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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(QJK) 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 (QlK) 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. 
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2. HYDROTHERMAL GEOCHEMICAL PROCBSSBS 

2.1 General 

Low temperature geothermal systems are widel y 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. 
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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 Reaction. 

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. 

4 



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 

geotherrnometers) . 

* 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 Cf, of the remaining components in the 
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residual liquid after one-stage steam separation at a given 
temperature, tf, is given by the formula 

where Ci is the initial concentration before boiling, Hi is 

the enthalpy of the initial liquid before boiling and Hf and 

Hs are the final enthalpies of the final liquid and steam 

respectively at tf. 

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 

Thermodynami c 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 . 
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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 C02. 

Fu, filtered untreated, 200 - 500ml in plastic bottles for 

the determination of Cl and other anions. 

Fd, filtered and diluted, 100ml in plastic bottles for silica 

determination, diluted 2 - lOx with distilled water to bring 

the silica concentration below lOOppm. 

Fa, filtered and acidified, 100 - 500ml in plastic bottles 

for Na, Ca, Mg, Li, AI, Fe and Mn determinations. 
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The chemical analyses of the volatile constituents like pH, 

H2S, C02 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 CO2 was measured by titration with O.lN 

HCl from pH 8.2 to 3.8, adjusting the initial pH with HCl and 
NaOH. 

H2S was determined by titration with 0 . 001 Hg(CH3COO)2 
solution using dithizone as an indicator. 

Si02 , Fe,and Mn were determined spectrophotometrically. 

Cl was determined by titration with AgN03' 

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 coll ecting 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(CH3COO)2 are added to 
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490ml of sample to remove sulfide. This portion is used for 

sulphate analysis. 

pH, H2S and C02 were determined in the field laboratory of 
the Krafla qeothermal power plant. 

pH was measured with a pH meter . 

H2S was determined by titration with Hq(CH3COO)2 solution 
using dithizone as an indicator. 

C02 was measured by titration with O.lN HCl from pH 8.2 to 

3.8 at room temperature. 
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5 . THE LOG(Q/K) DIAGRAM 

5.1 Theoreti cal 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: 

in which Q is the calculated ion activity product and K is 

the equilibrium constant for mineral k, a1 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 i ntersect the 

log(Q/K) = 0 line at the same temperature (250 ' C), but others 

do not . 
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This characteristic of convergence of 10g(QlK) 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 10g(QlK) curves 

because of the combined effects of concentration of aqueous 

components by water loss and pH change due to CO2 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 10g(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 
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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 Loq (Q/E) Diaqram 

The procedure for drawing the log (Q/E) 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 loq (Q/E) 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 Loq(Q/E) Diaqrams 

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 Typ •• 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 Boiling 

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 tor Soma Natural waters 

Log (Q/K) calculations were performed with analytical data on 
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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 Surface 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 ot Ambient ~emperature 

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)=O 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 Mixinq with Seawater 

The effect of the m~x~ng 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 
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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 geotherma1 

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 geotherma1 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 

af 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 Bydrogeological Considerations 

The effects of various hydrogeolagica1 processes on the use 

of conventional geotherrnometers were thoroughly discussed by 

Fournier (1979). The present concern is how the necessary 

considerations of hydrogeologica1 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 s ections 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 

geotherrnal 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, 60 = 

-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 
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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(QlK) 
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 GC. 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 . 

1.3 zhanqzhou Geotherma1 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 Pield 

In the case of a coastal aquifer, the geothermal fluid is a 

relatively concentrated seawater mixture, which raises the 

concentration of Cl , 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, Hq 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 qeothermal fluids do 
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not fall on the equilibrium curve in the diagram (Figure 

7.7). 

However, as is summarized in Table 7.2, the chalcedony 

geothermometer temperature is quite close to the reservoir 

temperature. In most of the log(QlK) diagrams for this area, 

it can be seen that calcite and chalcedony cross the loq(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 10g(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 

10g(Q/K) diagrams. 

Coupling the 10g(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 10g(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. 

24 



ACKNOWLEDGEMENTS 

The author wishes to thank his advisor, Dr. Halldor 

Armannsson of the National Energy Authority of Iceland for 
his guidance in this project work. Thanks are also due to 

Professor Stefan Arnorsson of the University of Iceland and 

Dr. Robert O. Fournier, the UNU guest lecturer for their 
helpful discussions with the author. 

