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ABSTRACT

Thermodynamic geochemical approaches based on theoretical
calculations and modeling have become increasingly accurate
as regards understanding the various processes occurring in
hydrothermal systems. The log(Q/K) diagrams give an
indication of the equilibrium state by comparing measured
constituent concentrations with theoretical saturation
activities over a range of temperatures. Using the results
of chemical analyses the WATCH program has been employed to
carry out calculations, the results of which have made it
possible to construct log(Q/K) diagrams for geothermal and
related natural waters from Iceland and China. In this way,
it has been shown which minerals are possibly in equilibrium
with the fluid constituents at certain temperatures. This
approach facilitates the choice of geothermometers and
provides a better understanding of the system; i.e. the
processes that are responsible for the presence or absence of
an equilibrium situation, e.g. the influence of seawater in
the case of a coastal aquifer and other processes like
boiling and mixing with shallow diluted water.
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1. INTRODUCTION

Geothermal systems are complicated because of many thermal
and chemical processes experienced by the thermal fluids
rising to the surface from a deep reservoir. The present
report begins with a short summary of the major processes
which affect low temperature systems and a brief survey of
the geochemical approaches used for understanding these
processes.

Chemical equilibrium calculations have been made possible by
the increasing thermodynamic data for many minerals found in
geothermal systems. In recent geochemical work such
calculations have been applied to geothermal investigations
and such applications are the aim of the present project.

Sampling and analysis of geothermal fluids are very important
parts of geochemical studies and their quality controls the
accuracy of all consequent calculations. Geothermal fluid
sampling from both low and high temperature wells, springs,
fumaroles and laboratory analyses constitute the first part
of the author’s project work. A brief description of the
work and some analytical methods used is included in this
report.

The discussion of the geochemical methods brings us to the
main point of the present report - the log(Q/K) diagram, a
new approach to geothermometry and some hydrothermal
processes that was first proposed by Reed and Spycher (1984).
The theoretical background and the calculation procedures
presented for the log(Q/K) approach and existing models are
reviewed.

The computer programme WATCH that was used in the
calculations for this report is described. Procedures for
carrying out the calculations are explained and some factors
that may influence the result of calculations are discussed
with special emphasis on the effect of errors in pH
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measurements.

The methodology for applying the log (Q/K) diagram to
geothermometry and hydrothermal-chemical processes as
suggested by the present author is discussed, followed by
some case studies, either because they are of practical
interest or as examples of low temperature geothermal areas
of Iceland and China, which represent basaltic and granitic
environments respectively.

Good understanding of the actual processes that take place in
geothermal systems is shown to be very important by coupling
different aspects of geothermal studies with geochemistry
particularly as regards their site-specific features.



2. HYDROTHERMAL GEOCHEMICAL PROCESSES

2.1 General

Low temperature geothermal systems are widely distributed
around the world and they are of interest especially for
direct utilization. From a geological point of view, low
temperature areas are located outside the active volcanic
zones and are heated up by rocks with normal or fairly high
heat flow.

A summary of water types found in geothermal systems is given
by Henley (1984a). The chemistry of low temperature
geothermal fluids is much simpler than that of high
temperature ones. The origin of the thermal water is usually
meteoric, but in some systems deep marine or some other
saline waters (White, 1986) may be present. Geothermal
systems near the coast may be fed by seawater or a mixture of
seawater and meteoric water.

The chemistry of geothermal water in low temperature systems
is mainly controlled by the reactions between thermal water
and the host rocks and can be modified by hydrothermal
processes such as boiling or mixing of thermal water with
shallow groundwater.

2.2 Boiling

As hot water rises towards the surface the pressure on it by
the overlying fluid decreases and a phase change - boiling of
water may take place. The phase boundary is conventionally
displayed as a boiling point - depth curve (Figure 2.1).
Where boiling occurs there is a partitioning of dissolved
constituents between the steam and the residual liquid;
dissolved gases and other relatively volatile components
concentrate in the steam and non-volatile components in the
liquid in proportion to the amount of steam that separates.



2.3 Underground Mixing

Mixing of ascending hot with shallow cold groundwater in
hydrothermal systems appears to be common. Mixing can also
occur deep in hydrothermal systems, especially at the
margins. (Fournier, 1977, 1979, 1981)

2.4 Hydrothermal Reactions

The composition of geothermal fluids is controlled by
temperature-dependent reactions between minerals and fluids.
Hydrolysis reactions are the most important but redox
reactions occur too. If the residence time of the fluid is
long enough, equilibria between the geothermal fluid
constituents and the host rock may be reached. On the other
hand, new equilibria may replace older ones if the system
conditions change. In order to understand and model
hydrothermal systems both the fluid constituents and the
solids must be characterized.



3. GEOCHEMICAL APPROACHES
3.1 General

The most important geochemical approaches for understanding
and modeling hydrothermal systems are:

* Comparison of conservative element concentrations
(e.g. Cl) between wells and consideration of the
effects of boiling and dilution (mixing diagrams).

* Relations between component ratios, concentrations
and deep temperatures (Na/K, NaKCa, gas and silica
geothermometers).

* Investigation of relations between the observed fluid
chemistry and the alteration minerals found in the
drillcores, based on thermodynamic data and
highlighting the relationship between the different
fluid components.

* Calculation of multi-component chemical equilibria
and reaction processes in hydrothermal systems.

3.2 Geothermometers

Reviews of conventional geothermometers that have been used
in geothermal exploration were given by Fournier (1981) and
Truesdell (1984). The most important ones are listed in Table
3.1. Most of them are empirical with assumptions regarding
particular mineral equilibria, which in some cases may not be

dominant or even exist.
3.3 Models for Boiling and Mixing

If the rate of the upflow is fast enough for the cooling of

the fluid to be considered as approximately adiabatic, the

final concentration Cg¢, of the remaining components in the
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residual liquid after one-stage steam separation at a given
temperature, tg¢, is given by the formula

Ce=(Hg=Hg) / (Hg=Hj) *Cj

where C; is the initial concentration before boiling, Hj is
the enthalpy of the initial liquid before boiling and Hf and
Hg are the final enthalpies of the final liquid and steam
respectively at tg.

Mixing models have been used in cases where hot water mixes
with cold water. Examples of such models using Si and Cl
analytical results are shown in Figure 3.1.

3.4 Hydrolysis Reaction Studies

Thermodynamic calculations for hydrolysis reactions were
summarized by Henley (1984b). Reactions between water and
different minerals can be studied and thus can different
fluid systems. Activity - activity diagrams can be drawn for
different mineral assemblages from thermodynamic data. The
diagram can then be used to see whether different minerals
can co-exist as a mineral assemblage under certain
conditions. Some of the thermodynamic data is listed in Table
3.2 and a typical activity-activity diagram is shown in
Figure 3.2.

3.5 Chemical Equilibrium Calculations

Many geochemical systems can be understood in terms of the
reaction of an aqueous phase with its mineral environment.
These systems can be studied by calculating the properties of
heterogeneous chemical equilibrium among minerals, gases and
aqueous solutions for a specified bulk composition,
temperature and pressure. By linking a series of
calculations in which incremental changes of bulk
composition, temperature or pressure are made, one can
produce a chemical model of a dynamic geochemical process.
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Thermodynamic data for whole system geochemical calculations
of this kind have become available in recent years.

Reed (1982) has developed a new approach that can model
geochemical processes involving composition changes by
linking a series of discrete overall heterogeneous
equilibrium calculations.

In many geochemical studies, it is necessary to use results
of analyses and pH measurements made at room temperature and
pressure. The measured chemical properties in such cases are
different from those at high temperature and pressure because
of gas separation, mineral precipitation, and temperature
dependence of homogeneous equilibria. There are several
methods available for calculating pH at high temperature from
analytical results at low temperature, (Wilson, 1961;
Arnorsson et al., 1982). All rely on estimates of "total
ionizable hydrogen". A method presented by Reed and Spycher
(1984) employing multi-component equilibrium calculations
requires no judgment about "ionizable hydrogen" since it
readily takes account of all H' species and the effect of
dissolved gases.

The latest developments in the field of chemical equilibrium
calculations have benefited geothermal studies, but there are
still some crucial limitations, one of them arises from the
fact that in low temperature geothermal studies one has to
deal with many kinds of clay minerals. The thermodynamic data
necessary for natural clay minerals (especially those that
contain impurities) are insufficient at the moment and this
may cause difficulty in calculations of this kind.



