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ABSTRACT

Problems associated with the chemical behaviour of geothermal
fluids in production and disposal processes have constituted
technical and economical barriers to the development 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 chemical
conditions. The thermodynamics of calcite scaling in water-
dominated geothermal wells are reviewed. Two conceptual
mechanisms for calcite deposition are discussed. The handling
methods for calcite scaling in production wells 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 Hveragerdi
geothermal areas and for predicting their calcite scaling
potential. The results show that calcite deposition is most
severe for the geothermal fluid which has the highest ionic
strength and the lowest reservoir temperature. Sampling
equipment and procedures for geothermal wells and chemical
analysis methods are outlined as used for wells in Svartsengi
and Hveragerdi. 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
Miravalles, 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. Sulfates and sulfides are observed
in the form of many phases usually well crystallized in
production processes.

Geothermal reservoir fluids in Yangbajing (Xizang, China),
Svartsengi and Hveragerdi (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
1



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 the economics of
handling.

Location and tendency of calcite deposition in a geothermal
well can be measured by caliper logging (Figure 1.2) or
estimated by computer modelling. This will make it easy for
management and operation.

The credibility and usefulness of chemical data for chemical
models depends on the sampling and analytical methods and the
care taken in the collection and analysis of samples.

After eleven years of development and utilization of geo-
thermal resources in Yangbajing, drawdown in the reservoir
and the pollution associated with large scale exploitation
are becoming serious problems. Injection of the spent brine
can maintain the output of geothermal reservoir 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
UNU 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.



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 (Bjoérnsson and Albertsson,
1985).

In a geothermal multi-purpose power cycle, the temperature
may vary from as high as 350°C in the reservoir to values
approaching 15°C in disposal lines, and the pressure may
ranges from 300 to 0.08 bar, while the chemical composition
of the geo-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
3



in the fluid is an important factor affecting phase change.
Release of gases such as CO;, HyS, Hy and NH3 results in
boiling of geothermal brine at a higher pressure, or by
lowering the flashing depth in a two phase flowing well.

Calcite scaling is promoted by boiling of geothermal fluid.
Among the physical properties, pressure and enthalpy are the
two most important factors affecting the boiling.

2.2.1. Pressure in Wellbore

When the vapour pressure of a geothermal fluid is equal to
the external pressure acting on the fluid, flashing 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 CO;, HyS, NH3, Ny and Hy. The vapour
pressure can be considered the sum of the saturation pressure
of the fluid at a given temperature and gas partial
pressures. Since CO, is usually the major constituent of the
non-condensable gases, it is often assumed for simplicity
that the vapor phase is a mixture of steam and CO,. Based on
this assumption, we have

Py = PS'I'EPgi = Pg+Pro2 {2n1)

The saturation pressure of an aqueous salt solution at
temperature, T(°K), can be expressed by Raoult’s Law.

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

Py, = exp(0.21913%1076#t3-0,17816%103t2
+0.653665%10~ 1*t-4.96087) (2.3)



Treating steam as an ideal gas and calibrating this model by
experiment, the decrease in steam pressure, AP, due to a salt
of mole fraction, Xg5, can then be derived:

AP = 1.8RT/ (Vy~V])*mgy/55.56%10™2 (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 CO; has been studied by Sutton
(1976) :

Pcoz = Weoz*x/a(T) (2.5)

where
@(T) = [5.4=3.5%(T/100)+1.2%(T/100)2]1*10"4 (2.6)

and Wepy is the weight percent in the vapor phase. Pgpy 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 been described by
Parlaktuna (1985):

P = Pyg-dP¢ (2577

The total pressure drop is made up of frictional, acceler-
ation and potential pressure drops.

dPg = (pfv2/2d)*dz*10~> (2.9)
dP, = pv*dv*10~> (2.10)
dP, = pg*dz*107> (2.31)



The friction factor f is given by modified Colebrook equation
as

f = {[-21log(&/3.7d)+(7/Re)0-972}-1 {2.12)
where, the Reynolds Number is given as
Re = pvd/fi (2.13)

The density of liquid water is determined by Whal (1977) to
follow the correction:

P1 = Py *+
[(1+1.6E-6%t2)*5844mg,/(1000+58.44mg,) ]*103  (2.14)

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

py = [(1+dt’1/31et)/(votat’ 1/ 34btr+ctr4) %103 (2.15)

where t’ = 374.11-t for t in °C
Vg = 3.1975 cm3/g
a = -0.3151548
b = -=1.203374%1073
c = 7.48908*10"13
d = 0.1342489
e = -3.946263*1073

The density correlation for the vapour phase suggested by
Michaelides (1981) is as follows:

py = 100P/(-0.1296*10"2%t2+0.6325t+121.05) (2.16)

The density of a two phase mixture obeys the ideal mixing
rule.

p = apyt(1-a)py (2.17)



The bottom hole flowing pressure for high flow-rate geo-
thermal wells can be written as:

Pyf = Py-CW2 (2.18)

when turbulence is the dominant factor in friction loss
(Parlaktuna, 1985). In Equation (2.18), reservoir pressure
can be measured in a well during shutdown, and C can be
ocbtained by using a wellbore simulator to match the deliver-
ability measurements of a well since the wellhead pressure is
given by

Pyh = Pyf-AP¢ = P5—CW2-AP: (2.19)

When Py,
so

P, flashing occurs. In water phase region, dP, = 0,

PV = PS+PC02 =P =
Pye - (pEv2/2d*AZ-gpAz)*10~>

Then the flashing or boiling depth from wellhead is given

De = Dy-[ (Pys-Ps~Pcoz)/ (p£VZ/2d+pg) }10°  (2.20)

In practice, calcite deposit may occur in the first 20-25
meters above the first boiling point (Dg) (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.



2.2.2. Steam Fraction

In the process of adiabatic flashing in a geothermal well-
bore, the following heat balance relationships applies:

HO — H1+Hv

ho = hl*(l'x)+hv*x (2.21&)
where hy is the enthalpy of initial liquid prior to flashing,
hj and hy are the enthalpy of coexisting water and steam
after boiling. Based on the salt solution enthalpy equation

given by Wahl (1977), and taking T, = 0, the following
results:

h) = hy*[1-58.44mg,/(1000+58.44mgy) ]
+T*11.688mg,/ (1000+58.44mgy) (2.22)

The correction for the enthalpy of vapor phase recommended by
Michaelides (1981) is

hy = -0.81275%10"2%t2+3,.65228t+2388.4 (2:::23)

The steam fraction can be given by
X = (hg-hj)/(hy-hp)
x = (hg-hj)/L (4.21)

where L is the evaporative heat.
2.3. Two Phase Flow 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
8



(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. p3v12 and pyvy2.

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 illustrated 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

By = 2.105% (1-x)/x*p,1/2/p,0-1664,1/3/¢ (3.24)
By = 2.752Wx/(d2%/(p1py)) (3.25)

where the correlation equation of viscosity can be developed
as (Michaelides, 1981):

log[p(t,m)/ihy(t)] = A(m)+B(m)*log[fy(t) /Iy (20)] (2.26)

with pure water viscosity, p,(t), is given by the expression:

log [y (t) /Ikg(20)] = [(20-t)/(96+E)]*
[1.2378-1.303%10"3% (20-t)+3.06%10~ 6%
(20-t)2+2.55%10 8% (20-t) 3] (2.27)
with i, (20) =1002 4 Pa s.
A and B are functions of molality.

A(m) = 0.3324%10"1*m+0.3624%10"2*m2-0.1879*10"3*m3(2.28)

B(m) = -0.3961%10"1#m+0.102%10"2%m2-0.702%10 " 3%m3 (2.29)
9



The surface tension correction is given by (Wahl, 1977) as:

0 = 0y,*[1+22.7916mg,/ (1000+58.44mg,) ]
+1.4856%103*mg,2/ (1000+58.44mg,) 241073 (2.30)

with
Oy = 0.0755% (to—t)0-776x103 (2.31)
2.4. Chemistry

A hydrothermal or geothermal system is where water 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 through the rock
structure by this convection, it dissolves, leaches and
precipitates minerals to form a equilibrium hot brine
solution with the reservoir rocks at certain temperature 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 (Whal, 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).

10



Calcite is a prominent secondary mineral in reservoir rocks.
In geothermal reservoir, the product of carbonate and calcium
ion concentrations is a fixed quantity as a function of
temperature due to equilibrium with calcite. It is strongly
dependant on pH, which in turn is dependent on the equilibria
reactions between the alumino-silicates and sodium in 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 shown 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-silicates. The molecular ratio of
sodium to potassium is fixed at a given temperature (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 /(Ca)/H is approximately fixed at a
given temperature, variable concentrations of the other major
cations, Na, K and Mg, which may cause some scatter in the
J(Ca)/H ratio. The absolute concentrations of Ca, H and other
major cations are in turn mostly governed by the supply of
the incompatible element chlorine (Arnorsson, 1978; Arnorsson
et al., 1983).

At high temperature (180°C to 225°C), silica concentration
correspond the solubility of quartz. At lower temperatures
other silica species such as chalcedony, cristobalite, or
amorphous silica may control dissolved silica (Fournier,
1977).

The presence of sulfur deposits and rock through which the
hot water is permeating will give rise to the formation of

hydrogen sulfide and sulfuric acid:

11



4 S + 4 HyO = HyS04 + 3 H,S (2+3%]

In geologically active volcanic regions, sulfur dioxide if
present also gives rise to the formation of sulfuric acid
through reaction with warm water as follows:

4 S05 + 4 Hy0 = 3 HpSO4 + HpS (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.

12



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 sampled. 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 stean,
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 stean
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/cm? 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 Technigues

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,
Si0; 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 (7665A, 250ppm), lithium (6708A, 25ppm), rubidium
(7800A, Sppm) and cesium (8521A, 5ppm).

3. Gas Analyzer and Gas Chromatograph

Residual gases e.g. Hy, N5, CHy; and NH3 can be analyzed by
standard PVT gas analysis equipments.

4. Ion Chromatograph is used for measuring C1~ and S042~.
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, Pb, 2Zn, Ag, W, Ni and Cd can be concentrated by one of
15



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.

Sulfate in water is reacted with barium cremate to form
insoluble barium sulfate 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 (0.1N HCl).

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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I” in a buffered is oxidized to I, with Br, water. Excess Br,
is removed by addition of KI. Total I, liberated is titrated
by Na,;S203 to obtain I in original sample. I~ and Br~ in a
second aliquot of the sample are oxidized to I, and Br, with
hypochlorite, the excess hypochlorite then being decomposed.
I, liberated from both I™ and Br~ which produced by addition
of KI is titrated with Naj;S,03. 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 AgNO; solution using
potassium cremate as indicator (Mohr Method).

Total HyS is determined by titration with Hg(CH3CO0),.

d. Potentiometric Method. Cl™ in a supporting sulfuric acid
electrolyte is titrated with standard AgNO;, 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 ca?*t at
pH 13 with cal-red indicator, and ca2% plus Mg2t are
titrated at pH 10 with solochrome black as indicator. Mg2*t is
obtained by difference.

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 0, 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
17



mineral matter in water.

11. Conductivity and salinity are measured by conductivity
meter.

12. pH is measured by pH meter with a glass electrode.

13. Gonfiantini (1975) reviewed the specialized techniques
required for the analysis of stable isotopes in the samples.

18



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).

1l.Chemical equilibria between the following constituents are
considered:

ca2*, cacos
CO2(g) s CO2(aq)r H2CO3, HCO37, co32~
H,0, H* or OH~

2. Thermodynamic equilibrium of each reaction is approached
in the system. From this assumption, some remarks can be
derived. (a) The degassing factor of fluid during flashing is
unity (=1) because volatile constituents are sufficiently
transferred into steam to establish equilibrium. (b) Calcite
is the only stable scale of calcium carbonate in high
temperature and high pressure geothermal wells. Aragonite and
CaC0;.6H,0 are transferred to calcite (Figure 4.1). Precipit-
ation of CaSO4, MgCO3 and MgyCa (j.y)CO3 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.

19



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.

Taking consideration of a degassing factor, b, according to
Henry’s Law the fugacity of carbon dioxide is

fooz = b*Y*K°p*X (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
Ky = 1*K’y (4.3)
Putting Equation (4.3) into Equation (4.2a) and using b = 1
foo2 = Ky*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):

X = (1/mgy)*log (Ky/K°y) (4.4)

Rearranging Equation (4.4),
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Ky = 10 (kmsa) *K.H (4.4a)

Comparing Equation (4.4a) with Equation (4.3),
v = 10(kmsa) (4.5)

Because the fugacity coefficient for carbon dioxide in dilute
aqueous solution at temperature below about 330°C are near
unity (Ellis and Golding, 1963), foop in Equation (4.2) can
be replaced by the partial pressure of carbon dioxide with
little error.

In the ligquid phase, the total carbon dioxide can be

distributed between CO3 (aq) » H2CO3, HCO™3 and 002'3 with the
following equilibrium reactions:

€Oz (aq) + H20 = HyCO3 (4.6a)
Hpc0*3 = HCO™3 + HY (4.7)
HCO™3 = CO0432~ + H' (4.8)

The equilibrium constants are, respectively,

K’c = [HpC031/[CO3 (ag)] (4.9a)
K; = [HCO™3]*[H']/[H;C0*;] (4.10)
Ky, = [CO32~]*[H']/[HCO3™] (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%1072 s~1
k_ = 19.2 s-1

at 298°K and 0.5 ionic strength.

By tradition a distinction is not made between Coz(aq) and
HyCO3. They are reported as H,CO*5.