Special thanks are due to Dr . Jon-Steinar Gudmundsson, the 
director of the Geothermal Training Program for his 

successful operation of the program and the help the author 

has enjoyed from him during the training and this project 

work . 

Mr. Magnus Olafsson is thanked for his help with the use of 

the WATCH program. 

The author is indebted to many people of the National Energy 

Authority of Iceland, especially the people from the training 
programme and those of the geochemical laboratory that have 

provided help to the author in various ways . 

This training of the author was supported by the united 

Nations University geothermal training programme and the 

Icelandic Government and was carried out in Reykjavik, 

I celand . 

25 



NOMENCALTORE 

a = Activity of aqueous species (moles/kg) 

C = Concentration of chemical components (ppm) 

H = Enthalpy (kJ/kg) 
K Theoretical equilibrium constant 

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

P = Pressure (bar) 

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

T = Temperature ("C) 
v stoichiometric coefficient of species 

wt% = Weight percent 

60 = H2/Hl ratio with reference to SMOW (standard mean ocean 

water) 
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Appendix I. An example of a printout from the WATCH proqram 
(WATCH3). 
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1i01. GlLC. IIOR. CALC. 1i01 . GlLC. 

ADULAHU -15.011 -18.552 ALiIli LOW -11.525 -11.555 ANALCIKI -11.801 -13.599 
INNIOIl!i -Uil -7.731 CALCIIi -11.059 -1O.1l1 CRALCHDOlr -!om -I.m 
IG-ClLOIIII -80.125 -lS.HI! PLUOiITl - 1D.i1l -10.110 GOllll!i -I. 316 IUS! 
LAUIONIIII -11.119 -11. !15 KICROCLIII -15.m -11.551 KAGiillII -23 .193 9U!9 
CA-KOIITKOK. -71.175 -101.181 1-)laVTKO&' . -15 .m -11.566 KG -IOmOR. -15.1!0 - IOI.m 
III ·1I.0IlT)l01I;. -35.186 -50.569 KUSCOVlTR -11.317 -!l.001 PREHIIITII -15 .860 -16.251 
PYlINOIIII -59.075 99.999 PYiIli -90.519 99.199 qUAIT! -1.119 -I.m 
VlIRUI!B -lUll -17.245 VOLLlS!OIIli 1.11' 1.815 !01S1Ti -15.736 -lun 
mOO!B . -11.01! 91.919 mCASIIB -71.219 99.m 
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UYU aealkuui Tnilim, Pro,rUle 
SAMPLE, 8111118-11 

DIIP VITII COOL!D ID 100.0 DIGI!!S C. 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:::::::::::::::::::::::::::::: 

ICIIIIII COiFllCIIIIS II DliP VITII 
It .901 ISOI- .191 nu .m IICU .191 
01 - .UI J- .191 nUt ,111 UtH ,Ill 

USIOI- .191 CL- ,891 FiOit ,Ill AWBtt ,Ill 

IZSI OI .. . ill lit ,Ill 1110111- ,Ill ILIOIIII ,Ill 

mOl- .191 It . 191 1110111 .. ,ill ILIOIII- .191 
ICO)- ,m CUt ,m nOltt ,ill ILSOI! ,191 

COl .. . ill MaH ,ill 11108111 ,Ill ILISOIII- ,m 
ss- ,m CISCOl! .900 IIIOHII- ,Ill ILItt ,151 

s .. ,61\ IGSCOl! .891 mOlt ,m UiI! ,Ill 

HSOI- ,191 CIOSt .900 IiCLtt ,Ill ILII- ,m 
501 .. ,611 MGOat .901 IICLlt . 191 ILn .. . ill 

VlSOI- ,899 YH4t .191 IiCLI- .m ILn .. - ,Ill 

CHiKICIL COHPOliiTS Ii DIiP Vllil IPPI liD LOG lOLl I 
It IICT, I ,00 -1.141 latt ,01 -5 .611 1110111 ,00 .000 

OB- ,11 -1.110 VICL ,01 -I, III !IIOBII- ,00 ,000 

BISIOI 109.10 -1.911 ICL ,00 -1,101 IiCLt ,00 -9,m 

YlSIOI- 1.11 -1.111 USOI- 1.18 -1.611 IiCLI ,00 -II,U! 

