of reaction vessels to room temperature. Anderson
and Burnham (1967) observed the formation of amorphous silica precipitate on
quenching the reaction vessel. Walther and Orville (1983) also pointed out that
numerous problems might occur because minerals and solutions remain in contact
during the quenching. When extremely low solubility is measured even very minor
reactions between solution and primary solid phase on quench may significantly
change the relative concentrations of cations compared to those of a solution at
high pressure and temperature.

Another important point, which is mostly ignored in experimental quartz
solubility determinations, is the amount of water and vapor in the reaction vessel.
Minerals such as quartz are only soluble in the liquid phase. Thus, the solution
after quenching also has condensed vapor, which indirectly modifies the
concentration of silica in solution. The theoretically calculated multipliers to
correct the silica concentration in the solution at specified temperature and
pressure are shown in Table 3. For example, if there is 10% water and 90% vapor
by volume in the reaction vessel at a temperature of 370°C (along the water—
vapor saturation curve), the concentration measured with the weight loss or
quenching of reaction vessel methods should be multiplied by 5 to obtain the
concentration in solution at 370°C. On other hand, when there is 90% water in
the reaction vessel at the same temperature, the measured concentration needs to
be multiplied by 1.05. Therefore, there will be an error of 5% even for
experiments with 90% liquid at this temperature. At a specified pressure and
temperature along the water—vapor saturation curve, there could be any amount
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of water from 0 to 100%. In other words, knowledge of the proportion of water
and vapor is vital to solubility determination along the saturation curve.

In summary, the application of silica solubility in understanding hydrothermal
system characteristics is based on creating a consistent experimental database for
solubility and thermodynamic data for a wide range of temperature and pressure.
The low temperature experimental solubility data along the water—vapor
saturation curve are probably reasonably accurate, but the high temperature data
need revision. Undissociated silicic acid is dominant specie in aqueous solution
and the thermodynamic data for solid silica phases have been checked for internal
consistency (Swamy et al., 1994). The Gibbs energy of silicic acid is taken to
—1,308,000 J/mol as was reported by Robie et al. (1978). It gives the solubility of
quartz to be 6.6 ppm at 25°C and 0.1 MPa.

Fig. 2 also shows the theoretical solubility curves. It can be observed that the
experimental solubility data along the saturation curve below 475 K lie on the
theoretical curve. But the high temperature solubility data are still far below the
theoretical curve. Therefore there is a need for internally consistent
thermodynamic data, as well as for the revision of high temperature solubility
data. Nevertheless, here we will use the theoretical curves in elucidating the
concepts behind the quartz geothermometers.

6. Quartz geothermometer

The development of the silica geothermometer has been a continuous process
that started with the pioneering work of White et al. (1956). The work of
Fournier and his collaborators (Fournier and Rowe, 1962, 1966; Morey et al.,
1962, 1964; Fournier, 1973, 1983; Fournier and Potter, 1982a) is definitely a great

Table 3

Values of the correction factor for silica concentration determined by the experimental methods, weight
loss or quenching-of-reaction-vessel, for different amounts of water and vapor in the reaction vessel
using steam tables (Haar et al., 1984)

T P Vi Vyap Concentration multiplier factor
O (MPa) (em®/g)® (cm®/g)® (for amount of water in % by vol%)

10% 30% 50% 70% 90%
100 0.101 1.0434 1673.600 1.00561 1.00145 1.00062 1.00027 1.00007
150 0.476 1.0904 392.860 1.02498 1.00648 1.00278 1.00119 1.00031
200 1.554 1.1564 127.320 1.08174 1.02119 1.00908 1.00389 1.00101
250 3.974 1.2515 50.111 1.22476 1.05827 1.02497 1.01070 1.00277
300 8.584 1.4037 21.667 1.58306 1.15116 1.06478 1.02776 1.00720
350 16.521 1.7401 8.812 2.77722 1.46076 1.19747 1.08463 1.02194
370 21.030 2.2068 4.993 4.97781 2.03128 1.44198 1.18942 1.04911