4. GEOTHERMAL SAMPLING AND CHEMICAL ANALYSES

4.1 Introduction

Sampling and analysis of geothermal fluids are very important
parts of geochemical studies, and their results control the
accuracy of all the successive calculations. Geothermal fluid
sampling from both low and high temperature wells, springs
and fumaroles was practiced during this training and so was
the analysis of some important constituents of the samples
collected, in the laboratory of the National Energy Authority
of Iceland. A brief description of the work and some of the
analytical methods used follows.

4.2 Low Temperature Samples

One hot spring water sample was collected from England, in
the Borgarfjordur geothermal area at a temperature of around
90 °C. Three water samples from well number 2 of
Seltjarnarnes field were taken from depths of 80, 570 and 725
meters respectively, using a downhole sampler. A cold spring
in Thvera, Borgarfjodur was also sampled. The method of
collection is shown in Figure 4.1.

The sample portions are as follows:

Ru, raw untreated, 250ml in gas sampling tubes made of glass
for the determination of pH and CO,.

Fu, filtered untreated, 200 - 500ml in plastic bottles for
the determination of Cl1 and other anions.

Fd, filtered and diluted, 100ml in plastic bottles for silica
determination, diluted 2 - 10x with distilled water to bring
the silica concentration below 100ppm.

Fa, filtered and acidified, 100 - 500ml in plastic bottles
for Na, Ca, Mg, Li, Al, Fe and Mn determinations.
8



The chemical analyses of the volatile constituents like pH,
HyS8, CO, were done by the author soon after collection. The
methods used are as follows:

pH was measured with a pH meter with a glass electrode.

Total carbonate as CO, was measured by titration with 0.1N
HC1l from pH 8.2 to 3.8, adjusting the initial pH with HC1l and
NaOH.

HyS was determined by titration with 0.001 Hg(CH3C00),
solution using dithizone as an indicator.

S$i0,, Fe,and Mn were determined spectrophotometrically.
Cl was determined by titration with AgNO;.

Al was measured fluorimetrically.

4.3 High Temperature Samples

Sampling of two fumaroles in the Krafla area and one steam
well, well number KG-24 was attended by the author. The
method used is described by United Nations Development
Programme (1986).

Three steam sample portions were collected from each fumarole
and the steam well: The condensate of the fumarole steam, the
non-condensable gas and the total fumarole steam dissolved in
NaOH solution. Methods for collecting the samples were
described by Armannsson (1985) and are shown in Figure 4.2.

A liquid water sample was also drawn from the well and
divided into similar portions as the low temperature samples,
with the addition of a portion labeled Fp (filtered,
precipitated ), where 10ml 0.2M Zn(CH3CO0), are added to

9



490ml of sample to remove sulfide. This portion is used for
sulphate analysis.

PH, HyS and CO,; were determined in the field laboratory of
the Krafla geothermal power plant.

pH was measured with a pH meter.

HyS was determined by titration with Hg(CH3CO00); solution
using dithizone as an indicator.

CO, was measured by titration with 0.1N HC1l from pH 8.2 to
3.8 at room temperature.

10



5. THE LOG(Q/K) DIAGRAM
5.1 Theoretical Background and Established Models

Using the activities of aqueous component species calculated
for homogeneous equilibrium at a series of temperatures, it
is possible to compute the degree of super- or
undersaturation of the aqueous phase with minerals at each
temperature. This is expressed for mineral k in terms of

log (Q/K) k:
log(Q/K)x = log II agfkk - log Ky

in which Q is the calculated ion activity product and K is
the equilibrium constant for mineral k, aj k is the activity
and vi,k is the stoichiometric coefficient of component
species i in the equilibrium mass action expression for
mineral k, written with the mineral on the left hand side.

Therefore, the log (Q/K) value for each mineral provides a
measure of the proximity of the aqueous solution components
to attaining equilibrium with the mineral. The numerical
value of log(Q/K) is greater than zero for supersaturated
minerals and less than zero for undersaturated minerals.

The increasing and improved thermodynamic data for various
species in aqueous solutions and the established numerical
methods mentioned above have made it possible to calculate
the log(Q/K) value for many minerals using analytical values
for the chemical components of geothermal fluids.

If an aqueous solution is in equilibrium with respect to a
certain mineral assemblage, the temperature at which the
components reach equilibrium can be identified. An ideal
case (Figure 5.1) was given by Reed and Spycher (1984). The
minerals that equilibrate with the fluid intersect the
log(Q/K) = o line at the same temperature (250°C), but others
do not.

11



This characteristic of convergence of log(Q/K) curves for the
equilibrium assemblage to zero at the temperature of
equilibration establishes a basis for geothermometry.

Effects of boiling and dilution of geothermal waters are
discussed by Reed and Spycher (1984).

Boiling causes irregular dispersion of log(Q/K) curves
because of the combined effects of concentration of aqueous
components by water loss and pH change due to CO, loss.

An example of this effect is shown in Figure 5.2.

In contrast, dilution causes a simple shift and dispersion of
the mineral log(Q/K) curves which is readily recognized. The
locus of most curve intersections (with log(Q/K) = 0) is
displaced towards lower temperatures as is shown in Figure
5.3. The dilution considered here is the effect of mixing of
a deep, hydrothermal solution with a relatively pure water.

5.2 The Computer Program WATCH

The computer program used in this study is the WATCH program
of Arnorsson et al. (1982), which was developed to calculate
the composition and aqueous speciation of geothermal
reservoir waters including pH, redox potential and gas
pressures. The program is specially suited to handle
geochemical data from wet-steam wells, hot-water wells and
boiling hot springs, but it may also be used for non-thermal
waters.

Solubility data for 26 minerals commonly found in geothermal
systems in Iceland were incorporated (Table 5.1 and Figure
5.4) to facilitate the study of fluid - mineral equilibria.
Guides for the operation of the program were written by
Svavarsson (1981) and Olafsson (1987).

The WATCH program comes in two parts, WATCH1 that can be used
12



with the results of chemical analyses of water and steam from
steam producing wells, and WATCH3 that is exclusively used
for the results of chemical analyses of water from boiling
springs, hot springs and cold water. An example of a
printout from WATCH3 is shown in Appendix I.

5.3 Preparation of the Log (Q/K) Diagram

The procedure for drawing the log (Q/K) diagrams is as
follows:

* Use the log solubility products data from the WATCH
program’s printout to calculate the log (Q/K) values
at selected temperatures. An example of such data is
given in Appendix II.

* Use the calculated data to plot log (Q/K) against
temperature for all minerals. An example of such a
diagram is shown in Figure 5.5.

It is convenient to use the conventional geothermometer
temperatures that are calculated by the WATCH program as a
reference for the choice of temperature range for the
calculation.

5.4 Interpretation of the Log(Q/K) Diagrams

5.4.1 Visual Specification

Visual interpretation of the diagrams gives us an impression
of possible equilibria between the fluid constituents and the
minerals or, if not, how close they are to equilibrium.

The number of mineral curves that cross the zero log (Q/K)
horizontal line at the same temperature, or the number of
minerals that co-exist in equilibrium is not great, 5 - 6 is

the maximum in most cases.
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5.4.2 statistical Approach

Since different minerals may not reach equilibrium at exactly
the same temperature, statistical methods can be used to
search for the temperature range(s) where most minerals cross
the horizontal zero line (Figure 5.6)

For cases where equilibrium curves for different minerals do
not converge in the diagrams, statistical methods can be used
to estimate the temperature range within which most of the
minerals apparently equilibrate (Figure 5.7)

5.5 Basic Characteristics of the Log(Q/K) Diagram

5.5.1 Types of Curves

There are five types of curves classified by their slopes as
they appear on the diagram shown in Figure 4.5 and listed in
table 5.2. These curves of different slopes reflect their
thermodynamic characteristics. Therefore, the indication of a
possible equilibrium should be more reliable if the minerals
that converge on the zero log(Q/K) line are of different
types.

5.5.2 Effects of Mixing and Beoiling

The effects of mixing and boiling discussed by Reed and
Spycher (1984) were also evaluated by using the WATCH program
with reference to a hot spring sample from Nanjin, China as
an example. The results of such calculations as shown in
Figures 5.8 and 5.9 are quite similar to those proposed by
Reed and Spycher (1984). It seems possible that an optimum
possible equilibrium can be attained by iteration
calculations (with help the of a computer program).

5.6 Results for Some Natural Waters

Log (Q/K) calculations were performed with analytical data on
14



samples of different natural water types from the Zhangzhou
geothermal area, Southeast China (Figure 5.10). The diagrams
(Figures 5.11 - 5.13) show that the constituents of
rainwater, riverwater, seawater and ambient temperature
groundwater do not approach fluid-mineral equilibria.