.&!SIOI .. .01 -1.218 ISOI - ,11 -1.915 IiCLtt ,00 ,000 

m)SIOI .14 -1.1l9 mOl 1.91 -1.110 IiCLII ,00 .000 

mOl .10 -1.190 mOl ,19 -1 ,111 IICLI ,00 ,000 

1110)- .06 -1 .010 CICOI ,11 -5.110 PlCLI- ,01 ,000 

llCOI 1.10 -I.m IGCOI .00 -t.su mOl .00 -t.i11 

lCOI- lit .11 -I,m mCOl! 1.01 -1.111 1IS01! .00 .001 

COl .. .11 -1.119 IGlCOl! ,01 -1 ,010 ALttt ,00 -11,109 

S!I .00 .000 cJ.oat ,00 -t ,1I1 ALOltt , 00 -Il,m 

is- .00 .000 IGOit ,00 -t.iB! ILIOBIII .00 -UII 
5 .. . 00 .000 mOH ,00 .000 ILIOHII .05 -1,111 

mOl ,00 -U.II6 IHI! ,00 ,000 ILIOIII- ,11 -1.111 
1801- .00 -t.1II Flu .01 -Uil ILSOI! ,00 -11 ,tIC 
SOl .. IZI . !l -I,m Fltt. ,00 .000 lL18011!- ,00 -11,111 
SI .00 -!.OIl noat ,01 -1.111 AUtt ,00 -11.101 

I- 11 .00 -1.101 11(0111 ,00 -1,910 II,Ut ,00 -\l,on 

CL- IUI -1.110 1110111- ,00 -IB.m ILn ,00 -11.010 

lit IlUI -1 ,119 1110111-- ,00 -15.m ILrI - .00 -(1.141 
It I,ll -I . !OS 11(011" ,00 ,000 ILF! .. ,00 -1S,m 
CAtt 1.41 -1.111 11(01111 ,00 ,000 ILII .. - ,00 -(I.9B1 

IOIIIC STUNDra : ,00101 IOIIC BALAIICI : cmo!s (IOL,IQ, I ,001ll1lt 
mOil IIOL,BQ,I ,00lUm 
DlFIiillCI III -10.09 

OIlDITIOI 10TliTIIL (VOLTSI : 11 US' '",11 Ii CHI' 9",11 11 HI, II.m Ii m, lI,m 

LOG iOLUlIL1TI IIOOUCTS 01 IfIIIlLS 11 0111 mu 
nOI. CILC. TIOI, CILl:, TIOI, CILl:, 

IDULliII -1I.m -11.411 ILBITi LOi -1I ,m -11.181 UlLl:lli -lUll -11.145 
liHYDilti -\.i01 -t.m CILl:1TI -I,m -9,110 CHlLCiDon -1 ,111 -I ,tu 
IG-mORlTi -11.)01 -11.111 llooiltB -10 ,118 -10.591 GOilBITB -4.614 19.911 
UUHONTIfI -lUll -11.141 IICIOCLlil -18.191 -1I.m MAalllTITI -19,101 9"'" 
CJ.-MOMTHOI. -81.111 -90.109 I-KOIIIOI, -11.641 -41,16\ 10-IOIIHOI, -86 , tOI -9 1.111 
iI-KOiTHOI , -11 ,660 -11.116 IUSCOYITI -11.111 -lUll PilKiITi -16.111 -11.134 
ltIiHOTITi -99.101 19.911 IlilTl -111.011 11.111 QUliI! -1,091 -1,tU 
IIAIUIITI -11.111 -ll.In voLL"rolrn 11.111 1.111 IOISIT1 -35. III -lI.IO' 
iPloon -n,1OI 91.199 BliCISIII -1Il.m 11.111 
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111111 Gl!ot.enal Traini", Pto,ralle 
SI'PLI , 851115001 

DREP WAfER COOLED TO 20.0 DRCRlES C. 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: :::: :::::::::::::::::::::::::::: :::::: :::::::::::::: ::. 

AClIVI!! COllFICIINI8 11 om VIm 
It .!l9 1801-
OR- .908 ,-
Il8101- .909 CL-
125101:- .m NI! 
R210l- .90S II 
RCOl- .909 CAI! 
COl-- .m RC" 
15- .!08 CIRCOlI 
S-- .S92 RCRCOlI 
RSOI- .910 CIOR! 
SOI-- .S85 RCORI 
MlSOI- .112 NRIt 

.91 1 

.901 

. !Of 

.90! 