* Viiq: Specific volume of liquid.
o Vyap: Specific volume of vapor.
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achievement in creating empirical equations from the experimental solubility data.
The quartz geothermometer derived through the regression of experimental
solubility data to a polynomial by Fournier and Potter (1982a) is widely accepted
in the geothermal community (Verma and Santoyo, 1997). However, the higher
temperature solubility data reported by Fournier and Potter (1982a) are definitely
affected by the amount of vapor in the reaction vessel, because there is a decrease
in solubility with increase in temperature. The experimental solubility data by
Fournier and Potter (1982a) and Ragnarsdottir and Walther (1983), together with
theoretical solubility data for the two extreme cases for the amount of water in
the reaction vessel, are plotted as the logarithmic concentration of silica versus
temperature in Fig. 4. There is a good linear correlation for the calculated
saturated water solubility data (i.e. for total specific volume equal to the critical
specific volume of water, 3.106 cm’/g). Although a line is also fitted for the case
of compressed liquid data (i.e. when the vessel was completely filled with water at
room temperature), a quadratic polynomial fit could be better in this case. The
equation for the straight line for quartz solubility along the water vapor
saturation line is the following:

log SiO, (ppm) = 0.0179T (K) — 4.3143

10
© Saturated water-vapor curve (Calc.) ’ y=0.0179x - 43143 . ° ’
W Compressed water curve (Calc.) R?=0.9918 - ’
s | A Fournier & Potter (1982a) s °
i @® Ragnarsdottir &Walther (1983) ‘ , .'
Linear (Saturated water-vapor curve (Calc.)) | P
E | = = =Linear (Compressed water curve (Calc.)) | e
= e e -,
’ S
g6 . - y = 0.0088x - 1.6445
= u. | R*=09984 |
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Fig. 4. The relation between quartz solubility data and temperature. There is a very good linear
correlation for the logarithmic of solubility data with temperature following the water—vapor saturation
path. The revised data by Fournier and Potter (1982a) and Ragnarsdottir and Walther (1983) are also
shown. The data of Ragnarsdottir and Walther (1983) are closer to the theoretical data at higher
temperatures than those of Fournier and Potter (1982a).
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Similarly, the equation for the second extreme case is:
log SiO, (ppm) = 0.00887 (K) — 1.6445

The experimental solubility data at lower temperatures are close to the
calculated values. Above 425 K the solubilities diverge. A very tentative
explanation for this disagreement is that there may not be complete equilibrium
between water and quartz; alternatively, the data could be affected by the amount
of vapor in the reaction vessel and/or re-equilibration during quenching of the
reaction vessel at higher temperatures.

Ragnarsdottir and Walther (1983) presented revised solubility data for quartz in
saturated water in the temperature range 180-340°C. These data indicate higher
solubility in the high-temperature region than those of Fournier and Potter
(1982a), but are still far below the theoretical data.

In geothermal reservoirs the pressure is generally lower than the (static) water—
vapor pressure. It can be considered that the geothermal reservoir fluid follows the
saturated water—vapor curve. Thus, the equation for the saturated water can be
applied for geothermal fluid to estimate reservoir temperature. The silica
concentration in the total discharge fluid is normally used in estimating reservoir
temperature. As we know, silica is only soluble in the liquid phase and it is
difficult to predict the proportion of vapor and liquid from the discharge fluid
characteristics. Therefore, it is a fundamental limitation to its application that one
has to determine the amount of vapor and water in the reservoir by other
methods. This limitation should not significantly affect the estimation of reservoir
temperature by the quartz solubility equation for temperatures lower than 150°C
and in the range 150-250°C the correction will be moderate; however it will be
highly significant at higher temperatures.

7. Reservoir temperature estimations

The silica geothermometer has been applied extensively to estimate geothermal
reservoir temperature from the silica concentration of the fluid obtained from
natural manifestations and drilled wells. Unfortunately, the predicted temperatures
generally show a wide dispersion even when applying a single geothermometer to
all the wells in a geothermal field (Verma and Santoyo, 1997). Many explanations
have been proposed for these discrepancies, including gain or loss of steam phase
in the reservoir, mixing of different types of fluids, re-equilibration during
ascension to the surface, precipitation—dissolution, etc. (Fournier and Truesdell,
1974).

There could always be some silica concentration data that satisfy a given
geothermometer equation, so that it is not a proper approach to validate some
geothermometer equation through application to a specific data set. In the case of
silica there is still a deficiency in the experimental and theoretical information
needed to understand geological processes through its fluid chemistry.
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Recently, Verma and Santoyo (1997) improved the silica geothermometer
equation proposed by Fournier and Potter (1982a) and applied it for
demonstrating a reasonable agreement between the estimated and measured
reservoir temperatures in the Cerro Prieto geothermal reservoir. They took the
chemical data for the reservoir liquid from Fausto et al. (1979). One way to
calculate deep-liquid composition is from reservoir enthalpy and temperature.
Probably, Fausto et al. (1979) used the silica temperature for this purpose. They
do not state clearly the procedure that they used for the reservoir fluid
concentration calculation. In the same proceedings, Truesdell et al. (1979)
presented results indicating that the silica temperature in all the wells in Cerro
Prieto is always lower than the measured, NaKCa and enthalpy temperatures.

