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ABSTRACT 

Problems associated with the chemical behav iour of geotherma l 

fluids in production and disposal processes have constituted 

technical and economical barriers to the devel opment and 

utilization of geothermal energy resources in many countries. 

One of these problems is mineral scaling when the fluids 

become supersaturated due to changes in physical and chemica l 

conditions. The thermodynamics of calcite scal ing in water­

dominated geothermal wells are reviewed. Two c onceptual 

mechanisms for calcite deposition are discussed. The handling 
methods for calcite scaling in production wel l s are 

summarized . The WATCH computer program which models the 

chemical behaviour of geothermal fluids is used for inter­

preting data from the Yangbajing, Svartsengi and Hveragerei 

geothermal areas and for predicting their calc i t e scaling 

potential. The results show that calcite depos ition is most 

severe for the geothermal fluid which has the h i ghest ionic 

strength and the lowest reservoir temperature . Sampling 

equipment and procedures for geothermal wells and chemical 

analysis methods are outlined as used for wel l s in Svartsengi 

and Hverager&i. Finally, the problems related to chemistry 

and tracer testing in geothermal injection are reviewed. 
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1. INTRODUCTION 

The chemical behaviour of geothermal fluids is an important 

factor associated with its utilization. One of the most 

serious problems in exploiting water-dominated geothermal 

reservoir is the precipitation of various mineral scales due 

to changes in process chemistry and physics. Scaling in 

production and injection wells can significantly reduce flow­

rates (Figure 1.1) and even block the wells. Flow-tests in 

Miraval1es, costa Rica, illustrated the time behaviour of 

wells suffering from wellbore deposition. At early time the 

decrease in output flow rate and well-head pressure is slow 

but at late time it becomes rapid (Granados and Gudmundsson, 

1985). Deposition of minerals on energy production plant 

equipments and pipelines can cause costly downtime for 

removal and affect the heat transfer effectiveness. Scaling 

in major fissures in wells may result in a irreparable decay 

in flow. 

There are three main types of scales from geothermal fluid 
that have been recognized. Calcium carbonate (mainly calcite) 

is encountered when flashing happens within geothermal wells. 

Siliceous compounds are confined mainly to spent brine 
discharged to atmosphere. SuI fates and suI fides are observed 

in the form of many phases usually well crystallized in 

production processes. 

Geothermal reservoir fluids in Yangbajing (Xizang, China), 

Svartsengi and Hverager~i (Iceland) are invariably just 

saturated with respect to calcite under reservoir conditions. 

During the exploiting of those fluids, calcite scale forms in 

production wellbores. Thus, frequent or periodic cleaning of 

the wellbore is needed to maintain the output. Knowledge of 

calcite scaling is very important for managing this problem 

effectively. 

In the literature, the thermodynamic aspects of calcite 

scaling have been studied extensively and some possible ways 
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to control this scaling have been suggested and tested in 
geothermal fields in which the problem appears . But inform­

ation on kinetics is very limited, and so is t he economics of 

handling . 

Location and tendency of calcite deposition i n a geotherrnal 

well can be measured by caliper logging (Figur e 1 . 2) or 

estimated by computer modelling . This will make it easy for 

management and operation. 

The credibility and usefulness of chemical dat a for chemical 

models depends on the sampling and analytical methods and the 

care taken in the collection and analysis of s amples. 

After eleven years of development and utilizat ion of geo­
thermal resources in Yangbajing, drawdown in t he reservoir 

and the pollution associated with large scale exploitation 

are becoming serious problems. Injection of t he spent brine 

can maintain the output of geothermal reservoi r and prevent 

environmental effect. Fluid chemical behaviour and tracer 
testing can play important roles in successful geothermal 

injection . 

Those all above are the some targets of my project work at 

UNO Geothermal Training Programme. The training included 

introduction courses, engineering and geochemical lectures, 

field excursion and sampling, literature search and data 

interpretation . This report is the final part of the 

training. 
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2. PROCESSES AND PROPERTIES 

2.1. Geothermal Power Processes 

The practical cycles used for geothermal energy extraction 

plants are various due to the nature of the resources, 

utilization purposes, technical and economical considerations 

etc. 

Figure 2.1 shows a conceptual diagram of double flash 

geothermal power generation cycle in Yangbajing . Figure 2.2 

is the flow diagram of combined thermal and electric power 
production cycle in Svartsengi (Bjornsson and Albertsson, 

1985) . 

In a geothermal multi-purpose power cycle, the temperature 

may vary from as high as 350·C in the reservoi r to values 
approaching lS·C in disposal lines, and the pressure may 

ranges from 300 to 0.08 bar, while the chemica l composition 

of the gee-fluids varies from almost pure water or steam to 

hot brine with 360,000 ppm of total dissolved solids . Thus, 

chemical behaviour of geothermal fluids are very site­

specific with its thermodynamic conditions and fluid 

chemistry (Corsi, 1987) . 

2.2. Physical properties 

since geothermal brine are abundant of sodium chloride with 

smaller amounts of calcium, silica and potassium (Table 2.1 ), 

its physical parameters can be predicted from a knowledge of 

pure water and sodium chloride solutions, modified 

approximately according to the concentrations of other ions 

by using the term "equivalent NaCl content" with sufficient 

accuracy (Wahl, 1977). The "equivalent NaCl content" is the 

amount of NaCl in solution which gives the same effect on the 

properties as the amount of all salts combined (Michaelides, 

1981). This assumption is supported by "quantity effect of 

salts" in aquatic solution. Non-condensable gases dissolved 
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in the fluid is an important factor affecting phase change. 

Release of gases such as CO2 , H2S, H2 and NH3 results in 

boiling of geothermal brine at a higher pressure, or by 
lowering the flashing depth in a two phase fl owing well. 

Calcite scaling is promoted by boiling of geot hermal fluid. 

Among the physical properties, pressure and enthalpy are the 

two most important factors affecting the boiling. 

2 . 2_1. Pressure in .ellbore 

When the vapour pressure of a geothermal fluid is equal to 
the external pressure acting on the fluid, fl ashing takes 

place. Flashing of geothermal brine inside a well leads to 

two-phase flow, i . e. water and vapor mixture. The salts 

present in the brine are nonvolatile and hence the produced 

vapour is free of salts. It contains steam and non-con­

densable gases such as C02 ' H2S' NH3' N2 and H2 ' The vapour 
pressure can be considered the sum of the saturation pressure 

of the fluid at a given temperature and gas pa rtial 

pressures . Since C02 is usually the major cons tituent of the 

non-condensable gases, it is often assumed for simplicity 

that the vapor phase is a mixture of steam and C02' Based on 

this assumption, we have 

The saturation pressure of an aqueous salt sol ution at 

temperature, T(-K), can be expressed by Raoul t 's Law. 

The pure water saturation pressure, PW1 is given by the 
following simplified correction (Michaelides, 1981) : 

Pw = exp(o.21913*10-6*t3_0 . 17816*10- 3*t2 

+O.653665*10-1*t-4 . 96087) 

4 
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Treating steam as an ideal gas and calibrating this model by 

experiment, the decrease in steam pressure, AP , due to a sal t 

of mole fraction, Xsa ' can then be derived: 

AP (2.4) 

The constant 1.8 is derived empirically and is related to the 

fact that the salt is ionized in the solution (Michaelides, 

1981). 

The partial pressure of C02 has been studied by Sutton 

(1976) : 

PC02 = WC02*x/a(T) 

where 

aCT) = (5.4-3.5*(T/100)+1.2*(T/100) 2 j*10-4 

(2 .5 ) 

(2.6) 

and wC02 is the weight percent in the vapor phase . PC02 can 

also be expressed in terms of Henry's Law, which is discussed 

in Part 4 . 

The pressure at any point in a wellbore has be en described by 

Parlaktuna (1985): 

(2.7) 

The total pressure drop is made up of frictional, acceler­

ation and potential pressure drops . 

(2.8) 

(2.9) 

(2 . 10) 

dPp = pg*dZ*10-5 (2 . 11 ) 
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The friction factor f is given by modified Colebrook equation 

as 

(2.12) 

where , the Reynolds Number is given as 

Re = pvd/# (2 . 13) 

The density of liquid water is determined by Whal (1977) to 

follow the correction: 

Pl = Pw + 
[(1+1 . 6E-6*t2)*5844msa/(1000+58 . 44msa)]*103 (2.14) 

where the pure water density form Keenan and Keyes (1951) was 

used : 

where t ' = 374 . 11-t for t in 'c 

Vc = 3 . 1975 cm3/g 
a = -0 . 3151548 

b = -1. 203374*10-3 

c = 7.48908*10-13 

d = 0 . 1342489 

e = -3 . 946263*10-3 

The density correlation for the vapour phase suggested by 

Michaelides (1981) is as follows: 

Pv = 100P/(-0 . 1296*10-2*t2+0 . 6325t+121 . 05) (2 . 16) 

The density of a two phase mixture obeys the ideal mixing 

rule . 

(2.17) 
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The bottom hole flowing pressure for high flow-rate geo­

thermal wells can be written as: 

(2.18) 

when turbulence is the dominant factor in fri ction loss 

(Parlaktuna, 1985). In Equation (2.18), reservoir pressure 
can be measured in a well during shutdown, and C can be 

obtained by using a wellbore simulator to match the deliver­
ability measurements of a well since the wellhead pressure is 

given by 

(2 . 19) 

When Pv = P, flashing occurs. In water phase r egion, dPc 0 , 

so 

Pv = Ps+PC02 = P = 

Pwf - (Pfv2/2d*AZ-gpAZ)*10- 5 

Then the flashing or boiling depth from wellhead is given 

(2 . 20) 

In practice, calcite deposit may occur in the first 20-25 

meters above the first boiling point (Of) (Granados, 1985). 
The deposition shape may tapper off from this point and 

become almost zero (Figure 1.2) . In Equation (2 . 20) only the 

wellhead pressure is a parameter related to operation 

directly. Therefor deposition can be controlled to occur at a 

chosen level . 
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2.2.2. steam Praction 

In the process of adiabatic flashing in a geothermal well­

bore, the following heat balance relationships applies: 

i.e. 

(2.21a) 

where ho is the enthalpy of initial liquid prior to flashing, 

hI and hv are the enthalpy of coexisting water and steam 
after boiling . Based on the salt solution enthalpy equation 

given by Wahl (1977), and taking To = 0, the following 

results: 

hI = hw*(1-58 . 44msa/(1000+58.44rnsa)] 

+T*11 . 688msa/(1000+58.44msa) (2.22) 

The correction for the enthalpy of vapor phase recommended by 

Michaelides (1981) is 

hv = -0.81275*10-2*t2+3.65228t+2388.4 (2.23) 

The steam fraction can be given by 

(4.21) 

where L is the evaporative heat. 

2.3. Two Phase Plow Regimes 

Flowing properties of two phase geothermal fluids can affect 

geothermal sampling and mineral precipitation. For vertical 

flow five regimes can be defined as showed in Figure 2.3 
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(Hetsroni, 1982) . The general-flow-pattern map (Figure 2 . 4) 

of Hewitt and Roberts (1969) can be recommended for determ­
ining the vertical flow regimes . On this map , the plotting 

coordinates are the superficial momentum fluxes of the 

respective phase, i . e. PIV1 2 and Pvvv2 . 

Flow regimes in horizontal flow tend to be somewhat more 

complex than those in vertical flow. This result from that 

the gravitational force act normal to the direction of the 

flow and makes the liquid phase tend to accumulate at the 

bottom of the channel. The flow patterns are i llustrated in 

Figure 2 . 5 (Hetsroni, 1982). The best know generalized flow­

pattern map for horizontal flow is the Baker Diagram modified 

by Scott (1963) . The coordinates of the Baker Diagram (Figure 

2.6) are 

(3 . 24) 

(3 . 25) 

where the correlation equation of viscosity c an be developed 

as (Michaelides , 1981): 

log[#(t , m)/Pw(t)] = A(m)+B(m) *log[Pw(t)/Pw (20)] (2 . 26) 

with pure water viscosity, #wet) , is given by the expression : 

log[Pw(t)/Pw(20)] = [(20-t)/(96+t)]* 
[1 . 2378-1.303*10-3* (20- t)+3 . 06*10-6* 

(20-t)2+2 . 5S*10-8*(20-t)3] 

with Pw(20 ) =1002 # Pa s. 

A and B are functions of molality. 

(2.27) 

B(m) = -0 . 3961*10-1*m+0.102*10-2*m2-0 . 702*10- 3*m3 (2.29) 
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The surface tension correction is given by (Wahl, 1977) as: 

with 

U = Uw*[1+22 . 7916msa/(1000+58. 44ms a)] 
+1. 4856*103*msa2/(1000+58.44msa) 2*10-3 

2.4. Chemistry 

(2 . 30) 

(2 . 31) 

A hydrothermal or geothermal system is where wat er currents 

circulate in the crust of the earth . It may be heated by 

convection of water from magma. High temperatures at shallow 

depth are commonly the result of convective flow. Convection 

may occur because of the heating and consequent thermal 

expansion of water at depth. Hot water of low density tends 

to rise and be replaced by cooler water of higher density 

(Gudmundsson, 1986). As the water circulates t hrough the rock 

structure by this convection, it dissolves, l eaches and 

precipitates minerals to form a equilibrium hot brine 

solution with the reservoir rocks at certain t emperature and 

pressure. 

The composition of a geothermal reservoir brine is controlled 

by mineral equilibria . Some of them are listed in Table 2.2. 

The pH of the brine is determined by acid-base equilibria and 

reactions inVOlving alumino-silicates. In general, the pH of 

carbonate-type geothermal waters tends to be between 6.0 and 

6.5 or close thereto because of the buffering action of the 

carbonate reactions (Wbal, 1977), which is discussed in Part 

4. 

It is not known which minerals control carbon dioxide 

concentrations in high temperature waters (>200·C). 

Conceivably, the assemblage involved is zoisite (epidote)­

prehnite-quartz-calcite (Arnorsson et al., 1982). 
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Calcite is a promi nent secondary mineral in r eservoir rocks. 
In geothermal reservoir , the product of carbonat e and calcium 

ion concentrations is a fixed quantity as a f unction of 

temperature due to equilibrium with calcite . I t is strongly 

dependant on pH , which in turn is dependent on t he equilibria 
reactions between the alumino-silicates and s odium i n the 

absence of dominating sulfate chemistry. Thus the product of 

the calcium and carbonate concentrations will be related to 

the sodium concentration and temperature as s hown in Figure 

2 . 7 (Wahl , 1977) . 

The concentration of potassium in geothermal brine is 

determined by ion exchange equilibria between sodium and 

potassium with the alumino-sil icates. The molecular ratio of 

sodium to potassium is fixed at a given temper a t ure (Ellis 

and Mahon, 1977) . 

The distribution of major cations and hydrogen ion is 

governed by temperature dependent ionic exchange equilibria 

(Table 2.3) , so the ratio J(Ca)jH is approximately fixed at a 

given temperature , variable concentrations of the other major 

cations , Na , K and Mg, which may cause some s catter in the 

J(Ca ) /H ratio . The absolute concentrations of Ca , H and other 

major cations are in turn mostly governed by t he supply of 

the i ncompatible element chlorine (Arnorsson, 1978 ; Arnorsson 

et al. , 1983 ). 

At high temperature (180·C to 22S · C) , silica concentration 

correspond the solubility of quartz . At lower temperatures 

other silica species such as chalcedony, crist oba1ite, or 

amorphous silica may control dissolved silica (Fournier, 

1977) . 

The presence of suI fur deposits and rock through which the 

hot water is permeating will give rise to t he formation of 

hydrogen sulfide and su1furic acid: 
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(2.32) 

In geologically active volcanic regions, suI fur dioxide if 

present also gives rise to the formation of sulfuric acid 

through reaction with warm water as follows: 

(2.33) 

The acid developed from this reaction will override the 
buffering reactions with the alumino-silicates in controlling 

the pH (Wahl , 1977) . 

Ammonia is found in geothermal waters that have come in 

contact with organic matters. 

The concentrations of the various constituents in geothermal 

brine are shown in Figure 2.8 and in Table 2.1 are shown the 

chemical compositions for typical wells and hot springs in 

various geothermal fields. 

The measured chemical properties of geothermal fluids at 

surface temperature and pressure are different from those of 

deep geothermal brine because of steam loss, gas separation, 

mineral precipitation and the temperature dependence of 

homogeneous equilibria. Methods for calculating the geo­

thermal reservoir water composition from analysis made under 

surface condition are discussed in the following parts. 
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3. SAMPLING AND CHEMICAL ANALYSIS 

3.1 . Sampling of Water-Dominated Wells 

The collection of representative samples from a geothermal 

well discharging steam and water is a complex procedure . High 

temperature water (150·C to 350·C) from deep levels can 

partially flash into steam-water mixture as pressures 

decrease toward the wellhead, and discharge into the atmo­

sphere at velocities approaching the speed of sound with an 

explosion of the volume. Thus, special methods and care 

should be taken for sampling geothermal wells (Ellis and 
Mahon , 1977) . It is necessary to sample each phase 

separately, at a known pressure , which should be the same as 

the pressure of the pipe or vessel being sampl ed. The 

subsequent combination of the analysis of the separate phases 

is discussed in Part 5 . 