.901 

.598 

.110 

.911 

.909 

.m 

.915 

.90S 

nff 
FlfH 
FlORf 
F110Rll
FI(ORII-
FRORtt 
FII OR)Z1 
FI(ORII
FiSOlt 
FICL" 
nCUf 
FICLI-

r.mlClL CO!PONBNTS 11 DRiP VIm IPPR AND LOC ROLl) 
SI IICI.) 
OR 
RISIOI 
Rl5101-
R25101-
m35101 
Il~03 
R1II03-
nC03 
He03-
e03--
m 
RS -
5 --
RlSOI 
RSOI
SOl--
IF 
F-
CL-
NI! 
It 
CHf 

.00 -8.291 

.03 -5.m 
118." " 1.113 

2.10 -8.598 
.00 -8.002 
.11 -5.116 
. f1 -8.105 
.08 -5.115 

1.91 -8.501 
161.9S -I.m 

I.S1 -8.558 
.00 .000 
.00 .000 
.00 .000 
.00 -10.131 
.00 -9.313 

131.98 -I.m 
.00 -8.302 

15.00 -3.103 
15.69 -3.110 

139.11 -1.118 
I.n -8.m 
3.90 -un 

"Cif 
UCL 
ICL 
NASOI
ISOI
CI501 
RC501 
CACO) 
"GCO' 
CARCOl' 
RCRCO)! 
CIORI 
RCORI 
NRIOR 
ISH 
Fltt 
FI'H 
nOM. 
FIIOR)I 
FIIOR)3-
FI(OR)I-
FIIOR)" 
rlIOR)Z1 

.09 -5.484 

.01 -1.043 

.00 -8.m 
1.08 -5.083 
.05 -s.m 
.88 -5.11! 
.05 -1.109 
.11 -5.!!! 
.00 -!.l!I 
.16 -5.193 
.01 -1.113 
.00 -8.790 
.00 -9.185 
.00 .010 
.00 .000 
.01 -1.313 
.00 .000 
.00 -1.101 
.00 -10.891 
.00 -15.913 
.00 -11.051 
.00 .000 
.00 .000 

.m 

.m 

.m 

.m 

.m 

.m 

.112 

.112 

.911 

.m 

.m 

.909 

FI(OR)l 
FI(OR)I
nCL. 
FiCU 
FiCL .. 
Fler.!' 
FIIe!.3 
rEeL.· 
FlSO. 
FRSO" 
UHf 

ALOnff 
!LIOH)II 
ILIOH)1 
IL(ORII-
1Li0lt 
IL( SO!) 1-
ALFff 
un. 
ILFl 
ILFI
ILF5-
ILFS---

IONIC STRENGTR, .00111 IONIC IILINCI: cmORS (ROL.IQ.) .oomlll 
INION8 IROL.IQ.) .001 00381 
OIFFEIINCI (I) -ID.!! 

nCLI 
UHf 
ALORH 
ALIOR)h 
ILIOllI 
!LSOlt 
!L(SO!)I
ALFft 
ILFII 
!LP!-
1!.F5-
!L"---

.90! 

.m 
.195 
.m 
.910 
.910 
.910 
.m 
.911 
.910 
.189 
.831 

.00 .000 

.00 . 000 

.00 -10 . ISO 

.00 -31.&10 

.00 .000 

.on .000 

.00 .000 
.01) .000 
.01 -7.312 
.00 .000 
.00 -18.188 
.00 -11. 515 
.00 -S.IOS 
.Ol -6 .1ll 
.39 -5.385 
.00 -15.0n 
.00 -1&.Ill 
.00 -11. 101 
.00 -S.165 
.00 -1.901 
.00 -S.1lI 
.00 -10 .193 
.00 -Il. Tl& 

OIIOITION POTENT IlL (VOLT8) : BR lIS , 99.999 BR CII, !9.999 Bill' '9.999 BR MI3, 99.999 

lAC SOLUBILIII PRODUCTS OF RlNEIILS IN om mn 
TiOI. CILC. nOR. mc. TEOR. CAr,r,. 

