
1. Introduction

It has been often proposed that boiling of ascending flu-
ids may be a direct cause of ore deposition (e.g., Kamilli
and Ohmoto, 1977; Lyakhov and Popivnyak, 1978;
Robert and Kelly, 1987; Bottrell et al., 1988; Naden and
Shepherd, 1989 and Wilkinson and Johnston, 1996).
Mineralization caused by the onset of immiscibility of
H2O-CO2 fluids has been theoretically analyzed to evalu-
ate the role of boiling in mineral precipitation (e.g.,
Drummond and Ohmoto 1985; Cole and Drummond,
1986 and Bowers, 1991). Akinfiyev (1995) also theoreti-
cally analyzed galena precipitation from boiling fluids of
the H2O-CO2-NaCl-H2S system. Those analyses were
based on the phase relation of the H2O-CO2 system, and
hence only for low temperature conditions (< 350°C).

A recent development of the equation of state (EOS)
has made it possible to predict phase equilibria for the
H2O-NaCl-CO2 system at high P-T conditions. Therefore,
we have numerically simulated ore deposition associated
with boiling of the H2O-NaCl-CO2 solvent by using EOS
in order to evaluate the possible role of high-temperature
boiling in ore formation.

2.  Analyzed Condition

A general image of an ore-formation process associ-

ated with boiling is shown in Figure 1. An ore-forming
fluid of high temperature and high metal concentrations is
formed probably by mixing of circulating meteoric water
and magmatic fluid (Hoshino et al., 2000). With ascent of
the fluid, it boils due to a decrease in pressure, resulting in
a change of the fluid composition. If such compositional
change is effective for mineral precipitation, fluid boiling
could be responsible for the formation of ore deposits.
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Abstract: A possible role of boiling of the H2O-NaCl-CO2(-H2S) fluid in ore deposition has been examined numerically by
using the equations of state (EOS) of Duan et al. (1995, 1996), a modified EOS of Bowers and Helgeson (1983) and the
water-rock interaction simulator MIX99 (Hoshino et al., 2000).

The following three models are examined to evaluate an efficiency of boiling on mineral precipitation: (1) hypothetical
non-boiling process, (2) hypothetical boiling process with sulfur partitioned only in liquid phases and (3) boiling process in which
partition ratios of H2S between liquid and vapor phases are assumed to be the same as those of CO2. The processes are simulated
from 450°C and 900 bar to 310°C and 620 bar with an analytical step of 10°C / 20 bar. Boiling occurs below 400°C in the latter
two processes when the initial composition (in mole fraction) of the fluid is: XH2O = 0.84,  XNaCl = 0.10 and XCO2

= 0.06.
Ore deposition occurs abruptly at a boiling point when the partition ratios of total sulfur (Xs

vap/Xs
liq) are as high as

those of total carbon during boiling. A decrease of concentration of sulfur in the liquid phase during boiling leads to an
increase of pH of the solution, resulting in propelling mineral precipitation. It has been made clear that a possible role of
boiling in ore formation mainly depends on the partition ratios of sulfur between the liquid and vapor phases, although they
cannot be estimated accurately by the currently available EOS.
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Fig. 1  An analyzed model for ore deposition with boiling.
Ascending fluids are simulated from P = 900 bar and T =
450°C to P = 620 bar and T = 310°C with an analytical
step of 10°C / 20 bar.
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2.1.  Equations used for model analysis

Many investigations of fluid inclusions present in ore
deposits revealed that ore-forming fluids can be approx-
imated by the H2O-NaCl-CO2 system (e.g., Wilkinson
and Johnston, 1996). Although EOS by Bowers and
Helgeson (1983; BH EOS hereafter) for this system is
well known, it cannot predict phase equilibria (Fig. 2).
On the other hand, EOS proposed by Duan et al. (1995;
DMW95 EOS) can be used to draw the phase diagram
for the system above 300°C (Fig. 2). Hence, we have
used the latter EOS for calculation of the solvent com-
position of boiling fluids in the present analysis.

Since the ore-forming fluid may ascend rapidly, it is
quite possible that boiling of the fluid is an isenthalpic or
semi-isenthalpic process. Enthalpy of the solvent of the
H2O-NaCl-CO2 system can be calculated by the follow-
ing equations:

H = Hid + Hex , (1)

where ideal gas enthalpy Hid is

Hid = Σxi · Hi
id, (2)

and excess enthalpy Hex of the mixture is

∂lnφiHex = –RT2Σxi · (     )p ,
∂T (3)

where R, T, xi and φi are the gas constant, temperature
in K, mole fraction and fugacity coefficient of i in the
mixture, respectively, and also by the equation as

H = Hid – ∆H' , (4)

where residual enthalpy ∆H’ is

1    ∂Z
∆H' = –RT(Z–1) – RT2 ∫–∞

v (  )vdV, (5)
V   ∂T

where V and Z represent volume and compressibility
factor of the mixture, respectively.