[HpCO*3] = [COp(aq)]+[H3CO03] (4.12)

Combining Reaction (4.6a) with Reaction (4.1), the net
reaction is general written:

C02(g) + Hp0 = HCO0*; (4.6)
Ko = [HyC0%31/fc02 (4.9)
ous Solutio

The simplest reaction representing the precipitation of
calcite in solution can be written,

ca?t + c0,32t = caco, (4.13)

for which the solubility product is
Ko = [Cag4]*[C0327]/[Caco;] (4.14a)

In the above formula, the activity of solid calcite is unity
if there is no significant substitution of other cations such
as Mg?*, Fe3* or Mn2* for calcium in the solid. Then

Ke = [Ca?t]*[Cc0327) (4.14)
Table 4.1 summaries the equations expressing each coefficient
i.e. Ky°, k, Ko, K1, Ky and Ky 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

[HyCO0*3] = Ko*feoon (4.15)

[HCO™3] = Ko*Kq*fooo/[H'] (4.16)
[CO327] = Ko*Kq*Kp*foon/[HT]2 (4.17)
[Ca2t] = Ro*[HY]12/ (Ko*Kq*Ka*fopr) (4.18)

In the CO,-H,0 system, the total carbon species in solution
can be expressed in the mass balance equation

[CO2totall = [HpCO*3]+[HCO™3]+[C0O327] (4.19)

This is usually what is given in chemical analysis. Figure
4.5 indicates the fraction of carbonate, bicarbonate,
carbonic acid and CO3(aq) Present as a function of pH in a
solution at 100°C. Since very little 0032' 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):

ca?t + HCO;~ = cacoj + H' (4.20)
Ko/Ky = [Ca2t]*[HCO3™]/[HY) (4.21)
2HCO3~ + ca2* = CaCO3 + Hp0 + CO3(v) (4.22)
KcK1Ko/Ko = [Ca?t][HCO3712/£c02 (4.23)

or
-logK = =226.43+6552.81/T+89.084*%1ogT-0.0746*T (4.23a)
Equation (4.23a) is valid in a temperature range of 100°C-

300°C.
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By using the above equations with equation
[HY]*[OH™] = K, = 10~14 (4.24)
the mass balance and the charge balance equations we can do

the chemical equilibrium calculations in Ca0-H,0-CO, system.
For this system the charge balance is

2[ca2t]+[HY] = [HCO™3]+2[C0327]+[OH™] (4.25)
Activity Product of Calcite

For a fluid the activity product of calcite is defined as
Q = [ca2t]%[C0427] (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

0 = Q/Ke (4.27)

The geothermal fluid chemistry obtained from chemical
analysis is usually given by molality. They can be
conveniently changed into activity by using following
equation.

[ 1] = vj*my (4.28)

Taking Equation (4.28) into Equation (4.26), the activity
product of calcite can be expressed

Q = Yca2+*Yco32-*Mca2+*mco32- (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 increases
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 COp; and HyS 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

I=1/2%m;2;2 (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
- HUckel equation.

-logy; = Az211/2/(1+4;B11/2)+b1 (4.31)

The equations for A and B factors are in Table 4.1. For Nat,
HS™, H3Si04~, HyBO3~, S042~, HSO,~ and OH™, & is 4.0, in
common, NH,%, 2.5; K*, 3.0; HCO3™ and C032~, 4.5; Lit and

ca?t, 6.0; Mg2t, 8.0 and HY, 9.0 (Fournier, 1985).

For high temperature calculations the following approximate
values are quite satisfactory (Henley and Brown, 1985).
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Ta+ = 0.8,
Yca2+ = 0.3,
Tx+ = Tcl1- =
THCO3- = TH3Si0o4- =
THS- = TBO2- =
TNa+ = 0.7.

4.2.3. Effect of Steam Loss

Flashing affects the composition of the brine in two ways.
One is the simple concentration of the brine as a result of
remove of water. The other is change of fluid chemistry
resulting from remove of certain constituents such as CO,,
HyS and NH;3 leading to the increase of pH and reduction of
dissolved gases in the brine and reestablishment of the
equilibria.

e
After boiling, the chemistry of the remained liquid phase is
expressed by using the steam fraction.

For non-volatile constitutes
mj = mi°/(1-x) (4.33)
For volatile constituents
mj = (m°;-my*x)/(1-X) (4.34)
4.2.4. Calculation of pH of Geothermal Fluid

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/25°C measurement of quenched high
temperature water.

The distribution of species, molalities of species whose
compositions are described as containing HY are summed to
obtain total molalities of "ionizable hydrogen",

Ngs = mpy+Sgyq*my (4.35)
N*gs+ is independent of temperature.

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+§, ©f 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*y, in the
remaining solute without concerning the gases released,
rename the value of Nty, calculated as N39y, 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
agqueous phase components by using steam fraction. For
example, for a gas which includes H,0, CO,, HCl, H,;S and H,,
we have

N*gy = N3y, * (1-X)+(2nggop+Nyel1+Nyag=1/4*nyy) *x  (4.36)

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 Myco3-+ MH2CO3* 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

logK; = logmyep3-+t1log9Tgco3-tlog[H+]-logmyocozx (4.37)

we can substitute values to obtain pH.
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4.2.5. Effect of Degassing

When flashing is first initiated, the ratio of CO, 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 CO, in the vapor phase steadily
decreases because little additional CO, 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 CO, as a boiling fluid
ascends toward the earth’s surface (Fournier, 1985).

Degassing of CO, from the fluid result in changing of total
CO, content, and increasing pH leading to distribution change
of carbon species in fluid. For one step flashing, without
calcite precipitation (although fluid is supersaturated) and
that thermodynamic equilibrium is reached, the total moles of
carbon bearing species is expressed

Ntotal = NH2c03*TNHCO3-1NCo32-1NCO2g

(4.38)
Using the distribution coefficient (Table 4.1),
Kp = Mco2 (aq)/™co2(g)
=[nCO3 (aq)/ (1-%) 1/ [nco2 (g) /%]
= nCO3 (aq)/Ncoz (g) **/ (1-%) (4.39)
and rearranging the above formula
Nco2(g) = (PH2c03#/Kp) *[%X/(1-X)] (4.40)
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with Nco2(aq) = NH2CO3%- Inserting (4.38) into (4.40), for a
unit mass fluid changing moles to molality and dividing by

mHCO3-
Dtotal/MHCO3- = MH2c03*/MHco3-*{1+x/
[Kp* (1-x) ] }+moo32-/Myco3-+1 (4.41)
Combining Equations (4.10) and (4.11) changing the molalities

into activities where required through Equation (4.28) and
rearranging

[HCO5;™] = mtotal/([H+]/Kl*(l+x*(KD*(1—x))
+1/Taco3-+K2/ ([HY 1#7c032-) (4.42)

In a similar manner, [C032'] and [H2c03*] can be obtained.
4.2.6. Effect of Temperature and Ppga
Differentiating Equation (4.23a), we have

dlogK/dT = =3276.405/T2-38.689/T+0.0746 (4.43)
Up to T = 573.15°K, dlogK;/dT = -2.88%1073 <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 CO, 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 Pggy at
given temperature (Figure 4.7).
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4.3. Kineties

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“z, 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 E, associated with the nucleus is
En = 4nr2R’-(3/4)nr3AG’ (4.44)

setting dE,/dr = 0,

Eno = 167R’3/3AG’?2 (4.44a)
Inserting Equation (4.44a) into the Arrhenius equation

k = A(T)*exp(-E5/RT) (4.45)

the rate of nucleation should be
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k = A(T)*exp[ (-16aR’3)/(3AG’2RT) ] (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 Models
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. ca2t reacts with HCO3™ or CO32' in solution forming a
"transfer species" such as Caco*3;

Step 2. CaC0*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

C(r,t) = Cu+(Ceq=Co)erf[(r/2) (Dt)1/2] (4.47)
The flux of species is obtained from

J = =D*(dC/dr) y—p

= (Co=Cegq) *D/ (7Dt)1/2 (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 C¢-g = 0, and integrating Equation (4.48)
C = [(Co=Cegq) *D/2%a]/ (2Val/2) »£1/2 (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

D = A2%k’T/[ (27wk’T) 1/2Vf1/3]*exp(—Evap/3k'T) (4.51)
in Lasaga (1981).
Mechanism B
Step 1. ca2*, HCO;~ and €032~ 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 HCO3~ 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 (b) in the early
stage of precipitation, concentration ratio of
ca?*/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 controlled by Step
2, based on a assumption of that the precipitation has the
same, but reversed process and reactions as the mechanism of
dissolution, for heterogenous kinetics, the precipitation
rate of a mineral is given in general by (Lasaga, 1984),

dc/dt = A/V#yj*Ql/KMg *K*[HT D (4.52)
The Gibbs free energy change of a particular reaction can be

AG = AG® + RTInQ =
RT1n(Q/Keq) = RT1nQ (4.53)

therefore
dc/dt = A/Viy*K*[H']N*exp (m*AG/RT) (4.54)

The topography of the mineral surface normally includes
"step" and "kink", which are imaginative terms for
description. Specie at kink, step and plane surface 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
propagate continuously 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 locations for adsorption of species from solution.
The adsorbed species may "block" or immobilize the kink, and
so have a large effect on rate of growth. Phosphates can

36



interrupt the growth of calcite scale by means of being
adsorbed at the kinks and steps.

Degassing of CO, from geothermal fluid results in the
increase of the fluid pH, which leads to an increase in the
concentration of carbonate in the CO,-H,0 system. That means
an increase of the calcite deposition 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 distribution, we can
predict the amount of calcite deposited in the well. This
purpose can be approached according to the mechanisms,
equilibrium relationships and reactions discussed above.
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5. THE CHEMICAL EQUILIBRIUM PROGRAM WATCH

5.1. Introduction

The chemical properties of a geothermal 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. Program 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 program 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
groundwater (SSTEMP =999). In this case, the program 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 "SSTEMP"
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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 surface equipment
systems. For example, the WATCH1 can be used for calculating
the composition of liquid phase in separator and the result
can then be put into WATCH3 program to study the 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 program function.
Table 5.2 is the input data needed for the program
(Arnorsson, et al., 1982).

5.3. Yangbajing, Svartsengi and Hveragerdi Fields

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 150°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
Nat-cl™-HCO™; with a total dissolved solids of about 2100
mg/1l (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 is 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 Hveragerdi 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 in Svartsengi
and Hveragerdi areas are reamed by drilling yearly.

5.4. Chemical Data Treatment

In this project work, the chemical analysis results for
surface samples from Wells ZK-309, ZK-311l and ZK-324 in
Yangbajing, NLFI-1, G-2 and G-4 in Hveragerdi, and SG-6,
SG-7, SG-8, SG~9 and SG-11 in Svartsengi are interpreted by
using the WATCH1 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, the chalcedony
geothermometer is selected for the samples from Yangbajing
and Hveragerdi 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 degassing 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 135°C with a series of degassing factors or gas
solubility multiplying factor (GSMF).

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(Nat/Ht), log(k*/H™"),
log(/ca2t/u*), log(/Mg2t/H*) and logH,CO; 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.Comparing the each "function value" with 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 difference 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 SSTEMP = 999 to
calculating the calibrated data at given boiling
temperatures with the degassing factor (GSMF) is 1. The
output is as Appendix 2.3.

Since the CO, 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 CO, in the steam
(Arnorsson, 1983), it is understandable that the curve in
Figure 5.1 for logH;CO3 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 boiled in the
well-bore before sampling, therefor some of the calcite has
been deposited out of the fluid during the boiling inside the
well. This is why Appendix 1 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. Calcite has not
deposited before sampling. So the scaling potential of this
sample is much higher than the others. Figure 5.3 shows the
activity product of surface separated samples from wells in
Svartsengi. Figure 5.4 is for samples from Hveragerdi.

Figure 5.5 is a comparatione of the calcite scaling potential
for samples from Wells ZK-311, NLFI-1 and SG-8, which has the
highest deposition thermodynamic potentials among the
interpreted samples in Yangbajing, Hveragerdi 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
wells (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 calcite reaches
maximum by one step adiabatic boiling the geofluid at a
temperature below the reservoir temperature in the range of
15°T to 60°C. This result is useful for geothermal project
design and operation. From Appendix 1 we can also have
another conclusion, which is that the higher ionic strength
of the fluid, the higher calcite deposition potential.
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6. HANDLING OF CALCITE SCALING IN WELLBORE

Effective scale handling in geothermal operation 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 Hveragerdi, 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 (Bjérnsson and
Albertsson, 1985).

6.2. Pressure Manipulation

Calcite scaling is developed by flashing, which is resulted
from that the process pressure acting on the fluid drops to
be lower than the flashing pressure of the geothermal fluid
(as discussed in Part 2.2.1). Pressure manipulation 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, CaCO3, can be eliminated 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 restricted 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 CO, 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
CO, content (as mentioned in Part 2.2).
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6.4. pH Manipulation

On-line manipulation of the geothermal 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 scaling can form
may be technically but not economic feasibility, since
excessively large amounts of acid are required to obtain even
fairly a small decrease of pH due to many geothermal fluids
have an extremely large flow-rate and buffer capacity.

Off-line acidification of geothermal wells within calcite
scale has been used in some geothermal fields. But care
should be taken, since well casing 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 calcite.

6.5. Inhibitors

The utilization of scale inhibitors seems like 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 CaCO3 solution in small
gquantities. The proposed mechanism suggests that the
phosphate maintain in solution large quantities of CaCO;
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. Therefore, organic
phosphorouses has been developed. In organic compounds,
phosphorus links to the carbonic atom and hence 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 INJECTION
7.1. Fluid/Formation 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
injectabilily, the spent brine must be compatible 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 incompatibility can arise
from particulate plugging due to precipitation, clay swelling
and dispersing, and influencing of rock-solution 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 gm in diameter generally
pass through the formation without causing impairment,
particles greater than 10 gm 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
0

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
control 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 (Ca0) 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 25°C to 50°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.

Sulfate scales are a similar problem where incompatible
waters are involved.

7.3. Chemical Monitoring and Tracer Testing

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. Tracer 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.