ADUI,ARIA -11.119 -18.39& !LBlI! LOM -10.515 -1&.115 INILCIKE -Is .m -ll.191 
IHHlOIITi -8.m -1.194 CILCIII -B. 151 -1.113 CHll.CiOONl -3.&81 ·Z.Hl 
RC-CILORlTI -15.190 -9J.31! FLOORlTi -11.01& -10.151 COITIlI! -1 .811 n.999 
UUIIONTITI -lI.m -11.m 'ICROCLINI -Zl.HI -11.391 !lGMITITi ·36.1tl !!.m 
eA-IIOHTIIOR. -113.513 -13.m K-IIOIfTflOR. -ss. 133 -38.9lB IIC-IIONTIIOR. -111.110 -1I.m 
NA-IION1110R. -51.W -l&. 956 !fUSeOVITI -lS.OI9 -11.118 PRRRNITH -11 .653 -39.596 
P'RRAOTITB -IIO.!!I 99.m PTUII -I I l.O18 99.991 QUIRTZ -8.055 -1.913 
.mulI! -18.101 -lUll MOLUSTON lTi 13.m 9.50S IOISITi -10.005 · 39.111 
!PlOOTS -50.m 9un RIICISIII -11l.l35 99. SI! 
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Appendix 11 . An example of data used for log(Q/X) diagram 
construction. 

SINO-9, WELL18 

MINERALS TEMPERATURES 
LOG (Q/K) \ TOC 20 40 60 80 

1 ADULARIA 1 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 11 -0. 634 -0.476 -0 . 306 -0.132 
8 MICROCLI NE 13 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 7.171 - 0.13 9 -6 . 69 8 - 12 . 494 
12 ANALCIME 19 4 . 149 3.171 2 .33 8 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 -1.575 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 0.471 

=======5_===================================================== 

MINERALS TEMPERATURES 
LOG (Q/ K) \ T OC 100 120 140 160 

1 ADULARIA 1 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 3 . 012 -1. 956 
17 QUARTZ 25 0.271 0.099 -0 . 064 -0 . 211 
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Table 3.1 List of oonventional geotherao •• tera (from 

Fournier, 1981) 

Geothermometer Equation 

1309 
a. Quartz-no steam Iou '''C-

S
.19 10, C - 173·15 

b. Quartz-maximum 
steam 105$ 

c. Chalcedony 

d. «-Cristobalile 

e. p-Cristabalite 

r. Amorphous silica 

I. NafK (Fournier) 

h. Na/ K (True5dell) 

i. Na-K-Ca 

o IS22 
t C - S.75_lol C - 273-1S 

° 1032 
I C- 4.69 101 C 273-15 

tOe ..... 71
1
:. e - 273-15 

o 7St 
I C- 4.51- 101 e - 273-15 

.c 731 
I ==4.52 - 101 e 273-15 

,oe _ 1217 --27H5 
log (NR/KJ+ 1·483 

,oC _ 855-6 27H 5 
101 (Na, K)+()'857] 

1647 ,oe _ c---c----c.,--=:-~;;;:=-,---:-:=-__=_:: 
log (Na/K)+p[log(.jCa"fNa)+2.06] + 2-47 

-273-15 
1000 In «_2-88(10' T- 2)_4·1 

« _ IOOO+cSUO(HSOi) and T"" oK 
IOOO+cS1IO(H JO) 

36 

Restrict ions 

, _0-2SO"C 

, -0-25O"C 

r-0-2SO"C 

t·O-25O"C 

r · O-25O"C 

t>ISO"C 

t>15O"C 

t < IOO'·C. /1 _4/] 
t> 100°C, ~ _ I/l 



Table 3.2 Free energies of formation of minerals and 
aqueous species in tJ/mole at the saturated vapor pressura of 

pure vater (fro. a.lq8soD et al., 1978, 

Teq:lerature ( ·c) 