5.6.1 SBurface and Rain Waters

Images that imply the absence of equilibrium are seen in the
results of the calculations for cold surface waters. Figures
5.11 and 5.12 show the diagrams for rainwater, seawater and
riverwater from the same region.

5.6.2 Groundwater of Ambient Temperature

Cold groundwater is in most cases not in equilibrium with its
host rock. This can be clearly seen in the diagrams in
Figures 5.12 and 5.13. But convergent points far below the
log(Q/K)=0 line reflect some possible ancient equilibria.

5.6.3 Geothermal Water

Calculations based on the results of chemical analyses of
geothermal samples from Iceland and the Zhangzhou area, China
were performed and the results show that the constituents of
geothermal waters are in many cases quite close to
equilibrium even though no exact equilibria can be
identified. Figure 5.5 is an example of a calculated
equilibrium situation. More detailed summary of the
calculated results will be given in Chapter 6.

5.7 The Effect of Mixing with Seawater

The effect of the mixing of geothermal water with seawater

can be seen quite clearly in a log(Q/K). This is a process

that occurs widely in coastal geothermal areas in Iceland and

China. This effect is evaluated for the geothermal water

samples from the Zhangzhou geothermal area, Southeast China.
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The log(Q/K) curves for minerals that are closely related to
the seawater components are highly elevated above the
log(Q/K) = 0 line (Figure 5.14).

5.8 Factors Affecting the Convergence of Mineral Curves

The effect of analytical errors on the calculations was
tested in this study. In general, an ionic balance of less
than 10% will give good results. But a simple approximation
of analytical errors on all particular constituents or sets
of them is not easily made.

The influence of an error in the measurement of pH on the
results was calculated for a Chinese hot spring sample from
Nanjin, Southeast China. Results show that the change of pH
(measured at air temperature) by 0.1 unit would not make any
difference, a slight difference is caused by 0.2 units, but a
change of 0.5 pH units will cause significant differences,
which can be seen in the diagrams (Figure 5.15).

Statistical methods were used to evaluate this effect (Figure
5.16). In diagrams where the same number of minerals reach
equilibrium, a minimum value is obtained for the standard
deviation, which can be regarded as a measure of the extent
to which the curves for individual minerals cluster on the
zero line. This minimum value may be called the "optimum
statistical equilibrium". In Figure 5.16 it can also be seen
that the equilibrium temperature does not change
significantly within a pH change of 0.4 units.

Log(Q/K) diagrams only provide us with an impression of
possible equilibria between the thermal fluid constituents
and the minerals considered. An actual mineral assemblage
has to be studied before any conclusion about real equilibria
can be reached. This will be discussed in the following
chapter.
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6. METHODOLOGY FOR APPLICATIONS
6.1 Introduction

The computations discussed above provide us with an overall
look at the studied system in terms of chemical equilibria
between geothermal fluid constituents and minerals. The main
purpose of the following discussion is to show how they
benefit the use of geothermometers and the understanding of
the hydrothermal system studied. Mineralogical and
hydrogeological aspects will be discussed with examples from
Iceland and China.

All the conventional geothermotmeters reviewed in Chapter 2
have the basic assumption in common, that the solution
constituents studied are in equilibrium with the particular
mineral or mineral assemblage considered and this can not be
verified by the geothermometers themselves. The log (Q/K)
diagram can be used to get an impression of possible
equilibria between the aqueous solution components and the
minerals. The present study shows that it has to be coupled
with alteration mineral studies and/or hydrogeological
information about the studied area before a conclusion about
the subsurface temperature and the history of the thermal
fluids can be drawn with confidence.

6.2 Coupling with Alteration Mineral Studies

The possible equilibria noted in the log(Q/K) diagrams should
be tested to determine the plausible fluid - mineral
equilibria. There are two ways of doing this.

* Mineral stability calculations using thermodynamic
data to evaluate the possibility of the co-existence
of particular mineral assemblages.

* Comparison of the minerals calculated to be in
possible equilibrium with the alteration minerals
17



found in the geothermal wells.

The first method is useful for hot spring areas which have
not been drilled. An example of the activity-activity
diagrams was given in Chapter 3 and Figure 3.2. The second
method can be used for gaining useful information from
drillholes in different geothermal environments (conditions)
which then can aid the choice of suitable geothermometers.

Examples from Iceland and China will be discussed in the
following section. A general view of the alteration mineral
studies of Icelandic low temperature ares will be given and
and some fields discussed. An example from southeast China
will also be presented.

The alteration minerals commonly found in active geothermal
systems were summarized (Figures 6.1) by Henley & Ellis
(1983). Those minerals used in the WATCH program are the ones
that are most often found in Icelandic geothermal fields of
different temperature. Summaries of these minerals and the
common temperature ranges were given by Arnorsson et al.
(1983) as shown in Figure 6.2, which gives one a general idea
of the minerals or mineral assemblages that can reasonably be
expected in the Icelandic systems. But different
combinations of minerals are found in different areas.

6.3 Coupling with Hydrogeological Considerations

The effects of various hydrogeological processes on the use
of conventional geothermometers were thoroughly discussed by
Fournier (1979). The present concern is how the necessary
considerations of hydrogeological information can benefit the
log(Q/K) approach. Examples and preliminary discussion will
follow.

In non-equilibrium cases, mixing and boiling may be the main

factors that cause the non-convergence of the curves, as has

been discussed in the previous sections of this report. On
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the other hand, geothermal water in different parts of the
flow (circulation) system shows different characteristics in
terms of equilibria, since we know whether the equilibria
shown in a log(Q/K) diagram reflect the most recent situation
of the fluid.

Reykjanes geothermal area is a low temperature area located
on a tiny peninsula in Isafjardardjup, West Iceland (Figure
6.3), with a natural outflow of more than 10 liters per
second of hot water. The highest subsurface temperature
measured is 98°C (Bjornsson et al., 1987).

Analytical results for samples from different parts of the
flow system (Benjaminsson, 1981) were used to calculate the
log(Q/K) diagrams. Thr results of the calculations show that
the closer to the discharge area the sampling point is, the
closer it is to equilibrium (see Figure 6.4 and also Table
7.1).

Therefore, if samples from different parts of the system are
available, it is helpful to the understanding of the system
to do the same calculations for all the samples and interpret
them together.
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7. CASE STUDIES FROM ICELAND AND CHINA

7.1 General

The analytical results for about 50 water samples from
Iceland and China were used in this study. The Icelandic data
are from the published paper of Arnorsson et al (1983) and
the National Energy Authority of Iceland. The locations of
the Icelandic samples are shown in Figure 7.1. These data
represent the low temperature geothermal water in basalt of
Quaternary and Tertiary origin.

Data of the Chinese geothermal water and related natural
waters used here was taken from a technical report of a co-
operative study between French and Chinese geothermal
scientists (Demange et al., 1986), represent a coastal
geothermal area in a granitic environment. The samples were
collected from geothermal wells in the Zhangzhou geothermal
field and some hot springs around the area, which is shown in
Figure 5.10.

A summary of the results of the log(Q/K) calculations is
shown in Tables 7.1 and 7.2. Results were coupled with
information from other methods for the cases of equilibrium.
Non-equilibrium can explained by effects of boiling, dilution
and the contamination by seawater.

7.2 Leira Area, West Iceland

The geothermal area is located in the Tertiary basaltic
environment. Alteration products in wells suggest a high
temperature geothermal system bearing little relation to the
present situation (Tomasson and Kristmannsdottir, 1974). Four
wells have been drilled in this region and a sample from well
4 was used for mineral equilibrium calculations. The fluid is
a relatively saline, calcium-rich, carbon dioxide water, 6D =
-73.8 and could be derived from water that has fallen as rain
to the west of the Langjokull glacier, which is thought to be
20



the origin of the water in the other Borgarfjordur geothermal
area. Arnason (1976) concludes that this is the case and
that the salinity is derived from the leaching of salty
sediments. On the other hand this water could originate from
a heavier water that mixed with seawater a long time ago and
ion exchange with rocks has produced the present composition
(Armannsson, 1981).

Well number 4 is 2019 meters deep, the flow rate was 8 liters
per second, discharge temperature was 128 °C. The log(Q/K)
diagram for this well is shown in Figure 7.2, which indicates
clearly a possible equilibrium of five or six minerals at a
temperature of 165 °C. The minerals are two montmorillonites,
chalcedony, analcime and wairakite - a kind of zeolite. A
comparison of this with the alteration minerals (Figure 7.3)
shows that the calculated fluid - mineral equilibria are
likely to a realistic. The well has more than one inflow
zones as shown in Figure 7.4. The calculated temperature
seems to be in agreement with the chalcedony temperature
(161.9°C), but not with the NaK and quartz geothermometers.