* High thermal stability in geothermal reservoir;
51



* 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 in Svartsengi, Iceland showed that Iodide seems to be
a good choice 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 provides 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 are 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 Ca0-C0;-H,0 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 of calcite supersaturation for a unflashed
reservoir fluid reaches a maximum when cooled by 10°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 geothermal 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, cmz/s
f: Friction factor
G: Gibbs free Energy
g: Acceleration of Gravity, m/s?
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, °K
t: Temperature in Part 2, °C
t: Time in Part 4, s
V: Specific Volume in Part 2, m3/kg
Vg: Molar Volume, cm3/mole
V: Volume, m3
v: Velocity, m/s
W: Flow rate, kg/s
w: Weight percent
w: molar weight in Equation (4.51)
X: Mole fraction
X: Mass fraction
Z: Length, m
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Zi: Charges of Species i

[i]: activity of species i

j: Dynamic viscosity, Ns/m2

0: Surface Tension, N/m

a: Void Fraction

p: density, kg/m3

£: Absolute roughness factor, m

7: correction factor for Ky® in sanility solution
7i: activity coefficient of species i
vi: stoichiometric constant

A: jump distance, cm

erf: error function
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APPENDIX 1 Computer Output for Separated Samples From
Wells ZK=-309, ZK-311, ZK-324, NLFI-1 and SG-8
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INETORITE  -B051 -S.MF CALDITE -0.980 -5.4%8  CRAIOEDONY  -nE LT
KG-CHIORITE  -78,001 -TE.20f  FLUORITE <1050 <1148 GOBTEITE SR
LAVNORTITE  -ZRRD 24830 MECROOLENE  -IT.OTE SIEGME WANETIZD 313
CA-MONTHOR,  -T8,337 -B6.200  K-MONTMOR,  -B4T 43718 NO-MONTMOR, -8
NA-MONTNOR,  -38.04 <4L.BED  WUSCOVITE  ~13.675 15028 GERANITE  -36.08
PYRRECTITE  -BA.760 -B1.508  PYRIT 5505 8105 GUARYZ -1.897
WAIRARETE  -24.116 -20.930  WOLULASTONITE  9.970  8.987  Z0I3ITE 45438
BPIDOTE 41,020 36031 MARCASITE 109088 8174
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UNU Qeotheraal Training Prograame DREP WATES ROILED AT M10,0 DEGRESS [,
SAMPLE = BEP.FES.00!

N T e T S T N N ST N N N R R a SR s e a2

LOG DISTRIRUTION COBRFICIZNTS 0% =-3,8%  HL§=-1.16 GAS SOLUBILITY MULTIPLYING FACTOE 1.00

aviyh 1.l

JEEE WATER PPN §EE2 STEAN (PPY) GAS PRESSURES (3483 M8
9102 267.48 £0g 145,78 £02 563,60 002 JH03-1t
5 §15.94 g3 545 213 186,42 E2S JHE0E-1
£ 18,58 HE 80 i A1 it B2E-0
4 t:1d 0% i} a2 i} SeCE-11
. 18 T4 09 CHd 21 OHd 40808
304 50.5¢ ] 80 ¥ ‘& i Nl 1823
(L 548,57 Nl 32 ¥ 8 NS L1E-08
¥ 11.16 B0 BUG
p18s.5. i TOTAL EY e
AL 2512

2 §1.9108 20 (%) 10,84

PR 44 BGILING PORTION RN

ACTIVITY CORRFICTENTS IN DEEP WATER

fis B85 £304- 548 .42 523 FEOL+ i
{H- 4T F- 237 PRt L1 ESRTE b
133104~ (B4 0L~ 5 7308+ 46 Ales b3
R28104-- S Nit 1T FR(CH)3- N AL(0R) 24 543
B2B0- 430 i A3 FRLOH)4-- 513 AL(08)1- BTE
B003- V8L OAss 528 FEOH4- 515 ALE04s 34
003-- 508 Ui+s 58 TE(0E] 2+ eI AL{S04)z- 343
H§- B4 CARDO3+ 451 PE{OH)4- 848 ALT<s
8. 515 HGHEOD+ 8345 PES044 A48 ALFS B3R
1§04 (843 CAQH- 581 TRCL=+ 315 ALFL- 345
§0t-- 501 oK. 854 FECLE+ S48 RS-~ 508
§4804- it ids 810 7RCL4- 40 ALFE-=- s
CHEMTOAL COMPONENTS IN DBRP WATER (PPN AND 10G NOLE) i

1+ (ACT. ) 00 -B,383 MG+ JF <5452 FE(OH)Y NE <8758
08- AT LB NACL §.00  -4.287 FE(OH) 4+ JY S5N0%
148704 301,23 ~2.504 0L A0 -5 FECLs M0 T80
REEIN- 107,88 2,048 NAS0L- 155 -89 PROLY 10 15068
RZ8704-- 4B -5.208 E304- g5 5.3 FEQL+4 B0 -2T,82%
NARISION 2127 -LTM 04304 23 <58 L2 R ! Mk
RiB03 M40 -2aM LBLh g8 -8af FEOLY A0 .88 687
H2ROT« 90,81 -2.8%% [ATOS 1,10 -4.968 FEOLA- 16,064
§2003 1.8 4,506 Na0o% A7 <5508 3804 , f 541
el 191,70 2488 (48203 O FESCL- A0 -3,
£03-- 5.50 400 ¥GEOO34 A <504 Alees B0 ~31,580
128 Q1 <5587 JASHe 0t -s.ms KLGHss A0 -IE.a
B3- .20 -3,802 ¥G0Es 01 -5 JLI0B) 2 B0 <1629
3-- B 11178 iR4CH 21 <508 AL|OH)3 1 Bl
EEEL Ot <18,083 §Rd- L1 <8288 AL{0F)4- RIS
R84 A0 8,789 TRes B 5 113044 AL o853
§04-- 1,55 -3.308 i2es L0 -23.811 AL{BO4)2- A8 <E3.478
) 00 <1,782 TROE- A1 =538 ALFee B 938
P- S 61 S K FE{0E; 2 J8 0 <5888 ALTLe d0 1582
Bl §46.88  -1.81% TE{QH) 1 00 =7.598 ALRY A0 <14.008
NA+ 1ot -1.748 PR[CH]4-- G0 -11.788 ALFA- A0 <54, 8
i 18,64 ~2,908 FRION) ++ A0 <2840 ALFE-- A -v8, 552
Th#s 1,08 o440 FE(O0) 2+ gt <1050 ALFG--- B0 18,078

tONIN SPRRNOTE = Lfti:d TONIC RAZAKCE - CATIONY (MOL.EQ.) .019:5d5e
ANIONS (MOL.EQ.) ..1&453
DIFRIZENCE (¥ Bl
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OXIDATION POTENTIAL {VOLTS) | Bk §ES= -4%6 B HAs - 477 BE Rl -8E0 0 EROMEDL: -3

106 SOLUBILITY PACDUDTS OF XINERALS IF DISP MATIR

SH0R.  CALL. bo.{ S 1 w08,  SALS.
ATULARTA -16.847 15581 ALBITE 1OV  <1E,043 -14.4ii AKELCINE 10088 <11.50T
ANHYDRITE 5,150 -B.3% CALCITE 2,84 5,078 CHALCEDONY %0kt <1504
MO-CHLORITE  -30.081 -T768.042 FLUORITE 10,528 -11.3%% GORTRITE 4,237 104G
LAUMONTITR  -26.746 -14.330 NICROCLINE  -18,18% 15,881 KAGNETITE <2833 17,321
CA-MONTHOR, -B3.080 -86.377 E-MONTNOR,  ~40.404 -43.788 MO-MONTNOE, 34,471 -87.04¥

KA-MONTHOE. 40,447 -42.%3% NUSCOVITE 20,333 18,310 FREENITE 5 T8 <10.418
PYRRHOTITE  -84.808 -68.188 PTRITE 138,788 04,538 WWAETL 3008 <30
WAIRAZITE -2hATE 24,80 WOLLASTORITE 10.32%  B.518 L0817 -15.682 35983
EPIDOTE 42,797 -36.084 MARCASITE  -118.925 34,638
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GNU Geothermal Tralning Frogramse DEED WATER BOILED AT G0.) DEOREER 2
BANPLE = BRP.VBI.GOL

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

-------------------------------------------------------------------------
et ey ofomfipediegiioiemfiedpoa ety ittt it esilomietenis 3 it o S-Sl ettt bt el

LG DISTRIBUTION COBFFICIENTR (0% =385 £28 ==}, 38 GA8 JOLURTLITY NULIIPLYING ®alT0

DREP WATRE (PRE| DEZP ITEA (EPN) GAS TRESIURES {NAST 43§

12 11 IR R DN T vebesw

S102 287 .05 00z 134,00 (02 #7130 Loz
NA §i0.21 28 4,32 Bag 3.5 23
£ §0.88 B A0 i AL L
CA .13 02 A i) M b2

M3 JE0 it il Uit
304 §2.5¢ §e A0 52
oL 370,04 i 03 NE3

¥ 1180 B0
oI8g.8, 1 TOTAL

\ 273
B B4, 5338 120 (%] 1848
7 8875 BOTLING PORTION Y

ADTTVITY CORFRICIRNTS I¥ DEEP WATER
i+ 818 £304- B33 FEed b1 4 FECLs §48
0f- 843 P B4 FEe4s L2 Alwss 28
#38104- A48 Bl 839 7RO+ i1 ALCH s R
HESI04-- g3 K4+ =113 FE{OH)3- A1 A0 s Rk
HEBOY- .B38 i+ ,838 FR{0B)L-- 1A AL{OB}4- Lt
fogd- 846 Dhts il FROK++ L8 AL8OLs (842

&

003-- By Hies 586 FE(0H) 2+ 53 ALESOR)2-
fs- 1K CARCOY+ 857 TR(0BI4- A5Y LLE+- 31
52 HOHCOL+ 348 FR30Ls A8 ALPL+ (851
1304- (B8 TAQK- 857 FECL++ 528 ALEL- AL
04~ 515 oo A58 AR B3 ALF5-- i
K4804- JB53 N4 36 PEOLY - g ALFG--- 158
CHEMICAL COMPONBKTY IN JUEP WATER {PDN AND LOO WOTE)
B+ (46T, a0 -.548 ¥4+ § =548 FI{0R) S 1 4
e R U 3 | ¥ACL IS Y VE(0F}4- L0 <508
HASIOH 250,85 -1.31 B 5 FECL+ 5 <782
33104~ 190,88 %88 NAS04- .27 5.1 RECLY T T 1
F28104-- B0 -5.07 £804- ( ~5.208 FECLes 00 -23.248
HARASTOA 2.8 -1.84 CAS04 5,842 FEQLEs 02 =
#3807 e <4 o3t -3.018 FECLI A0
H2EOY- 120,80 <2.87 a0l 1. 4,811 FECLL- A28
nanos 49 40 %3009 T 73304 01
ficas- 187,80 1.8 CHEOOY4 H41 TS B0

1

003-- 3.88
LS A3
8- 4,18
§-- A0 -
R2804 A0 -

MGHCO}+
ChdH+
NGO
R40K ‘
K4+

<§.008 SIS it
-6.%01 ALOH#++
-5, 886 ALIOH E- .00
<§.311 AL{OH)3 N}
-5.268 ALIOR )4+

3
L= s
O O e—s DX I3 40 Sa

L= i S
pr ol e s b 5D a2 B £33 43
i

3 s

o - - B —— - - R U ERRT ST L R
C 0 gt €3 BN £ T b TS £ T a3 43 B S0 N 0 DA = <

3304~ A0 -8 Pt T 5.4 ALSRs A
§04-- 18,96 3.1 FRast 0 %8561 AL(s04)i-
Et A BT PROR+ 5 SFildl ALT+s Kl
F- 180 <3244 FR(0N)2 1 5,818 ALFZ+
OG- 589,89 1,785 FR(0H) 1~ 0 7,316 LT
A4 $25.69 1,732 PRI0H|4-- ¢ -12.100 LLFA-

-3

[ 80,80 -L.3RR FR{OH} 4+ A -1BATS ALES--
Thas LA ~1.430 F3(0H)2¢ L0 ~10.8%] ALF--<

2

e

IONIO STRENGTH = 02313 TONTC BRLANCE :  CATIONS (MOL.BQ.| .01300849
ANTONS  (MOL.2R.) -D233265%
DIFVEERNCE (&1 -1



.....................................................................................................................
...................................................................................................................

OXIDATION POTENTIAL (VOLT8) BN #S: 460 BRCM: - 452 BH RI= - B3 3B RHYs <000

100 SOLUBILITY PRODULTS OF NINERAL® IV DREP WATEZZ

TECB.  CAif. 1208,  CALL, TROE.  CREf
ADULARIA -12,638 -15.988 ALBITE LOW  -15.83% -14.431 ARALCTME 15478 =118
ANHYDRITE .48 8.0 CALCITE .21 4m CRALCEDORY «£.80% L8l
NG-CHLORITE  -B0,618 -78.4%0 FLOORITE 10536 11276 GOBTHITE .04 =108
LAUMONTITE  -27.678 14,810 KICROCLINE  -i0.087 -13.66% MAQNBTITE -aAed 1A
CA-NONTMOR,  -88,13% -§5.508 E-HONTNOR,  -43.045 -43, 589 MC-MONTMOR,  -F§.231 -B0.448
YA-MONTHOR, 43,023 -42,210 NUSCOVITE -31.778 -i8.128 PERENITE 3143 -),280
PYREEOTIT®  -104,804 -7TA.468 PIRITE -154,380 -102,407 QuiRTI =388 <281

VATRAEITE -L4. 98T -24.910 VOLLASTORITE 1.0  10.0%7 10181TR 3288 -36.53
EPIDOTE -4 418 <3874 KARCASITE  -130.306 -102.437
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UNU Qeotheras! Praining Programas

BEP.YBU.002 YANGBAVING ZE-LL TIRET

PROCRAN WATCHL.