100 ISO 200 2SO 300 3SO 

Q,Jartz -859.8 -862.7 -865.7 -869,0 -872.4 -876.5 

Albite -3725.9 -3739.3 -3754.3 -3770.6 -3787.8 -3005.8 

K-feldspar -3763.9 -3777.7 - 3793.2 - 3810.0 -3827.5 -3845,9 

t\lacovi te -5615.8 -5639 . 2 -5656. 8 -5680.6 -5706.1 -5732.9 

Kaolinite -3806.6 -3820. 4 -3836.3 -3853.5 -3812.3 -3892.4 

calcite -1137.6 -1143.9 -1150 . 2 - 1157.3 -1164 . 4 -1172.4 

watrakito - 6215.0 ~235.0 -6274.1 -6307.4 -6342.5 -6376.9 

Zoiaite -6515.3 -6534.6 -6556.3 -6500.2 -6606.1 -6633.7 

H' 0 0 0 0 0 0 .... -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 

ca- -548. 9 -546 .0 - 543.5 -540.6 -535.6 -523.8 

Ht> liquid -243.1 -241.7 -252.7 - 256.2 - 264 . 0 -269.9 

IIp vapot" -243 . 1 -253.1 -263.2 -273.2 -284.1 -294.6 

002, 948 -410.9 -422 . 2 -433.5 -445.2 -457.3 -469. 4 
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Table 5.1. Equilibrium constants 
WATCR proqram (from Arnorsaon et 

tor .inerala us.d in the 
al., 1982) 

. '-c.,u 

-.,-
-~ 
-~ 
... ....-rft 

." ......... -'''_rft 

, .. -
• 11 __ • 

-'-IN"A • ",0 - I' • IU.kIII; ..... <00 
~",O.'''.,o-'''·'IU._;'.''~ 
-..,0 ..... 0 • .,0 - ... • • 111_; • -,'1Of 
am, _ ",," ... ;' 

~. - oo· · . co;' 
'10, • -I' - -,'00; 
"""''''.,0 .. - •• '-1' - ...... IU._; •••• ..,. • - ' 
_ •• COOI.w· _ ...... "" .... _; 
_ .. '.0 .. · •• 0 .... 0 .... ·' • a.lkIII; ....... 

-' ...... ,0 -.' • AI",",,; •• ,''''' 
... o .... ,O-lPItklll; ... ·' 

-=-"'"~"""",,,,,,-,' -". , .. ' 
-00' • , ... _;. , ...... 

..... I~I.J,.'J.I'O'.-I • _,0' __ 
- ~. JOoI_;. '''.-. 

..... , .......... ', .•• °'._1· -". ,,..' -..... , ... _;. , .... "" 
...... 14 •. 1''' •. .,0,,''''', .... ,0 ...... 

_ .. ' • 10.110;,",; • B~.IIO: 

- .... _ ........... ·u 

.• ,'" .......... '''*I'r ... ".",.,.. 
o)ll.n ... .. _ -1104'''' .,_.,,.,.. 
.)0 .• "._ Pr '1''''", "_11' .. ' 
.... " .ln9l' .,,,,,1' 
.... n .... M .. _ ....... 

".11 ., .. , .... 
·lIlI.n " . IIIIT '"n" ocU.tc _ 

.... )0 ·4111". -".17"", 

.... ,. ... _ ""1'11" .,,_,... 

.n.ft .... _ -_Mn .,,,_,.,.t 

.... » ..... - -,-, ...... , .. , ..... 
- '" ." ........ • moo ...... >W, ...... 

.,. ~ .... ,11,0 .. l<1li •• '-.0 ' ..,.. _.' • ""_; • '"',"<0; ""l." ... 6 .... _ .... "WI" .... »u"tr -..... " ..... 

... _'"- eo .... ,",o,.I<III •• ,~,o _ .:0" • lallOM!; • ""'- • '"'.'<0; • ... S, -0.'''' _ .. ,u ... .... ,,,,, .... 

.. , _'"- -, ... ;t, I~O' .... - _ ... _; • "'.' ... 11 . " ., . ... ". -)<Il.,. ... ·''''.M._ 

.. ..- _,' -,0' ,_. - ... _; , .. ;" ' .... • .. U . " ., . """,.. -'-...-' .... 111 .... 

.u _ "10;, • ",0 - -.'<0; 
III w_ C"MI,II.0,,·~O' '011,0 _e .. • • W!I:J<I; ...... 10. 
UI~_IO.' M' .... o-"'·'.",-w. 
.H Dim 00 .... , ... 0,, _ • '111,0 -lIOo·'. ""l<1li; • ".'<0; • GII-

.... _ Oo,IW,II,o"Ir;WI' n ... o _ICo·'. 1'10""'; 
.W ..... ; ••• I~.OII-

UI -....... _ •• -,0' , ___ "'kIII; ... -.' • '-." 