7.3 Zhangzhou Geothermal Area, Southeast China
7.3.1 Nanjin Hot Spring

The Nanjin hot spring area is located about 30 kilometers to
the west of the Zhangzhou geothermal field. The total
natural flow rate of hot water from hot springs in this area
is greater than 20 liters per second.

The log(Q/K) diagram for a sample from a spring with the
highest temperature of the area (Figure 7.5) shows the
convergence of five possible mineral equilibria to the same
temperature. The minerals are two montmorillonites,
chalcedony, fluorite and calcite, representing quite a
reasonable mineral assemblage to equilibrate with the host
rock at a low temperature.
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A 628 meters deep drillhole has been drilled in the vicinity
of the spring and the measured downhole temperature was
around 90 °C, which is in very good agreement with the
temperature calculated here.

7.3.2 Zhangzhou Geothermal Field

In the case of a coastal aquifer, the geothermal fluid is a
relatively concentrated seawater mixture, which raises the
concentration of Cl1, Na, and other elements. The construction
of log(Q/K) diagrams for hot water samples from the Zhangzhou
area, a costal hydro-thermal basin in southeastern China and
its surroundings provides a better understanding of the
mixing process and facilitates the choice of suitable
geothermometers.

Geochemical and isotopic studies revealed that the saline hot
water in this region is a mixture of meteoric water (Figure
7.6) and seawater (Demange et al., 1986; Pang, 1987). A
series of samples of different salinity were used to
calculate the mineral equilibria and plot the log(Q/K)
diagrams. Results show that the curves for Na, K, Mg related
species are highly elevated in the diagrams, which means that
the these components in the water are dominated by seawater.
The more saline the water, the more elevated the curves (see
Figure 5.14).

It was doubted that the water components had reached
equilibrium with respect to certain minerals, for the Nak
geothermometers give very scattered results for reservoir
temperature and that indicates a deviation from the actual
situation where the presence of the particular minerals is
inherent in the use of the geothermometers.

The data from this area was also plotted in the Giggenbach

diagram (Giggenbach, 1986) which was designed to recognize a

mineral assemblage of K-feldspar, illite and chlorite. The

result shows that the seawater-dominated geothermal fluids do
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not fall on the equilibrium curve in the diagram (Figure
Ts7) s

However, as is summarized in Table 7.2, the chalcedony
geothermometer temperature is quite close to the reservoir
temperature. In most of the log(Q/K) diagrams for this area,
it can be seen that calcite and chalcedony cross the log(Q/K)
= 0 line at the same or similar temperature. This indicates
that these minerals are the ones that equilibrate with the
host rock in this case and they are also the alteration
minerals found widely in the geothermal area. Therefore, it
is suggested that silica geothermometers be used in a coastal
geothermal area like this one.
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8. CONCLUSIONS

By using the chemical equilibrium computer program WATCH and
plotting the log(Q/K) diagrams, possible equilibrium and non-
equilibrium situations between studied fluid components and
minerals can be identified for natural waters.

Chemical analysis with an ionic balance difference of less
than 10% gives good results in most cases. An error of less
than 0.2 units in pH measurement at the laboratory
temperature does not cause a significant difference in the
log(Q/K) diagrams.

Coupling the log(Q/K) diagrams with the results of alteration
mineral studies and/or activity = activity diagrams shows
for which minerals equilibrium is to be expected, and thus
which geothermometers are applicable, making the
geothermometry results more reliable than those obtained
indiscriminately by conventional methods.

Hydrothermal-chemical processes can be modeled to certain
extent by using the log(Q/K) diagrams.

Results for chemical analyses of water samples from Iceland
and China show that this approach can benefit the study of
different types of natural water(s) from the same region and
aid the understanding of whole system.
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NOMENCALTURE

= Activity of aqueous species (moles/kg)

= Concentration of chemical components (ppm)

= Enthalpy (kJ/kg)

Theoretical equilibrium constant

= Molal unit of chemical components (moles/kg of solvent)
= Equivalents per liter

U2 2R oODaooe
I

= Pressure (bar)

pH = Negative log of hydrogen ion activity
Q = Calculated log solubility products

T
A

Temperature (°C)
Stoichiometric coefficient of species

wt% = Weight percent

§D = H2/Hl ratio with reference to SMOW (standard mean ocean
water)
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Appendix I. An example of a
(WATCH3) .

8511158-14

PROGRAN WATCHZ.

WATER SANPLE (PPX)

PH/DEG.C
8102

A

K

CA

HG

00z

304

HZ8

CL

F
DI88.50LIDS
Al

B

FB

NH3

TONIC STRBNGTH =

8.24/25.0

13,31
139.46
2.9
{.29
100
119.58
133.52
.00
25,70
15,00
155.66
J220
1490
0260
0000

DEBP WATER (PPN}

g102
NA

k

CA
HG
S04
Cch
F
D1§8.8.
AL

B

F8

13,32
139,46
2.49
§.29
100
133.52

© 1510

15300
455.66
220
1490
0260

00816

Nanjin, hot spring - |

STBAN SAMPLE

DRGRRES C

printout from the WATCH program

180,0 (ARBITRARY)

BARS ABS.
HJOUL/RG
RG/8EC. 7.4

HBASURRD TRMPERATURE DEGREES C 8.5
OH¥M/DEG.C 0/ .0
HV/DBG.C 000/ .0

BOILING PORTION

‘0
‘0

FLUID INFLOW
DRPTH (HRTRRI)

GAB PRBSSURBS (BARS ABS.)

002
H28
2

02
CHe
N
LLK]
H20
TOTAL

GAS (VOL.¥) REFBRENCE TENP,
co2
H2g SAHPLING PRBSSURB
LA DISCHARGE RNTHALPY
02 DISCHARGE
CHA
L1
RBSISTIVITY/TBHP.
BH/TBNP.
LITERS GAS PBE KO
CONDENSATR/DRG.C NBASURBD DOWNHOLE TBMP,
DBGRERS C/MRTERS
CONDENSATE (PPN) 0
PH/DBG.C 0
coz 0
K23 W0
NA 0
]
0
0
CONDRNSATB WITH NAOH (PPM) A0
co? 0
23 0
IONIC BALANCE :  CATIONS (MOL.BQ.) .00632030
ANIONS  (NOL.BQ.) 00700134
DIFFBRENCE  (¥)  -10.22
DBEP STBAN (PPH)
02 119,58 02 00
[P 00 28 .00
00 HZ .00
A0 02 00
CHA 00 Chd .00
.00 N2 .00
A3 00 N 00
H20 (%)