VATER S4dpLY (BBN) STEAN SAMPLE
PH/EEG.D B.43720.0 OAS {VOL.%| ERFERENCE THAP. [EOREER o (EER
3102 255.00 00f 84,04
1) 150,00 i3 2l SAMPLING PRESSURE  BARS RS, 5.3
£ 45.50 B A2 DISCHARCE ENTHALPY  NJOUL/RC JIOE [CALNULATEN
TA T.20 G2 89 DI3CHARCE RE/FRE. |
N3 i i AL
ooz 11,04 1A 4 KEASUEED TEMPEEATURE [ZGREES N
04 41,50 He 0.0083 RESISTIVITY/TEME,  CHNM/DRG.T D)
B2 2.0 BH/TEKE. ¥ViEG. O 00 .0
HF 522.00
F 10 LITERS 0A3 PBE %
IS8, S0LITS 0 CONDENSATR/DEG.C §.01/20.0 ¥EASURED COWNROLZ TEMP.  FLUID [WFLOW
AL L2100 DEGREES C/MRTEES FEPTH [METERE]
i 58,4500 _
L] 000 QONDENSATE (P2H) W0 WA
Nl L000 PH/DEG.C §.685/20.0 i . N
Li 3.2 oul .84 Be
fs ] i3] 28,00 R 8
ir 14 ik 140 A i
A 0 '
.ﬂl ‘u i-I
il 4 i
CONDENSATE WITH NAGE (PPH) il i )
£o2 0 R 0 '
qis 20 B & ]
IONID STRENOTH = 0204 TONIG BALANCE ;- CATIONS (MOL.EG.] 01883489
ANIOKS (MOL.BQ.) .0Z446035
GIFFERENCR (%) -18.62
DRED WATEY (PPN DEBP STEAM (EpM: GA3 JRESSUREY (BARS A3F.]
LRA 23%.47 thik 952,27 caz 0 i) AUREsd)
NA 115,82 418 11.13 Beg 00 E28 caodE-04
¥ 11,76 il L LY 00 Z  efiR2
i .07 0 b 02 il a2 y 00Q8=D
¥ ,10% 4 B [Ed B8 Bt el 1320
33t 39,00 il 1.3 14 il H N1 5830
CE 480.3 A3 J Ni3 00 ¥l (i3
3 10,53 ik
DIES.E. 08 TOTAL Rel)
Al V18T
§ 54,9264 #20 (%]
i J00d BOILING POZTION (
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...........................................................................................................

ACTIVITY COBFFICIENTY IN DEEP WATZR

i+ 847 504~ 821 FEtt AT FECL+ 51§
08~ i F- (814 FEH+4 A0 ALttt 227
HISI04- .818 CL- 811 FEOH+ 824 AL+ AT0
B28104-- AT Ki+ 418 FE(08) 3~ B AL{0R} 2+ 27
02803~ .807 i+ A1l FE(OH)4-- B3 AL(CH)4- .821
HCo3- 818 CAs+ A9 FROH A3 AL§O4+ .52l
03-- 457 KB+ S05 PE(OH) 2+ 427 AL{804)2- 81
HS- 814 CARCO34 830 FE(OH) 4~ 621 ALF+4 A0
§-- 465 HGHCO3+ 818 FE8O04+ B2 ALFL4 827
H504- 811 CAOHt .830 FECL++ 465 ALF{- 821
804-- Ai0 HGOR+ 833 FECL2+ B4 ALFS-- A5
NAS04- 827 NHg4 807 PECLA- 818 ALFG--- A1
CHENICAL COMPONENTS IN DEEP WATER: (PPX AND LOC MOLB)
B+ (ACT.) 00 -6.418 HG++ 01 5,543 7R(08)3 .00 .000
0f- AT 4,991 NACL (.53 -4.110 FR(OH)4- 00 000
RESTOM 380,97 -2.402 ECL 70 -5,609 FECLt 00 .000
HIsI04= 2,07 4,662 NASO4- L13 -4.580 FECLL 00 .000
B28104-- 00 -8.975 £804- 1.1 -5.049 FECL#4 .00 .000
RAEISIO4 38 -5.490 Cag04 26 -5.110 FECLZ4 0 .000
13803 312,96 -2.296 NEs04 A1 <60 FECLY 00 000
12803~ 118 -4111 CACO3 05 46,322 FECLA- 00 .000
2003 896.41  -1.840 HGCD3 L0 8,037 FB304 00 .000
HC03- 136.13  -1.143 CAHCOY+ LM 1567 FRSO4+ 00 000
c03-- 08 -5.801 HGHECO3+ 04 6,378 AL+4+ 00 -17.758
Hig 16.82  -3.301 CAOH+ 00 -8.019 ALOR#4 A0 -12,340
H3- 10.00  -3.51% HGOR+ 00 7,826 AL{OR| 24 A0 -7.579
8-- 00 -12.348 Ki408 .00 .000 AL{CH)3 43 -5.166
2304 00 -13.867 Nid+ .00 000 AL{OE)4- 04 -6.329
#s04- 01 <6189 FE+4 .00 000 ALSO4+ A0 -17.526
804-- 6.8 -1.435 FB4++ .00 .000 AL(804) 2~ 00 -19,316
1 -5 RO+ 00 .000 AL+ 00 -13.186
F- 10.43 -3.261 FE(0H)2 .00 .000 ALF2+ 00 -10.120
CL- 481.11  -1.861 FB(0H]3- 00 .000 ALFY 00 -6.900
NAt A6 -1.789 FR{0R)4-- 00 .000 ALFE- A0 -5.459
£t §2.32  -1.968 FR(O) +4 00 000 ALFS-- A0 -11,143
CAtt B9 -1.858 FB{08)24 00 000 ALFE--- 0 -14.005
[ONIC STRENCTH = .02037 IONIC BALANCE : CATIONS (KOL.EQ.) .01740432

ANIONS (NOL.2Q.) .02255492

DIFFERBHCE (%]  -25.78
CHENICAL GEOTHERMONBTERS DEGRERS C 1000/T DEGRBBS EBLVIN = 2.%8
QUARTL 185.9
CHALCEDONY 165.2
NAR ul5.2
OXIDATION POTENTIAL (VOLTS) : BE H28= -.410  BR CHd= -.432 B HI= - 448 N Nd3: 99.99¢
LOG SOLUBILITY PRODUCTS OF MINERALS IN DEEP WATER

TEOR.  CALC. TEQR.  CALC. TE0R.,  CALC.

ADULARIA -15,330 -15.484 ALSITE LOW  -14.788 -14.304 AKALCINE -11,962 -11.%02
ANHYDRITE -6.614  -8.157 CALCITE -16.728 -11.217 CHALCEDOKY -1 400 -Z.402
HG-CHLORITE  -BO,36L -B7.486 FLUORITE -10.588 -11.675 COETEITR -1.000 88,888
LAUXONTITE  -23.067 -23.08 YICROCLINE  -16.321 -18.484 YAGKETITE 58,909
CA-HONTMOE.  -73.340 -£5.53% -K0 -35.93% -35.548 7
5 ] £ AAS 13,187 7

-36.110
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UNU Csotnarmal Training Progeasss

RER. B 003

PROGRAN WATCRI.

TATER SANPLE (PPN)

PE/DEQ.C
810

84

i

CA

i

o

204

28

i

¥

D188, 30LID3
AL

]

fE

Nl

Li

Iz

ir

TONIC STRRNGTH =

DERP WATIR

810¢
li4
K

o

Mg

§04

A

¥
5I8s8.4,
AL

)

)

8.34720.0
2540
1985.00

CER

L4

10
134,38

40,56
.00
131.00

1% 9
PR

Nt
J2800
$8.2730
Ll
4500
10.8
0.07
L4

08027

(PPM]

40,00
m.u
.41
i,80
A
§0.15
483,88
10.30
J0
L2458
55,0531
EH

i

e e

STE4K SAMPLE

JI0f

aw

i

AR

{CHE

(EALTILATED

==
- s

D INFLLE

(METERS)

GAS (VOL.X) BEFBEENCE TEMF. DEORERE ©
iy PR
B2S 83 SAMPLING PBESSURBE  DAES 38,
B2 iz DISCHARQE ENTEALFY  MIOGHL/RG
b4 B DLSCEARQE B3/380,
CHY 01
[} o8 YBASURED TEHPERATURE DRGRIRS ©
fie 0,005 RESTSTIVITY/TEN®,  ORMM/DEG.T
BH/TRMD. KV70R0.0
LITBRE GAS PER &0
CONDENSATE/LBG.C §.12/20,0 KEAZURED DOWKROLE TENP,  FLUI
OBGRERS O/KBTRRS DIFTH
TONTENSATE (PP} K ;
PE/1EE.C £.15/20.0 0 B
ot 0.4t 0 0
123 13.80 8 g
hE 3.8 0 8
R
¥ l: . ';:
CONDENSATE WITH NADE (PPKj A .0
got i 1 o
Y] 00 N J
TONIC BALANCE : CATIONS (MOL.EQ.) .0iB68dlE
ANIONS {MOL.EQ.) (01076309
DIFFERENCE  [¥]  -10.4%
DEE? 3TEAN {PPE) 049 PRESSUREY |
0z 184,85 ez 00 (0f il
B3 13.85 28 .00 H3 Al
il 00 2 B4 31 N
02 0 02 08 i el
b N cat -0 b1 o3
2 1.81 K Jf 82 w30
N o3 NE3 0 NE3 o
B2 i
2OTAL b
B0 {3 00
BOILING PORTION 40
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ALTIVIST 2
wialass

4] 81 .23 Fits A8 FECLs S
04- 820 528 Fiird 238 Altte 238
438104- A2 Al FRON+ B3¢ ALDH«4 483
H28104-- A8l W82 FB(08)3- 830 AL{OR) 2+ B3t
H2B03- 813 11 FE(0H)4-- Al AL{CH}4- 8121
HCo3- M A81 FROR++ AN ALSO4+ 827
C03-- AT0 LHE) 18 FB(0K)2+ 832 AL(304]2- A27
Hs- 820 CAHCO3+ 836 FE(0K)4- 832 ALF#4 A8
§-- AM HGHCO3+ 824 FES04+ 830 ALF2t (832
HB04- B2 CAOH+ 836 FRCL#+ A ALF4- 827
804-- 463 NGO+ 838 FECL2+ 830 ALFS-- AT0
NASOA - kN N+ 813 FECLA- B2 ALFG--- 184
CHEHICAL COMPONBNTS IN DERP WATER (PPM AND LOG MOLE)

B+ (ACT.) 000 -6.242 NG44 07 -5.532 FB{OA)? i -5.30
0~ Ji -6.168 NACL £31 -4 130 FE(OK)4- OF -6.548
HiSI04 180,30 -2.400 €CL 20 -5.586 FECL+ OF <831
HISI04- 137 -4.840 NA304- .28 -4.560 FECLY 00 -18.271
H28104-- A0 -9.330 E804- 136 -£.97 FRCL++ 00 -18.432
NARISTOA 26 -5.864 casod J0 0 -5.682 PECLL .00 -19.8817
3603 4,08 -2.24 HGs04 30 -5.980 FECLI 00 -22.305
HB03- 08 -4.888 CACOd 02 -6.660 PECLA- .00 -25.182
#2003 844,00 -1.866 HGCo3 00 -8,3%6 PESO4 02 -6.925
HC03- m.u -39 CAECO3+ 1,88 -4.730 FESO44 00 -18.001
C03-- 03 -5.2%8 KGECO3+ 02 -6.50 AL#44 00 -17.162
28 11,07 -3.488 CAOR+ 00 -8.152 ALOR#+ L0 -i1.904
Hs- .34 3,882 HGOH+ 00 -7.880 AL{OH) 2+ 00 -1.303
§-- 00 -12.893 NELOB 20 -5.080 AL(0R)3 B8 -5.082
H2804 00 -13.581 KH{+ 20 -4.854 AL{0R}4- L1 -6.408
H804- 0 =511 PR+ J6 -5.508 ALSO4+ A0 -17.289
804-- KL R VA | FBH4+ 00 20,452 AL(804)2- 00 -18.657
HE 6 -5.098 FEOH+ J10-5,823 ALFt4 L0 -12.574
F- 10,43 -3.260 FE(OH)2 00 -7.385 ALF24 00 -9.493
CL- 61,12 -1.886 FB(0H)3- 00 -9.908 ALFY A0 -8.263
NAt .81 -1.7%2 FR(OH)4-- 00 -15.767 ALF4- S0 8,822
K+ 5198 -2.810 FR(OR) 44 00 13,901 ALFS-- .00 -10.511
CAtt S5 -4.628 FE(OH) 2+ 00 -8.890 ALRG-=- 00 -13,386

TONIC STRENGTH = 01863 IONIC BALANCE : CATIONS (NOL.BQ.) .01754706
ANIONS  (HOL.BQ.) 01890845
DIFFRRENCE (%)  -1.47

CHENICAL GEOTHBEMOMETERS DEGREES C 1000/T DBGREES ERLVIN = 2.23
QUARTZ 186.1
CHALCBDONY 165.4
NAR 1383
OTIDATION POTBETIAL (VOLTS) : B B23= -.389  BH CH4= -~.418  BE HZ: -.431 BN MHIz 410
LOG SOLUBILITY PRODUCTS OF ¥IXEEALS IN DESP WATER

1E0R,  CALC. TBOR.  CALC. TEOR.  Chil.
ADULARIA -15.326 -15.290 ALBITE LOW  -14.763 -14,201 ARALCINE -11.95¢ -11.601
AXRYDRITE -6.618  -8.69% CALCITE -10.732 -11.567 CHALCBDONY -2, 400 -2.400
MG-CHLORITE  -B0.368 -88.573 FLUORITE -10.598 -11.§27 GORTHITE -4 -1.0M

LAUKONTITE  -23.082 -24.762 HICROCLINE  -16.313 -15.290 HAONETITE -24.500 -19.104
CA-MONTHOR.  -75.319 -§§.423 E-HONTHOR.  -35.9i% -33.708 HO-MONTMOR. -76.701 -B7.302
NA-MONTMOR,  -16.097 -32.621 HUSCOVITE -15,602 -18.008 PREANITE -15.7194 -37.50

PIRRHCTITE  -68.671 -43,137 PT3ITE -100.718 88,072 GUARTZ <1315 -1.atE
WATZARITE -23820 -24.182 (1% LB S T L 1018173 35458 -31.088
EPIDOTE -3§.800 -39,188 -B0.74 35502
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UNU Ceothermal Training Programae

...................................................................................................................
-------------------------------------------------------------------------------------------------------------------

23001201088706120050 fvarisengi §6-8 GRINDAVIR

PROGRAX WATCHL.