.... 01 _,lOt'" ' .... ,.-Cl ' .... 11 - 11"'" ,,_,.,."1;1 

.... Ill -o .OII7T _,so ...... ,"'''" ..... 
_'11 ." -o .n,,, ., •• ,...,. -011101 ......... "'" 

.,01 .11 ".11'" .......... • _",.,.t 
_11", .14 _' .U'" ., .... ,"" ... -,,,,, ....... - . ,.,_ 
........ ,.,.,.,.".-.. "" ... -.. " ... ..... 
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'Ilobl.e 5.2. Cl lfioatial of loq(WIQ """""" by their sl.cpe as they _r 
in tho ~_ and _ra' CX1Ipsiticn of tlJe minerals (see ~ 5.5). 

1. 

2. 

3. 

4. 

5. 

M.S:IJJrIE 
IN.M:NlTIE 
MICRXLlNE 
Al.Bl'lE rru 
1I!XJU\RIA 
JIlWCIItl 
IREHIl'IE 
W!\IRAY'l"F 
2DLSfiE 

JmeIAUI ror a/ SCALB 
PiRHJJ.TIE 
EPIDJIE 
~ 

PlRl'IE 
G:EIHl'lE 
~ 
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=.& 7.1" ry of msults far the _ SZIIpl ... 

Ssple RId:Ier aDd I.ocatiaJ. ~ Cl:n:litials Tar{:eIatures • c 
SN,'!D;/ Iaals DJD Hbri.un N oair Chal AI 'Y ~ NsK 

16, R:!ykir, wall 17 No" 76 50 - 95 75 - Sl 65 91 7S 
18, !etkiavik, >ell 30 Ib (lx>ilirg) 100 93 - 110 93 - 110 90 114 119 
20, SeltjamaIl"J3S, lEll 4 Ib (lx>ilirg) 114 30 - 100 119 - 126 112 135 91 
2()-1, >ell 2, 80 mater d<pth Ib (dilut:ic:n) * NIl 65 - 100 119 - 126 61 86 52 
2()-2, >ell 2, 570 mater d<pth Yes NIl 95 - 130 110 119 - 126 102 125 82 
2G-3, >ell 2, 725 mater d<pth Yes Il1l 95 - 135 130 119 - 126 98 122 69 
21, R;!y!tir, Iun:lal:ejkja:i., sprin:; Ib (dilut:ic:n) * 75 60 - 140 ? 130 152 110 
21-1, ~, mld spdrg Ib (dilut:ic:n) 3.6 45 - SO Anbi.ent 24 49 112 
21-2, Erqlard, het spr::irg No" 140 91 70 - 140 95 130 152 104 
39, SJlrlaria:dwr, wall 1 No" 68 40 - 110 70 79 103 67 
50, tJJ::rid:lVatn, well 3 Ib (dilut:ic:n) * 39 30 - SO 59 52 78 54 
5()-1, >ell 8 Ib (dilut:ic:n) 77 40 - 100 77 77 102 65 
50-2, wall 4 Ib (dilut:ic:n) 60 30 - 90 65 68 93 57 
55, Ieira, well 4 Yes 128 150 - 190 164 134 - 173 162 183 214 
60, IejkjarES, I::afjardaDi. , sprirg Ib (dilut:ic:n) 84 40 - 100 96 86 110 82 
6()-1, hct sprin:; 11 - 301 Yes 78.S 72 - 120 85 96 91 115 94 
6()-2, hct sprin:; 11 - 302 Ib (dilut:ic:n) * 94 50 - 110 96 94 118 71 
6()-3, het sprin:; 11 - 306 Ib (dilut:ic:n) * 84 50 - 110 96 91 115 72 
61, Gjo;JlIt',!p:irg Yes 72 60 - 95 77 ? 71 96 82 
63,~, wall 6 Ib (dilut:ic:n) 60 105 - 160 63 141 163 171 
1KP, At'eyjar Ib 42. S 30 - 160 47 - 78 74 51 99 

Ibtes: 1.'ltE!a1ple IU1bers are the sane as in AuLlLSSU1'S __ (l983a), b.lt the cn!S follcwrl bf _ are 9:IIpl£'s tal<m bf 
the NaticraJ. De:gy AutlDrity fn:tn the S1lIle areas or very clcee to the l.a:atial3 nm:I<al. in FiqJm 6 .1: 