.00
200

JA97R-01
0008400
0008400
0008400
.0008+00
,0008400
0008400
.100R+02
1018402



ACTIVITY CORFFICIENTS IN DEEP WATER

Ht 885 R504- 475 FB++ 693 FECL# 870
OH- 869 F- 869 FBtt+ 3 AL+++ A7
H3gT04- 870 CL- 867 FBOH+ A1 ALOH 4 588
H28104-- 588 NA+ 870 FB(OH)3- A1 AL(OR)2¢ 875
HZB03- 865 i+ 867 FR(OH)4-- 84 AL(OH) 4~ 812
HCO3 - 870 CAtt 593 FROH++ 584 AL3044 872
C03-- 580 HG++ 609 FR(OR)2¢ 875 AL(804)2- 412
H§- .869 CAHCO3+ A1 FE(OH)4- 818 ALF## 588
§-- 584 HGHCOI4 810 FR30{ ¢ A1 ALFZ4 475
H304- 812 CAOH+ A1 FBCL++ 584 ALF{- A1
804-- 5176 HGOH ¢ 878 FRCL24 B0 ALPS-- .580
NASO4- 815 NHd ¢ .65 FBCL{- 870 ALFG--- 294
CHRNICAL COMPONENTS IN DREP WATER (PPN AND LOG MOLE)
Ht (ACT.} 00 -7.706 HOt+t 03 -5.94 FE(OR)3 00 000
OH- {12 -1.616 NACL Al -5.113 FR(OH)4- 00 .000
Ri§104 106,27 -2.956 ICL 00 -8,006 FECL# 00 -10.050
H3g104- 10,22 -3.969 NASO4 - 6.43 -4.268 PBCL2 00 -18.389
RI8104-- O -1.112 £504- 39 -5.538 FBCL++ .00 .000
NAHISTOA 82 -5.189 Casod 3.0 -4.5683 PRCL2+ 00 ,000
H3B01 80 -4.899 G304 32 -5.580 FBCLI 00 .000
02803~ 05 -6.064 CACO3 A1 -5.013 FRCLA- 00 000
203 a1l -3.462 HGCOd 00 -7.486 FESO4 00 -8.823
fCo3- uz.u - -2.61 CAHCO3+ 2.80  -4.552 RSO+ .00 000
c03-- A1 -5.286 HGHCOd+ A =100 AL+#4 00 -23.123
H28 .00 000 CAOH+ 08 -6.181 ALOH ¢4 00 15,948
H3- .00 .000 NCOR 01 -6.636 AL{OH) 2+ 00 -9,466
8-~ .00 .000 NH4OH 00 000 AL(OH) 3 20 -5.586
Hz2304 00 -15.540 NH4 .00 000 AL{OH)4- J8 -5.115
H304- 02 -6.600 FEB++ 00 -3.233 ALSO4+ 00 -22.328
304-- 125,15  -2.88§ FRt+1 00 000 AL(804)2- 00 -22.984
He 01 -6.228 FROM ¢ 01 -6.782 ALR## 00 -18.069
F- 14,99 -3.103 FB(OH)2 02 -6,602 ALF24 00 -14.563
CL- 25,63 -3.141 FB(OH)3- 00 -1,369 ALF3 00 -13.019
NAt 138,01 -2.222 PE(OH)4-- 00 11,769 ALF{- 00 -13.354
Bt 2.38  -1.216 PB(OH) 44 .00 .000 ALFS-- 00 -14.906
CAtt 1.65 -4.384 FR(OH)2+ .00 000 ALPG--- L0 -17.752
[ONIC STRRNGTH =  .00784 [ONIC BALANCE :  CATIONS (MOL.BQ.) .00617801

ANIONS (NOL.BQ.) .00680935

DIFFERBNCE (%) -9,72
CHRMICAL GROTHERMOMETERS DRGREES C 1000/T DBGRBES ERLVIN = 2.21
QUARTZ 110.3
CHALCBDONY  85.9
NAR 5.4
OLIDATION POTBNTIAL (VOLTS) : BH H28= 99.999  BH CHd= 99,999 RN H2= 99,999  BH NH3= 99.999
LOG SOLUBILITY PRODUCTS OF MIMBRALS IN DERP WATER

TBOR.  CALC, TEOR.  CALC. TBOR.

ADULARIA -15.061 -18.552 ALBITB LOW  -14.525 -16.555 ANALCIMB -11.803
ANHYDRITE -6.863  -71.731 CALCITR ~11.059 -10.134 CHALCRDONY -2.320
NG-CALORITE  -80.826 -79.887 FLUORITE -10.643 -10.940 GOBTHITB -1,316
LAUNONTITE  -24.819 -21.24% NICROCLINE  -15,982 -18.552 HAGNBTITB -23.293
CA-MONTHOR.  -T4.275 -101.186 E-MONTMOR,  -35.282 -52.566 NG-HONTHOR.  -75.680 -102.733
NA-MONTHOR,  -35.486 -50,569 HUSCOVITR -18,321 -22.006 PBBHNITB -35.860 -36.254
PYRRHOTITE  -569.075 99,999 PIRITR -90,579  99.999 QUARTZ -2.419
WATRARITR -03.816 -21.248 WOLLASTONITE 8,794  7.845 LOTSITE -35.136
BPIDOTE - -38.037  99.999 HARCASTTE ~11,229  99.999

32

CALC.
-13.599
-2.958
99,099
99,999

-2.956
-31.982



UNU Geotheraal Training Programme DEEP WATER COOLRD TO 100.0 DRGREES C.

SANPLE = 8511158-14

----------------------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------------------

ACTIVITY COBFFICIENTS [N DBBP WATER

i 901 £304- 899 PR+ 689 FBCL+ 895
Ol- 894 *- 49 FRt+ Al ALtti Al9
H38104- 895 CL- 892 FBOH+ 898 ALOH## 654
H28104-- .651 NA4 89§ FE(OH)3- 498 AL(OH)2t 899
H2B03- | £t 892 FE(OH)4-- 651 AL(OH)4- 891
HCo3- Nk H CA+t 659 FEOH ¢4 51 L3044 891
C03-- 648 G+t 611 FE(O0R)2¢ 499 AL(§04)2- 891
Hs- 894 CAHCO+ 800 FB(0H)4- 49 ALPt# 654
§-- J651 HGHCO3+ 95 FESO044 898 ALPZ4 .899
HS04- 891 CAOHt 400 FBCL#+ 651 ALP4- 891
804-- 64 HGOH+ S0% PRCL2¢ 898 ALF5-- 648
NASO4- .83 R4+ 891 FBCLA- 895 ALFG--- AN
CHEMICAL COMPONENTS IN DEBP WATER (PPN AND LOG MOLE) i
Ht (ACT.) 00 -1, Gt 06 -5.626 FR(0H)3 00 000
08~ A8 =410 NACE 04 -6 018 FB(O)4- .00 000
H{SI04 109.60 -2.943 ECL L0 -8.504 PECLt 00 -9.361
HISI04- 116 -4.124 NASO4- 068 -4.640 FRCL2 L0 -22.931
-H28104-- A1 1,238 £804- Jd5 5,965 FECL#+ 00 000
NAHISTO4 S -5.319 CASO4 1,92 -4.850 PROL2+ 00 .000
H3B0d 80 -4.890 HG304 9 -5.191 FRCL3 00 000
H2801- .08 -6.040 CACO3 A1 -5.000 PECLA- 00 000
H2C03 6.60 -3.973 HGCO3 L0 -1.3688 PESOA 00 -1.615
HCO3- 157,41 -2.588 CAHCOS + 1.08  -4.971 FB304+ =00 000
C03-- 81 1,838 HGHCO3# 01 -1.060 AL+#¢ 00 -18.909
LTA] .00 .000 CAOR+ 00 -T.186 ALOR+4 00 -13.798
H3- .00 .000 HGOR+ .00 -7.682 AL(OR) 2+ L0 -5.222
3-- .00 000 NH4O0H 00 000 AL(OH)3 A5 -6.193
H2s04 00 -17.476 NH4+ 00 000 AL(OH)4- A1 -5
H304- 00 -7.766 FBt+ 01 -6.768 ALSO4+ A0 -18.754
304-- 129.13  -2.869 FBttt 00 000 AL(804)2- L0 -19.11
He 00 -1.084 FEOH+ 02 -6.581 AL+ .00 -14.808
F- 15.00  -3.103 FE(OH)2 00 -7,940 ALR2 00 -12,081
CL- 15,67 -3.140 FE(OH)3- 00 -10.626 ALF) 00 -11.030
NAt 138,82 -2.219 FE(OH)4-- 00 -15.632 ALP{- 00 -11.6549
£t L5 -0 FE(OH) +# 00 000 ALFS-- 00 -13.316
CAtt KN L I A FE(OH)2# 00 000 ALPG--- 00 -15.981
IONIC STRENGTH =  .00805 TONIC BALANCB : CATIONS (MOL.BQ.) .00627187

ANIONS  (NOL.BQ.) 00693842

DIPPBRENCE (X))  -10.09

OIIDATION POTENTIAL (VOLTS) : RH H28: 99.999  BH CHi= 99.999  BH H2= 99.999  BH NHI= 99.999

LOG SOLUBILITY PRODUCTS OF MINBRALS IN DBRP WATBR

CALC,

TEOR.  CALC. TBOR.  CALC, TROR.

ADULARIA -17.222 -18.414 ALBITB LOW  -16.485 -16.488 ANALCINB -13.199 -13.54%
ANHYDRITE -5.601  -1.383 CALCITR -9.438 9,320 CHALCRDONY 2,841 -2.90
NG-CHLORITE  -80.302 -84.753 FLUORITR -10.538 -10.595 GOBTHITB -4.674 99,999
LAUMONTITE  -27.182 -26.848 MICROCLINE  -18.598 -18.4M4 MAGNBTITR -29.703  99.999
CA-MONTMOR.  -85.§59 -90.309 E-HONTHOR.  -41.648 -47.261 HG-MONTHOR,  -86.708 -91.816
NA-MONTHOR.  -41.660 -45.276 HUSCOVITR 21,151 -20.222 PREENITR -36.1718 -31.244
PYRRHOTITE  -89.806 99,999 PIRITE -147.012 99,999 QUARTZ -3.088  -2.943
WAIRAKITR -24.110 -26.848 WOLLASTONITE 10.824  8.246 Z0ISITE -35.891 -38.108
BPIDOTE -13.603  99.999 HARCASITE  -123.575 99,999



NV Geothermal Training Programme
SANPLE = 851115001

...........................
.........................
e e e e - et L L R,

DEEP WATER COOLED TO 20.0 DRGRBES C.