Verma (1997) presented a two-phase flow approach to calculate the fluid
thermodynamic parameters, including chemical speciation, pressure, and
temperature in a geothermal reservoir from the parameters measured in the
geothermal fluid (vapor and liquid) at the wellhead separator. Using this approach
the geothermal reservoir fluid parameters were calculated in well M-19A at Cerro
Pricto. The concentration of silica is 666 ppm and the reservoir temperature is
248°C. The data point is shown in Fig. 5. It can be observed that the value is

2000 J
’—- — A — Fournier & Potter (1982a)77 )
: - - @ - - Ragnarsdoéttir &Walther (1983)
| —©&—Theoretical solubility (this work) °
1500 | ! M Cerro Prieto Well M-19A (Verma, 1997)

1000

SiO; (ppm)

500

250 350 450 550 650
Temperature (K)

Fig. 5. The calculated concentration of silica in the liquid phase in the reservoir and in the total
concentration at wellhead for well M-19A at Cerro Prieto (Verma, 1997). The reservoir temperature is
248°C. Therefore, the reservoir concentration of silica is higher than the experimental solubility values
reported by Fournier and Potter (1982a, 1983), but lower than the thermodynamically calculated value.
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higher than the quartz solubility reported by Ragnarsdottir and Walther (1983),
but lower than the thermodynamically calculated solubility.

If we apply the silica geothermometers based on these three data sets for quartz
solubility (i.e. using data from Fournier and Potter, 1982a; Ragnarsdottir and
Walther, 1983 and the data calculated thermodynamically in this study) along the
water vapor saturation curve, the reservoir temperatures obtained by these
geothermometers for well M-19A will be approximately 295, 260 and 235°C,
respectively. Verma (1997) also calculated the vapor fraction in the reservoir as
0.244 by weight. The total discharge concentration of silica at the wellhead will
therefore be about 517 ppm (Fig. 5). If we apply the above geothermometers to
the total discharge concentration, the reservoir temperatures will be approximately
265, 240 and 220°C, respectively.

It is clear that the dispersion in the calculated temperature values is higher than
the errors reported in the experimental solubility and in the thermodynamic data
set for this silica-water system. Secondly, the corresponding temperature values for
the reservoir fluid and the total discharge concentration of silica show a difference
of approximately 30°C in this case, when there is only 22.4% by weight vapor in
the reservoir. As we have seen, there could be any amount of vapor from 0 to
100% along the water—vapor saturation curve. An independent estimation of
reservoir vapor fraction is therefore essential in the application of silica
geothermometry. The two-phase flow approach gives the values of vapor fraction
and temperature (Verma, 1997), so the silica solubility data could also be useful to
understand the state of silica-water equilibrium.

Similarly, silica-enthalpy mixing models for geothermal systems to estimate
subsurface processes such as boiling and/or mixing of different types of waters
have been developed by Fournier and Truesdell (1974), Truesdell and Fournier
(1977), and Fournier (1977). Arndérsson and Svavarsson (1985) argued for the use
of total composition of water and steam to expand and improve geothermometry
involving subsurface temperature assessment, and in depicting mixing and boiling
processes. In these mixing models the silica concentration is treated as a
conservative entity. Verma et al. (1989) pointed out, in the case of the Los Azufres
geothermal system, that other conservative species such as CI17,5'%0 and 8D do
not show mixing trends similar to those predicted by silica. Thus, in the case of
silica the dissolution—precipitation or re-equilibration processes are also important,
along with boiling and mixing, during the ascent of geothermal fluid towards the
surface. Fournier (1989) also reported that the silica solubility at higher
temperatures decreases drastically as temperature decreases, so silica might be
precipitated from solution as a result of conductive or adiabatic cooling before
reaching the surface.

In summary, it is first necessary to improve our theoretical concepts of silica
fluid chemistry in order to achieve coherence between the theoretical and
experimental solubility data. The relation between the silica concentration and
other more conservative geothermal fluid species such as CI~, 6D, etc. has to be
understood. The silica solubility data used by Fournier and Potter (1982a) are
probably incorrect at higher temperatures.
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8. Conclusions

The chemical thermodynamic approach is a systematic procedure to calculate
silica solubility in aqueous solutions. Steam tables are used to obtain the
thermodynamic data for water. Knowledge of the PVT characteristics of water is
essential in interpreting the high temperature and pressure solubility data. It is
concluded that the reaction vessel must contain a greater amount of water than
the critical volume of water to maintain a liquid phase (solution) at high
temperature and pressure. Similarly, there could be any proportion of water and
vapor in the reaction vessel along the water—vapor saturation curve at a specified
temperature. In the high-temperature region, the density (or specific volume)
values for both water and vapor are of the same order of magnitude. Silica is
virtually only soluble in the liquid phase. Thus the vapor correction to the
solubility data is significant in the high temperature region along the saturation
curve as there can be any amount of water—vapor.