The methods used for sampling a geothermal well depend on the 

surface pipework . Representative sampling of steam, gas and 

water from wells is made using one or more of the following 

techniques: 

1. Down-hole direct collection. 

2. Separator collection, that is, samples of steam, 

water and gas are collected under pressure from sampling 

points at the wellhead and on the surface pipes separ­

ately . 

3 . Discharging collection. steam, water and gas samples 

are collected from the vertical silencer at atmospheric 

pressure and boiling point. 

The sampling procedure and cautions for separator collection 

are described in detail by Olafsson (1987). Figure 3.1 shows 

a small separator for sampling and Figures 3.2 , 3 . 3 and 3.4 

are a series of sampling sketches. Figure 3 . 5 is a flow chart 
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for sampling and analysis. During the sampling, flow through 

the separator is controlled by the three main valves, i.e. 

fluid inlet valve, water phase outlet valve and vapor outlet 

valve. 

In order to obtain representative samples, great care has to 

be taken to select the sampling points and to adjust the 
three control valves. 

Tests have shown that the optimum location of a sampling 

point is about 1.5 meter from the T-joint on surface dis­

charging piping (Figure 3.6) . At this point the flow is free 
from interference from the T-joint, and the water and steam 

phases are still in thermodynamic equilibrium (Olafsson, 

1987). 

Flow patterns in horizontal piping can affect the represent­

ativeness of the samples . For slug or plug flow, since the 

alternating pulses of water and steam exist, the inlet valve 

of the separator should be adjusted a little closed instead 
of fully open to create a relative bigger volume of the 

separator. For stratified and wavy flow, water and steam 

samples can be taken from the top and bottom sampling points 

on the horizontal pipe, separately, without using a separator 

(Arnorsson, 1987a). 

Boiling of sampling fluid in the separator should always be 

avoided. This can be done by adjusting the valves carefully, 

while looking at the pressure gauge at the top of the 

separator. The pressure should not fall down more than 0.1 

kPa/cm2 during the collection (Olafsson, 1987). 

During the whole sampling, from the preparation until ending, 

it is necessary to have a check list or a uniform record form 

for apparatus and samples. And they should be fully used! 
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3.2. Chemical Analysis Techniques 

The analytical techniques (Figure 3 . 5) for determining the 

major constituents in geothermal waters can be outlined in 
the following . For detail on some subjects, please refer to 

Ellis and Mahon (1977). 

1. Atomic Absorption Spectrophotometry 

Alkali metals, boron, calcium, magnesium, iron, aluminum, 

5i02 in acid and near neutral pH thermal waters can be 

determined by this method (Table 3.1). 

2 . Emission Flame Photometry 

It can accurately determine sodium (5893A, 2000ppm) , 

potassium (766SA, 2S0ppm), lithium (6708A, 2Sppm), rubidium 

(7800A, Sppm) and cesium (8S21A, Sppm). 

3. Gas Analyzer and Gas Chromatograph 

Residual gases e.g. H2' N2 ' CH4 and NH3 can be analyzed by 
standard PVT gas analysis equipments. 

4 . Ion Chromatograph is used for measuring Cl- and 5°42-. 

5 . Spectrographic Analysis and Spectrophotometry 

Many heavy metals and rare earth metals can be extracted by 

chloroform with mixed solution of diethyl dithiocarbamate, 

oxine and dithizone at pH 3, 5, 7 and 9. That catchall 

concentrate is later analyzed spectrographically . 

A rapid assessment of the trace metals present in waters can 

be made by spectrographic analysis of residue obtained by 

evaporation. 

Cu, Ph, Zn, Ag, W, Ni and Cd can be concentrated by one of 
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two techniques, (1) absorption onto Chelex-100 cation 

exchange resin and elution with 2N nitric acid; (2) ex­

traction with a benzene solution of mixed diethyl and 

pyrrolidine dithiocarbamic acid. The concentrate obtained by 

both methods are evaporate to dryness, and later dissolved 

for analysis by atomic absorption spectrophotometry. 

SuI fate in water is reacted with barium cremate to form 

insoluble barium sui fate to liberate cremate ions, which are 

measured photometrically. 

Ionic silica formed by digestion with alkali is reacted with 

an acid solution (pH 1.2-1.5) of ammonium molybdate in the 

presence of oxalic acid, producing the yellow silicomolybdic 

acid. The concentration (50-200ppm) can be measured by 

comparing the absorbance against a standard calibration 

curve. 

6. Ion Selective Electrode 

A fluoride specific ion electrode gives a direct reading of 

fluoride contained in samples buffeted with a citrate-citric 

acid buffer. 

Ammonium concentration can also be read directly on a 

specific ion meter using calibration curve . 

7. Titration 

a. Acid-Base Titration. The total carbon dioxide in solution 

can be determined by titrating this solution from a pH of 

8.25 to pH 3.8 with standard acid (O.lN Hel). 

b. Redox Titration. In acid solution, total hydrogen sulfide 

is quantitatively oxidized to sulfur by iodine. Excess iodine 

is back titrated with sodium thiosulfate, using sodium 

starchglycollate as indicator. 
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1- in a buffered is oxidized to 12 with Br2 water . Excess Br2 

is removed by addition of K1. Total 12 liberated is titrated 

by Na2S203 to obtain 1- in original sample. 1- and Br- in a 

second aliquot of the sample are oxidized to 12 and Br2 with 

hypochlorite, the excess hypochlorite then being decomposed. 

I2 liberated from both I- and Br- which produced by addition 

of KI is titrated with Na2S203' Br- is obtained from the 
difference between the two titration. 

c . Direct Titration. F- in solution at pH 3.5 is titrated 

with thorium nitrate in the presence of the indicator 

chromazurol-S. 

Cl- is titrated against standard AgN03 solution using 

potassium cremate as indicator (Mohr Method) . 

Total H2S is determined by titration with Hg(CH3COO)2_ 

d. Potentiometric Method. Cl- in a supporting sulfuric acid 

electrolyte is titrated with standard AgN03' The end point 
being detected by a silver electrode and a reference 

mercurous sulfate electrode in association with a standard 

expanding-scale pH meter . 

e. EDTA Titration. standard EDTA is used to titrate Ca2+ at 

pH 13 with cal-red indicator, and 

titrated at pH 10 with solochrome 

obtained by difference. 

Ca2+ plus Mg2+ are 

black as indicator. Mg2+ is 

8. Distillation. Ammonia is distilled from an alkaline 

buffeted solution, and an aliquot of the distillate is 

examined by colorimetry using the Nessler reaction . 

9. Dissolved 02 is measured with a Chemet test kit based on 

reaction with rhodazine D. 

10. A measured volume of geothermal fluid is evaporated and 

the dry residue is weighted to indicate the total amount of 
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mineral matter in water. 

11 . Conductivity and salinity are measured by conductivity 

meter . 

12 . pH is measured by pH meter with a glass e l ectrode . 

13. Gonfiantini (1975) reviewed the specialized techniques 

required for the analysis of stable isotopes i n the samples . 
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4. THERMODYNAMICS AND KINETICS OF CALCITE SCALING 

4.1. system studied 

In order to approach the nature of calcite scaling effective­

ly, the following is assumed for simulating the behaviour of 

geothermal fluids in the calcite deposition section of a 

wellbore (from flashing depth to either the end of deposition 

or until wellhead). 

1.Chemical equilibria between the following constituents are 

considered: 

ca2+, CaC03 

C02(g)' C02(aq)' H2C03' HC03-. C032-
H20, H+ or OH-

2. Thermodynamic equilibrium of each reaction is approached 

in the system. From this assumption, some remarks can be 

derived. Ca) The degasslng factor of fluid during flashing is 

unity (= 1) because volatile constituents are sufficiently 
transferred into steam to establish equilibrium. Cb) Calcite 

is the only stable scale of calcium carbonate in high 

temperature and high pressure geothermal wells. Aragonite and 

CaC03.6H20 are transferred to calcite (Figure 4 . 1) . Precipit­

ation of CaS04. MgC03 and Mgxca(1_X)c03 are omitted. 

3. The reservoir and wellbore performances are assumed 

constant in the period of study. The well is a water-domin­

ated well. The production process is adiabatic and one step 

flashing take place in the wellbore. 

4. The effect of erosion due to flowing on calcite scaling is 

not considered. 

Based on the above assumptions, the maximum calcite precipit­

ation potential or rate can be reached in the wellbore. 
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4.2. Thermodynamics 

4.2.1. Equilibrium Consideration 

The geothermal fluid chemistry following flashing can be 

summarized in the following principle chemical reactions: 

Carbon Dioxide in Solution 

At interfaces of a vapor-liquid system, carbon dioxide gas is 

associated with dissolved carbon dioxide. 

(4.1) 

Taking consideration of a degassing factor , b, according to 

Henry's Law the fugacity of carbon dioxide is 

(4 . 2a) 

where b is a value in the range of 0 to 1, In thermodynamic 

equilibrium b = 1. 

If Henry's Law coefficient for saline solutions is 

KH = l*K"H ( 4 • 3 ) 

Putting Equation (4 . 3) into Equation (4.2a) and using b = 1 

fo02 = KH*X ( 4 . 2 ) 

Increasing the salinity of a solution increases the Henry's 

Law coefficient (Fig. 4.3). Since salt out coefficient, k, 

for carbon dioxide in sodium chloride solution, are generally 

of the steshenow type (Fournier, 1985) : 

(4 . 4 ) 

Rearranging Equation (4 . 4), 
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(4.4a) 

Comparing Equation (4.4a) with Equation (4.3) , 

1 = 10(kmsa) (4. 5 ) 

Because the fugacity coefficient for carbon dioxide in dilute 
aqueous solution at temperature below about 330 · C are near 

unity (Ell is and Golding, 1963), fC02 in Equation (4.2) can 
be replaced by the partial pressure of carbon dioxide with 

little error . 

(4.2b) 

In the liquid phase, the total carbon dioxide can be 

distributed between C02(aq)' H2C03 t HCO- 3 and C02 -3 with the 

following equilibrium reactions: 

(4 . 6a) 

(4.7) 

(4 .8 ) 

The equilibrium constants are, respectively, 

(4.9a) 

(4.10) 

(4.11) 

Ionization equilibria in dissolved carbonate system are 
established very rapidly . Somewhat slower is the attainment 

of the equilibrium of Reaction (4.6a) with the reaction rate 

constants (stumm and Morgan, 1970): 
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k+ = 4.37*10-2 s-l 

k_ = 19.2 s - l 

at 29S-K and 0.5 ionic strength. 

By tradition a distinction is not made between CO 2 (aq) and 

H2C030 They are reported as H2CO*3o 

Combining Reaction (4.6a) with Reaction (4.1), the net 

reaction is general written: 

Calcite in Aqueous Solution 

The simplest reaction representing the precipitation of 

calcite in solution can be written, 

for which the solubility product is 

(4.12) 

(4.6) 

(4.9) 

(4.13) 

(4 . 14a) 

In the above formula, the activity of solid calcite is unity 

if there is no significant substitution of other cations such 

as Mg2+, Fe3+ or Mn2+ for calcium in the solid. Then 

(4.14) 

Table 4.1 summaries the equations expressing each coefficient 
• 0 k ~.e . KH' , KOI Kl, K2 and Kc as a function of temperature 

(Fournier, 1985). 
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From Equations (4 . 9), (4.10), (4.11) and (4.14), we can 

derive 

(4.15) 

(4 . 16) 

(4.17) 

(4 . 18) 

In the C02-H20 system, the total carbon species in solution 

can be expressed in the mass balance equation 

(4 . 19) 

This is usually what is given in chemical analysis . Figure 

4.5 indicates the fraction of carbonate, bicarbonate , 

carbonic acid and C02 (aq) present as a function of pH in a 

solution at lOO·C. Since very little C032- presents in most 

acidic geothermal fluid , precipitation of calcite is commonly 

expressed in terms of the following reactions with 

corresponding equilibrium formula (Henry and Brown, 1985): 

(4.20) 

(4 . 21) 

(4 . 22) 

(4 . 23) 

or 

-logK = -226.43+6552.81/T+89 . 084*logT-0.0746*T (4 . 23a) 

Equation (4.23a) is valid in a temperature range of lOO ' C-

300·C . 
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By using the above equations with equation 

(4.24) 

the mass balance and the charge balance equations we can do 

the chemical equilibrium calculations in CaO-H20-co2 system. 

For this system the charge balance is 

(4.25) 

Activity Product of Calcite 

For a fluid the activity product of calcite is defined as 

(4 . 26) 

This equation is useful mainly for testing weather a given 

solution is under-saturated, saturated or supersaturated in 

respect to calcite by comparing with Equation (4.14) with 

definition of supersaturation ratio 

o = Q/Kc 

The geothermal fluid chemistry obtained from chemical 

analysis is usually given by molality . They can be 

conveniently changed into activity by using following 

equation. 

(4 . 27) 

(4.28) 

Taking Equation (4.28) into Equation (4 . 26) , the activity 

product of calcite can be expressed 

Q = 1Ca2+*1C032-*mCa2+*mC032- (4.29) 

Most high-temperature geothermal fluids are closed to calcite 

saturation (as mentioned in Part 2.4). During flashing, the 
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fluids rapidly become supersaturated with mineral scales due 
to following mechanisms leading to increase of the 
corresponding activity product Q. 

a. Loss of steam from the liquid phase i ncreases 

chemical concentration of remaining solutes and ionic 

strength . 

b. Evaporation in adiabatic process leads to temperature 

drop of the fluid. 

c . Loss of stable gases such as CO2 and H2S increases 
the pH of fluid and reduces the gas contents in the 

remaining fluid . 

4.2 . 2. Effect of Ion-Strength 

The ionic strength of a aqueous solution is defined by the 

equation 

(4 . 30) 

In Table 4.2, the ionic strengths of representative sets of 

world-wide geothermal systems are shown . 

Activity coefficient for solution with ion strength less than 

2 molal can be calculated using an extended form of the Debey 

- Hfickel equation. 

(4.31) 

The equations for A and B factors are in Table 4.1 . For Na+, 

HS-, H3Si04- ' H2B03-' S042-, HS04- and OH-, a is 4 . 0, in 
common, NH4+' 2 . 5; ~, 3 . 0 ; HC03- and C032-, 4 . 5; Li+ and 
ca2+, 6.0; Mg2+, 8 . 0 and H+, 9 . 0 (Fournier, 1985). 

For high temperature calculations the following approximate 

values are quite satisfactory (Henley and Brown, 1985). 
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1H+ = 0.8, 

1Ca2+ = 0 . 3, 

1k+ = 1Cl- = 

1HC03- - 1H3Sio4- = 

lHS- = 1802- = 

1Na+ = 0.7. 

'.2.3. 8ff.ct of ste .. Loss 

Flashing affects the composition of the brine in two ways. 

One is the simple concentration of the brine a s a result of 

remove of water. The other is change of fluid chemistry 

resulting from remove of certain constituents such as C021 
H2S and NH3 leading to the increase of pH and reduction of 

dissolved gases in the brine and reestablishme nt of the 

equilibria . 
• 

After boiling, the chemistry of the remained l iquid phase is 

expressed by using the steam fraction . 

For non-volatile constitutes 

(4 . 33) 

For volatile constituents 

(4 . 34) 

'.2.', Calculation of pH of Geoth.raal Pluid 

since the pH of geothermal brine are determined by acid-base 

equilibria and reactions involving alumino-silicates (as 

mentioned in Part 2.4), by taking account of all H+ species 

and effects of dissolved gases, Reed and Spycher (1984) 

calculated in situs pH and distribution of aqueous species in 

a homogeneous equilibrium system at high temperature, based 
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on chemical analyses and pH/2S ' C measurement of quenched high 
temperature water. 

The distribution of species, molalities of species whose 

compositions are described as containing H+ are summed to 

obtain total molalities of "ionizable hydrogen", 

N+H+ = mH++IvH+j*mj 
N+H+ is independent of temperature. 

(4.35) 

For a geothermal water, Equation (4.35) contains a term for 

each of the 57 species listed in Table 4 . 2. The numerical 

values for the coefficients, vH+j, of Equation (4.35) are 
also list in that table . 