2.'ltE a-es nm:I<al. with * are th:se with very widely ~ clay mireIals in their l.cg(QIl<) diagnms: 
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'l\1ble 7 .. 2 SI; '1 of results 1br the adll -'-
smp1ft llJI:Ibar and J.......tim Ftfrl1 HTia Qmd:it:i.cms ~ ( I lJ'B!I 0 C 

• liD] IDc:us Ftfrl] lITiJID ~ gafr CbI] 'fJ QUartz NoK 

1. H± spr:in;s of , teal Zharh2b:u, m tEJ: infll.Erce 

1.1Rmjin Yes 78.5 70 -115 90 90 86 1U 66 
1.2 IlB-an It> (diluticn) 61.7 65 -105 85 109 104 
1.3 Xirgtan;J lb (dill1tim) 35.4 SO-85 SO 81 105 70 

2. lbt sprirgs of westem Zlayzlw., m:ixirg with seawater: 90 - 110 

2.1 ilmg-iIn It> (o::ntanrlrat:i.) 79.9 100 -13 97 120 126 
2.2 Xinlin It> (o::ntanrlrat:i.) 93.3 100 -170 103 126 90 
2.3 GlrgI.ei It> (o::ntanrlrat:i.) 77.7 80 -125 84 109 95 

3. QUlernal. well water fron the ZhIrgzInl yaA:bamol. fiel.d 120 - 125 

3.1 lI:rqri. It> (o::ntanrlrat:i.) 98 110 -175 113 146 145 
3.2 !hlihazan It> (o::ntanrlrat:i.) 97.4 110 -175 115 138 144 
3.3 XirgjiaIgza:A:arg Cl.cee (slitj1!: diluticn) 'II.2 85 -140 117 83 108 182 
3.4 J\ci2an It> (o::ntanrlrat:i.) 78.8 100 -160 l.Q2 126 119 
3.5 Si2h::n:riiywn It> (o::ntanrlrat:i.) 51.6 85 -140 83 107 131 
3.6 XiazlBrg It> (o::ntanrlrat:i.) 56.3 95 -140 74 99 101 

N:>tes: 1. N:rryaA:banBl waters fur >hich the c::alrul.atims haIIe been fEL6 11 lie! c::alrul.atims en are Id: irr=J";ed in this table; 
2. Infla.l ta!pemt:ure (fur....us) or the hicj>ast l!'ElaSJI:Bi ta![letature (lbr hot sprirgs) are usa:! fur the mfetaLe " ~ 

tatperatur:e in the table. 
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Figure 2.1. Boiling - point versus depth curves for waters 
with different wt% of HaCI compositions (from Haas, 1971). 
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gas fractions1 
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Figure 5.1. Theoretical model for log(Q/K) equilibria for a 
synthetic geotbermal water that vas arbitrarily equilibrated 
with muscovite, K-spar, pyrite, albite, quart. and calcite at 
250·C by a heterogeneous equilibrium calculation (rrom 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.& An example shoving the distribution ot possible 
equilibriua temperature. in the loq(Q/X) diaqr .. in • 0 ••• of 
equilibrium. 
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Fiqure 5.7 An example shovinq the distribution of possible 
equilibrium temperatures in the loq(Q/K) diaqram in a case of 
non-equilibrium. 
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Figure 5.10 A map of Fujian province, southeast China 
showing the location of the Zbangzhou qeothermal field and 
the surrounding areas where the Chinase samples were taken. 
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Figure 5.11 The log(Q/K) diagrams for aeawater and rainwater 
from the Zhangzhou qeothermal area and surroundings, 
southeast China. 
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Figure 5.12 The 10g(Q/K) diagrams for riverwater and cold 
spring water from the Zbangzbou geothermal area and 

surroundings. 
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Figure 5.14 The log(Q/K) diagrams for some coastal geothermal 

water samples trom the Zhanqzhou area, which are chemically 

dominated by seawater. 
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Pigure 5.16. statistical r.sults of th. evaluation of pR 
effect. 
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Figure 6.1 Distribution of some hydrothermal minerals in 

active geothermal systems (fro. Henley and Bllis, 1983). 
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Pigure 7.5 The loq(Q/K) diaqram tor the Hanjin hot sprinq 

area. 
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Figure 7.6 Cl - Br relation shoving the mixing ot meteoric 
water and seawater in tbe Zhanqzbou qeothermal area, 
Southeast China. 
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Fiqure 7 . 7 Giqqenbach diaqraa for samples from the zhanqzhou 
qeothermal area. 
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