WATER SAMPLE (PPM) STEAN SAMPLE
PH/DRG.C §.44/23.9 CGAB (VOL.¥] REFERENCE TRMP, DBOREES O 0 (QT2}
8102 14,80 0ol 9§.31
NA §993.00 H28 1.23 JAMPLING PRESSUEE  BARS ABS. 16.8
K 1094.00 Kt A7 DISCHARGR BNTHALPY  MJOUL/EC  1.057 (CALCHELATED)
CA 1033.00 02 A0 DISCHARCGE EG/8EC. o
G 411 CBé L3
fo2 42,10 NZ 1.98 YRASURED TBMPERATUEE DBGREES C 0
204 31.64 Ar 0,541 RBSISTIVITY/TENP,  OHMM/DBG.C 070
Hes (63 BH/TEKP. ¥V/DRC.C 0007 D
CL 13587.00
¥ 14 LITBES GA PER G
DI§S.S0LIDS  243§2.00 CONDBNSATE/DEG.C 1.56/13.8 NEASURBD DOWNHOLE TEMP.  FLUID INFLOW
AL 0000 DBORBRS C/MBTERS DEPTH (MBTERS)
B 0000
8 0400 CONDENSATE (PPM) W 4
NH3 0000 PH/DEG.C L34 2 4 A
i 0.3 g0z 15980.00 Ad 0 Wi
LPAS 40.80 A 0 W0
L1 9.21 4 it 4
0 g 4
4 A
d B! 0
CONDENSATE WITH NACH (PPH) A 0 W
002 4220.00 0 0 o
528 70.00 A 0 8
IONIC STRENGTH = 40987 IONIC BALANCE : CATIONS (MOL.BQ.) 38342230
ANIONS (MOL.BQ.) 38332380
DIFFRRENCE (X} 03
[REP WATER (PPN) DEBP STEAM (PPK) A PRESTURES (BARE AES.|
§102 167.10 0ol 419,64 £o2 00 0ol 1088401
VA Gidd. 48 H2s 1.1 hes 00 28 JT41E-00
L 897.03 2 R} 12 08 11 J2438-02
C4 955,33 i 00 02 Nl 02 858B-36
4G kL) Chd 5 CHd 00 CEA .2568-02
§04 18,71 L) 3.40 N2 00 N2 B04E-01
(L 12335.00 NE3 Q0 NH3 00 NH 0008+00
? A3 20 488402
DI88.8.  22003.6% TOTAL JI60R402
AL ,0000
B 0000 a20 (¥) 00
FE 0163 BOILING PORTION A0
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SAYPLE = 23001201088708120050

ACTIVITY COBFFICIENTS IN DEEP WATER

i 633 £504- S PR+ .109 FECL+ {95
0f- AN F- AN FB444 21 AL4t4 0t1
HIgI04- 95 CL- A5 FROH+ R E) ALOE++ 096
R28104-- 098 N+ 495 FE{0R)3- 531 ALIOK) 24 11
H2B03- A8 Et 452 PR(OR)4-- 087 AL{OK)4- 514
HC03- 485 CAt+ 109 FROH4+ 081 ALS04+ 514
03-- 018 HG++ 158 PR(OH) 24 S AL{S04)2- 514
Hg- AT4 CAHCO3+ 62 FR(0R)4- N1t ALRH 098
§-- L0817 MCHCO3+ 85 PRSO04+ 531 ALF24 N1t
RS04~ S CAOH+ B2 FBOLt+ 08! ALFA- bl
§04-- 065 Koon+ A17 FECLL+ i ALFS-- 076
NASO4- i1l N4+ A28 FROLA- 95 ALFG--= .003
CHBMICAL COMPONENTS IN DBEP ¥ATER (PPN AND LOG OLR)
i+ (ACT.) 00 5.7 KO++ AL -4.528 FR(0H)3 05 -6.362
OH- 01 S50 NACL 1436.22  -1.609 FE(OH)4- 02 -6.728
HAST04 146,47 -2.110 KCL 108.16  -2.838 FRCL# 00 -1.693
§astod- A3 5458 HAS04- 5.56 -4 PECLY .00 -10.890
H28104 - 00 10,747 ES04- 3.80 -4.551 FBCL++ 00 -16.975
NAHISIOA A5 <542 CASO4 A3 -3.915 FRCL2+ 00 -17.723
13803 .00 000 HG304 05 -6.386 FRCLI A0 -18.915
R2B03- 00 000 CACO3 Q4 -6.401 FECLA- .00 -20.059
82003 510,60 -2.03% ¥6C03 00 -10.403 FES04 .00 -11.200
BC03- 130 -3.92 CAHCO3+ 4.8 <318 FRSO4+ 00 -19.512
£03-- 00 -8.840 NCHCO34 Q0 1,285 ALt44 00 .000
128 §.95 -3.690 CAOH+ A6 -5,562 ALOH#4 .00 .000
8- A8 -5.320 HGOR+ Q00 -6.9% AL(OH) 24 .00 000
8- A0 -14.195 NH40H A0 000 AL{0H)3 00 000
2804 00 -11.493 Wid+ 00 000 AL{0H)4- .00 000
1804~ 80 -5.083 FE+4 000 -8.23 ALSO4+ .00 000
304-- 10,51  -3.961 FRt44 .00 -21.558 AL(804)2- 00 o0
113 04 -5.692 FROH+ 00 -B.846 ALR++ .00 000
F- 0% -5 FE(0H)2 00 -10.230 ALF24 00 000
CL- 11412,%  -.492 FR(OH)3- 00 -11,899 ALY 00 000
A+ §718,32  ~.600 FE(OH) -~ 00 -17,943 ALFY- 00 000
i+ 939,21  -1.619 FR(OH) 44 00 ~14.501 ALFS == 00 000
CAtt 933,20 -1.633 FE(0B) 2+ 00 9,028 ALFG--- .00 000
[ONIC STRENGTH = 34578 TONIC BALANCE :  CATIONS (MOL.RQ.) .32243330

ANIONS (MOL.BQ.) .32228410

DIFFERENCE (%) .05
CHENICAL GROTHBRMOMBTERS DECRERS C 1000/T DBOREES RBLVIN = 1.94
QUARTZ 2.2
CHALCEDONY 994.¢
AR 5.8
OIIDATION POTENTIAL (VOLTS) : BN §28= -.401  BH CH4= -.463  BE HZ= -.1§  EH WE3= 99.998
[0 SOLUBILITY PRODUCTS OF MINERALS [N DEEP WATER

TROR. CALC. TEOR. CALC. TEOR. CALC.

ADULARTA -14,432 99,999 ALBITE LOW  -13.978 99,999 ANALCTNE -11.524 99,999
ANRYDRITE -1.963  -1.738 CALCITE -12.571 -12,560 CHALCEDONY -2.026  -2.110
NG-CHLORITE  -B4.296 99.99%9 FLUORITE -10.916 -13.863 GOBTHITE 1.846 -1.206
LAUKONTITE  -24,533 99,999 HICROCLINE  -15.125 99,399 MAGNETITE -17.676 -23.182
CA-MONTHOR, -72.624 99.999 E-HONTHOR,  -34.033 99,899 NG-NONTHOR., -74.121 99.898
NA-MONTHOR, -24.306  99.999 KUSCOVITE -17.852  99.999 PREANITR -17.076 99,899
PYRRHOTITE -25, 401 -49.833 PYRITE -16.907 -59.476 QUARTZ <2139 -2.110
WAIRAKITE -26,411 99,999 WOLLASTONITE  7.616 6,048 1018178 -17.620  99.999
BPIDOTE -37.2319 99,894 WARCASITH -00.888 59,476
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UNU Geothermal Training Prograamme

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

REP.HRGD. 001 HVERAGERDI NLFI-1

PROGRAM WATCH1.

VATER SANPLE (PPK) §TEAM SAMPLE
PH/DEC.C 8,38/24.5 GAS (VOL.%) REFERENCE TR¥P. DECREES C 0 (CHA)
§102 235,90 002 83.80
NA 160,00 H2s a9 SAMPLING PRESSURE  BARS ABS. 5.4
K 11.0§ #2 L DISCHARGE ENTHALPY  MJOUL/RG .64 (CALCULATED)
CA 1,62 02 18 DISCHARGE EG/8EC. A
KG 002 CH4 31
002 87.80 N2 §.40 MEASURED TEPERATURE DEGREES C 0
804 43.50 hr 0.11 RESISTIVITY/TEMP.  OHMM/DEG.C Q7.0
#2§ 15.50 EH/TBHP. NV/DRG.C 000/ .0
(L 130.11
F 1.52 LITBRS GAS PER IG
DI88.30LIDS 127.30 CONDENSATE/DRG.C 1.00/23.0 MBASURED DOWNROLE TRP,  FLUID INPLOW
AL 800 DEGRERS C/MRTERS DEPTH (METBRS)
) 0000
FR 0000 CONDENSATE (PPH| N A A
NE3 0000 PH/DEG.C 3.82/23.8 A N A
Li 0.08 o2 989.00 A N D
H2§ 173,00 N i N
NA 1 N 0 0
0 A N
0 0 N
.0 0 A0
CONDENSATE WITH NAOR (PPK) A0 0 D
o2 179,00 0 0 0
Hz8 172.00 ! A0 0
[ONIC STRENGTE = 00771 IONIC BALANCE : CATIONS (MOL.EQ.) .00730503
ANIONS (MOL.BQ.) .00722357
DIFFERENCE  (X) 1.12
DBEP WATBR {PPH) DBBP STBAK (PP) GAS PRBSSURBS (BARS ABS.)
§102 132,94 02 111.69 002 00 002 .8298-01
NA 157.98 128 17,48 H28 00 K28 AT5E-02
f 10.91 2 .03 A 00 e .1998-01
CA 1.60 02 03 02 00 02 8528-03
G 002 CH4 .03 CHd 00 Ch4 (291B-02
304 42.95 N2 1.37 N2 .00 1] .1978-01
CL 128.51 N3 .00 NE3 00 NH3 0008400
¥ 1.§0 H20 8328401
DISS.S. 118.11 TOTAL .651B+01
AL T3S
B 0000 20 (X) 00
FR D000 BOILING PORTION 00
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SAMPLE = BRP.HRGD.001

ACTIVITY COBFFICIBNTS IN DREP WATER

i+ 893 804~ .88 PB4 AU

on- 811 P- 817 PEH++ 362

HI8104- 879 CL- 876 FBOH+ 882

B23104-- 610 A+ 819 FB(0H)3- 282

2803~ it Bt 876 FE(OR)4-- 608

HC03~ 819 Chtt 614 FROR+# 606

03-- .602 HG++ .628 FB(OH) 24 883

LER A1 CAHCO+ 885 FB(OB)4- 883

§e- .606 HGHCO34 819 RS04+ 482

Hs04- 880 Caom+ 888 PECL+ J606

504~ 598 MGOR+ 886 FECL2+ 482

NAS04- (883 N4+ BT FECLA- 879

CRBMICAL COMPONENTS N DEEP WATER (PPH AND LOC NOLE)

Ht (ACT.) 00 -1,228 NG++ A0 131 FR(0H)3

0l- 96 -4.249 HACL A6 5017 FE(0H)4-

H48104 359,88 -2.4217 ECL A1 -6.778 FRCL+

038104- 117 -3.907 NASO04- 192 -4.192 FBCLZ

H28104-- 00 -T.480 £504- A5 5480 FROL+

HAHISTOA 1.05  -5.052 CASO4 B350 FRCL2+

H1B03 .00 000 G804 00 -1.545 FECL3

H2B03- .00 .000 CACO3 T 59U FRCLA-

B2C03 n0e 3.2 HGCo3 00 -9.454 RS04

BC03- 11.61  -2.71% CAHCO3+ 89 =501 FBS04+

C03-- Al -5.120 HGHCO3+ .00 -3.643 AL+

B8 .60 -3.976 CAOE+ 00 -1.137 ALOBH+

i~ 1341 -3.390 GO+ 00 -8.789 AL(OF)24

8-- 00 -11.525 NEAOR 00 .000 AL(0E)3

2804 00 -15.503 HHd+ 00 000 AL(OE)4-

804~ 01 -5.889 FB#t 00 .000 ALSO4+

804-- 10.69 -3.313 PB4+ 00 000 AL(804)2-

4 00 -6.945 FROB+ 00 000 ALPH

F- 148 4104 FR{0H]2 .00 000 ALR2+

Cl- 128,11 -0.442 PB(0H)3- 00 000 ALPY

NAt 157,18 -2.16% FE(OH) 4~ 00 000 ALPY-

¢ 10,77 -3.560 PROW) +4 .00 .000 ALF§--

CAtt 1,00 4,602 FB(0H)2+ 00 000 ALRG=--

[ONIC STRENGTE = .00757 [ONIC BALANCE : CATIONS (MOL.RQ.) 00717245
ANTONS (MOL.BQ.) .00706362
DLFFERBNCE  (X) 1.50

CHENICAL GBOTHERMOMETERS DBGREES C 1000/T DBGREBS EBLVIN = 2.30

QUARTZ 181.8

CHALCEDONY 160.9

NAR 163.5

OIIDATION POTENTIAL (VOLS) : BH H28= -.482  BE CHd= -.511  BH H2: -,

L0G SOLUBILITY PRODUCTS OF MINERALS IN DEEP WATER

TBOR.  CALC. TBOR.  CALC.