If the solution under consideration produced a vapor phase, 

i . e. boiled, it is necessary first to calculate N+H+ in the 
remaining solute without concerning the gases released, 

rename the value of ~H+ calculated as NaqH+ referring to the 

remaining aqueous phase alone. Then using the known quantity 

and composition of gases calculate the moles of components in 

vapor phase of corresponding steam and add to the moles of 

aqueous phase components by using steam fraction . For 

example, for a gas which includes H20, C02' HCI, H2S and H2, 

we have 

A simplistic calculation provides a useful approximation of 

pH (Henley and Brown, 1985). Considering the Equation (4.7) 

and logK1 in Table 4.1. Calculating mHC03- ' mH2C03* based on 
water sample analysis at laboratory temperature. Then 

recalculating those two species in the fluid at reservoir 

temperature before boiling through Equation (4.34). since 

logKl - logmHC03-+1091HC03-+1og[H+]-logmH2C03* (4.37) 

we can substitute values to obtain pH. 
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4.2.5. Bffect of Oegassing 

When flashing is first initiated, the ratio of C02 to steam 

in the vapor phase tends to be relatively large because most 

of the carbon dioxide initially dissolved in the liquid 

passes quickly into the gas phase (Figure 4 . 7), while only a 

small amount of water changes to steam. With continued 

boiling, the mole fraction of C02 in the vapor phase steadily 

decreases because little additional C02 is available to 

partition into the vapor phase, while the fraction of water 

that is converted to steam increases at a relatively constant 

rate. As the temperature of the ascending vapor water mixture 

decreases, the volume of the vapor phase increases due to the 

decrease in hydrostatic load. The net effect is a drastic 

decrease in the partial pressure of C02 as a boiling fluid 

ascends toward the earth ' s surface (Fournier, 1985). 

Degassing of C02 from the fluid result in changing of total 

CO2 content , and increasing pH leading to distribution change 

of carbon species in fluid . For one step f l ashing , without 

calcite precipitation (although fluid is supersaturated) and 

that thermodynamic equilibrium is reached, the total moles of 

carbon bearing species is expressed 

Using the distribution coefficient (Table 4 . 1), 

KO = mC02 (aq)/mC02 (g) 

=[nC02(aq)/(1-x)]/[nC02(g)/X] 

= nco2(aq)/nC02(g)*X/(1-X) 

and rearranging the above formula 

nC02(g) = (nH2C03*/KO)*[X/(1-X)] 
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with nC02(aq) = nH2C03* . Inserting (4.38) i nto (4 . 40), for a 
unit mass fluid changing moles to molality and dividing by 

mHC03-

[KD*(1-x)])+mc032-/mHC03-+1 (4.41) 

Combining Equations (4 . 10) and (4 . 11) changing the molalities 

into activities where required through Equation (4 . 28) and 

rearranging 

(4.42) 

In a similar manner, [C032-] and [H2C03*] can be obtained. 

4.2 . 6. Bffect of Temperature and PC02 

Differentiating Equation (4 . 23a), we have 

dlogK/dT = -3276.40S/T2-38 . 689/T+0 . 0746 (4.43) 

Up to T = S73.lS· K, dlogKl/dT = -2.88*10-3 <0. Therefore, 

calcite is more soluble at low temperature than at high 

temperature (see Figures 5.1 to 5.5 and Appendix). So calcite 

cannot be deposited from solution by simply cooling down of 

the fluid temperature at constant concentrations of C02 and 

other constituents in the fluid. 

By using Equations (4.21) and (4.23), we can draw the 

solubility product curve for calcite as a function of Pe02 at 

given temperature (Figure 4.7) . 
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4.3. Kinetics 

4.3.1. General 

Deposition of solids may occur in the bulk of a solution or 

on a solid surface. It occurs first by nucleation and is then 

followed by growth. A distinction between those two processes 

can be made in terms of Figure 4.8 (Berner,1981). The rate of 

deposition may have a contribution from three terms: the 

formation of nuclei in the bulk of the solution (homo­

geneous), the formation of nuclei on the surface (hetero­

geneous), and the formation of deposited on nuclei already­
formed either in the solution or on the solid surface (Whal, 

1977) . 

Nucleation 

As a body precipitating from solution begins to increase in 

size, it encounters a free energy barrier to further growth. 

Considering a spherical nucleus of radius r, the interfacial 

energy rate between the phase and solution is R'cm-2 , and as 

the degree of the supersaturation is increased, the decrease 
of free energy (AG'cm-3) of nucleation is resulted in by 

decreasing in the size of the critical nucleus, then the net 

free energy En associated with the nucleus is 

setting dEn/dr = 0, 

(4.44a) 

Inserting Equation (4.44a) into the Arrhenius equation 

k = A(T)*exp(-Ea/RT) (4.45) 

the rate of nucleation should be 
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(4 . 46) 

(Drever,1980). 

Growth 

Once the critical nucleus has formed, further increase in its 

size can take place spontaneously with a net decrease in free 

energy. This process is referred to as crystal growth. 

Crystal growth involves the transport of dissolved species to 

the surface of a crystal and various chemical reactions 

occurring at surface. The latter includes adsorption, ion 

exchange, dehydration of ions, formation of two-dimensional 

nuclei on the surface, diffusion along the surface, ion-pair 

formation etc. The rate of growth is limited by the slowest 

step with a whole chain of process. It can be characterized 

as being controlled either by transport of species to the 

surface (transport-controlled), by reaction at the surface 

(surface-reaction-controlled), or by a combination of both 

processes. A comparison of the three mechanisms is shown in 

Figure 4.9 (Berner,1981). 

In case of diffusion limited kinetics, the rate of reaction 

on the grain surface is so rapidly that migration of species 

in solution to take their place cannot keep pace. As a result 

concentrations in solution adjacent to the crystal surface 

fall until they almost reach the equilibrium or saturation 

level. So there is a concentration gradients existing in 

diffusion layer. Further growth is limited by the rate at 

which additional ions can be transported to the crystal 

surface and the lowest process is that of molecular or ion 

diffusion. 

In the case where the deposition rate is limited by chemical 

kinetics, ion attachment to the surface is so slow that 

replenishment of ions in solution near the surface is easily 

accomplished by molecular diffusion and other transport 
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process. concentrations in the near surface zone are little 

different than those in the bulk solution, and the growth 

rate is proportional to the drive force for the chemical 

reaction and is not affected by the hydrodynamic state of the 

solution. 

4.3.2. Deposition Modala 

Mechanisms 

Nuclei already exist in geothermal fluid or on wellbore 

surface. The concern of this study therefor, is with the 

growth kinetics but not the nucleation kinetics of calcite 

deposition. 

Calcite scaling is site-specific. The mechanisms and rates 

can be influenced by relevant surface property such as 

surface area, supersaturation ratio (SR), species which can 

take part in the reaction path to form "intermediaries" 

temperature, pressure and flowing properties. 

Geothermal fluid chemistry is very complicated and different 

from one well to another, and it is a high temperature, high 

pressure, high mass flow and flowing system, the data related 

to kinetics are few in the literature. According to the 

distinction between ionic reaction taking place in the bulk 

of solution and that on the mineral surface, the following 

mechanistic sequences can be assumed for studying the path 

and rate by which calcite deposit in geothermal production 

wells. 

Mechanism A 

step 1. Ca2+ reacts with HC03- or C032- in solution forming a 

"transfer species" such as caCO*3: 

step 2. caco*3 diffuses from boundary interface to mineral 

grain surface; 
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step 3. Adsorption, ion exchange, dehydration and 

precipitation on mineral surface to form scale. 

The rate of ionic reaction is instant because there is little 

or no energy barrier that must be overcome to form products 

once the ions are in proximity to one another, especially at 

high temperature. In this case the whole process rate seems 

to be controlled by the "big" and "heavy" transient 
constituent diffusion to the surface to form a crystal . Some 

of the calcite that has not yet diffused to wellbore surface 

before being carried out by the fluid from the well, can be 

derived by using this mechanism. 

The rate "of deposition caused by mass diffusion will be 

proportional to the concentration difference . Lasaga(1984) 

has discussed the concentration gradient in the boundary 

layer during stable mineral dissolution processes. Assuming 

deposition has a process just opposites to that of 

dissolution, the diffusion equation (see Figure 4 . 9) can be 

written 

(4.47) 

The flux of species is obtained from 

J ~ -0* (dC/dr)r=O 

(4 . 48) 

The consequent increase in the concentration of the same 

species in the boundary layer is then given by 

dC/dt = J*A/V (4.49 ) 

Assuming Ct=O ~ 0, and integrating Equation (4.48) 

(4 . 50 ) 
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The thickness of boundary layer is relatively insensitive to 

crystal size, crystal density, flowing properties and 

diffusion coefficient (Nielsen, 1984). It is usually in range 

of 1 to 5 nm (Lasaga, 1984). Transport to the surface can be 

accelerated by bulk flow of solution past the growing crystal 

or by stirring due to reducing of the thickness of the 

diffusion layer or concentration gradient. Thus, transport­

controlled growth is a strong function of the hydrodynamic 

state of the solution. 

The diffusion coefficient of the species in solution is given 

as 

(4 . 51) 

in Lasaga (19B1). 

Mechanism B 

step 1. ca2+, HC03- and C032- diffuse to mineral surface: 

Step 2. Ions collide and react on surface to form calcite 

scale; 

The two rate-limited possibilities for this mechanism can be 

explained as follows . 

In case of the rate of deposition is controlled by Step 1, 

the assertion that diffusion of HC03- or C032- through the 

boundary layer is the rate-controlling factor can be made. It 

is supported by 

A. Experimental evidence indicates that the reaction 

producing scale can be very rapid, occurring in 

fractions of a second, following the creation of over­

saturation condition (Granados, 1983); 

B. Calcium ion diffusion is much faster than that of 
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bicarbonate and carbonate ions owing to (a) the size of 

un-hydrated calcium ion is much smaller Cb) in the early 
stage of precipitation, concentration ratio of 

Ca2+/C032- is much higher (see Appendix), though after 

deposition carbonate ion is more abundant than calcium 

ion . So no discernable effect of calcium ion 

concentration on the rate of reaction at earlier stage . 

Bicarbonate can effectively increases the rate of diffusion 

of carbonate through the boundary layer, which can be 

explained in two terms (Przybylinski, 1987): 

A. Bicarbonate combines with calcium on the surface of 

the crystal to form calcite with Reaction (4 . 20) . As 

diffusion of hydrogen ion in water is very fast, it can 

easily diffuse out. This would run in parallel with the 

referred Reaction (4.14). Although Reaction (4.20) would 

likely have a rate constant that is lower than Reaction 

(4.14), but the concentration of bicarbonate is 

overwhelmingly greater than that of carbonate (see 
Appendix) in geothermal fluid. The rate of diffusion is 

proportional to the concentration gradient across the 

boundary layer. The difference will be proportional to 

the actual concentrations of each carbonate species. So 

bicarbonate ion concentration will primarily determine 

the diffusion rate. Thus, its overall rate may be 

greater . 

B. Bicarbonate ion merely aids the transport of 

carbonate through the boundary layer. Since hydrogen and 

hydroxide ions diffuse very rapidly, the surface pH is 

essentially identical "to the bulk pH. Near the surface, 

carbonate ion is depleted relative to the bulk, whereas 

calcium is less depleted. The carbonate ion can be 

replenished by Reaction (4.8) as well as by diffusion. 

In this case the bicarbonate ion tends to buffer the 

concentration of carbonate ion . 
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In the case where the deposition rate is contr olled by step 

2 , based on a assumption of that the preci p i t at i on has the 
same , but reversed process and reactions as t he mechanism of 

dissolution , for heterogenous kinetics, the precipitation 

rate of a mi neral is given in general by (Las aga , 1984), 

(4 . 52 ) 

The Gibbs free energy change of a particular reaction can be 

therefore 

AG ~ AGo + RTlnQ ~ 

RTln(Q/ Keq) = RTlnO 

dC/dt ~ A/V*Vi*K*[H+jn*exp(m*AG/RT) 

(4.5 3 ) 

(4 • 54) 

The topography of the mineral surface normal l y i ncludes 
"step" and "kink" , which are imaginative terms for 

descriptio~. Specie at kink, step and plane s urface has 
higher surface energy in order, because kink has three 

"sides" , in common, step two , and planner only one. During 

growth , new units of the crystal form at the points where 
they have the maximum surface area in common with the 

existing crystal. Thus growth normally takes place at kinks, 

and the rate of growth may be limited by the rate of 

nucleation of new .kinks and steps (Berner , 1981) . 

Dislocation of crystalline structure creates a step which can 

propag.ate conti nuously during growth, so the slow process of 

nucleating a new step is not required. The rate of growth of 

a mineral is thus sensitive to the number and type of 

dislocations present. 

Kinks, because they are points of high surface energy, are 

favoured locati ons for adsorption of species from solution . 

The adsorbed spec i es may "block" or immobilize the kink, and 

so have a large effect on rate of growth . Phosphates can 
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interrupt the growth of calcite scale by means of being 

adsorbed at the kinks and steps . 

Degassing of C02 from geothermal fluid results in the 

increase of the fluid pH, which leads to an increase in the 

concentration of carbonate in the C02-H20 syst em. That means 
an i ncrease of the calcite deposi tion rate. But after the 

affect of pH on the supersaturation ratio and bicarbonate ion 

concentration are accounted for, there is no discernable 

effect of pH on the rate (Przybylinski , 1987) . Because 

hydrogen and hydroxide ions are not species which can join 

forming a transient species in the kinetics of calcite 

scaling. 

calcite deposition in the wellbore results in the calcium ion 
concentration change in the solution, i.e. the concentration 

distribution. Based on the concentration distr ibution, we can 

predict the amount of calcite deposited in the well . This 

purpose can be approached according to the mechanisms, 

equilibrium relationships and reactions discus sed above. 
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5. THB CHEMICAL BQUILIBRIUM PROGRAM WATCH 

5.1. Introduction 

The chemical properties of a qeothermal brine are strongly 
affected by the way the brine is manipulated in the energy 

extraction plant . Therefore, the chemical properties of the 

fluid need to be taken into account in the designing and 

operation of the production and disposal processes. 

Unfortunately, the properties are quite complicated functions 

of temperature, pressure and concentration variables of the 

working fluid. computer models of geothermal fluid behaviour 
are needed to predict these properties. The WATCH program is 

one such computer model for this purpose. It can be used for 
analyzing the scaling potential in various process options 
and aiding the selection of the optimal extraction process 

(Arnorsson et al. 1982). This program was developed by Dr. 

Stefan Arnorsson and co-workers at the National Energy 

Authority during the period of 1973 to 1978 (Svavarsson, 

1981) . 

5.2. Proqram Description 

There are two parts of the WATCH program: WATCH1 and WATCH3. 

The WATCH1 program calculates the chemical behaviour of a 

fluid on the basis of a chemical analysis of the total flow 

of a two- phase production well (water, gas and condensate 

collected at wellhead) (Appendix 1). The WATCH3 proqram is 

used for calculations exclusively dealing with the aqueous 

phase. It is a question of two methods. On the one hand it is 

assumed that there has been no loss of steam in samples, i.e . 

the water subjected to analysis is the same as the 

qroundwater (SSTEMP =999) . In this case, the proqram is 

called WATCH2 in printout (Appendix 2.1 and 2.3). This is 

valid for cold water, water from down-hole and spring water 

which has not been boiled. On the other hand, it is realized 

that the water analyzed has boiled before being sampled, the 

program is printout as WATCH3 (Appendix 2.2). Then "SSTEMpll 
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is set equal to the temperature at which the water started 

boiling (Svavarsson, 1981; Arnorsson et al., 1982). 

By combination of the WATCH1 and WATCH3 programs, we can also 
predict the geothermal fluid chemistry in surf ace equipment 

systems. For example , the WATCHl can be used f or calculating 

the composition of liquid phase in separator and the result 

can then be put into WATCH3 program to study t he effect of 

further processing. 

The WATCH programs calculate only the thermodynamic 

properties of the fluids but not the kinetics of the 
reactions . Table 5.1 is a summary of the progr am function . 

Table 5.2 is the input data needed for the program 
(Arnorsson, et al . , 1982) . 

5.3. Yangbajing, Svartsangi and RVaragar&i pia ld8 

The Yangbajing field is located at an elevation of 4300 m, 

about 91 km NW of Lhasa. The structure setting of the area is 

characterized by a narrow, elongated recent asymmetric graben 

tending NE-SW. The upper portion of the graben is filled by 
Quaternary lacustrine and fluviolacustrine sediments of 

variable thickness from about 300 m in the NW to about 100 m 
in the SE, whose coarse levels represent the shallow 

reservoir now being exploited. The temperature distribution 

measured inside the reservoir is quite uniform, ranging 

between 1 50·C and 160·C, with a sharp decrease of temperature 

at the borders . Higher values (172·C) are recorded in the hot 

water recharging zone. The fluid chemistry is of the type 

Na+-C1--HCO-3 with a totai dissolved solids of about 2100 

mg/l (ENEL-AQUATER, 1985). The calcite scale in the 
production wells is cleaned by means of daily mechanical 

removing .. 

The Svartsengi geothermal field is located in south-west 

Iceland . It i s classified as high-temperature and water­

dominated. The reservoir temperature is in the range 235--
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240·C, and the fluids produced are in composition two-thirds 

seawater and one-third rainwater. The chemical composition of 

the brine produced from the wells is spatially and temporally 

uniform, suggesting good fluid mixing with the reservoir 

(Gudmundsson and Thorhallsson, 1986). 

The Hverager~i geothermal field is located about 50 km east 

of Reykjavik. There are 8 wells of 300-1000 m depth in the 

area. The maximum temperature measured in those wells is in 

the range of 180·C-230·C. All the strata are late Quaternary 

(Zhou, 1980). The hot water is used for direct utilizations. 