ACTIVITY COBFFICIENTS IN DBRP WATER

H+ 918 £804- 912 FE++ 698 FECL+ 909
08 - 908 F- 308 FRH44 112 AL#+4 AN
H3ISTO4- 909 CL- 901 FBOH+ 91z ALOR 4 695
H2§I04-- 695 NA+ 909 FR(OH)3- 912 AL(OH) 2+ 412
HzZRo3- .806 K+ 901 FE(OH)4-- 692 AL(OK)4- J10
HCO3 - 909 CA+t 698 FBOH+4 692 ALSOA+ 910
c03-- .689 NG+t 10 FR(OH)2+ 912 AL(SO04)2- A10
Hs- .908 CAHCO+ S FE(OH)4- 812 ALF#4 695
§-- 692 HGHCO3+ 908 FESO44 912 ALF2+ A12
H§04 - A10 CAOH# SN FECLt+ 692 ALFE- 810
§04-- 1685 HGOH+ 15 FRCLZ# 912 ALFS-- .689
NASO4- S12 NHA+ 906 FECLA - 909 ALFG--- A32
CHEKICAL CONPONBNTS [N DBEP WATER (PPM AND LOG MOLR)

Bt (ACT.) 00 -8.298 NG++ 09 =544 FR(OH)3 00 .000
0R- 03 -5.818 NACL L1 -7.043 FE(OH)4- 00 .000
LERH 114.68 -=2.92) KCL 00 -8.988 FRCL# .00 -10.180
R3grod4- 240 -4.598 NASO4- 1.08  -5.043 FRCL2 .00 -31.670
H2§104-- 00 -8.002 k§04- 05 -6.420 FECL++ 00 000
HARISTOA 21 5,746 CASOM .88 -5.187 FBCL2 W00 .000
H3R0J a1 -4.905 HGs04 05 -6.409 FRCLI .00 000
H2R03- 08 -5.875 CAC03 A6 -5.792 FECLA- 00 000
H2co3 1.9 -4.501 HGCO3 00 -7.352 FESOd 01 -7.382
HEO3 - 161.96  -2.576 CARCO3+ Jd6 0 -5,793 FE§04+ 00 .000
603-- 1.68  -4.554 NGHCO3+ A1 <111 AL+44 00 -14.748
His A0 000 CAOH# 00 -8.790 ALOH#+ 00 -11,525
Hs- .00 000 NGOH+ D0 -9.245 AL(OH )2+ 00 -B.708
§-- .00 000 NHAOH 00 .000 AL(OR)3 03 -6.410
#2804 L0 -20.737 LELE 00 .000 AL(OH)4- Jd9 0 -5.38%
Hs04- 00 -3.343 FBH 02 -6.39) LS04+ 00 15,017
§04-- 131,90 -2.862 FEH4 00 000 AL(804)2- .00 -16.222
HF 00 -8.,302 FROH+ Q0 1,707 ALF# 00 -11.102
F- 15,00 -3.103 FB(OH)2 00 -10.891 ALF24 00 -B.76%
CL- 25.69  -3.140 FR(OR)3- 00 -15.933 ALF3 00 -7.901
NAt 138,21 -2.218 FB(OH)4-- 00 -22.058 ALF4- 00 -8.624
R+ AT <1199 FE(OR) 4 .00 .000 ALFS-- 00 -10.293
Chtt 3.90 -4.012 FB(OR) 2+ 00 000 ALF6--- 00 -12.718
TONIC STRENGTH = 00816 [ONIC BALANCEB :  CATIONS (NOL.EQ.) .00632282

ANIONS
DIFFERBNCE

(HOL.BQ.) .00700387
(%) -10.22

BH H2§= 99,999  BH CHi= 99.999  BH H2- 99.999  ER KH3= 99,939

OXIDATION POTENTIAL (VOLTS) :

106 SOLUBILITY PRODUCTS OF KINERALS IN DEEP WATER

TEOR.  CALC. TBOR.,  CALC, TEOR.  CALC,
ADULARTA -21.669 -18.396 ALBITB LOW  -20.545 -16.41%5 ANALCTHE -16.278 -13.49]
ANHYDRTTB -4.665 -1.194 CALCITR -8.451  -8.883 CHALCRDONY -3.646  -2.923
MG-CHLORITR  -85.790 -94.379 FLUORITE -11.026 -10.451 GOBTHITE -7.464 99,999
LAUNONTITE  -32.762 -26.632 HICROCLINE  -23.747 -18.39% HAGNBTITE -36.123  99.99¢9
CA-HONTNOR. -113.523 -73.562 E-HONTHOR.,  -56.731 -38.938 HG-HONTHOR, ~114.120 -74.986
NA-HONTHOR.  -56.347 -36.956 KUSCOVITR -28,029 -17.448 PRERNITE -41.653 -19.596
PYRRHOTITR  -140.994 99,999 PYRITB =212.014  99.999 QUARTZ -1.055  -2.923
WATRARTTE -28.200 -26.632 WOLLASTONITE  13.966 9,506 LOISITE -10.005 -39.122
EPTDOTB -50.882  99.999 MARCASITE  -182.235 99,999
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Appendix II. An example of data used for log(Q/K) diagram

construction.
SINO-9, WELL18

MINERALS TEMPERATURES
LOG (Q/K)\ TecC 20 40 60 80
1 ADULARIA 3 5.107 3.712 2.51 1.479
2 ANHYDRITE 2 -0.594 -0.447 -0.285 -0.117
3 CA-MONTMOR 5 65.629 51.228 38.255 27.04
4 NA-MONTMOR 6 32.159 24.759 18.093 12,321
5 WAIRAKITE 8 4,428 3.246 2.256 1.445
6 ALBITE LOW 10 5.597 4.325 3.226 2.283
7 CALCITE 33 -0.634 -0.476 -0.306 -0.132
8 MICROCLINE 3 7.185 5.588 4.202 3.005
9 K-MONTMOR 14 30.93 23.396 16.625 10.766
10 PYRITE 16 36.95 27.742 19.519 12:253
11 MARCASITE 18 7 o e B -0.139 -6.698 =12.494
12 ANALCIME 19 4.149 3.177 2+.338 1.621
13 CHALCEDONY 20 0.827 0.587 0.376 0.188
14 GOETHITE 21 -1.421 -0.812 -0.264 0.231
15 MAGNETITE 22 =1.578 0.287 1.97 3.502
16 MG-MONTMOR 23 64.347 50.117 37.287 26.192
17 QUARTZ 25 1.236 0.951 0.7 0.477

MINERALS TEMPERATURES
LOG (Q/K)\ TeC 100 120 140 160
1 ADULARIA A 0.604 -0.134 -0.747 -1.249
2 ANHYDRITE 2 0.065 0.249 0.439 0.631
3 CA-MONTMOR 5 17.621 9.874 3.601 -1.429
4 NA-MONTMOR 6 7.461 3.448 0.181 -2.457
5 WAIRAKITE 8 0.803 0.319 -0.021 -0.23
6 ALBITE LOW 10 1.481 0.806 0.247 -0.208
7 CALCITE 11 0.038 0.207 0.375 0.545
8 MICROCLINE 13 1.98 1.108 0.375 -0.234
9 K-MONTMOR 14 5.835 1.762 -1.557 -4.24
10 PYRITE 16 5.844 0.156 -4.991 -10.298
11 MARCASITE 18 =17.593 =-22.105 -26.189 -30.531
12 ANALCIME 19 1.016 0.513 0.102 -0.223
13 CHALCEDONY 20 0.02 -0.131 -0.267 -0.391
14 GOETHITE 21 0.681 1.087 1.447 1.692
15 MAGNETITE 22 4.9 6.174 7:319 8.148
16 MG-MONTMOR 23 16.875 9.213 3012 -1.956
17 QUARTZ 25 0.277 0.099 -0.064 -0,211
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Table 3.1 List of conventional geothermometers (from
Fournier, 1981)