ADULARTA -15.419 -15.708 ALBITE LOV  -14.847 -14.312 ANALCIHR

ANHYDRITE -6.543  -8.410 CALCITE -10.633 -10.754 CHALCEDON

NG-CHLORITR -80.256 -83.925 FLUORITE -10.586 -13.136 GORTRITR

LAUNONTITE  -25.153 -24.142 HICROCLINE  -16.430 -15.708 HAGNETITE

CA-HONTHOR,  -75.717 -13.881 E-HONTMOB,  -36.155 -38.151 NG-HONTHO

NA-NONTHOR.  -36.325 -16.755 KUSCOVITR -18.705 -16.718 PREANITE

PYRRHOTITE  -69.014 99,999 PYRITE -103.871 99,999 QUARTZ

WAIRAEITB -23.838 -24.142 WOLLASTONITR ~ 8.214  7.218 ZOISITE

RPIDOTR -39.075 99,999 HARCASTTE -83,685  99.999

82

PRCL+ 819

ALt +i 82

ALOR++ 610

AL(0m) 2+ ]

AL(OH) 4= 480

ALS04+ .B80

AL(804)2- .880

ALF++ 610

ALR2+ .883

ALF4- 480

ALF§ == 502

ALPG=-~ 320

.00 000

.00 000

.00 000

.00 L000

.00 000

.00 000

00 000

00 000

.00 .000

.00 000

.00 -19.88%

00 -13.684

00 -8.132

93 -1,925

G4 5.6

00 -19.7T44

00 -20.970

00 -16.099

00 -13.810

00 -13.404

00 -14.822

00 -17.412

00 -21.823
549 BE NR3- 99.999
TEOR.  CALC.
-12,016 -11.885
i EHAR A Y A |
-1.191 99,998
-24.898  99.999
B, -17.088 -76.583
-35.792 -35.141
-0.606  -2.427
=15.471 -35.646



APPENDIX 2.1 Computer Output for Downhole Sample of
Well ZK-323
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UNU Geothermal Training Programme

...................................................................................................................
...................................................................................................................

REP.7Y8J.004
PROGRAM WATCHZ.
WATIR SAMPLE (PPN)

PH/DEG.C

1.85/20.0

TANGBAJING ZE-323

STEAM SAMPLE

GAS (VOL.X) REFBRENCE TEMP. DEGRERS C 0 {CHA)
§10z 250.00 co2
NA 448,00 28 SAMPLING PRESSURE  BARS ABS.
4 §1.7% K2 DISCHARGE BNTHALPY  MJOUL/EG
CA 14.00 02 DISCHARGE KG/SEC. 0
NG 400 CH4
o2 351,00 N2 NBASURED TEMPERATURE DRGRRES C A0
804 34.35 RESISTIVITY/TRMP.  OHMM/DEG.C Q7.0
LER) 5.50 BH/TEMP, MV/DBG.C Q007 .0
CL 489.00
F 10.80 LITERS GAS PRR KC
DISS.80LIDS 00 CONDENSATE/DEG.C HBASURED DOWNHOLE TEMP,  FLUID INPLOW
AL 1.9800 DBGREBS C/MBTERS DEPTH (MBTERS|
B §8.9750
FB 3.0300 CONDENSATE (PPK) A0 0 0
NH3 3350 PH/DBG.C 1] 0 N
Li §.93 02 0 0 0
Ba 0.413 H2§ W0 0 A
Br 1,525 A A 0 0
0 ! 0
A0 0 W0
W 0 N
CONDENSATR WITH NAOE (PPN} 0 0 0
o2 0 0 A
23 £ 0 0
IONIC STRENGTH =  .02311 IONIC BALANCE :  CATIONS (MOL.BQ.) .02161741
ANIONS (MOL.BG.) .02323177
DIFFERENCE (%) -1.20
DEEP WATER (PPH) DEEP STEAN (PPH) GAS PRBSSURBS (BARS ABS.)
8102 250.02 002 351.00 02 00 coz 110B400
NA 448.00 Hes §.50 28 .00 has .§30B-03
£ 51.15 H2 00 12 00 2 ,000B+00
CA 14,00 02 00 02 00 02 .000B+00
NG 400 CHd 00 L 00 CH4 0008400
804 3415 N2 .00 N2 00 N2 000B+00
0L 488,96 NH3 33 NH3 Q00 NH3 LT4EB-04
# 10.80 K20 638B+01
D188.5. 00 TOTAL (649R+01
AL 1.8799
B §8.9695 H20 (%) 00
FB 3.0302 BOILING PORTION .00
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SAHPLE = REP.VBJ.004

ACTIVITY COBFRICIEHTS IN DBEP WATER

B+ 443 gs04- A2 PR+

08- 809 F- .809 FR4+4
H3ST04- 41 Cl- 80§ FEOR+
B28104-- A6l NA+ A1 FR(0H)3-
H2n03- .801 K+ 80§ FR(OR){--
HC03- 813 CAtt A9 FEOH++
(03-- Al HG++ A0 FB(OR) 24
K- .809 CAHCOI+ 826 FE(0H)4~
§-- 455 NGHCO3+ 813 FBS04+
804~ 816 CAOR+ .26 FROL++
§04-- A39 NGO+ 828 FECL2+
HAS04- A Hi4+ .801 PROLA -
CHBNICAL CONPONENTS IN DBEP WATER (PPN AND LOG MOLE)

B+ (ACT.) 00 -1.832 NG+ 21 -4.962
08- .65 -3.808 HACL 5.3 4,087
BASI04 361,85 -2.425 ECL J3 0 -5.590
138104 - 12,35 -3.468 HAS04- 2.9 -4.608
H28104-- 03 -6.551 K504~ 115 -5.072
HAHISIOA §.95 -4,230 CAs0d 1.26 -5.032
13803 un.o4 -2,290 HG304 A1 -5.589
B2B03- 19.92  -3.485 Cac03 (A1 -4,356
2003 19.24 -3.100 HGCO3 040 <6271
HC03- 24,78 2,157 CARCO3+ 15.45  -3.816
C03-- 1,30 -4.866 HGHCO3 + J2 -5.80
K28 A8 -4.854 CAOH+ 05 -6.061
B8- 431 -8 HGOR+ 03 <6102
§-- 00 -11.471 Na408 5 -0
12804 00 -16.567 R4+ L2 -5.926
E§04- L0 -7.521 FR## A1 -6.967
g04-- 30,01 -3.50§ FB+++ 00 -23.454
1] 01 -6.521 FROH+ 09 -5.928
i- 10.80 -3.248 FR(0H}2 5 -6.181
CL- 185.76  -1.863 FR(0H)3- 00 -7.401
KAt .06 -1.714 FR(OH)4-- 00 -11.876
[+ §lar -2.882 FE(OH) #+ 00 -15.621
Chtt §.70 -3.841 FE(0H) 2+ L0 -9.3%1
TOKIC STRENGTH =  .02249 [ONIC BALAKCE :  CATIONS (MOL.EQ.)

CHENICAL CBOTHERMOMBTERS DBGRRBS C

QUARTZ
CHALCEDORY
AR

182.2
161.2
une

OXIDATION POTENTIAL (VOLTS) :

LOG SOLUBILITY PRODUCTS OF MINBRALS IN DEEP WATER

ADULARIA
ANRYDRITE
NG-CHLORITE
LAUONTITE
CA-HONTHOR.
HA-HONTHOR.
PYRRHOTITE
VAIRARITE
EPIDOTE

TBOR.
-15.412
-6.549
-80.283
-15. 148
-15.6817
-36.301
-68.838
-13.837
-18.043

CALC,
-14.413
-§.018
15240
-22,319
-69.838
-34.635
51,584
-22.319
-12.364

B Hl§= -,

ALBITR LoV

CALCITE
FLUORITR

KICROCLINE
E-HONTHOR.

NUSCOVITE
PTRITE

WOLLASTONITR

UARCASITE

ANIORS  (HOL.BQ.)
DIFFERBNCE (%)

1000/T DBGRRBS RELVIN = 2.30

BR CHi= 99,999

TEOR.
-14.840
-10.640
-10.587
-16.421
~36. 131
-18.691

-103.639

9.206

-B3.463

CALC,
-13.301
-9.191
-10.851
-140.413
-35.801
-15.118
-12.831
8.865
-12.841

85

AgY FRCL+ 813
220 ALt#4 20
820 ALOR+4 A6l
.820 AL(0B)2¢ 42
A55 AL(OR) 4~ 316
AfS ALSO4+ B16
R AL{804)2- .B16
822 ALF+4 461
820 ALP24 822
455 ALPS- 816
.820 ALF§-~ 441
813 ALR§--- L1684
FEB(0H)3 S8 -5,485
FE(OH)4- §.08  -4.309
FECL+ 00 1,168
FECL2 00 -15,962
FRCL++ 00 21,521
FRCL2+ .00 -22.981
FBCL3 00 -25.404
FECLA- 00 -28.281
FES0A 00 -8.485
FE304+ 00 -21.225
AL+ 00 20,471
ALOB#+ 00 -13.049
AL{0R) 2¢ 00 -8.011
AL{OH)3 .50 4494
AL(OB) 4~ 190 -8
ALSO04+ 00 20,773
AL(801)2- 00 -22.264
ALF+4 00 -15.948
ALF2+ 00 -12.922
ALFY 00 -11.722
ALP4- 00 -12.282
ALPS-- 00 -13.052
ALPG--~ 00 -16.779
02109279
02296164
-8.48
BH H2= 99,999  EH WH3= 99.999
TEOR. CALL.
ANALCINE -12.011 -10.878
CHALCEDONY -L.425  -2.425
GOBTRITR -2.176 - 495
HAGNETITE -24.870 -16.074
NG-NONTHOR,  -T7.038 -10.928
PREANITE -35.792 -31.868
QUARTZ -2.603  -2.4%5
I0ISITR -35.480 -32.192



APPENDIX 2.2 Computer Output for Calibration of the
Downhole Sample from Well ZEK-323

86



UNU Geothermal Training Programme

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

REP.YRJ.004 TANGBAJING ZE-323 TIBRT
PROGRAM WATCH3. TEMPERATURE FIXING STBAM L0SS  135.0 DBGRBES C
WATER SANPLE (PPN) STEAN SAMPLE
PH/DEG.C 7.85/20.0  GAS (VOL.%} REFERENCE TRHP. DEGREES C 0 (CHA)
§102 250,00 c02
A 448,00 H2s SAMPLING PRESSURE  BARS ABS.
K 51.15 K2 DISCHARGR ENTHALPY  MJOUL/EG
CA 14,00 0% DISCHARGE EG/8EC, W0
MG 400 CH4
o2 351.00 N2 UBASURRD TEMPERATURE DEGREES C 0
804 34,35 RBSISTIVITY/TBNP.  OHMM/DEG.C D70
f2s 5.50 BH/TEKP, NV/DEBC.C 0007 .0
CL 489.00
F 10,80 LITERS GAS PER G
0T85,80L1DS 00 CONDENSATE/DRG.C NEASURED DOWNHOLE TBMP.  FLUID INFLOW
AL 1.9800 DEGRERS C/MBTERS DEPTH (MBTERS)
B §8.9750
FE 3.0300 CONDBNSATE (PPX) 0 0 0
NH3 3350 PH/DEG.C 0 0 A
bi 8.83 o2 0 A0 R
Ba 0.415 2§ 0 0 N
Br 1,525 NA 0 A0 0
0 £ N
0 ] A0
.0 0 .0
CONDENSATE WITH NAOK (PPN) 0 0 ]
C02 0 0 A
H28 0 0 N
[ONIC STRENGTH = 02317 IONIC BALANCE : CATIONS (MOL.BQ.) .02161741
ANIONS (MOL.EQ.) .02323177
DIFFERENCE  (X) -1.20
DEEP WATER (PPH) DEEP STEAM (PPN) GAS PRESSURES (BARS ABS.)
102 235.68 coz £87.43 oz 00 002 116R+00
NA 422.30 B2 7.15 H28 00 28 A82B-03
I i8.78 2 A0 i2 00 #2 000B+00
CA 13,20 02 00 02 00 02 000E+00
G I Chd .00 CHd 00 CH4 .000B+00
504 32.38 NZ .00 L1 00 N2 .0008+00
(L 460,91 NH3 4 NE3 00 L1 Y 197E-05
F 10,18 20 B76B+01
0188.5. 00 TOTAL ,687E+01
AL 1.8663
B 55,5861 H20 (¥) .00
FB %.8563 BOILING PORTION 00

GA8 SOLUBILITY MULTTPLYING FACTOR : .10
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SAMPLE = BEP.YBJ.004

EEE e e e e e e e e e e e e e e e e e e e e e e e

ACTIVITY COBFPICIBNTS IN DREP WATER

[f] 845 1804~ .B25 EB44

08- 812 P- .B12 FR444
BiS104- 816 CL~- .808 FROR+
H28104-- 6T WAt B16 FE(0H)3-
H2B03- 805 £+ 808 FE(0H) 4=~
HCO3- 816 DAt+ A% FROB++
C03-- 54 HG++ 502 FE(08)2+
H3- 812 CAHCO3+ 829 PR(OB M-
g-- A6l HGHCO3+ A18 PESO44
S04~ .819 CAOH# 829 FBOL#+
804-- A48 MGOR+ 832 FRCL24+
NA§O4- 825 N4+ 805 FBOLA-
CHBYICAL COMPONENTS IN DREP WATER (PPX AND LOG MOLE)

i+ (ACT.) 00 -6.845 NG+t AT -4.958
08- 28 - HACL £70 -4.09%
HST04 372,96 -2.411 KCL A8 -6.621
R8I0~ 142 -hu NASO4- .13 -840
H28104-- 00 -8.524 1904 1.07  -5.103
HABISIO4 J00 5,025 cAS04 1.30  -5.020
13803 315.88  -1,290 HGS04 g4 -5.55%
H2B03- .02 -14m CACOY 50 -5.299
52003 514,79 -2.081 HGCO3 00 -1.236
HCO3- 135,82 -2.146 CARCO3+ 11,17 -3.170
€03-- A1 -5.663 GHCO3+ A3 -5.804
28 148 -3.990 CAOR4 01 -1.008
ES- 1.5 -3.968 HGOH+ 00 -1.044
§-- 00 -12.581 Ni4o8 A -9
H2804 00 -14.558 N4+ A3 <513
#s04- 01 -6.520 FR++ 00 -4.099
§04-- 28,17 -3.513 3:3323 00 -20.2688
13 06 -5.535 FROH+ 110 -4.820
F- 10,13 -3.213 FR(OB)2 00 <6011
CL- §57.91  -1.889 PR(0H)3- 00 -8.175
A+ 419,79 -1.7% FR(OH)4-~ A0 -13.631
R+ 8,38 -2.008 FR(OH) +4 00 -13.967
CAtt 5.80 -3.89 FB(0H) 2+ 00 -8,005

[OKIC STRENGTE = .02117

CHBMICAL CBOTHBRMOMETERS DRORERS C

QUARTZ
CRALCBDONY
HAR

184.4
163.6
27,0

OXIDATION POTBNTIAL (VOLTS) :

TONIC BALANCE :

BR Al8= -.426

CATIONS (NOL.BQ.) .02002969
ANIORS  (NOL.BQ.) .02139642

DIRFERRNCE (%)

1000/T DEGRBES EBLVIN = 2.29

BE CH4= 99.999

LOG SOLUBILITY PRODUCTS OF MINBRALS IN DEBP WATER

ADULARTA
ANHYDRITE
NG-CHLORITE
LAUNONTITE
CA-KONTMOR.
NA-HOKTHOR,
PIRRHOTITE
WATRARLTE
EPIDOTE

TEOR.
-15.364
-6,587
-80.320
-25.098
-15.418
-36.188
-§1.641
-23.828
-38.915

CALC.