The calcite deposits in the production wells i n Svartsengi 

and Hverager&i areas are reamed by drilling yearly. 

5.4. Chemical Data Treatment 

In this project work, the chemical analysis r e sults for 

surface samples from Wells ZK-309, ZK-311 and ZK-324 in 

Yangbajing, NLFI-1, G-2 and G-4 in Hverager&i , and SG-6, 

SG-7, SG-8, SG-9 and SG-11 in Svartsengi are interpreted by 

using the WATCHl program. The chemical data for down-hole 

sample of Well ZK-323 in Yangbajing is interpreted by using 

the WATCH3 program . The temperatures at the bottom of each 

wells are not known. Based on the statements mentioned in 

Part 2.4 and general reservoir temperature, t he chalcedony 

geothermometer is selected for the samples from Yangbajing 

and Hverager&i fields and the quartz geothermometer is used 

for the samples from the Svartsengi field. 

In general, the interpreting procedure used in this project 

work can be described in the following. 

1. Creating WATCH program input data file according to 

Svavarsson (1981). Setting a series of boiling tempera­

tures in the range from the geochemical reservoir 

temperature to 90·C and giving the degass ing factor as 

1. 
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2. Running the program for calculation . 

3. Checking if the input data accepted by the program or 
has agreeable result with chemical knowledge to make 

sure of the credibility. 

4. Using the computer output (Appendix) to make the 
curves of calcite activity product of the samples 

(Figures 5.2 to 5.5). 

5 . Comparing the activity product with the solubility 

product by means of difference and ratio (Figures 5.7 
and 5 . 6). 

6. Interpreting the above figures. 

For the down-hole sample analysis data from Well ZK-323 in 

Yangbajing, the computer output (Appendix 2.1) shows that 

calcite is very supersaturated under the reservoir condition. 

This result is not possible because it does not agree with 
the real situation, i.e. thermodynamic equilibrium. As there 

is no background knowledge on the sampling and analysis of 

the Yangbajing samples, Arnorsson (1987b) suggested a method 

on the basis of geothermometers (as mentioned in Part 2.4) to 

calibrate the data roughly . The procedure can be described as 

follows . 

1 . Using the chemical analysis result as the input data 

for WATCH3 program and assuming the sample of deep water 

has been boiled at a reasonable guessing temperature 
such as 13S·C with a series of degassing factors or gas 

solubility multiplying factor (GSKF). 

2. Selecting chalcedony temperature as reservoir 

temperature for the computer calculation of above input 

files. The calculated result is adapted as Appendix 2.2. 

3. using the temperature dependent functions or 
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geothermometers of log (Na+/H+), log(~/H+ ), 

log(/ca2+/H+), log(/Mg2+/~) and logH2C03 listed in 

Table 2.3 to calculate out the "function values" at each 

chalcedony reservoir temperature in the computer 

outputs. 

4. Using the computer output results to calculate the 

"output values" of the above five ones . 

5.Comparinq the each "function value" wit h its 

corresponding "output value" at each GSMF. 

6 . Using the differences obtained by the above step to 

make Figure 5.1 . 

7 . Finding out the GSMF value when the di fference is 

zero in Figure 5.1, which is about 0 . 1 . 

8. Using the deep water composition on the computer 

output sheet when the GSMF is 0.1 to creating a new 

WATCH3 input data file. 

9. Running the WATCH3 program with SSTEKP = 999 to 

calculating the calibrated data at given boiling 

temperatures with the degassing factor (GSKF) is 1. The 

output is as Appendix 2.3. 

Since the C02 gas geothermometer is not considered to be 

applicable below 200'C because of the effect of the salinity 

of the parent water on the concentration of C02 in the steam 

(Arnorsson, 1983), it is understandable that the curve in 

Figure 5.1 for logH2C03 has a big scatter. But for the others 

they are suitable quite well. 
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5.5. Result 

Figure 5 . 2 is the activity products of the samples from 

Yangbajing with one step adiabatic boiling temperature . The 

calcite deposition potential for separator samples is in the 

order of ZK-311, ZK-324 and ZK-309. The surface separated 

sample represents the fluid which has been boi led in the 

well-bore before sampling, therefor some of the calcite has 

been deposi ted out of the fluid during the boil ing inside the 

well. This is why Appendix I shows that the activity product 

of deep waters for calcite is smaller than the solubility 

products under the reservoir temperature. The sample from ZK-
323 is a down-hole collected fluid sample. Cal cite has not 

deposited before sampling . So the scaling potential of this 

sample is much higher than ~he others. Figure 5 . 3 shows the 

activity product of surface separated samples from wells in 

Svartsengi. Figure 5.4 is for samples from Hverager~i. 

Figure 5 . 5 is a comparatione of the calcite s c aling potential 

for samples from Wells ZK-311, NLFI-l and SG-8 , which has the 

highest deposition thermodynamic potentials among the 

interpreted samples in Yangbajing, Hverager&i and Svartsengi, 

respectly. It shows that the lower reservoir temperature, the 

higher calcite scaling potential . This statement can be a 

factor guiding the setting and drilling geothermal production 

wel ls (see Part 6 . 6) . 

Figure 5 . 6 is the ratio of activity product and solubility 

product. Figure 5 . 7 is the difference between them. They are 

showing the degree of supersaturation for calc ite reaches 

maximum by one step adiabatic boiling the geofluid at a 

temperature below the reservoir temperature in the range of 

lS'r to 60·C. This result is useful for geothe rmal project 

design and operation . From Appendix 1 we can a lso have 

another conclusion, which is that the higher i onic strength 

of the fluid , the higher calcite deposition potential. 
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6. BAHDLIHG OP CALCITB BCALIHG IH WBLLBORB 

Effective scale handling in geothermal operati on is often 

critical to the success of a project. The methods must be 
designed and tailored to the site-specific conditions. These 

conditions dictate the type of managing method that will be 

feasible, since engineer does not take consideration of 
technical feasibility only, but also concern economic 

feasibility, and easy operation and maintenance. Calcium 

carbonate scaling may be handled by following possibilities 

based on its thermodynamics and kinetics. 

6.1. Mechanical Removal 

Mechanical removal of calcite scaling in geothermal wells is 

a most practical method used world wide. In Yangbajing, 

Xizang, China, a equipment and method shown in Figure 6.1 has 

been used for several years with satisfactory results. Since 
calcite scaling in the production wells are very heavy (about 

0.2 cm/week during the earlier stage of development), the 
wells must be cleaned daily by lowering the device down to 

wellbore to scrape the deposits in order to keep them fully 

producing. During the operation the well is discharging out 
of the gathering system through a bi-pass valve to carry the 

debris out of the well. The weight of the equipment is mainly 
depended on the flowing pressure of the fluid. In case of 

Yangbajing, it is normally 80-100 kg. The main problem 
recorded in this operation is the loss of the equipment and 

blocks of scales into the well bottom to decrease the output 

of the well. 

In Svartsengi and Hverager&i, Iceland, glands (Figure 6.2) 

are used for cleaning the wells. The gland allows drill pipes 
to be entered into the well under full pressure, and the 

calcite is removed by drilling with a convectional drill bit, 

while the well ·is flowing and discharging the drill-cutting. 
The time required to clean the well is only 2-3 days with a 
truck-mounted rig. Use of this clean method allows unhindered 
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operation of the plants and the cost is low (Bjornsson and 

Albertsson, 1985). 

6.2. Pr ••• ur. Kanipulation 

Calcite scaling is developed by flashing, which is resulted 

from that the process pressure acting on the f luid drops to 

be lower than the flashing pressure of the geothermal fluid 

(as discussed in Part 2.2.1). Pressure manipul ation can be 

achieved quite easily by pumping instead of relaying on its 

nature flow. Utilizing down-hole pumps such as shaft-deep­

well-pump, turbo-pump and submerged-pump will drastically 
decrease or eliminate the in-hole pressure drop to maintain 

the producing fluid as water phase . Thus, the formation of 

"pressure sensitive" scaling, CaC03' can be e l iminated in 
geothermal wellbore, or at least shifted from the wellbore 

into the more accessible surface equipment where the handling 

becomes much easier. 

Unfortunately, the use of down-hole pumps is r estricted some 
what by the fluid temperature and well casing structure. At 

present, no down-hole pump is guarantee to work at wellbore 

temperature in excess of approximately 190·C (Corsi, 1987). 

6.3. Partial Pressure Control · 

This control is a potential calcite prevention method. By re­
injecting some of the produced carbon dioxide back into the 

producing well according to the scheme of Figure 6.3 can 

maintain a high C02 particle pressure, which in turn maintain 

the dissolved carbon dioxide content in geothermal fluid 

artificially to keep the carbonic species equilibria . 

Experiments on this method were carried out in the USA 

(Kuwada, 1982), but it appears valid only for fluid with low 

CO2 content (as mentioned in Part 2 . 2) . 
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6.4. pH Manipulation 

On-line manipulation of the qeothermal fluid pH is another 

potentially way to avoid scaling. However, the cost of a such 

process is often overlooked. Adding hydrogen chloride 

solution to a geothermal fluid in order to decrease the pH 

below a certain value at which no calcite scal ing can form 

may be technically but not economic feasibili t y, since 

excessively large amounts of acid are required to obtain even 

fairly a small decrease of pH due to many geot hermal fluids 

have an extremely ,large flow-rate and buffer capacity . 

Off-line acidification of geothermal wells wit hin calcite 

scale has been used in some geothermal fields . But care 

should be taken, since well casi ng and other equipments can 

be corroded by acidic solution when luck of a sufficiently 

stable inhibitor, which is capable of maintaining its 

properties at high temperature for a period of time long 

enough to allow the complete removal of calcit e . 

6.5 . Inhi bitors 

The utilization of scale inhibitors seems l ike a promising 

method of combatting scaling ,problems. A lot of studies have 

been carried out on this subject. Inorganic phosphates are 

able to prevent precipitation of almost insoluble compound if 

added to the over-saturated CaC03 solution in small 

quantities . The proposed mechanism suggests t hat the 

phosphate maintain in solution large quantitie s of CaC03 
while it begins to crystallize. Practically phosphates do not 

prevent the initial nucleation, but maintain microscopic the 

size of crystalline nuclei preventing them to grow (as 

discussed in Part 4.3). The main drawback of that treatment 

is the possible precipitation of calcium phosphate with the 

consequence of further encrustation . Theref ore, organic 

phosphorouses has been developed. In organic c ompounds, 

phosphorus links to the carbonic atom and henc e calcium 

phosphate can be avoided. 
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6.6. Others 

If a sudden increase in diameter of the well (i.e. a liner 

hanger) is present, calcite scaling may be promoted due to 
the similar mechanism of pressure drop. Therefore, 

transitions in the casing diameter should either be avoid or 

located at a safe distance above or below the predicted 

flashing zone. It is likely that the scaling rate can be 

reduced but not eliminated by having a uniform diameter from 

the bottom to the wellhead. The use of the techniques of 
cementing through portholes provides a smooth pipe of a 

single diameter from the reservoir to the wellhead to 
approach this purpose and also carry the production with less 

pressure loss (Granados, 1983). Operating the well at a 

relatively high wellhead pressure, thereby ensuring flashing 

above the casing-liner joint can also be minimizing 

deposition of scale. 

Increased well casing diameter has reduced frequency of 

calcite cleaning in Svartsengi field in Iceland, if combining 
mechanical cleaning and well design improvement with good 

organization may provide the less costly method that can be 

applied in the field (Gudmumdsson, 1983). 

It is common that wells form scale in the wellbore when they 

are located peripherically with respect to hotter regions of 

a reservoir. since hotter source has a less calcite scaling 

environment (as discussed in Part 4.2.6 and Part 5), 

therefore the possibility of sitting wells on and/or 

deepening wells to hotter region is worth consideration 

(Granados, 1983). 
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7. FLUID INJBCTIOH 

7.1. Flui4/Foraation Compatibility 

The successful development of a geothermal reservoir will 

require injection of heat-depleted brine to improve reservoir 

longevity and to minimize environmental damage. To maintain 

injectabllily, the spent brine must be compati ble with the 

receiving formation, i.e. geological strata. Process 

chemistry of geothermal fluids is one of the very important 

factor to influence this brine/formation compatibility. It is 

discussed and reviewed in detail by Kindle et al. (1984). 

In general terms, formation/fluid incompatibil ity can arise 

from particulate plugging due to precipitation, clay swelling 

and dispersing, and influencing of rock-soluti on equilibria 

in hydrothermal system of the injected fluid. To diagnose 

injection problems in this area, information on geological 

and hydrological characteristics of the receiving formation 

and data on the injection composition, temperature, and 

suspended solids content of the fluid are required. 

Particulate plugging is the most common type of impairment 

experienced in geothermal injection wells. It can arise from 

four processes that have been described by Barkman and 

Davidson (1972) and shown in Figure 7.1 • 

• Formation of a filter cake on the wellbore face; 

• Particle invasion into the rock formation, which 

reduces available pore space or forms an internal filter 

cake; 

* Well filling; 

* Well casing perforation plugging. 

Particulate plugging in geothermal systems is often a 
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combination of the mechanisms outlined above . Experiences 

show that particles less than 0.45 ~m in diameter generally 
pass through the formation without causing impairment, 

particles greater than 10 ~m in diameter generally accumulate 

in the wellbore or are retained on the surface and form a 

filter cake, and,particles with diameter between those can 

invade the formation and cause impairment depending on the 
formation and fluid properties (Kindle et al., 1984). 

In order to avoid particulate plugging, a spent geothermal 
fluid should be treated by means of either or combined 

following processes before injection. 

• Precipitation avoidance or control ; 

• Liquid/solid separation: chemical coagulation/ 

flocculation, sedimentation, filtration, gas flotation; 

• Purification treatments : reverse osmosis and ion 
exchange. 

Permeability can also be impaired when gas bubbles enter and 

are entrained in the fluid stream. These bubbles can lodge in 
pore spaces and plug the formation, but this type of plugging 

can frequently be remedied by back flushing . 

7 . 2. Precipitation Avoidance and Acceleration 

Many brine , particularly those from high- temperature 

reservoir, undergo severe chemical disequilibrium during the 

energy extraction process because of temperature and/or 

pressure changes . As the brine regains equilibrium , 

precipitates form that can plug the injection process (Table 

7 . 1) • 

Based on the knowledge of thermodynamics and kinetics of 

silica, calcite, sulfide and sulfate scales precipitation, 

process parameters (temperature and pressure) and additives 
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(acid, inhibitor, carbon dioxide, lime and water) can be used 

to control scaling before and during the injection process. 

When it is uneconomic to prevent precipitation, it may be 

possible to design a process so that scale formation occurs 

at all location and in a form that can be manipulated at 

minimal cost. Among these techniques is the use of 
crystallizer, crystallizer-separator, reactor clarifier and 

fluidized bed, and aging the brine in a tank or pond . They 

controi the location of geothermal scaling to surface vessels 

and keep the injection well usable. They will be most usable 

for silica, silicate and sulfide scales that have moderate to 

slow kinetics. Calcite scale, with its rapid kinetics, will 

probably form in a pipe before reaching a vessel. 

During a disposal process, the most universal problem is 

caused by silica polymerization. Factors that depress the 

speed of silica precipitation include: decreased temperature, 

decreased supersaturation ratio, the absence of fluoride ion 

catalyst , and lowering the pH. Maintaining silica 
supersaturation ratio below 2 or maintaining high temperature 

give some opportunity for controlling precipitation at the pH 

ranges normally. Lowering the pH by one unit slows the 
kinetics by a factor of 10, and on the other hand, by raising 

the pH with lime (CaO) addition flocculate the silica 

(Figures 7.2 and 7 . 3) . As the fluid becomes very acid (pH 

about 3), the kinetics slows and the presence of fluoride 

catalyst can maintain the precipitation rate even in the face 

of further pH drops. Since silica equilibrium solubility 

increase with temperature, which partially offsets 

temperature-based kinetic factors, the net effect is that the 
maximum rate of silica precipitation should occur when the 

brine is 2S·C to SO·C below the temperature for saturation at 

a given amorphous silica concentration (Table 7.2). 

Calcite precipitation is typically a production problem, 

although it may result from the injection of surface or 

incompatible waters are involved (as discussed in Part 4) . 
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Sulfide scale frequently occur in conjunction with other 

scales, although as techniques are used to control these 

other scales (Figures 7.4 and 7 . 5), sulfide precipitates 

become more noticeable as geothermal scales on their own 

basis . The sulfide chemistry is more complicated and less 

understood than the silica and calcite chemistry, and it 

deserves more investigation . 

SuI fate scales are a similar problem where incompatible 
waters are involved. 

7.3. Chemical Monitorinq and Tracer Testinq 

Data from sampling and analyzing spent fluid in injection 

treatment process can be used to identify or understand 

chemical problems arising from injecting altered or foreign 

water into a geothermal reservoir by geochemical modeling . 

The geochemical models can calculated the tendency of the 
brine to scale in process condition and help in the 

optimization of critical design of disposal process. 