Geothermometer Equation Restrictions
tz-no steam loss (°C 1500 273-15 t=0-250"C
a. Ql.l.lr no steam W
b. Quartz-maximum 1522
°C= ey L 1 t=0-250°C
steam loss °C 575—jog C 27315
. 1032 .
1000
Cri . °C = =k W = 50°
d. a-Cristobalite 1°C 78-iog C 27315 t=0-250"C
781
. s o0 = = . = —-250°C
e p—Cnlsuballtc t°C 35i=1og C 27315 t=0
731
ili O e e i . t=0-250"C
f. Amorphous silica °C 753-1og C 273-15
1217
O e TS 1> 150°C
g. Na/K (Fournier) °'C og (Nn/K) + 1483 273
8556
1°C= —273 t>150°C
h. Na/K (Truesdell) log (Na/K) + 08573 27315
1647 " =4/3
i. Na-K-Ca °C = 1<100°C, fi=4/
‘ log (Na/K) + Bllog(,/Ca/Na)+206] +247 > 100°C, f=1/3

—2713-15
j. A%O(SO; —H,0) 1000 In a=288(10° T~*)—41
1000+ 6'*O(HSOy)

= T--— oK
10007 8™0(H,0) "™
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Table 3.2 Free energies of formation of minerals and
aqueous species in kJ/mole at the saturated vapor pressure of

pure water (from Helgeson et al., 1978)

Temperature (°C)

100 150 200 250 300 350
Quartz -859.8 -862.7 -865.7 -B69.0 ‘ -872.4 -876.5
Albite -3725.9  -3739.3  -3754.3  -3770.6  -3787.8  -3805.8
K-feldspar -3763.9  -3777.7  -3793.2  -3810.0  -3827.5  -3845.9
Muscovite -5615.8  -5639.2  -5656.8  -5680.6  -5706.1  -5732.9
Kaolinite -3806.6  ~-3820.4  -3836.3  -3853.5  ~-3872.3  -3892.4
Calcite -1137.6  -1143.9  -1150.2  -1157.3  -1164.4  -1172.4
Wairakite -6215.0  -6235.0  -6274.7  -6307.4  -6342.5  -6378.9
Zoisite -6515.3  -6534.6  -6556.3  -6580.2  -6606.1  -6633.7
w* 0 0 0 0 0 0
Nat -266.9 -270.7 -274.9 -279.1 -283.7 -286.2
K* ~290.4 ~295.8 -301.7 -307.5 -312.5 -317.6
catt -548.9 ~546.0 -543.5 -540.6 -535.6 -523.8
Hy0 liquid -243.1 -247.7 -252.7 -258.2 -264.0 -269.9
Hy0 vapor -243.1 -253.1 -263.2 -273.2 -284.1 -294.6
0, gas -410.9 -422.2 -433.5 -445.2 -457.3 -469.4
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Table 5.1. Equilibrium constants for minerals used in the
WATCH program (from Arnorsson et al., 1982)

RINERAL REACT10W TERPERATURE FUWCTION (*k)

01 AMARIA  KAISH,0, + 8.0 = K & ALLGN); ¢ W 8107 438.05 —0.0458T -17260/7 41012722/
402 LOSNBITE  WAAISE,0, ¢ 81,0 = Ka' 4 ALIGH), + W 810] 436.83 ~0.04397 ~16474/r +1004601 /77
103 NOLCDE  MaAISLO0 K0 + SH.0 = Ma' 4 ALIGNI, ¢ 2 810] 434,08 -0.04077 148777 s970901
%04 meroRaTE  Caso, = ca'? ¢ w0} .20 -0,02297 ~1117/7
s oucre cao, = ' o o)’ #10.22 -0.0049T ~2a% /7
406 OMLCIIONY 810, 4 M0 - W 8107 0.1 =10y
907 RrORGRITE Mg A1 81,0, 100, ¢ 106,0 = S & ALIGHI, & W,S10] ¢ BN =1022.12 =0, J0SIT +906/7 +412, d61ogT
08 ruomTe car, = ca'l o 77 486,34 ~ANI0/T ~25. Moy
409 GETIITE  FecOH 4 W0 + OF = Pefam) =80, 34 +0.099T 4202907 21192/
410 LODTITE Canl 81,0, 81,0 & B0 = a7 & BUGN] + an 800 65,95 -0,00207 -30)50/T *1916090/7
11 moRILDE  KOUREL0, ¢ B0 - 8 ¢ AVIGN, ¢ M 8103 404,53 -0,0458T - 1900)/7 41210019/
02 WOETITE  Pe,0, ¢ 01,0 = Treion + re*? ~155.58 40, 165BT +35290/T -4258774/7
413 Co-sramce. “‘\a.m“':.n“;.n"m""{i s omp o 120"

=ca'f o Jeriom; ¢ 2 810; 43049989 41,5009T =1954295/T +125536640/T7 - 10715, 661oaT
N ROMOR, R, AL 381 400!, ¢ 30H,0 ¢ SN

=& & MliaW] + 110810 AIS0TS.1N 41.TMET ~MTITVIT HINITT 329, Tiloar
413 Ao, ."o.ul"x.n"l.n"u"":’ s mp o f” 3

=m'l o 1eaiom ¢ 2 s10] #30514,07 3, 31007 ~193084)/T +173338030/7" ~1072), Tilog?
HERCEL Bl "u""o':I:'l’..:&s :d:m.nu; SISI73.90 +1,762IT ~9TRIDI/T +62005036/1° ~5366. 10 1loaT
Q17 WSCVTTE AL 810, (o, ¢ 100 200 =x' mm; + W, S10] 117,68 40,6314 ~IMTSI/T S2STHNWT -2188. ThoaT
Q0 FENITE Ca,Al 81,0, (), ¢ 10W,0 = ca’t o 2N ¢ 2007+ M,S10] 450.5) -0, 1296T -36162/T ssnan’
419 POISHOTITE  BFeS 4 lo;’ M0 SOH = BFe(CM) ] + W8 4301460 41,2527 -103450/T ~1284.86)oqT
430 pRrTe Bres, + 26,0 + 1004 ~ Buiam, .-,-;’ s 18 +4523.89 +).600ZT -100405/T ~1850. 3)logT
a1 o $10, ¢ .0 = W 810 40,41 =1309/T 10-250°C13 +0.12 ~1164/7 (180-300°C)
an wamearte CaAl 51,0, " 2,0 4 10,0 -ca'l e mm‘u; * 4N, sio0) 461,00 ~0.0847T -25010/T +1801911/7
42) MOLLASTONTTE Cas10, + 1" + K0 = 'l e N, 8107 222,85 -0.0037F +16258/T 67110677 +80.6810qT
4 wrsrTe Ca Al 81,0 (oM ¢ 1m0 = el s Witan, ¢ M sic] ¢ O 10661 ~0.1497T ~O4EI/T +3028917/T
425 DPIDOTE Ca,PWAL,81,0, (0N} 4 12,0 = 2ca’? + Twio)

$IMOM] ¢ MSIO] 4 O <27399.04 )BT H1ATEI/T ~37770364/T" #9850, M8loaT

426 mEDSTTE  Bres, + 2600 + 100 — Bretom) + 0,7 + 1sme 446761 +1. SATIT ~169MA/T ~1008. $30ceT
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Tahle Classification of curves by their slope as they appear
mﬂnsﬁ;grmmﬂdﬂﬁmlmottmm (see Figure 5.5).

GROUP MINERAL(S) CHEMICAL, OCMPOSITION
g IG-MONIMR, M3o. 33ALp5140:0 (OH) 3° 0

1 Thm oS
NA-MONIMCR. 3 0 2
K-MNDMR. Ko, 331551400 (GH) "ri,0
MUISCOVITE KAL, (AlSis) 0y (CH) 5

- LALMNTTTE, CaAl 012-41{20
MICROCLINE KALS1
ALETTE LOW NaA1S140g
ADULARTA m151308
ANALCTME 20g°Ho0
FREHNTTE @ﬂesiﬁofm)z
ZO0ISITE 23113012 (CH)

s

3 QUARTZ S%
FILORITE CaF,

4 CAICTTE Cal0y
ANHYIRITE CasOy
WOLLASTONITE CasiOy

5. MG-CHLORITE MggAlSia0;(CH) g

EPIDOTE %(ﬁ.ﬂe) 351075 (CH)
MARSCASTIE Fes,

PYRITE FeS,

COETHITE aFe0 (OH)

MAGNETTTE (Fe,Mg) Fey0,
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Table 7.1 Summary of results for the Icelandic samples