The experimental quartz solubility data are lower than the corresponding
calculated values. This could be due to either inaccuracy in thermodynamic data,
or could indicate that the solubility data need revision. Silicic acid is the dominant
species in silica solutions with the result that the thermodynamic data for silicic
acid could in principle affect the solubility data. It appears certain that the
solubility data along the water—vapor saturation curve need re-evaluation at high
temperature.

For a reliable application of silica chemistry in hydrothermal systems it is
necessary to attain consistency between theoretical and experimental solubility
data, to develop independent methods for calculating vapor fraction in the
reservoir, and to apply chemical thermodynamic concepts for evaluating the
effects of buffering a solution on silica chemistry. The silica concentration in well
M-19A at Cerro Prieto is higher than the experimental quartz solubility, but is
lower than the calculated solubility.

Acknowledgements

This work was carried out under the project MEX/8/022 financed by the IAEA,
Vienna, for 1997-98. The author appreciates the constructive comments and
suggestions from Prof. Halldor Armannsson and an anonymous reviewer, which
contributed considerably in improving the manuscript. This paper is dedicated to
a great friend and pioneer geochemist, Dr. Franco D’Amore, who died on 28th
March, 1999. He will always be remembered for his excellent contribution to our
understanding of the gas geochemistry of geothermal systems.

Appendix A. The chemistry of silica

Many workers (Seward, 1974; Iler, 1979 and others) have presented the
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chemical equations involved in the silica-water system. The dissolution of silica is
considered to result in the formation of silicic acid according to the following
reaction:

SiOz(qr) + 2H,0 = Hy4Si0y4

The solubility constant for the reaction is:

T.P .
~AG! )_ [H4SiO04] _ [HLSiO4] A1)

K, = ex ( —
« = OP\TRT [SiO5][H,0F

where AG FT‘P is the Gibbs’ free energy of formation for the reaction at any
temperature (7') and pressure (P), R is the gas constant, and the terms inside the [
] indicate the molar concentrations of the species. Thus, the activity coefficient is
considered equal to one for all the species, and water and solid are considered as
pure phases. In other words their activity is taken as one. The silicic acid
dissociates to form hydrogen ion and H3SiO4

H,Si04s =H' + H3Si0;
The acid dissociation constant is:

_ [H*][H38i07 ]
M= msiog (A2

The H;SiOy further loses one proton:
H;Si0; = H' + H,Si0;~
The second acid dissociation constant can be expressed as:

[H *][H,Si0%]

2T S0 ] (A3)
The total concentration of dissolved silica is:
Cr = [H,Si04] + [H3Si0; | + [H2Si0; ] (A4)
Dissociation of water proceeds according to the reaction:
H,O=H" +OH"~
The water dissociation constant is:
Kw =[H*][OH 7] (A5)

The proton balance equation is:

[H*] = [OH "] + [H3Si0; | + 2[H,Si0;" ] (A6)
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The fractions of silicic species, that lost no proton, one proton and two protons,
can be expressed as:

|

oy =

K, K K>
1+
H+] g+
K
I [H ]
! . K K K,
H+] [+
K K>
[H+]
w = kKK (A7)
H+]  [g+]

The values of K, K; and K, are calculated from the Gibbs’ free energy of
formation for the corresponding equations. The dissociation constant of water is
calculated similarly. Substituting the expressions og, o and oy, the following
equation is solved using the error-and-trail numeric method

Ky

FE + Crloy + 2] -[HT]I =0 (A8)

func =

Knowing the value of [H ], the values of o, o; and o, are calculated according to
the above equations. The total dissolved concentration of silicic species is
calculated as:

H,4SiO
Cr= [H48i04] (A9)
%

The concentration of the other silicic species H3SiO; and H,SiO3 ™ is calculated
with the following equations:

[HSi0; | = Croy

(A10)
[HSi0%3~ ]| = Cron
Thus, the concentrations of all the chemical species in a solution of silica in water
can be calculated. The dissolved silica concentration in the solution is expressed as
the concentrations of all the dissolved silicic species.
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