Injection would support reservoir pressure and eliminated 

surface disposal of spent brine and condensate of geothermal 

power plant, but it could lead to cold water fingering from 

injection well to production wells. If large flow-rate of 

cold water injected into reservoir reaches to production zone 

rapidly without heated up by heat source to reservoir 

temperature, it would result from the cooling down of aquifer 

or even kill the reservoir. Thus, understanding the cold 

water traveling paths and speed are most important during the 

whole injection process. Trac~r monitoring of well 

interference is a useful tools for this purpose. 

Tracer selection and testing data interpretation are very 

important two aspects in tracer testing. Factors governing 

tracer selection are as follows • 

• Hiqh thermal stability in qeothermal reservoir; 
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* No interference with other chemicals in water-rock 

interactions in geothermal formation ; 

* Suitable adsorption-de-adsorption characteristics ; 

* Low background concentration in original geothermal 
fluid ; 

* High sensitivity in analysis; 

* Excellent and easy instrument and method for 
detectability; 

* Cheap to use, i.e . low price and high activity at low 
concentration etc. 

A test i n Svartsengi, Iceland showed that Iodide seems to be 

a good choi ce for use in tracer surveys of high temperature 

geothermal field , at least much better than rhodamine WT dye 

(Gudmundsson and Hauksson, 1985). Fluorescent dye has also 
been used in a few geothermal tracer tests at low- to-moderate 

temperatures (Gudmundsson et al. 1983). 

A tracer breakthrough curve (Figure 7 . 6) shows the 

concentration of tracer with time. It provi des a record of 
what happens underground when a fluid flows between two or 

more geothermal wells . Tracer testing provides three main 

pieces of information (Gudmundsson and Hauksson, 1985) . 

The first is the arrival time of the peak concentration. It 

indicates the mean speed of movement of flow in reservoir . 
Rapid tracer movement implies a high degree of fracturing or 

high permeability in the reservoir, and may suggest that the 

thermally swept volume of reservoir rock will be small . 

The second parameter is the total tracer recovery. A 

production well that receives more of the injected water than 

others is more likely to suffer temperature decline as a 
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result . The relative recoveries in several production wells 

can be useful for comparison between wells. 

The third one is to analyze the shape of breakthrough curve. 

it requires the uses of a tracer flow model between the 
injection and production wells. This procedure is still under 

development, but shows possibilities for the estimation of 

fracture characteristics. An estimate -of fracture aperture 

may be useful for calculating the rate of local thermal 

depletion along the flow path. 
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8. CONCLUSIONS 

Geothermal fluids ar~ usually just saturated with respect to 
calcium carbonate under the water-dominated reservoir 

conditions. During the exploitation of the fluids, large 
calcite scale is often developed upon boiling in the 

production wells due to the concentrating and degassing of 

the liquid phase, which leads to the reestablishment of the 

chemical equilibrium in Cao-c02-H20 system, and extreme mass 

flow rate. The lower in reservoir temperature and the higher 
of ionic strength the fluid, the more severe of the calcite 
deposition problem. 

The degree ot calcite supersaturation for a unflashed 

reservoir fluid reaches a maximum when cooled by lO·C to 60·C 

through a adiabatic boiling. But simply cooling of the fluid 

owing to heat losses, i . e. thermal conductivity and/or 

diffusivity from the fluid to the environment can not cause 

calcite deposition from the fluid in a general temperature 

range. Since calcite is formed by ionic reactions in the 

system, deposition of calcite takes place much faster than 

the geothermal process operation time. Deposition of calcite 
in geothermal production well may be mainly controlled by the 

diffusion mechanism. 

Mechanical removal of calcite scale in low enthalpy and high 

scaling potential production wells as those in Yangbajing and 

reaming of that in high enthalpy wells as in Svartsengi seem 

like the practical ways for handling at present. Although the 

former method is easy for operation, it needs more labor. But 

that is not a economical problem in Tibet. Using inhibitors 
is a promising way but it is still under development. 

Chemistry can contribute important effects on the successes 

of geothermal depleted fluid injection. Chemical monitoring 
and tracer survey can play significant roles in the injection 

process decision and operation. 
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The chemical behaviour of qeothermal fluids can be estimated 

by chemical equilibrium process modelling at a certain 
extent. The usefulness of the input chemical data depends on 

the sampling and analytical methods and the care taken in the 

collection and analysis of the sample . 
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NOMENCLATURE 

A: Area in Part 4, m2 

b: Degassing Factor 

c: concentration in Part 4, Mole/kg 

C: Turbulence Factor in Part 2, bar/(kg/s)2 

D: Depth, m 

d: Diameter, m 

D: Diffusion Factor in Part 4, cm2/s 

f : Friction factor 

G: Gibbs free Energy 

g: Acceleration of Gravity, m/52 

H: Energy, kJ 

h: Enthalpy, kJ/kg 

I: Ionic Strength 

J: Flux of Mass Transfer 

K: Coefficient 

k: Coefficient 

L: Latent heat, kJ/kg 

m: Molality, mole/kg 
n: Mole Number 

P: Pressure, bar 

Q: Activity Product 

R: Universal gas constant, 8.314 kJ/(kg'K) 

r: radial distance 
T: Temperature, eX 

t: Temperature in Part 2, ·C 

t: Time in Part 4, s 
V: Specific Volume in Part 2, m3/kg 

Vf: Molar Volume, cm3/mole 

V: Volume, m3 

v: Velocity, m/5 

W: Flow rate, kg/s 
w: Weight percent 

w: molar weight in Equation (4.51) 

X: Mole fraction 
x: Mass fraction 

Z: Length, m 
57 



Zi: Charges of Species i 

[i): activity of species i 

~: Dynamic viscosity, Ns/m2 

a : Surface Tension, N/m 
a: void Fraction 

p: density, kg/m3 

£: Absolute roughness factor, m 

1: correction factor for KHo in sanility solut ion 

1i: activity coefficient of species i 

vi: stoichiometric constant 
~ : jump distance, cm 

erf: error function 
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mI04·· .410 ~h .811 n{o!jl· .m AL(Oi! ):/+ .m 
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COl·· . m KGH .5 05 nIOI)!. ,m ALls04j!· .m 
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IlCOI· tu.U ·Z.us CUCOlt 
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'" 16.U ·3. lC1 CADH! 

". 10.00 ·3.519 KeOa+ , .. .DO ·IUII utOH 
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!lSOI· .m CAOII+ .m FBCLH .m m!· .m 
SOI-· .m MGOHi .m FiCLtl .m ms·· .00 
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cmlCAL cmonns n Dm VAm (P P~ !MD LOC MOLi) 
III (Act.) .CO ·un MGII ". .U ·~.IU MAct 
mIO! m.1D -UDO !CL 
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mal- . " ·un CACOl 
BlCO) 81UD ·1.816 KCCOl 
RCO]· 110.14 · %.153 cnCOh 
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.01 -un PI(01l)3 .05 ·UT l 
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PROQRA! "reEl. 

i'TEE ;ANPLE IPPMI 

PBiDiG.C 
3102 
NA 
! 
CA 
M~ 

C02 
804 
m 
CL 
p 
orSS.SOLIDS 
AL , 
1! 
NHS 
Mn 0.3 

6.44/!3.9 
514.10 

5993.00 
1099.00 
1053.00 

.en 
(1.2~ 

31.5' 
.i9 

13591.00 
.H 

2I35!.OO 
.0000 
.00 00 
.0400 
,0000 

iONIC 5!RBNGTP. : .10981 

DEEP VI.TlR IPPKI 

src! (57.10 
HA 611!.1! 
! 991.03 
CA 955.35 
KG .136 
SOl 18.11 
CL i!335.00 
P ,Ij 

DIBS.S. !!O93.65 
AL .0000 
e .0000 
18 .036 J 

STSAK SAMPLE 

Cl! IVOU I 
cot 9S.3i 
R29 1.23 
H2 .0' 
02 .00 
CH4 .05 
N2 1.98 
Ar O. 5H 

SAMPLING PRESSU~B BARS ABS. 
DISCH!&GR ENTH.l.LPY KJOUL/!G 
OISCHHGE iG/nC, 

~!AS URED TEKP!iUURB DI~aBiS C 
mmIVITY/!iMP. OHNK/OEG.a 
iH/TiMP. MV/OEG. C 

15.0 
i.051 (C ALCijU T~D l 

.0 

.0 

.01 .0 
.0001 .0 

LlfEiS GAS PEa KG 
COmKSm/OEG .C i.56/13.8 MEASURBO OOiiHm YSKP. 

DIGREES C/ KB!BES 
fLUID ! N~LO, 

DIP!E IH!!Em 

CONDRiSA!R IPPKI .0 .0 . ~. 
P!/OIO .C !.H/!Ll .0 .0 .0 
COl 1590.00 .0 .0 , 

. " 
EZS 40.80 .0 .0 .0 
NA 9.27 .0 

, .0 
.0 .0 .( 
. , ,0 , 

" 
.0 . , .0 

CDNDENSA!! ilIE ,/.0. IPPH) .0 .0 .0 
COl l Zl O.OO .0 .0 .0 
HZS 10.00 .0 .0 .0 

IONIC e'LANC! : CmONS IHOL .IQ . I .3SH2Z90 
ANIONS IKOL .JQ. I .38332380 
DIFPlRRNC! III .03 

DIiP SIII.K I PP! I GAS PRESSl~ES (BHS HS" 

COl m.SI COl .00 COZ . !D8S+01 
m l.Il HIS .00 azs .i4iE-02 
El .01 82 .00 az .Z4n-oz 
02 .00 02 .00 01 .8m-36 
C94 .05 CHI .00 eEl .256B -O' 
NI 3.10 NZ .00 NZ .eOlE-Oi 
Nil .00 NR3 .00 NH~ .O OO!'OO 

ElO .mEtO! 
TO!AL .WiE" OZ 

.10 III .00 
aOEING POR~[O~ .00 
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miDI· ,m CL· .m noB! .m A[,I)!++ ,m 
IUIOI·- ,Ot, ... .195 n(ol\3- .HI AL( 01 )11 .544 
mo)· .m .. .152 FI(OI!I · · .on lL(OI14 · .514 
lCOl· .195 eAU . \09 HOalt .on mOll .511 
C03-· .016 IICII .155 FltO!)l! .511 AL(SOI)1· .511 

". .m CUC03+ .m '8(OB)I- .m lL'" .096 , .. .on KCHC03! .195 mott .531 Ami .HI 
nOI- .m CAOOI .m FlCLII .011 AL'I- .5 11 
SOl .. .065 !lOOH .571 neLt! .531 m5- - .m 
USOI - .Sl I ml .121 FBeLI- .195 ms-·· .001 

CHBXICAL COXPOWBm n om mu (m An [,1)0 IIOLI) 
BI (ACT.) ... · 5.115 KGH .n -I .m n(OH)) .OS -s.m 
OB· .O! -s.m UCL HH.U -i,m utOS)I· .D! -"m 
BmOI IU.17 -2.110 !CL lOa , li -1,1lI neL' ... -'-'93 
138101- .33 -U55 mOI- U6 ·I,ll! PlCLZ ... -1O.m 
HUIDI .. ... -10.111 ISOI· 3.&0 -I,m UCLu ... -15.915 
.. 133101 .H ·s.m mOl H.U ·3.m PlCLI, ... -IT,m 
mOl ... .ou BeSOI .OS -6.186 'leLl ... · 18.915 
mOl- ... .000 ClCOl .D! -i .101 neLI- ... -2USS 
UC03 m.n -1.m IICCOJ ... -IO.tu 'ISOI ... -11.200 
lC01- 1.30 -l,m CllICOl! IUI -l.m mott ... ·u.m 
COl-- ... ·un !CIC03+ ... -I,m It''' ... .000 
III us · l.UD CAOI' .11 ·s.m 'LOSH ... .GCO 

". .11 -s.m Bool+ ... -6.m lL(Ol)h ... .000 , .. ... -14.195 mOB ... , ODD IL(O!)l ... .000 
mOl ... -11.193 nH ... .000 IL(OH )I- ... .000 
BSOI- ... -5.011 Flu .00 -UJI l!.lOB ... .000 
SOI-- ID,5\ -3.961 PItH .00 -!l.m AL(SOI)!- ... .on 

" • D! -s-m ¥!OR' ... -1.846 ALl+! .OD .DOO ,. ... -s.m Pl tOH) ! ... ·\0.130 m!. .OD .000 
CL· llUUI -.m PI(OR)1- .OD · ILS" AL13 ... .000 ... sm.lt - .500 FitOBH-- ... -lUU AL'I- ... .000 
I. m.lI -I. 519 UtOR)+! ... -11.501 ALF5-- ... .000 
eAft m.lO -1.633 FI(OR)lt ... -!'oH .I.LF5 --- ... .000 

iO.le mmn : .m7& IOMIC BALUtE : CUIOU (MOL.lQ., .muuo 
mows (MOL,IQ., .mum 
DllPBRUCI (I) .OS 

CIIIIICAL CIOTHlRKOIIBTBU nClI8Bs C 100011 DlGm! mm : 1.91 

QUilT! m,z 
CULCBOOU m.' 
III w,a 

DlIDiTtOM POmmL (VOLTS) : 11 US: -.101 U eBh -.m 11 U: -.416 11 nl: 99.991 

LOO SOWULlTJ PRODUCTS OF mmL9 n DUP mn 
!BOR. mc, noi. me . TiOR . tiLC. 

.I.DULUU -H.m ".199 Aurn LOW -Il.m !i.m J.JILCIKi -lUll 91.m 
UBJDilTl -1.953 -1.119 emm -H.m -Il.m CULCloon -UH -1.110 
~C·CB[,I)iITl -sun i9.m FWORiU ·10.915 -11.163 Genom LW -Lt9S 
LAUHonm -H.m 99.991 KleROCm! -Il.m n.m ~Acmm -1l.i76 -tU!! 
tHOmO!. -fUll 99,m I-MomOR. -3t.Oll 99.m KC-~OmO!l. -H.m !I.m 
Ni-KOnKOR. -1 1.106 91.999 KUSCOYITI -IUSZ 99.'" m:RNlTl -31.076 n,m 
P!Rnorltl -15 .ID! -lUll mlTB -H.90T -59.1" Quun -to !39 -1.11 0 
vAlllum ·tUIl n.m VOLLASfmn I.! 16 UI! IOlm& · IT.m !U99 
mDon ·ll. t39 n.m HumIn -H.m -59.m 
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UNU Geotherla l Tra i~ib' Pro,ralle 

: ::::::::::::::::::::::::::::::::::::::: :::::::::::: ::::: :::::::::::: :::::::::::: :::::::::::::: ::: ::::::::::::::::: 

REP.HROD.OOl 

PiOOIAH mCB 1. 

VAliI mPLi (PPMI 

PB/DIO.C 
SIO! 
NA 
I 
CA 
HO 
CO! 
S04 
R2S 
CL 
F 
D[Ss.sOL[OS 
AL 
R 

PI 
NH3 
Li 

1.31/!4.5 
m.9D 
[60.00 
[ !.OS 
1.6! 
.002 

11.80 
n.50 
[5.50 

130.11 
1. 52 

721.30 
.4800 
.0000 
.0000 
.0000 

0.01 

IONIC SIIINOTI , .0 0177 

om VATII (PPM I 

S[O! 232.94 
NA [51.9B 
I [0.91 
CA 1.60 
MG .002 
SOl IUS 
CL [21.5[ 
F LSD 
DISS.S. Y[I . [[ 
AL .4139 
I .0000 
PI .0000 

HVBRAOlID[ NLFI -[ 

i!BAM mPLi 

OAS (VOL.I I mmm Tm. OIOillS C .0 (CRA I 
CO! 13.80 
H2S U7 SAMPLINO PRISSURI BARS ABS. 5.4 
H2 3.14 DISCBAIOl IN!IALP! MIOUL/IO .694 (C ALCULA!IDI 
O! . [6 OISCBAROi 10/SIC. .0 
CH4 . 31 
N! 9. 40 MIASUilO !!HPIIATUIR OIOIIIS C .0 
Ar 0.11 IISIST[VITY/TIIP. OlMM/DIO.C .0 / .0 

II/IIIP. MV /OIO.C .000/ .0 

LlIIiS OAS PII 10 
CONOINSAIi/OIO. C Loom . 0 HBAiUilO OOVNHOLI !!HP. 

0101111 C/MmIS 
FLUID INFLOV 

DIPTH (HITIRS I 

CO! 
H!S 
H! 
02 
CH4 
VI 
NHl 

CONOINiAIB (PPMI 
PR/OIO.C 
CO! 
H2S 
MA 

3.82/23.8 
919.00 
113.00 

.11 

COVOINSATI VIT8 NAOI (PPMI 
C02 [979.00 
12S [72.00 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

IOHIC BALANC8 : CATlONS (!lOL.IQ.1 .00 730503 
mONS (IOL.8Q. 1 .oomm 
OIFF818NCI (11 LIl 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

om S!BAM (PPHI OIS PIISSUiIS (BAIS ABS. I 

IlL69 CO2 .00 CO! .sm-o[ 
11.4B H!S .00 B!S . 4151 -0! 