ALBITE LOW
CALCITB
FLUORITE
HICROCLINE
E-KONTNOR.
HUSCOVITR
PIRITE

WOLLASTONITR

HARCASITE

TBOR.
14,191
-10.691
-10,593
-16.362
-36.014
-18.643

-102.025

9,159

-81.954

CALC.
-13.301
-10, 168
-10.880
=14.480
-10.043
-13.238
-§4.965

6.115
-§4.965

g8

115 PROL+ 816
225 ALb4s 11
.823 ALOR4+ 67
823 AL(OF) 24 815
ARl AL(OH)4- 819
A6l ALSO4+ 818
825 AL(§04) 2~ 819
A28 ALF#+ 467
823 ALR2+ 825
L4681 ALFL- 813
.823 ALPS -~ A5
816 ALPG--- 169

FB(0H)3 A1 -5.118
FE(OH)4- 154 -4.904
FRCL4 A8 <510
FECL2 .00 13,788
PECL#+ .00 -18.303
FBCL2+ Q0 -19.11
FBCLY 00 -22.115
FBCLA- .00 -25.108
. FB304 A6 <6431
FBS04+ 00 -17.999
AL++4 00 -11.378
ALOH++ 00 -1111
AL{OH)2¢ 01 -6.832
AL(0H)3 180 -4.201
AL{OR) 4~ J10 -5
ALSOA+ 00 -17.681
AL(804)2- 00 -19.167
ALR+4 00 -12.843
ALP24 00 -8.812
ALFS 00 -8.618
ALFL- 00 9,191
ALPS-- 00 -10.804
ALPG--- 00 -13.762
-6.50
BE H2: 99.999  RBH NAI= 99,999
TROR. CALC.
ANALCINE -11.982 -10.896
CHALCEDONY -2 411 -2l
GOBTHITE -2.012 -.120
MAGHBTITE -24.678 -15.198
NC-MONTMOR.  -76.855 -59.344
PRBANITE -35,192 -0
QUARTZ -2.587  -L.411
Z0I8ITE -35.503 -33.166



APPENDIX 2.3 Computer Output for the Calibrated
Downhole Sample
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UKU Geothermal Training Programme

___________________________________________________________________________________________________________________

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

B8R, YBY 0044 TANGBAJING 22-323
FROGRAM WATCHI.

WATEE SAMPLE (PPK) STRAK SANMPLE

PH/DEG.C §.04/188t  GAS (VOL.%) REPEREKCE TEMP. DEGREES C b (CHA)
8102 235.68 £ol
A 422.30 He8 §AMPLING PEESSURE  BARS ABS.
g 48,78 H2 DISCHARGE BNTHALPY  MJOUL/EC
04 13.20 02 ITSCHARGE EG/SEC. 0
NG id) Ciid
ol §87.44 N2 KEASURED TEXPEEATURE DEGERES C i
304 32.38 BESISTIVITY/TENP.,  OHMM/DEG.C A0 .0
228 1.15 RHE/TENF. HV/IRG.C L9307 W0
L $60.91
? 10.18 LITERS GAS PER IG
DIS8,80LIDS 00 CONDEHSATE/DRC.C MEASURED DOWNHOLE TEMP. PLUID INPLOW
AL 1.8683 DEGREES C/METERS DEPTH (METERS)
! §5.5881
IR 2.80868 CONDENSATE (PPM] U 0 A
NH3 L3400 PE/DRG.C 0 W0 .0
] §.36 02 0 A 0
fa 0,38 2§ i N g
Br 1.44 ¥i i .0 0
] A g
i 4 0
] i b
CONDENSATE WITH NAOH (PPN) i R 0
602 N D i
Hig o o 0

TOKIC STRENGTH = 02117 IONIC BALANCE :  CATIONS (NOL.EQ.) .02002847

ARIONS (MOL.BQ.) 02133542
DIFFERENCE (X! -§.58
DEEP WATER (PPN]

D3RP STBAM (PPN} CA3 PRRISURES (BAR§ ABS.)

8108 235,10 002 §37.34 ol 00 rod J115B401
NA 422,30 LA T.18 Hag A0 128 4618-02
£ 8.7 p 00 L2 A0 i1 JLO0EHD
CA 13.20 02 08 0t 00 0l J00E00
L1 a1 ot 00 Cid Rl ot 000E+0L
804 32,38 ¥ .00 LA il L4 008400
CL 480,87 LK 34 NH3 Nidi L1H] 1888-0
F 10,18 Ri0 6768401
DI88.8, 00 TOTAL 7323401
AL 1,8662

B 55,5816 120 (%) 00

FE 1.8585 BOTLING PORTION D0

20
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ga2

FPICIENTS [N DISF WaTiR
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it B4 1304- 328 Fist ATS FECL: .61E
8- A1 F- A1 FBi4+ 2U ILass 2
738104~ 816 Cl- 808 FEOH+ 823 ALOH++ 457
H25104-- A8T Wit 816 FE(OH)3- 42 AL(OH) 2+ 825
12803 805 £+ 308 FR(OR)4-- A8l AL(OH] 4= 819
icoi- A1 Cht+ AT8 FROH++ A6l ALBOA+ 419
o3-- A5 NG++ 502 FE(OR) 2+ 82 AL(S04)2- .19
h8- A12 CARCO3+ 829 FB(OH)4- 825 ALF+ 8T
§-- A6 MGHCO3+ 816 FESO4+ 823 ALF24 825
804~ 819 CAOR+ L8289 FROL++ 61 ALF4- 819
§04-- 45 HOOH+ 832 FECL2+ 821 ALFS-- 454
NA304- 825 NH4+ 805 FRCLA - 816 ALRG--- . 169
CHEMICAL COMPONENTS IN DEEP WATER (PP AND LOG HOLE)
it (ACT.) 00 -6.645 (23 2T -4.958 FE(0H)3 82 <518
0f- A28 -0 NACL 4,70 -4.085 FR(OH)4- 1.55  -4.303
H4s104 372,83 -1 ECL J8 0 -5.620 FECL+ J8 0 <5710
RIsI04- 42 - NASO4- 2.1 -L6h FECL2 00 -13,788
B28104-- 00 -8.524 £804- .07 -5.103 FECL++ J00 -18.304
NAHISIOA J0 -5.285 CAS04 1.30 -5.020 FRCLZ+ .00 -19.180
BiB03 315.85 -2.292 N304 g4 -5.555 FECL3 0 -22.216
2B03- .02 4478 CACOY S0 -5.299 FECL4- 00 -25.101
B2C03 §14.65  -2.081 HGCO3 00 -7.236 FESO4 06 -6.432
BC03- 435,82 -L.148 CANCO3+ 17,18 -3.110 FBSO04+ .00 -18.000
c03-- Jd30 -5.662 NGACO3+ J30 -5.804 ALttt 00 -17.378
28 348 -1.991 CAOE+ 01 -1.002 ALOR#4 00 -11.778
Hs- 3.55  -3.%68 NGOR+ A0 =104 AL{OH) 2+ 01 -6.832
§-- 00 -12.581 NHAOH A5 -4.896 AL(OR)3 £.80  -4.211
- 02804 00 -14.558 NEd+ A3 -5 AL(OR)A- 10 -5
S04~ A3 -6.520 FR+4 J00 -4.900 ALSO4+ 00 -17.669
504-- .17 <1533 FR+++ 00 -20.266 AL(804)2- 00 -19.168
BF 06 -5.535 FEOB+ 1,10 -4.820 ALFt+ 00 -12.844
F- 10,13 -1.an FE(0H)2 09 -6.017 ALF2H 00 -3.813
Cl- 457,87 -1.889 FB{o#)3- 000 -8.178 ALF3 00 -3.620
NAt 41979 -1.139 FE(OR)4-- 00 -13,630 ALFI- 000 -9,198
Kt 18,38 -2,908 FR{OH)44 00 -13.368 ALF5-- 00 -10.895
CAst 5.80 -3.839 FR{OH)2+ 00 -8.008 ALFG--~ 00 -13.76%
[ONIC STRBNGTR = .02117 TONIC BALANCE :  CATIONS (MOL.EQ.) .02002872
ANIONS (MOL.EQ.) .02139546
DIFFERENCR (%) -6.59
CHEMICAL GROTHEEMOMETERS DEGBRES C 1000/T DBGRERS EBLVIN = 2.29
QUARTZ 184.4
CHALCEDONY 163.6
NAR e
OXIDATION POTENTIAL (VOLTS) : BH R28= -.426  EH CH{= 99.999  BH H2= 99,399  BH NH3: 99,999
LOG SOLUBILITY PRODUCTS OF MINERALS IN DEBP WATER
TEOR.  CALC. TEOE.  CALC. TEOR.  CALC.
ADULARIA -15.364 -14.480 ALBITE [OW  -14.797 -13.307 ANALCINE -11.987 -10.8%
ARATDRITE -6.587  -8.046 CALCITE -10.691 -10.168 CHALCEDONY -2, 411 2.1
¥G-CHLORITE  -80.320 -B0.955 FLUORITE -10.593 -10.890 GORTHITE =207 -.120
LAUMONTITE -26.098 -22.300 HICROCLINE -16.362 -14.480 MAGKBTITE -24,671 15,187
CA-NONTHOR,  -T75.479 -58.252 E-HONTHOR . -36.014 -30.015 HG-KONTHOR.  -76.856 -59.348
NA-MONTHOR,  -36.189 -28.872 HUSCOVITE -18.643 -13.2%9 PREKNITE -15.780 -33.788
PYRRHOTITE  -67.634 -42.723 PIRITE -102.016 -54.964 QUARTZ -2.547  -2.4n
WALBARITE 13,829 -22.300 WOLLASTONITE 9.153 §.716 Z0ISITR =35.503 -33.146
EPIDOTE 38,912 -23.908 NARCASITE -81.046 -54.964
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Table 2.2
Composition of Geothermal Fluid

Native copper

8Cu + 8H* + 80,* = 8Cu* + 4H,0 + §*-
Pyrrhotite

Fe8 = Fe™* + 8-
Sphalerite, Wurzite

ZnS8=7Zn** +8*
Galena

PbS = Pb* +8*-
Covellite

CuS = Cu+8*
Acanthite

Ag.S=2Ag™ +58*
Chalcocite

Cu, 8= 2Cu* +5*
Pyrite

FeS, + H,0 = Fe + 1768 + 0.2680,.* + 2H*
Chalcopyrite

CuFeS, == Cu®* + Fe?* + 28~
Bornite

CuyFeS, = 4Cu* + Cu?* + Fe™* + 48*-
Cuprite

Cu,0+2H* = 2Cu' + H,0
Magnetite

Fe,0,+8H* = Fe** + 2Fe”* + 4H,0

Hematite

Fe,0,+ 6H* = 2Fe”* + 3H,0
Brucite

Mg(OH), = Mg** + 20H"
Gibbsite

AI(OH), = AlI®** + 30H"
Calcite

CaCO4 = Ca** + CO,*
Na-Montmorillonite

Summary of the Chemical Equilibria Controlling the

Anglesite

PbSO, = Pb** + 80,*
Cerrusite

PbCO, = Pb™CO,*-
Tenorite

CuO+2H" = Cu* +H,0
Smithsonite

ZnCO, = Zn™ + CO,*
Siderite

FeCO4 =2 Fe** + CO,*"
Dolomite

CaMg(COy), = Ca** + Mg** + 2C0,*"
Anhydrite

CaS0, = Ca** +80,*
Gypsum

caso"2H|0 = Ca" + 804 ~ 4+ 2“,0
Quartz

5i0, + 2H,0 = H,Si0,
Microcline

KAISi 0, +4H"* + 4H,0 = K* + 3H,Si0, + Al"*
Low Albite

NaAlSi,0, + 4H* + 4H,0 = Na* + SH 810, + AI**
Anorthite

CaAl,S8i,0,+BH"* = Ca™ + 2A1** +2H SiO,

Leucite

KAISi,04+2H,0 + 4H" == K* + Al** + 2H Si0,
Nepheline :

NaAlSiO, + 4H* = Na* + Al** + H,SiO,
Analcite

NaAlSi,04-H,0 + H,0 + 4H* = Na* + AI** + 2H Si0,
Kaolinite

Al,8i,0,(0H), + 6H* = H,0+2A1°* + 2H,Si0,

N8 555A 1, 555515 6610 1o(OH),+7.332H* + 2.668H,0 == 0.333Na* + 2.333A1°* + 3.667H SO,

K-Montmorillonite

Ko 239A 12 295815 6mr01o( OH), + 7.332H* + 2.668H,0 = 0.333Na* + 2.333A1°* + 3.667H,Si0,