Number and Iocation ‘ ia Conditions Temperatures ° C
mle mm 1i I Boud 1ibrium nemdr Qaam gm Nak
16, Reykir, well 17 No* 76 50 - 95 75 - 81 65 o1 78
18, Reykjavik, well 30 No (boiling) 100 93 - 110 93 - 110 90 114 119
20, Seltjamarres, well 4 No (boilimng) 114 30 = 100 119 - 126 112 135 91
20-1, well 2, 80 meter depth No (dilution)* Nu 65 - 100 119-126 61 86 52
20-2, well 2, 570 meter depth Yes Nm 95 -130 110 119 - 126 102 125 82
20-3, well 2, 725 meter depth Yes Nm 95 -135 130 119 - 126 98 122 69
21, Reykir, hurdareykjad., spring No (dilution)* 75 60 - 140 ? 130 152 110
21-1, Thvera, oold spring No (dilution) 3.6 45 -180 Anbient 24 49 112
21-2, Englard, hot spring No* 140 91 70 - 140 95 130 152 104
39, Saxdarkraokrr, well 1 No* 68 40 - 110 70 79 103 67
50, Urridavatn, well 3 No (dilution)* 39 30 - 80 59 52 78 54
50-1, well 8 No (dilution) 77 40 - 100 77 77 102 65
50-2, well 4 No (dilution) 60 30 - 90 65 68 93 57
55, Ieira, well 4 Yes 128 150 - 190 164 134 -173 162 183 214
60, Reykjanes, Isafjardard., spring No (dilution) 84 40 - 100 96 86 110 82
60-1, hot spring 11 - 301 Yes 78.8 72 - 120 85 % 91 115 94
60~2, hot spring 11 - 302 No (dilution)* 9% 50 - 110 % % 118 7
60~3, hot spring 11 = 306 No (dilution)#* 84 50 - 110 96 91 115 72
61, Gjogur, spring Yes 72 60 - 95 77 ? 71 % 82
63, Iysuholl, well 6 No (dilution) 60 105 - 160 63 141 163 171
IRIP, Areyjar No 42.8 30 - 160 47 - 78 74 51 99

Notes: 1.The sanple numbers are the same as in Amarsson’s peper (1983a), but the ones followed by dashes are sanples taken by
the National Energy Authority from the same areas or very close to the locations marked in Figure 6.1;
2.The anes marked with * are those with very widely dispersed clay minerals in their log(Q/K) diagrams;
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Table 7.2 Summary of results for the Chinese samples

Sanple Number and Iocation Bquilibria Conditions Temperatures © C
Sapling Iocus  Bguilibrium Reservoir Chalcedony Quartz MNak

1. Hot springs of westem Zharhzhou, no seawater influence

1.1 Narjin Yes 78.5 70 - 115 % % 86 111 66
1.2 Ha-an No (dilution) 6l.7 65 -105 85 109 104
1.3 Xingtarg No (dilution) 35.4 50 - 85 50 81 105 70
2. Hot springs of westem Zhangzhou, mixing with seawater 2 - 110

2.1 Tarng-an No (cmlzm:.mta:.m) 79.9 100 - 13 97 120 126
2.2 Xinlin No (contaminaticn) 93.3 100 - 170 103 126 90
2.3 Gargwel No (contamiration) 77.7 80 -125 84 109 95
3. Geothermal well water fram the Zhangzhou geothenmal field 120 - 125

3.1 Iongsi No (contamiration) %8  110-175 13 146 145
3.2 Smihuazan No (contamination) 97.4 110 - 175 15 138 14
3.3 Xingjiangzactang Clcse (slight t_iJJ.l.n:lm) 37.2 85 = 140 117 83 108 182
3.4 Jucizan No (cn'ttzm:!.mt:&m) 78.8 100 - 160 hil42) 126 119
3.5 Sm:l,ytm No (cx:m:'trﬂt:}m) 51.6 85 - 140 83 107 131
3.6 Xiazuarg No (contamination) 56.3 95 = 140 74 o9 101

Notes: 1.Wmummmmmmmmmn¢ﬁmﬂﬁmmw
2. Inflow temperature (for wells) or the highest measured temperature (for hot springs) are used for the referernce " reservior
tearperature in the table.
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Figure 2.1. Boiling - point versus depth curves for waters
with different wt% of NaCl compositions (from Haas, 1971).
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Figure 3.1. Mixing models using enthalpy balance assumption

(from Fournier, 1981):
a) Silica mixing model;
b) Chloride mixing model.
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Figure 3.2. An example of an activity - activity diagram
(from Henley, 1984Db)
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Figure 4.2. Schematic drawing showing the system for sampling
from high temperature wells:
a) Collecting water, condensate and non-condensable
gas fractions;
b) Collecting total steam.
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Figure 5.1. Theoretical model for log(Q/K) equilibria for a
synthetic geothermal water that was arbitrarily equilibrated
with muscovite, K-spar, pyrite, albite, quartz and calcite at
250°C by a heterogeneous equilibrium calculation (from Reed

and Spycher, 1984) showing:

a) The curves for minerals that equilibrate cross the
log(Q/K) = 0 line at the same given temperature;

b) Minerals that do not equilibrate do not conform with
the theoretical equilibria.
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Figure 5.2. Examples showing the effects of boiling.
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Figure 5.3 An example showing the effect of dilution.
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LOG SOLUBILITY PRODUCTS ( LogKk )

Figure 5.4 Theoretical solubility (logK) curves from the
WATCH program.
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Log (Q/KD

Figure 5.5 An example showing the log(Q/K) diagram for all
minerals that stay within the selected temperature and
log(Q/K) scale ranges.
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Figure 5.6 An example showing the distribution of possible
equilibrium temperatures in the log(Q/K) diagram in a case of
equilibrium.
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Figure 5.7 An example showing the distribution of possible
equilibrium temperatures in the log(Q/K) diagram in a case of

non-equilibrium.
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Figure 5:8 Log(Q/K) diagrams from WATCH showing the effect
oftgi}utxon by mixing of relatively "pure" groundwater (1:1
ratio).
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Figure 5.9 Log(Q/K) diagram from WATCH showing the effect of
simple removal of water from the sample (simple steam loss).
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Figure 5.10 A map of Fujian Province, Southeast China
showing the location of the Zhangzhou geothermal field and
the surrounding areas where the Chinese samples were taken.
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Figure 5.11 The log(Q/K) diagrams for seawater and rainwater
from the Zhangzhou geothermal area and surroundings,
Southeast China.
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Figurq 5.12 The log(Q/K) diagrams for riverwater and cold
spring water from the Zhangzhou geothermal area and

surroundings.
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Figure 5.13 The log(Q/K) diagrams for groundwater of ambient

temperature.
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Figure 5.14 The log(Q/K) diagrams for some coastal geothermal
water samples from the Zhangzhou area, which are chemically
dominated by seawater.

60



Log (/D

Loe (q/x

i

Nengin
i\

a0 120 160 200

hot spring, pH ohanged to 7.74

\

Figure 5.15 Log(Q/K)
change by 0.5 units.

a0 120 160 200

diagrams showing the effect of pH

61




Figure 5.16. Statistical results of the evaluation of pH
effect.
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Figure 6.1 Distribution of some hydrothermal minerals in
active geothermal systems (from Henley and Ellis, 1983).
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Figure 6.2 Distribution of minerals in geothermal systems in
Iceland with which the water equilibrates(from Arnorsson et
al., 1983 ).

64



Reykjanes ___| vﬁv,yyq

Iceland

AN\ .'*“ RETRIaviK
_!ﬂ

Indes =ap

i e i

\ Dyke
* Hot 8pring
H1e Borehole

\) .
gomul %\
‘u.:unﬂ sundlaugly 1\

Al

Figure 6.3 Location map of the Reykjanes area.
65



LOG (Q/K)

LOG (@/K)

Reykjanss, hot spring 173086

&
\) a
o
<
TN
- .
0 .\\.Ti\ 1 - —
-t -
g -
-3 - -
— -
-6 T T T 1 T = 1 T T T
(] 40 80 120 180 200
Reykjanes, hot spring 171-301
& A ¢ \ 'lll b
4 \ \ \ /
= | ‘V“\
2 :::j,‘_“iiiﬁhh
4 3OS
0 ::..ﬁagaﬁgﬁséﬁsiffg-.'-llhh =
Sl § “‘;\‘\.'\ et e s
o Y o>
\ T,
=3 e
who \ \
-5 T T 3 T T T T T T
0 40 a0 120 160 200

Figure 6.4 Log(Q/K) diagrams for samples from different
parts of the system.
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Figqure 7.1 A map of Iceland showing the location of the
samples selected for the calculations.
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Figure 7.3 Geology, minerals and temperature in well 4,
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Figure 7.5 The log(Q/K) diagram for the Nanjin hot spri
area. Fne
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