.03 B! .00 H! .l99S-0[ 

.03 O! .00 O! .1521-03 

.03 CII .00 CII . !9lB-0! 
L 31 VI .00 N2 .lm-ol 
.00 NH3 .00 NH3 .0001100 

120 .S JlBIOl 
TOTAL .smIO[ 

H20 (11 .00 
BO[L[NO POi!ION .00 
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mPLE : m.UCD.OD! 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ::: : ::::::::::::::::::::::::::::::: 

lCT1Y1rt COIPPICIII'fS n DnP mu 

" .193 ISOt· .m flu .m " CM .m 
01· .m ,. .an PlUt .361 11.HI .m 
IlSIOt · .an CL· .m IIOIi .UZ 1LOIII .510 
mIDt·· .610 ... .m "(OI)3· .111 &l.loIIZ+ .an 
mOl· .m .. .m PI(OR) t·· .505 11.(01)1 . .no 
RCOl· .ns CHI .&14 FItIBt! .m lLSOh .880 
COl·· .m ICt! .m n(OR):' .m 11.(904)1. .no ". .m CAHC03+ .US nlDBl'· .m mt! .m , .. .m KGHC031 .an FiSOH .181 m11 .m 
1S0t· .880 CADh .885 PlCI.H .506 Am· .8U 
S04·· .518 KGOB+ .886 FBCLZi .m ms·· .m 
NASOI· .881 HRH .814 neLI· .m !LPS· ·· .310 

cmICAL COnDUitS If UiP mu IPPK UD LDG MOI,i) 
RI IACT.) ... ·Ut! IGIt ... ·1.m PI(om ... .ooe 
os· ." ·un IACL .51 ·5.011 nIOI)4· ... .DDO 
119104 m.at ·1.111 ICL .01 ·f.m PlCL+ ... .000 
131104· 11.11 · 3. toT mot· 1.91 ·I .m PlCU ... .ODD 
UUM·· ." ·1.110 UOI· .11 ·5.410 PlCLt! ... .000 
umIOI 1.05 ·5.052 mOl .51 ·s.m f1CLtt ." .000 
mOl .11 .000 leaot ... ·1.m PlC!.] ... .GOt 
mOl · ." .ooe C1COl . 11 ·5.m PlC{A· .11 .000 
nCOl lUi ·l.ut ... " .GO ·t.m mOl .GO .000 
ICO)· ItUI ·z.m ClIC01+ .11 ·5.011 mOB .11 .on 
COl ·· .11 ·Utl ICIOOII ... ·uu 11.111 .GO ·u.m 
III UI ·).m CIOIt ... ·f.ur ILDIII ... ·lUII 
11· Il.n . 3.3t1 XGaIt ... ·a.fIt HloIU+ ... ·I.m , .. .Of ·11.515 JUOI ... .ODD 11.(011' .11 ·1.115 
mOl .10 · 15.503 IHh ... .001 11.(01]4' ... ·s .m 
1804 · .11 ·un Pit! ... .on lLSOh .00 ·u.m 
SDI ·· 4O.n ·I.m nlll ... .000 lLIIOI\Z- ... · ZD.m 

" ... -UIS nol+ ... .DU lLrtl .00 -IUU ,. LU -1.101 n(oB)Z ... .000 mu ... -13.110 
CL· 1U.17 ·tlll FlIOR)S· ... .DOD !LP! ... - IUOI ... 151.11 -1.165 "(OB)I" ... .000 lW- ... ·Iun .. ID.H ·1.560 f!(OB)1I .00 • ODD ms·· .00 -n.m 
Cllt 1.09 -t.m nIOI)t+ .00 ,000 ALlI .. · .00 · tUU 

IOIIC mUGn : .OG1S1 lom m,UCl : cmon IIOL.IQ.) .00117145 
AIIIOiS (XOL.l~ .) .oomm 
mPlRnCl III 1.50 

CU!ICl!. GIOmUOllUU DlCilU C 1000/T Dlems mm: 1.30 

QUAITl 111 .• 
CIALClDon ISO.I 
III m.1 

OlIOUIO. POTllTm (tULTS) : !IUS: ·.m U ell: -,m 11 11: -.m IIIU: H.m 

LOG SOLIIBll.tn PRODUCTS OF IInULS 11 DU' mu 
nOI. CiLC. TlOt . ClLC. TlOi. mc. 

1DlJ1UU ·Is.m ·IUDa lLBlfI LOW ·Iun ·H.m lULC11I! -lUll · 11.115 
ummJ -un ·8.410 CA!.cm ·IUll -1 1.154 CULCIDflJ1 -t.m · tnf 
MO,C'it,oRITI ·so.m ·u.m FLootIU · IO.m ·13.11& GOITiUi · t.lU 99.999 
LllIIIOWTnI ·IS.m ·H.lU IIICilOCLIn ·1&.430 ·15.101 IU.CnTrn ·tU91 ".m 
CA-KOUKOR . ·15.111 -1LU! HomOR. ·15.155 ·31.\51 MO·IomOR. · TUBa ·'U83 
MHomOi. ·1'-315 -36.155 IItfflCOvrU ·IU05 ·IUI8 PRlnITI ·35.m · 35.111 
PlmOTrn ·69.011 u.m mm ·\Ol .m It.m QUART'/, ·1. S06 -t.m 
VHIlUln ·n.m -t4.142 VOLLUTOHITI UH U I8 lomn ·35.m -IS.m 
lPIDon · 39.015 n.m meum -83.685 H.ng 
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APPENDIX 2.1 computer output for Downhole Sample of 

well ZK-323 
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UNU Geolherlal Training Pro,ra.le 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ::::::::::::::::::::::::: 
liP, lBJ, 004 

PIOGill mm, 

Illil SIIPLE IPPII 

PH/DIG,C 
SIOI 
NI 
i 
Cl 
IG 
CO! 
S04 
H!S 
CL 
P 
OIss,soms 
!L 
S 
FE 
NH 3 
Li 
S. 
S, 

1.85/10,0 
m,oo 
448,00 
51.15 
14.00 
,400 

351.00 
34,35 

5.50 
489 ,00 

10 ,80 
,00 

1.9800 
58.9150 
),0)00 

,3)50 

9,93 
0,415 
1.5Z5 

Iom SIIINGIH , ,0!3U 

OllP IIIIS IPPH ) 

SlOt 150,01 
NA 448.00 
I 5U5 
CA lLOO 
HG ,400 
S04 34,35 
CL 488.96 
P 10 ,80 
om,s, ,00 
AL I. 9199 
S 58.9695 
FE 3.0301 

IINGHI/ING 11· 313 

sml SIKPLI 

GIS IVOL,I) 
COl 
H!S 
SI 
O! 
CH4 
N! 

LIliES GIS PIE IG 
CONDINSAII/DIG ,C 

CONDINSAII IPPI ) 
PR/OIG,C 
CO! 
HZS 
NI 

IIBKI 

ISFIIINCS ISKP, DSGISSS C ,0 I CHI) 

ilKPLING PIISSUII SIiSIBS , 
OISCHAIGi INIHALPY K/OUL/IG 
OISCHlIGI IG /SIC , ,0 

msuliO TBKPliAlU!1 OIGIIIS C ,0 
EISISIIVIIY/IIIP , OEKK/OEG,C ,01 ,0 
EH/TBKP, HVIOEG, C ,0001 ,0 

KIASUEID DOlNHOLI IEHP, FLUID INPLOI 
DIGISIS C/HIIIIS OIPIH IHBliSS) 

,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 
,0 ,0 ,0 

CONOliSAl1 IIIH NAOR IPPI) 
CO! 

,0 
,0 

,0 ,0 
.0 .0 

tiZS .0 ,0 ,0 

IONIC BALINCI : cmONS IIOL ,IQ ,) ,0!161141 
mONS IIOL ,IQ,) ,0!3!3111 
OIPPiHKNCI 11) ·UO 

DIIP STIIH IPPH) GAS mssuiBS ISIIS ABS, I 

COl 351. 00 CO! ,00 COl , II OH+O O 
BZS 5,50 HIS ,00 BZS ,1308·03 
H! ,00 HI ,00 H! ,0001+00 
O! ,00 O! ,00 O! ,0001+00 
CS4 ,00 CH4 ,00 CH4 ,0001+00 
NI ,00 NI ,00 N! ,OOOH+OO 
iH3 ,33 NRl ,00 iH3 ,fm·04 

RIO ,ml+OI 
10lAL ,1491+01 

HfO 11) ,00 
BOILING POIIION ,00 
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SAmE: iIP.lBS.ODI 

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

Acmm COIPFrCUHH IM OUP mu 
B' .843 ISOI- .m Flu .169 FieL! .113 
OB· .ID! ,. . SO! FlU! .m 'LIB .m 
Il8I04- .1Il CL· .105 FJOIi .IZO 'L014t .461 
mr04-- .m ... .1Il fI(OIU· .m '~(OB)1+ .m 
mOl- .101 .. .105 fl(OII'-- .m AL(01)4· .116 
aco)· .1\3 CHI .m ftow .m ALSOh .US 
COl·· .HT ~G" .UT FI(OBUI .m· &1.(80\12- .816 
os · .m CAHC03+ .m n(OI j4- .m 4LP" .m , .. .m .GICOlt .au PUM+ .an &1.111 .m 
1S04 · .115 CADit .115 PlC!." .m Al.,.· .SU 
S04 -· .419 RGOat .m nCLh .110 11.'5·· .441 
mot- .m NUl .101 nCL'· . III m6··- .154 

CBI!HC'~ conouns n om mu (m An LOcr NO~II 
1I (Jet.) ... -f .m RCII .n -un PI(OI) l .H -s.m 
01· us -3.108 UCL S.U • ... st PI(OI) '- UI -un 
mI04 351.55 -t .m !CL .11 -5.510 PlCtl ... -un 
BlSI04- lZ.35 -s.m mOl- U3 ·!.S01 ,gCLl .00 -Is.m 
mrol-- .O! -6.H! ISOI- l.IS -s .m P!C!.II .00 -2LHl 
UUSIM us -4.230 CU04 I.U -un FiCL!1 .00 ·U.UI 
mOl 1lI.04 -loUD ReJOt .U ·S.Ht nCl.3 .00 -n.IOI 
mOl- n.n -1 .185 CArol 4.41 -(.m nCtt- .00 -u.tU 
nco) U.U ·3.190 BCCOl .D< -5.111 FlSOI ... ·I.m 
IC01- m.a -1 . t51 CUC03+ IUS -3.116 mOl! .00 -U.U5 
COl-- 1.10 -U66 "COC03t .I! -S.UI ALIII .00 -zo.m 

'" .11 -I.m CAOHt .05 -uu lLOOt! .00 -1l.1It ". Ut -l.I11 BOODI .n -UIZ 'L(OI)tt ... -un , .. . .. -II .U! 11401 .is -un AL(OI)l t.n ·uu 
mOl ... -lun IHH ... .5. '" 'L(OS)I- 3.H -(.lll 
HSOI- ... -Uti PIli .'1 -Usf ALS04i ... ·zo.m 
301-- 30.01 .). sos ntl! .00 -13 .454 AL(SMjl- ... ·21.164 

" .• 1 -uu F&Oh .D! -s.m ALFH ... ·15.111 ,. IUO -l.ZU ntOI)! ... -5. III ALPh ... -U.HZ 
CL· us." -I.m ntol),- .DD -UDI lLPl .DD -Il.ut ", W.OIi ·I.m PltOB!4-- .DD -ILl" !LP4- .OD -Iun .. 51 .31 -un PI(OI)tt .DD -15.611 1H5· - .DD ·Il.m 
CAt! 5.10 -LW n(OB)tt .OD ·Ull ,m··- ... -Iun 

tOIIC mllm : .000U rOllc ail.AIeI : cUlm (IIOI..IQ.) .DtI091U 
AlIOIS {MO!..rq., .omm! 
mFIRnCI 1'1 ·'.41 

CBRMtCiL CRGTURIIOnTUS DRGmS c mO/T DICRIIS mm : UO 

QOAlft 112.2 
CULCIDOIt UU 
III 111.1 

OllDATIOI POtuTUL (VOLTS) : BB m; -.519 IH CR4~ 9un Ea &2: n.m BR MBl: g!.9'9 

LOC SGLlImln PtoDOCH or KlIIiAts [M DIIP mu 
nOli. CALC. TEaR. CUt. TOOl. mc. 

uuum -15.m ·H.m ILam LO' -14.140 -lUOI lIALCIU - lUll -IUti 
ANHTOaITI -un -1.031 CAtcITI · IUID -!.I91 ClIALCIOOMY -2 .125 ·t.m 
IIG-CH!.OUtl ·ao.m -n.w FLUORIn -IUS! -10.851 Gomm -2.1 " -. m 
LAUlIomn · 15.111 -lUll K1CROCLtn ·n.m ·\4.m mmm -H.m -I i.Q14 
CA-MOnKOII. -lual -51.138 1-IIOMfIlOR. ·H.m ·15.101 IIC-&OUIlOR. -n.m ·lo.m 
.Homoll. -lUOf -14.535 Kusroml -1I.m -15.111 PUUfTI -l5.fH -1].8it 
PJl!lIBOttTB ·n.m -51.514 mm -IDl.m ·a.831 Quun -Z.601 -t.m wmmn -lUll -21.119 vOLLASroXITl !.m USS ZOlStTi -35 .180 ·H.JH 
moon -lUSl -lUH KUCAS!TI ·u .m -7UlI 

85 



APPENDIX 2.2 Computer Output for Calibration of the 

Downhole Sample from Well ZK-323 
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UNU Geotherlal Training Progralle 

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

RiP.m.oo! 

PROGRAH IA!GH3 . 

IATIR SAHPII (PPM) 

PR/D RG.G 
SIOl 
lA 
I 
GA 
HG 
Got 
SO! 
R!S 
GI 
P 
DISS .SOms 
AI 
B 
PI 
NH3 
li 
B. 
Br 

7.B5/10.0 
t5 0.00 
HI.OO 
51.15 
1 !.OD 
.! OO 

351.00 
31.35 
5.50 

!B9.00 
lo.g0 

.00 
1.9i00 

58.9750 
3.0300 
.3350 
9.93 
o.m 
1.5l5 

IONIG STRINGTH , .mu 

OiiP IIllR IPPH I 

SIO! m.5B 
NI m.30 
I !1 .71 
GI 13 . tO 
HG .317 
SO! 3!.38 
Cl !60 .91 
F IO.IH 
OISS.S. .00 
AI I. B&&3 
B 55 .5861 
PI I .B563 

lAIGBAIING !1-313 TtBI! 

TIHPIBATUBB FIlING STBAH IJJSS 135.0 DBGRBIS C 

smM SAMm 

GAS IVOU) 
GOI 
BlS 
1I 
01 
CH! 
NI 

mm GAS PIR IG 
COlOllSATI/ OIG .C 

BIPIBINCI TIHP. OIGRIIS C 

SAMPlING PRISSURI BIRS A8S. 
OISCIIRGI IITHIIPl MIOUI/IG 
DISCHAiGl IG/SIC. 

HIASURIO TIHPIRITURI OIGRIIS C 
RISISTlVITY/liHP. OHMM /O IG.C 
IH/IiHP. HI/DIG.C 

HIASURID DOINROIi !lHP. 