Ca-Montmorillonite

C84 s005Al2 535515 0670 1o(OH), + 7.332H* + 2.668H,0 = 0.1665Ca™ + 2.333A1"* + 3.667TH,SiO,

Mg-Montmorillonite

Mo 1000Al3 55515601010 OH), + 7.332H* + 2.668H,0 = 0.1666Mg™* + 2.333A1°* + 3.667H,Si0,

Muscovite
KAl,Si,0,,(0OH), + 10H" = K* + 3A1°* + 3H,Si0,
Illite -

Ko eMEo 25Al5 50505 50050(0H), + 8H* + 2H,0 = 0.6K* +0.25Mg™* + 2.30A1** + 3 5H SiO,

Biotite (Annite)

KFe,AlSi;0,,(OH), + 10H* == K*3Fe + Al** + 3H,8i0,

Source: From Helgeson, 1970, Copyright 1970 by the Mineralogical 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 Geothermal Well Discharge

Weak acid/
ion ratio
(moles/kqg)

logligSi0]
logti ;00§
logtizs®

logAl (Ot1) /0t~

-0.588
=1.794
-1.678
=6.436
=9.262
2.694
2.505
1.733
1.816
=-4.696
-3.407

Tanperature function

00441
.00510
.00355
.03906-
.03511°
.02023-
01971
01117
.01078-
.04273-
.02364-

*T -1515.21/T +1.3470°1logT
*T -4469.63/T +4.1414-logT

T

=3 3 el 3 3 g g

=5071.05/T

-13335.68/T +14.7958" logr

-7964.11/T
+4243.47/T
+3325.71/T
+3890.51/T
43727.48/T
-1011.46/T
-3417.36/T

+3.8889-logT

+12.1022-logT
-6.2069-logl
-5.7814-logT
-3.9977-logr
-4.1640-logr
+10.8032-logr
+7.8426-logT

Mean Standard
deviation deviation
J.DG 0.05
0.30 0.26
0.36 0.33
0.57 0.48
0.32 0.28
0.14 0.12
0.12 0.09
017 0.12
0.34 0.27
0.18 0.17
0.21 0.12




S6

Table 3.1 Analysis of Geothermal Waters with AAS

Monochromator® Lamp Burner

Sam-

Conc. Wave- Cur- Slot pling

Range Dilu-  length rent length  Align- height

(ppm) tion” (A) I i m v Type? (mA) (mm) ment*® Flame*© (mm)
Li 0.5-30 (O) 6708 335 wis in 3 HCL 10 70-100 E C.H,-air (fuel lean) 8
1-150 (D) 6708 335 wis in 3 HCL 10 70-100 I C,H,-air (fuel lean) 8
Na 100-1000 (D) 5890 295 wvis in 4 ODL 900 70-100 L C.H.-air (fuel lean) 8

5896
K 4-400 (D) 7699 385 wvis in 4 ODL 400 70-100 H.-air (fuel rich) 8
Rb 0.1-10 (B) 7800 3% wvis in 4 ODL 250 70-100 H.-air (fuel rich) 8
Cs 0.2-20 (B) 8521 426 wvis in 5t ODL 400 70-100 H.-air (fuel rich) 8
Mg 0.001-1 (B) 2852 285 uv out 4 HCL 6 70-100 C;H;-air {fuel lean) 8
0.002-2 (0) 2852 285 uv out 3 HCL 8 50-70 CsH,~N.O (RZ 3) 8
Ca 2-200 (D) 4227 211  vis out 3 HCL 15 50-70 C.H,-N.O (RZ 5) 13
Mn 0.005-5 (B) 2795 279 uv out 3 HCL 20 70-100 C.H.-air (fuel lean) 8
Al 0.04-50 (B) 3092.7 309 uv out 3 HCL 25 50-70 | C,H.,-N,O (RZ 12) 8
3092.8

Fe 0.01-0.1 (B) 2483 248 uv out 3 HCL 30 70-100 | C,H,-air (fuel lean) 8
0.1-20 (O) 2483 248  uv out 3 HCL 30 50-70 | C.H.-N.O (RZ 3) 8
Si0. 50-1000 (B) 2507 251 uv out 3 HCL 40 50-70 | C;H.-N-O (RZ 25) v g
B 20-1000 (B) 2497 250 uv out 4 HCL 30 50-70 | C,H:-N.O (RZ 25) 7

* Operating conditions are for models 303, 305, and 403; data are from Goguel, (1973). .

*1, waveiength counter setting; II, grating; II, filter which excludes wavelengths shorter than 550 nm (5500 A); IV. slit setting: (numbers
correspond to spectral bandwidths) for the uv grating, 3 = 2.4 A, 4 = 7 A; for the visual grating, 3=5A, 4 =14 A, and 5 = 50 A.

¢ RZ denotes height of the red zone in millimeters.

?HCL, hollow cathode lamp; ODL, Osram discharge lamp.

“ Of the flame in the light path of the spectrophotometer: perpendicular alignment produces 0.1 or less of the sensitivity of the parallel alignment.

"An extra filter must be inserted into the light beam near the window of the spectrophotometer to the left of the flame in order to exclude
modulated scattered Na light which reaches the photomultiplier via the reference beam. Filter holder 040-0251 (model 403) or 303-0828 (models 303-
305) and a red filter Schott RG 5 or Corning 2-58 (Perkin-Elmer No. 290-1518) are required.

? Shortest wavelength of the triplet.

" Dilutions: (B) 1.1 fold. Add 5 ml of a buffer solution (2.5% recrystallized Sr (NO,),, 4% KC1, 1 N HNO,) to 50 ml of each sample of standard.
(D) 51 fold. Deliver 2 ml of sample or standard into 100 ml of a buffer solution (0.1% CsCl, 0.1IN HNQ,).(O) Undiluted water sample. Note:
Sr(NO,);, KCL, and CsCl are reagents of high purity (e.g.. Merck “Suprapur™).



Table 4.1 Equations Expressing the Temperature Dependence of
Equilibrium Constants in Ca0-CO,-H,0 System

Ku® = -7656970-3122.11449T+1.092229T? +
1.880778E8%T-1+3,1771246E6%10gT

k = 108.875+0.174114604T-1.9845113E(~-4)*T2+
1.0131668E(-7)*T3¥-58.867703%x10gT

logK:; = 124.4478+40.0066623T-
.B6972601E3%T-1-45,589821%]o0gT

(541

logK: = 143.447540.034559T-1.9732326LE(-5)T?
-6.16187T137E3%T-1-57.248899%x1ogT
loghe =-130.5593-0,05617898T+2.6766138F(-56)T:

+4.11T6248BE3¥T-1 451 .,17518% Loyl

logKe = 30.8131-0.1728295T+3.271501E(-4)T?
-2.65629153E(-7)T-1+2.95989303%]ogT

=11092.1143+11.562984T+0.01454757T2 -
«2064489E(~-5)%T? +4,4598B06E(-9)*T" +
1.76312033E5%T-! +5229.515%10gT

=
L

B = 3.8096+0.01846467T+4.8075571E(~-5)T2 -
6.0838461E(-8)*T3+3.0473184E(-11)%T4-
2.617130669E2%T-1

loghkp = -1823.663+3.9000818T-0.00412503T2 +
1.75503E(-6)%T3+4.2179661E5%T-1-3.9002725E7%T-?

96



Table 4.2 Ionic Strength of Typical Geothermal Waters

Geothermal source Tonlc strength Res. temp.
(molality) ("Q) pH
Reykjahél, Iceland 0.008 152 7.23
Namafjall, Iceland 0.007 252 7.48
Hveragerdi, Iceland 0.009 184 6.99
Leira, Iceland 0.014 127 6.7
Brondiands, N.7Z, well 2 0.052 260 8.3
Walrnkel, N.Z. hole No.24 0.062 250 8.3
Matsukawn, Japan hole No. | 0.06% 300 49
Sulphur Nank, CA Ueyser spring 0.094 230 6.8
El Tatlo, Chile peyser 238 0.230 220 1.12
Ahunchapan, El Salvador, ave. 0.112 210 6.3
Cerro Pricto, Mex, ave, 12 wells 0.431 nge 8.2
Matsao, Talwan well 205 0.429 245 2.4
Sea water Std. Cl = 19%0 0.709 20 8.0
Halls Bayon, TX. FF No. | L 150 6.8
Chocolate Bayou, TX. Angle No. } 1.348 s 5.9
Salton Sen Woolsey 143 176} 5.8
Snlton Scn Magmamax No. i 4,201 1961 5.5
Salton Sca hole 1 1D 6.931 30 4.7

*Max lemp.
tWell head temp,

97



Table 4.3 Aqueous Species for Proton Mass Balance and
Alkalinity Equations

Hydrogen fon mass balance species

Alkalinity specles

Coefficient Coeflicient Coefficient Coefficient
1 nt -1 Aton?+ -2.875  Fe(oW)§ | 1 on-
= on- -2 a1 (omt 1 PbilySs 2 HaS108"
-2 n,stod" -4 At (oN)y 1.125 Cu? 1 HyS104™
-1 HyS10% -1 Mg (0M) 1.125 cuct 1 HCO§
1 13 1 HRNCOy 1.125% CuCly 2 coi-
1 13 -t Feont 1.125  cucClj 1 ns~
1 ncl -3 Fe (ON) 1.125  cucl§™ 2 g
. | Da8q . 25 re‘oul 1.125 CuOH 2 NaCOj3
.28 Nanq 1.128 Fe't 1.123% CuS0y 2 CatOy
1 Ciyaq 128 reon't 1.128  curt 1 caon
1 nco3 1.125  Fecly -1 tmon* 1 Calicoy
2 H3CO0s 1.128  fFect?t -2 ngsi- 2 HgCOp
1 llIS 1.125 FeCl | l!gll'!S’ 1 HgOH 3
-1 § 1.125 FeCl -2.25 ngl 1 HgllCOy
1 11S0% 1.128  Fef! -1 HgC10M 1 BaOH
-1 Mnon 1.128 Ferf -1 ngont
1 Kitsoy 1.125  FesSof -2 Hg (O1) 3
-1 Caoll 875 Fe(ON) 2.25 ANC1R
-1 catico} -1.875  Fel(Oll), -1 Aualta s
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Table 5.1 Schematic Layout of the Function of WATCH Program

GEOCHEMICAL MATERIAL

1 Met-steam well diacharges
lsteam and water phases)

2 Bolling hot springs

) Not-water welle and .
non-bolled hot spring
waters

SELECTED PARAMETERS

I RMeference terperature

..
b.
€.
LB
e,

resnured

chalcedony equllibrium
quarts equillbrium

Ha-k feldsper equilibrlium
arblitrary ¥

2 heqaseling factor fonly for
geochemical material 1 and 2)

3 bDlecharne enthalpy lonly for
wet-ateam wells)

COMPUTED PARAMETERS

Deep water compouition
Specles concentratlions
Activity coeffliclents
n' sctivity

Redox potential

Cas partial pressures
Hinerel solublllities

- B R o e ke

STECIAL COMPUTATIONS

1 Epeclatinn of varlinahly
holled and cooled water
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Table 5.2 Input Data for WATCH Program

CHEMICAL DATA |
Water sanples: ;il/'t 510 . B, Ma, K, Ca, Mq, Fe, AL,
tni qn m.s, cl, r, dissolved
soilcl i.ﬂﬁleclrh:: o&nchlc-tmm'
Steam sanples: !unly for wet-stemn wolls) co,, I8
' Ny, © .n,,uu.mdmé cf to
dlc!ck dIY css of steam.

PHYSTICAL DATA
Wet=stewn wellsg: Swpling pressiee, enthalpy of well
dl scharge.
1ot springs amd hot water wells: Discharge temperature.

DATA WHICH ARE DESIRABLE

Dovmbole tenporature of wells,

Npulfer Inflows of wells.

Dlecharge rales of wells and hot springs,

f ]
Temperaturn at which the pil 1a measured, Thena data are
not necensary for the programme calculatlons,
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Table 7.1 Effect of Process Parameters on Scale Formation

Equilibrium Effect on
Potential Scale Species(a)

Process Parameter S0, CaCl, Sulfide Sulfate
Temperature decrease o 0 e o Ca
(as in plant cycle) e Ra
Temperature increase 0 ] 0 e Ca
(reheat during injection) o Ba
Increased pH ' ° ® ® ®
(as €0p is flashed) o pH >9
Decreased pH 0 0 0 0

(acid addition)

Increased salinity ® 0 0 0
(flashing; mixing)

(a) e aggravates problem
o alleviates problenm,

101



Table 7.2 Factors affecting Silica Deposition Kinetics

Factor Impact Comments

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

Supersaturation Precipitation becomes rapid as Reduce pH and temperature

ratio the ratio exceeds 2.

Temperature Kinetics slows dramatically as The maximum silica deposi-
temperature drops, which tion rate may occur 25 to
counteracts the increase in 50°C below the temperature
supersaturation ratio as a at which the cooled solution
saturated solution cools. reaches amorphous silica

solubility Timits.

Salinity Increased salinity increases
kinetics of deposition

F catalyst This equilibrium (precipitation)
accelerator may become the
dominant controller of deposi-
tion in lower pH brines (pH 3?)
where the normal precipitation
mechanism is pH inhibited.

Chemical Retards growth of silica Limited testing described

inhibitors particulates in the Inhibitor Treatment

section.
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Figure 1.1 Output Decay due to Scaling in Well, Svartsengi
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1. Production Well
2. Wellhead Separator
5 3. First Flasher
4, Second Flasher

3 _© 7 §. Turbogenerator

6. Condenser
7. REjector
4‘ - 8. To Greenhouse
|~ 9. Cooling Water Pump
A 10. Disposal Line
e L—'—__' 11. Pump
6 12. Injection Well
1 ' 12
\_-j
i1
9 10

Figure 2.1 Schematic Flow Diagram of Double Flashing System
in Yangbajing Power Plant
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Figure 2.3 Flow Patterns of Vertical Two Phase Flow
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Figure 4.8 Schematic Representation of Concentration in
Solution as a Function of Radial Distance
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