.0 IGHA) 

.0 

.0 

.0/ .0 
.000 / .0 

PWID INPIJJI 
DiGiiiS C/ HmIS O!PTH I MlmS ) 

COlOllSI!1 IPPH) 
PH/OIG.C 
COl 
HIS 
11 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 
GONOINSITI 11TH NAOR IPPH ) 
COl 

.0 
.0 

RlS .0 

IONIG BAIINGI : GATIONS IHOUi.) .0ll6l1!! 
ANIONS IHOUi.) .0!3U111 
OmlllNCI 11) -1.10 

DIIP STIIH IPPHI 

GO! 511.13 COl .00 
R!R 1.15 RIS .00 
HI .00 HI .00 
01 .00 ot .00 
CH! .00 CH! .00 
Nt .00 NI .00 
NR3 .31 NR3 .00 

RIO 11) 
HOIIING PORTI ON 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 

.0 .0 
.0 .0 
.0 .0 

GISPRiSSURiS IBIRS m.1 

COl .1151+00 
R!S .!m-03 
Rt .0001tOO 
ot .000HtOO 
GH! .0001tOO 
NI .0001+00 
NH3 .1911-05 
RID .67&1+01 
Tom .6mtOl 

.00 

.00 

GIS SOWBILITY HULTIPLlING PICTOR : . ID 
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sum: m.tu.nnl 

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

AC!IYlt1 ecmrctnrs U Dm mill ,. .m [s04- .1tS nu .m FiCLt .115 
OB- .m .- .m "HI .m 11.HI .m 
(lSI04- .116 CL- .m rHO" .m lL011t .451 
BlnO!·- .m IU .BU FlIOH)]· .m ALIOR)t1 .m 
mOl· .80S .. .101 nIOB)4-· .461 ALIOH)I- .11t 
Becl - .815 CAU .415 noau .461 lLS04! .m 
COl·· .m ICH .m FI(OH)1t .115 lLISOIU- .m 
,,- .m CUCOH .m ntoa)! · .115 11.P++ .461 
s- - .451 BCRCO]t .m mott .Itl Iml .125 
IS04- .m CAOlt .m PlCLH .461 lLPt- .111 
a04-· .m ICOII .m ncUt .m .I.LFS-- .m 
IU04- .m MRh .105 PlCLI· .816 1Lli -·· .169 

CHoreAL COIPOIBMTi If OIIP mu (PPI m LOO BOLI) 
Rt (lCT. ) ," -5.645 IICH 
OB- _U .(.1It IiCL 
&48104 m.9& ·!.III !CL 
RlSt04 - I .U -40441 MUOI -
ItSI04-· ," ,' .514 [S04-
UUSIQ4 ," -5.m CUOI 
mal m.11 -l.Il1 110304 
m03- Ut -4 .411 ClCO] 
mOl m.a -Utt !lCCOl 
RCO]- m .8Z -1. 146 ClBCQh 
COl- - ,Il ·un ICBCOH 

'" 1.48 -3.m CIOlt 
IS- us -l.tn 1l00Rt 
s-- ,DO ·1l.5I! mOB 
m04 ,00 -\4.551 U4t 
RSOI- ," -i.m nIt 
304-- tB.11 -3.m PiIH 

" ,11 -s.m no .. 
.- ID.U -un n(OI)2 
CL- m.!1 -1.189 PI(01)3-... HUg -I.m PlIOI)I--.. n.lI -Z.108 rI/OI)tt 
CUt LID -l.m FI(OI)Z+ 

1000C !tmen : .OZ\I1 lone UtllCI : 

CUlKIC1L OIOTUBltOlllTlU DIOUIS C 

Quun 114.4 
cUl.ClDon u u 
MAl W.O 

.tT -4.151 
UQ -L OSS 
.11 -S.Ul 

1. 13 -un 
1.01 -UOl 
1.30 -s.m 
.34 -5.555 
.50 -5.%" 
.00 -1.m 

\1.11 -l.m 
.13 -5 .104 
.01 -1. 0OS 
.00 -1.044 
.44 -un 
.11 -s.m 
.10 -un 
.00 -lO.m 

1.10 -4.110 
.0' -£.011 
.00 -I.m 
.00 -Il.m 
.00 -U.m 
.00 -1.005 

nIOI)] 
n{o&I4' 
FltLt 
mu 
P&CLIt 
neUt 
PlCLl 
ne1.4-
mOl 
moH 
lLtH 
ALOW 
'L!OI)tt 
'L(OljS 
AI.(OI}4-
&L90H 
IL(S04jl· 
ILFH 
ALnl 
II.Fl 
Hrt -
ms--
iLlS---

CJ.1'IOIS IIOL.IQ.) .motu' 
mon llOL.BQ.) .ommz 
Dimmer m -uo 

1000lt Dmus mm: 1.2, 

.11 -5. J!1 
I. St -'"'04 

-11 -5.710 
_00 -13.1 88 
,00 -tUU 
_DO -u.m 
,00 -u.m 
,00 -tUQI 
,", ·fi.U\ 
_00 -IT.m 
_DO -If.m 
,DO -11 .111 
_01 -'-Ill 

4.80 ·Ull 
_11 -5.121 
,00 -11.611 
,00 -Iun 
," -Iun 
," -t.1It 

," -a.m 
,00 -9. U1 
, DO -ID.I94 

," ·IUst 

oIIOATlOK POTlUI1L (YOI.") : 18 m: -.m IB CHI: !t.m IH 81: t1.m BR 1Hl: n.m 

!tOC SOLU!lI.Itl PlODDers or BIUtuoS U UlP nm 
TIOI. CALC. nOR. C1LC. Uti •• CUt. 

AOULUU -15.361 -IUIO ALBlTI LOW -14.191 -13.301 AULcm -Il .m -ID.m 
mtDilTl -i. m -1.016 mClTB ·IO .HI -10.\61 cmmon -Ull -UII 
MG-CiLOilfl -Bo.m -10.951 FLUORIn - lo.sU -10.190 Gamin ·z . OTt - .!to 
LlUlIOnlTl -15.098 -n .100 BICIOCLIU -Iun -H.m UCnTm -tun -IS. m 
Cl-ItOm,OR. -1S.m -5Ul! I-RomOI. -lUH -30.0U ftG-!ofT!lOi. -16.855 -51.144 
U-MnmnR. -H .III -tUTD KUSCQYIn -lUll -13.m PUUltl -15.ut -n.1I1 
PlUBOTrn -51.641 -U.1Zi mm -lOUts -Sf.m QUARtz -%.581 -1.111 
vmum -n.m -H.lOO VOLLUTOWln 9.153 6.11S tOUlTI -35.501 -1l.!66 
moon -lI.915 -IUGl meum -81.951 -51.965 
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m.YBJ.oou 

FiOGR!!! VA'iCH2. 

WATER SAKPL~ !PPK ; 

~B/DRG . C 6.54/1111 
SiC! m.sa 
NA m.30 
K 18.1S 
"I 
0 " IUO 
KG .m 
C01 681.31 
SDI OUS 
H!S 1.15 
CL IS0.91 
F iD. IS 
OISS .SOLIDS .00 
!L l..m 
B 55.586? 
1& USSS 
NHS .3100 
Li US 
B. 0.03 
S, 1.14 

[OHIC SIHBNGTH , .021 i I 

DEEP mER (PPM I 

SIOR m.IO 
NA Ut,3D 
i la .18 
C! IUO 
KG .311 
301 32, la 
CL 160.S· 
1 iD. is 
OHS.S. .00 
AL !.8SSZ 
H 55 .5 8i5 
PE :.SS65 

YANG BAJ rNG ZK -323 

aliAM SA!FlB 

G!! IVOL.I I 
cot 
R2S 
HZ 
02 
CHI 
N2 

LIIE,S GAS Pia IG 
COHOlH1AlE/DSG.C 

CONOENsm IPPMI 
PH/OSO.C 
C02 
HZS 
i! 

IIBB! 

aBPBaSNCB IBMP. liGm! C .0 I CBA! 

SAMPLI~l F,SSSUSS B!RS ASS. 
OIBCR!SO' ENI,!L?Y KJOUL/RC 
DI SCHARGE KG/SRC. .0 

KiASURED rEKPERATU2i )EGiEBS C 
, 

R~5lSTiV~ :Y InHf. Jii~K iI g~. ~ .OJ .0 
sanRlIf. Kv l~BG. C . r:O~i ., 

MSI.sum DCiHHOLi IBMP. FLUID INn3' 
DiGREES CfHBtEES LiPTH I KRTE~S l 

.0 .0 .0 

.0 .0 .0 

.0 .0 .0 
, .0 .0 .. 

.0 .3 " .. 

. 0 .0 .0 

.0 .0 .0 

.0 .0 .0 
COHOiHsm illH HAOH I?PMI 
C02 

.0 

.r; 
.0 .0 
,0 .D 

HIS .0 .0 .0 

lom mms: CATIONS IMOL.EQ. I .J200291l 
mOHs (MOL.BQ. I .OZi395H 
OllFHaBiCI I11 · 6.59 

DiiP S!iA! IP?! I GAS PRBSSURES IB.\RS ASS .J 

cot 531.34 CO2 .00 CO! . i !SE~Qj 

HZS 7,15 HiS .00 H!S .451E -02 
H~ .00 R2 .00 o~ . cnOE~OO 
02 .00 02 • CO OR .nOO E+G O 
CH4 .00 CH! .00 CH4 .CC05+CO 
li2 .00 11 , ~o N1 ,·)OOEtOO 
IRl .lA ill . OD HR l i9%3-04 

azo .nN: 
Tom ' i9ZB· C: 

3Z0 (1~ .00 
EOIL1HO PORIION . ~o 
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!cmm w;:mmm :s m? 'i~T :2 ,. .US ~s o .- .m nd .m riCL; .m 
os· .m ,. .8\2 F!!;. .m ALH ! .m 
mm· .116 CL· .!OB ?!OSI .m A!.IlIH .401 
US I04·· .m ... .m Fi(OI j3· .m .I. ~ (OI I ZI .m 
m Ol· ,80S " .108 Fl IOI I!-- .HI AL(OH I4· ,m 
iCOl - .115 CAll .m FiOHu ,m UJ Oh .119 
COl-- .m RCft .502 F!(OilIZI .815 A~(504) Z - .m ". .m mC011 .m 'B IOB]l' .US mu .m , .. .HI MtMC011 .8U P8S041 .m lLr21 ,m 
n04- .119 CICHI ,m FlCLII .m Am· .m 
SOl .. .Hi ~GORI .m FlCUI ,m ALPS .. .154 
HUOI- ,ns nu ,805 PBCt(· ,In ALP6 .. • .161 

CBEKICAL CmOMENfB IN DBBP mu tPPK UD wc KOLII 
81 (ACT. I ... ·6,m MC" ... ·usa FI(OB)l .B! ·5.1Ji 
OH· .ZI -UI1 J1ACL 4.1 0 ·LOgs P!tOB]l· 1.55 -un 
BiSIOI 311.99 ·UIl rcL .18 ·5.UI FBCLI .11 ·5.110 
113[04 · Lit ·1.111 mOl· U3 -UIO mu ... ·13.111 
USIOI .. ... ·a.m 1301· \.01 ·Li Q] PlCLH .00 · 11.301 
WnlsrOl .10 ·s.m mOl 1.10 ·s.m mUI .00 ·1I.m 
m Ol 3lUS ·z.m RCSOI .H ·LSSS mIJ .DO ·u.m 
mOl· uz ·4.111 C.l.ClU .50 ·5.UI neLI· .DO ·15.101 
BZOOl 51US ·1.011 aCCOl .DO -I.m mOl ... ·6.m 
IC01· m.1t -tilt cnCOll 11 . 11 -l.m fiSOh .DO · la.oOO 
COl .. .11 ·un BGHC03i .11 ·5,101 ALIH .DO -11.ltl 
ItS J,13 -I .m CAoal .• 1 -7.Ooz 11.0111 .DO -11.118 
IS· u; -uu Booll ... -1.014 1L(OllZl .'1 ·i.m , .. ... -H.m mOH .IS ·1,816 1~ ( Ol l l uo ·1.111 
mOl ... ·\1.558 rut . l l -5.13! AL (OII!- .1\ -5.m 
ISOI- . ., · 6.510 11++ .7i -•. 900 ALSOII ... ·1I.m 
504-· lB.I! · 3.513 FBIII ... · ZQ,m 41.(50112 - ... -It,m 
IF , Q; -5.515 PIOBI 1.10 -un ALPII .DO · IUlI ,. 10,1l -3.213 FI(O~12 ... ·UH 4LP11 ... ·Ull 
CL· 151,11 -1.U! fEtOR13- ... -1.115 AL/3 ... -s,m 

'" 119. U ·!.m FI(OHI.-- ... -13.630 mt· ... -!o19! 

" U,lS -UDB FI( Oi)1I ... ·1 3.318 1L'S .. ... -lo.m 
CAll UD ·3.m PB(OBltl ... -8.00S !LF6--- ... -U .m 

lom nUllm : ,021 J1 IONIC BAL4WCI : cmon (KOUQ.) .mOlm 
1II0NS {MOL.IQ,I .02139515 
DtFFUUCB III -Ut 

emlCAL CBOfBnMOKlfEiS OEems C 1000/T mm! mvu : U! 

Quun )aLl 

cULC BDon m.' 
ill m.o 

omuro. POTBnUL (VOLTS) : nus: -.m u CS(: n.m iH BZ: 99 .m IB 113 : H.m 

LOO !OLUBlL," PtoDUC'lS OF RlnR1L! JI Dm unll. 
not. eALC. nOlo CU,C. !!oi. mc. 

ADlIlJ.2U · [US( ·\I.m .l.LBI't! LOW -11 .197 -13.301 mLC1~1 -11.9IZ -Io,m 
UI1DIJU · 6.1 81 -1.046 mcm ·1O.m ·1 0.\18 CB.I.l.mOrT ." III ·UJI 
!C-CBLDIIT! · !D ,m ·1O,m F(.uoatn ·I Q, m -10, 890 GOitBITI -Lon -. !20 
LAImOn m -,s,m -lUDO WICIIOCLIU . \6 , l6Z ·1I,m ucmm -tl.m -15.191 
CHOHT~OIl, -lun -Si .m HOUKOII. · 36.0 14 · jo.ol5 KC·KomOIl . -IUS6 -59.J1S 
MI-HonMiL ·H.JSg -la.m mCOVITE -lUll -Il.m PUBNl Ti -lUst ·J3.7S5 
mmtlTE ·n .S!I -H.m mm ·IOUtS · SUSI QUUTZ -un -Llll 
VAlEUm -!l.8Z! ·lU OO VOLLmo~m 9. 153 5,TU ZOlsm -l U01 -11.1; 6 
mum ·H. 912 ·~ l.9 06 mClSI TB · 81.916 -51.961 
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Table 2.2 summary of the Chemical Equilibria Controlling the 
composition of Geothermal Fluid 

Native copper 
BCu + 8H· +80.'- = ecu · + "H,O +8'­

Pyrrhotite 
FeS;;:: Feu + 8'­

Sphalerite. Wurzite 
ZnS;;:: Zn'· +~­

Galena 
PbS;;:: Ph'" + fr­

CO't'elllte 
CuS;;:: Cu'· + 9 2-

Acanthite 
Ag,8 = 2Ag'· + 8'­

Chalcoclte 
Cu,8;;:: 2Cu ~ + 8'­

Pyrite 
FeS, + 11,0;;:: Feh + 1.768'- + 0.2580.'- + 2n· 

Chakopyrlte 
CuFeS.;;:: Cn" + FeH + 28'­

Bornlte 
Cu,FeS.;;:: .eCu· + Cu" + Fe' · + 048'­

Cuprlte 
Cu,O+2U· =2Cu· + H.O 

Magnetite 
Fe,O.+8H·;;:: Fe'· +2F,," +-4".0 

Hematite 
Fe,O,+ 6H" ;;:: 2Fe" + 311,0 

Bruclte 
Mg(OH)J;;:: Mg t .. + 20H­

Gibbsite 
A1(OH).;;:: Al'· + 30H­

Calcite 
CaCO, = Ca'" + CO,'­

Na-Montmorlllonite 

An.leslte 
PbSO,:;: Ph'" + 80: ­

Cerruelte 
PbCO.:;: Pb'·CO.'­

Tenorlle 
CuO+2H':;: Cu" + H,O 

Smltheonlte 
ZnCO.:;: Zn'" + CO,' -

81derlte 
FeCO, :;: Fe'" + CO.' ­

Dolomite 
CaMg(CO,),:;: Ca'" + Mc" + 2CO.'­

Anhydrlte 
CaSO.:;: Ca" + 80.·­

GypfNm 
CaSO,·2H.0:;: Ca" + 80:-+ 2H.0 

Quartz 
SiO, + 2H,O;:=: HJUO, 

Mlcrocllne 
KAJSI,O.+4H·+ 4H.0:;: K" + 3H .. SiO.+ AI" 

Low AJblte 
NaAISI.O. + .cH- + 4H.0:;: Na- + SH.,8IO .. + AJ" 

Anorthlte 
CaAl,8l,O. + 8H' ;:=: Ca" + 2A1" + 2H .. 81O, 

Leuclte 
KAlSI20, + 2H,O + 4H' :;: K' + AJ·'" + 2H.SiO, 

NepheHne 
NaA1SiO;+.cH" :;: Na ' + AJ'- + H,SiO, 

Anlllctt.e 
NeAlSi,O.·H,O+H,O +4H" :;: Na'+Alh +2H.SiO. 

Kaolinlte 
Al,Bi,O,(OH). + 6H' :;: H.0+2A1·· + 2H.9iO. 

Na ... ltUAI,.",Si'JIMl10u,(OIl),+7 .332U· + 2.668",0 ;;:: O.333Na" + 2.333Al'" + 3.667H.810. 
K-Montmorillonite 

K")lnAl,_~jU."OIJOfl)2 + 7 .332U' + 2.66811110 = O.333Ns· + 2.333AJ'" + 3.661H.8iO .. 
Ca-MontmOt'lIIonlte 
Cao. ,,,,,.Alu,,si~ ,H'lO,o(OIl), + 7 .33211' + 2.66811,0:;: O.I666Ca" + 2.333AI'· + 3.667H .. SiO .. 

Mg·Montmorlllonil.e 
Mgo.,HfAl, . ."Si •. ...,O'o(OH), + 1 .332H'· + 2.668H,O:;: 0.1666Mg"" + 2.333AJ'" + 3.667H .. 5iO .. 

Muscovite 
KAl.Bi.O,o(OH).+ IOU · :;: K"+3A1u

, +3H,8iO, 
lIIite 

K. .• Mgo .• AI,,,siuoO,o(OH), + 6H" + 2H,O:;: O.6K" +O,26Mg" + 2.30AJu + 3.68,5iO, 
Biotite (Annil.e) 

KFe.AlSi.01o(OIU,+ 10H':;: K"3Fe20 + AI'" + 3H,SiO, 

Sourct!: From He1a:eson. 1910. C.opyright 1910 by the MineralOlical Society of America . 
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Table 2 . 3 Equations Describing the Temperature Dependence of 

cation/proton Ratios and Un- dissociated Weak Acid 

Concentrations in a e othermal . e ll Discharge 

Weak acid/ 
ion ratio l'elperature fWlctial Mean Standard 
(roles/kg) deviation deviatial 

logll4SlO~ - 0.588 - 0. 00441·T -lsls . 21/T +1. 3470 ' loqT d.06 0.05 
10911txJj -1. 794 -O.OOslO · T - 4469.63/'f +4.1414·log'f 0.30 0.26 
10gl12S' -1 . 678 - 0 . OU3sS·T - s071.0stf +3.8889·log'f 0. 36 0.33 
loglI250~ -6 . 436 - 0.03906·T - 13J3S.66/T tl4.7956·log'f 0. S7 0.48 
10gflFO -5.262 -O.O]SII ·T -7964.11/'f +12 . 1022·log'f O. J2 0.28 
JogIla+ /11+ 2. 694 to . 02023 ·T t4243.47/T - 6 . 2069 · log'f 0 . 14 0 . 12 
logK+/II+ 2.S0S +U.01971·T +3]2S .7Itr -s.7814·log'f 0.12 0.09 
log (ea + 2 111+ 1.73] +0 . 01117·T +3890 . s1IT - 3.9977 · log'f 0.17 0.12 
log'J.Ig '2/11+ 1.816 +0 .01078 ·T t3727.48/T - 4.1640·log'f O. J4 0.27 
log,lf'e+2/11' - 4.696 -0.04273·T -IUII . 46/T +10.8032·log'f 0.18 0. 17 
legAl (011) 4/OIr -] . 407 - 0 . 02J64·T - 3417.36/'f +7 . 8426·!og'f 0. 21 0.12 
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Table 3.1 Analysis ot Geothermal Waters with AAS 

Monochromator' urnp Burner 

Sam-
Cone. Wave- Cur- 510. pling 
Range Dilu- lenlth ren. length Align- height 
(ppm) tion A ( ) 0 ID IV Type· (mA) (mm) ment" Flame' (mm) 

U 0.5-30 (0) 6708 335 vis in 3 Het 10 71>-100 J. C.H,-air (fuel lean) 8 
1-15(1 (D) 6708 335 vis in 3 Het 10 71>-100 11 C.H,- air (fuel lean) 8 

N. 100-1000 (D) 5890 295 "', in , DOL 900 70-100 J. C,H,-air (fuel lean) 8 
5896 

K '-'00 (D) 7699 385 "', in , OoL '00 71>-100 11 H~.ur (fuel rich) 8 
Rb 0.1-10 (8) 7800 3'lQ "', in " OoL 250 71>-100 11 Hr-air (fuel rich) , 
(, 0.2-20 (8) 8521 ." "', in 5' DOL '00 71>-100 11 H".-.ur (fuel rich) 8 
M, 0.001-1 (8) 28" 285 uv ou' , Het , 71>-100 11 C.H,-.. ir {fuel lean) 8 

0.002-2 (0) 28" 285 uv 00' 3 Het 8 50-70 
I1 

C.H,-N,O (RZ 3) 8 
C. 2-200 (D) ill7 211 "', 00< 3 Het 15 50-70 C,H,- N,O (RZ 5) 13 
Mn 0.005-5 (8) 2795 "., uv 00' 3 Het 20 70-100 11 C.H,-air (fuel lean) 8 
AI 0.04-50 (8) 3092.7 309 uv 00' 3 Het 25 50-70 11 C.Hr N,O (RZ 12) 8 

3092.8 
F, 0.01-0.1 (8) 2483 24' uv 00' 3 Het '" 71>-100 11 C.Hrair (fuel lean) 8 

0.1-20 (0) 2483 248 uv 0", 3 Het '" 50-iD 11 C.H,-N,O (RZ 3) 8 
SiO, 50-1000 (8) 2507 251 uv 00' 3 Het '0 50-70 11 C.H.-N.O (RZ 25) 7 
B 20-1000 (8) 24,., 250 uv 00' , Het '" 50-70 11 C:HrN,O (RZ 25) 7 

• Operating conditions a~ ror models 303. 305 .. and <W3; data a~ from Goguel. (1913). • 
• I. wavelength counter setting; n, grating; m. filter which excludes wavelengths shorter than 550 nm (5500 A); IV. slit setting: (numbers 

correspond to spectral bandwidths) ror the uv gntting. 3 - 2.4 A. 4 - 7 A; for the visual grating, 3 • 5 A. 4 - 14 A. and 5 - 50 A. 
< RZ denotes height of the ~d zone in millimeters. 
• HCL. hollow cathode lamp; ~OL. Osram discharge lamp. 
• Of the flame in the light path. of the spectrophotometer: perpenditular alignment produces 0.1 or less of the sensitivity of the parallel alignment. 
, An extra filter must ~ inserted into the light beam near the window of the spectrophotometer to the left of the flame in order to exclude 

modulated scatte~d Na Ught which reaches tne pholomultipliervia the ~ftm:nce beam. Filter holder 040-0251 (model 403) or 300-0828 (models 303-
305) and a red filter Schott RG 5 or Coming 2-58 (Perkin-E1mer No. 290-1518) are required. 

• Shonest wavelength of the triplet. 
• Dilutions: (B) 1.1 fold . Add 5 rnl of a buffer solution (2.5% recrySlaI.lized Sr (NO~" 4% KCt . I N HNO.,) to 50 mJ of each sample of standard . 

(D) 51 fold. Deliver 2 mJ of sample or '~ndard into 100 rnl of a buffer solution (0.1% <:SO. O.IN HNO,).IO) Undiluted water sample. Note: 
SrlNO.h • KCL. and C.CI are no.sents of hiSh puriry (e.s .. Merck "Supraput' ·). 



Table 4.1 Equations Expressing the Temperature Dependence of 

Equilibrium constants in CaO-C02-H20 System 

K, ' = -7656970 -3122.11449Ttl.092229T·t 
I.RR077RE8'T- 1 t3.177 1246 E6'!ogT 

I< = IOR. 875tO.1 74114604T-l.984511 3F. {-41'T't 
I.OI31668E(-7ItT3-fi8.867703*1()gT 

logKI = 124.4478+0.0056623T-
5.869 72601E3tT-'-~5 .589 821tJogT 

logl{z = 143.4475+0.034559T-l.9732326E(-5)TZ 
- fi • I 61 H 713 7 E 3 *- T- I - 5 7 . 248899 *- J ogT 

logl';v =-130. ;'!i~13-0. 0517R9RT+2. 67fir. ·13RE( - 5 ) Tz 
+ 'I . I 1 Hi Z'1 "un t '1' - I +!i J • '17;' ·) B t I ugT 

logK c = 30.B131-0.1728295T+3.27150IE(-4)T2 
-2.5529153E{-7)T- 1 t2.95989303']ogT 

A = -11092.1143+11.562984T+O.01454757T2-
1.20';4 '189EI-5)OT't4 .4598806E {-9)'T' t 

1.76312033E5.T- 1 t5229.515'logT 

B = 3.8096+0.0 1846 467T +4.8075571E( -5)T2-
6.0838461EI-8)'T't3.0473184EI-11 )'T'-

2.61713066DE2'T-1 

l()gKD = -1823.663+3.9000818T-O.00412503T2+ 
1.75503EI-6JtT3+4.2179G61E5*T- t-3.90{J2725E7tT-Z 
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Table 4.2 Ionic strength of Typical Geothermal waters 

O(otherm.I'OUlt~ IOIlk: stlC"8th Res. temp. 
(mol.III,) (.q pH 

ReykJ:th6I, Icei:1nd O_OO! '" 7.21 
NLhnlfjltll. Icd:tnd 0.001 '" 1.41 
'her"ICfdl. Ictllnd 0.009 "' .... 
le"., I((hlnd 0 .014 '" 6.1) 
nrundl:md" N.l. ""cl12 O.On , .. I .' 
Wnhnlctl, N.l. hole No.14 0 .062 "0 I .' 
MlthultllwlI, 11.1':1" 'mic Nn, I 0.06' 'OO ... 
SU'",,", '1/In", C" (lc)'~cl 'I'rlnl 0.094 "0 ... 
t;llntk,. Chile ~c)'~n 2)11 0.230 "0 1.32 
Allllnch:ll'''". 1:' SlIlwndol. !lYC . 0.312 "0 ... 
re,," I',kla, Mu . • "C. 12 "'clb o.,m )111· I .' 
Mltl ~:lo. '/1h""n wcn 20' O.H' '" , .. 
Se" wnlCI SIt!. Cl _ 19') ... 0 .109 ,. 1.0 
":lIb 0"),,,,,, TX . 1'1' N(>. , 1.111 15. • •• 
Choc:nl:uc I)"you, 'r-X. An,1t No. I.HI 111 ' .9 
5:111on S(II Wout.er J .4J4 1161 , .. 
5"lIlIn S(lt M:I,.mn""I .~ N", I " .20) 19tH ... 
~"Ih'n !'kn 11,,10: I IIU !'i ,'nl '40 .., 

-,..h. I,m". 
Iwcn helltl Icml' . 
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Table 4.3 Aqueous Species for Proton Xass Bal ance and 

Alkalinity Bquations 

lIydroll!!n Ion •••• b.t.nce .pecie. Al kalinity .pecle. 
Coeffic ient Coefficient CoefUclent CoefUclent , ,,' -, AIOII'''' -2.815 Fe (OIl), , 0'--, on- - I AI (011). , tbll,S. I 82 SIOt -

- I IIlslol- -I AI (Oll'j I. U' Co' , 8,SIO, --, 11,510, -, "8(011) I.IU CuCI+ , IICOi , 
'" 

, "II"CO. I..n CuCI. I col-, IIti -, reon~ I. US CIICI i , .s-, Ilet -, Fe(UII,) I. US clle! - I S·-. , O.a" .Il re 10") I. 125 CuOIl I N.COi 
.Il 11) .. q I. 125 to • loin c .. srh I C.CO, , CII,aq .In ha" .... loin cur'" , C.OIl , IIcoi 1.ll5 reel i -, IlnOH+ , C.IICO, 

I Iheo, 1.125 hcl + -I IIls1- I HICO, , 
illS I. us hCII 

, 111 1115 , 
, HlolI -, S - I.U5 hcl -2.15 IIs1 , HSIICOI· , 1150, I. 125 rer' -, IISCI011 , IIION -, NnOIl I.IU rer' -, ",0"'" , 1(1150, I. US resat -I 11, (011" -, C.OIl .815 fe (011) I 2.U A"el" -, c.neol -1.87' re (011), -, AII.lIlsl-
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Table 5.1 Schematic Layout of the punction of WATCH program 

CtOClltlllCAI, HATr.~I"'. 

W~t - .t~a .. ",.11 "'.~h .. , •• 

tue~. on" .. otu ,.. .. ue.' 
.ollln, hot . , . In,. 
nol - ... ' .... ~Ih 0 .. ,1 

!>On - ball." hot 'p"'" 
.. u ... 

~~I ••• n~. te~p ••• tv •• 

. o .... nH" 
b. ch,lco"o"W .,ulllbllulO 
e. ,,,,,'0 • .,ull'''.Io'. 
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Table 5.2 

Clff-mel\l, 111\T/\ 
w..,lcr 6;v,.,109, 

rIlVf>Jr:I\I, I'I\TI\ 

Input Data f or WATCR proqram 

lUre! S107 , n, 11,1, fe, Ca, f.t1. f'e. l\l, 
rn'/, '~1' !X)4' rll,s. Cl, F, tllS90lvcd 
so 1<I!'1, l!lcctrJc C'OnchlC't.lllCC', 

(only ror ~1.- !Jlr1Vn wolh) CO" "l" 
r~I). "" 0,. 11.,. 01 •• llnd U" Or C to 
dw:-ck dryness"of steM!. 

10.\:1.-91 r.'\ln ~II", r..lupllnq ,JrcS!'lIUC, cntl1<lJI'Y of wall 
ell !~;h,lI"<Jl·. 

Ibt: sprlllt'J!I anll 'ut ",.1ter ~111I1 Dlsch.,rgQ tCfT1JCroturo. 

U1\1' ''' HII H'II 1\nl: III':~ 1III\III.t 
ItJ..lllllOlc ll'!l,J{'!r.ltlllr. or ~lls. 
1'v.f.,ircr 1"(Jow~ of wells. 
[)h;chal'qc r;)les of walls and Int sprJnqs. 

I • 
1''''"101'1.,1"," .11. ".hld. 111,.. I'll I!I IftC"r:Utr.ti. "hl'lnlt d.,ttl IIrl! 

,,,,t I1I"1:erul<l'Y rl.r tll.- rr0c;Jr;,om\f' c"lculllt'on,. 
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Table 7.1 Bffect of Process Parameters on Scale Formation 

Process Parameter 

Temperature decrease 
(as in plant cycl€) 

Temperature increase 
(reheat during injection) 

Increased pH 
(as CO2 is flashed) 

Decreased pH 
(acid addition) 

Increased salinity 
(f lashing; mixing) 

(a) • aggravates prohlem 
o alleviates prohlem_ 

Equilihrium Effect on 
_~2tentidl Scale ~£..I?:S.!!~~) ___ 
.JJ.!L CaCnJ Sulfide SUlfate 

• 0 • o Ca 
• Aa 

0 • 0 • Ca 
0 Ba 

• • • • o pH >9 

0 0 0 0 

• o o o 
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Table 7.2 Factors affectinq silica Deposition Kinetics 

Factor 

pH 

Impact 
Lowering pH slows kinetics by a 
factor of -10 for every pH unit. 

Supersaturation Precipitation becomes rapid as 
rat io the ratio exceeds 2. 

Temperature Kinetics slows dramatically as 
temperature drops, which 
counteracts the increase in 
supersaturation ratio as a 
saturated solution cools . 

Sa l inity 

F catalyst 

Chemical 
inhibitors 

Increased salinity increases 
kinetics of deposition 

This equilibrium (precipitation) 
accelerator may become the 
dominant control l er of deposi­
tion in lower pH brines (pH 31) 
where the normal precipitation 
mechanism is pH inhibited. 

Retards growth of silica 
particulates 
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Comments 

Reduce pH and temperature 

The maximum silica deposi­
tion rat e may occur 25 to 
saoc below the temperature 
at which the cooled solut i on 
reaches amorphous silica 
solubility l imits. 

Limited testing described 
in the Inhibitor Treatment 
section. 



Total 
IIow 
~O+_--------_.----------,_--------~ 

BO+-----------~--~~--~----------~ 

• 
• 

2:O+----------~~--------4_------4_~ 

01+---------~--~~--_+4-----~--~ 
5 15 .I~ 

Wellhead pr81.ur. 
behind main watt, 

20 

Figure 1.1 output Decay due to Scaling in •• 11, Svartsenqi 

103 



Diameter 

_____ OL'_' ____ ~'_" _____ 2L" ____ _"3~" ____ _'4'_' _____ 5L'_' ____ ~6_" _____ 7~'_' _____ 8~"-C~_'~_'~~~M~ 

Casin~ 10 . 0 . 9 5/8") 

/ 
/ 

I 
;' 

+- Liner 10 O. 75/e") 

Depth 
[m) 

"'" 

,>0 

.00 

450 

, 
0" 

, 
I " 

, 
2" 

, 
3" 

, 
4" 

, 
5" 6" 

, 
7" 

, 
8" 

, 
9" [inCh .. ] 

Figure 1.2 Formation of Calcite Deposition in Well 4 in 

Svartsenqi 

104 



5 

L--e 3 
r- ----4. 

C-- r 
~, 

2 '-r '--

-~ 
r-- 6 
L.... r 

L 1 

1. 

2. 

3 . 

•• 
7 5. 

5 . 

7 . 

B. 
9. 
10. 

11 . 

12. 

Production Well 

Wellhead Separator 

F i rst Flas her 

Second Flasher 

Turbocene rlltor 

Condenser 

Ejector 

To Greenhouse 

Cool i n. Water Pu.p 

Disposal Line 

Puap 

Injection Well 

12 

-, r- e -, Ir 

W 
r 

11 
10 

Figure 2.1 schematic Flow Diaqram ot Double Flashing system 

in Yanqbajinq Power Plant 

105 



• 11 
~I; . . .1, 
~IJ 

I 

0. •••• ,. 

-~-1 ....... . 

SVAnTSENGI 
F'C'M£.R PLANT 11 
fU)W DIAGRAM rOR I FlIHI STREAM 

Figure 2.2 Flow Diagram of svartsengi Power Plant 

(Bjornsson and Albertsson, 1985) 

106 

• • [ 



Figure 2.3 Flow Patterns of Vertical Two Phase Flow 
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