Since BH EOS is the modified Redlich-Kwong type,
we can obtain analytical solutions for Equations 3 and 5.
On the other hand, the derivative in Equation 3 is obtained
numerically for DMW95 EOS because of its complica-
tion. Calculated enthalpies are shown in Figure 3. Both
EOS's give physically unlikely enthalpy profiles for the
H2O-NaCl solutions. If the enthalpy of the homogeneous
fluid increases with decreasing temperatures as shown in
the figure, the fluid may need heat for cooling. The results
mean that the EOS's are not sufficiently accurate for
enthalpy calculations. Therefore, we cannot simulate the
process of isenthalpic boiling of the H2O-NaCl-CO2 fluid.
Hence, we have analyzed the model in which the fluid is
thermally equilibrated with surrounding rocks, that is, the
temperature and pressure of the fluid are externally con-
trolled.

Although H2S, a dominant dissolved species of sulfur
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Fig. 2  Phase analyses for the H2O-NaCl-CO2 system at P
= 1000 bar and T = 500°C (DMW95 EOS and BH
EOS) and P = 800 bar and T = 400°C (DMW95 EOS).
Solid and open circles in the inset represent composi-
tions of liquid and vapor phases, respectively.

Fig. 3  Enthalpy analyses for H2O-NaCl solution (a) and
pure H2O (b).  Enthalpies are normalized as H = 0 at P
= 800 bar and T = 400°C.  NIST data (Chase, 1998) for
pure H2O are also plotted.



in the present analysis, is probably partitioned into vapor
(low density) phases during boiling, no EOS for the H2O-
NaCl-CO2-H2S system has so far been proposed. Although
the dielectric constants of fluids with high NaCl and CO2
contents have been tried to estimate (e.g., Xie and
Walther, 1995; Akinfiyev, 1995 and Wang and Anderko,
2001), a reliable equation to calculate the constants for the
H2O-NaCl-CO2 fluid at high temperatures has not been
developed. Therefore, we cannot accurately calculate the
partition of H2S between the liquid (high density) and
vapor phases based on their fugacity coefficients. Howev-
er, we may approximately suppose the partition from EOS
of Duan et al. (1996; DMW96 EOS) for the H2O-CO2-
H2S system and BH EOS by the following way. Firstly, a
volume of pure H2S at an interesting P-T condition is cal-
culated by DMW96 EOS. Then the volume is substituted
in BH EOS to obtain a-parameter of BH EOS for H2S. Its
b-parameter can be taken from Holloway (1981). By
assuming that those parameters are not affected by the
presence of salts (Bakker, 1999), we can now approxi-
mately analyze phase equilibrium for the H2O-NaCl-
CO2-H2S system by the modified BH EOS at a specified
P-T condition. A representative phase analysis for the sys-
tem calculated in this way is presented in Table 1, as well
as that for the H2O-NaCl-CO2 system obtained by
DMW95 EOS. It is clear that H2S is strongly partitioned
into the gas phase like CO2. Because BH EOS and hence
the modified EOS are not accurate and can predict phase
equilibria only for a limited condition as stated above, we
may assume that the partition ratios of total sulfur (S) is
the same as that of total carbon (C) if their major dissolved
species are H2S and CO2, respectively. Since we cannot
calculate the accurate dielectric constants of the solvent
up to now, an additional assumption is made that solutes
other than H2S remain in liquid phases during boiling.

MIX99 (Hoshino et al., 2000) combined with the data
set of SUPCRT92 (Johnson et al., 1992) is used for the
present analysis. Hence, the dielectric constants of the sol-
vent are implicitly taken as those of pure water calculated
in SUPCRT92 for given P-T conditions. The constants are
also used in the equations for calculating activity coeffi-
cients of solutes given by Helgeson and Kirkham (1976).

2.2.  Initial condition

The initial fluid composition is (in mole fraction): XH2O
= 0.84, XNaCl = 0.10 and XCO2 = 0.06, which is homoge-
neous at the condition of 400°C and 800 bar, and will boil
slightly below the condition. Elements dissolved in the
solvent are Fe, Cu, Zn, Pb, K, Si, Ca and S. The initial pH
and logfO2 at 400°C and 900 bar are 6.0 and –30, respec-
tively. Concentrations of K, Si and S are taken from sea-
water data. Metal element concentrations are set as slight-
ly below the solubilities of respective ore minerals at the
conditions. Total charge of the initial fluid is balanced by

total Ca = 1.71 × 10-3 (mol/kg-water). All dissolved
species counted in the present analysis other than H+, OH-,
H2,aq and O2,aq are listed in Table 2. Simulated minerals
are quartz, calcite, anhydrite, hematite, magnetite, pyrite,
pyrrhotite, chalcopyrite, bornite, sphalerite and galena.

The initial fluid is heated up to 450°C and 900 bar with-
out mineral reactions. Then, ore-formation processes with
and without boiling are analyzed from T = 450°C and P =
900 bar to T = 310°C and P = 620 bar with an analytical
step of 10°C / 20 bar. The fluid with the above composi-
tion begins to boil below 400°C according to DMW95
EOS. A vapor phase is removed from the system in each
analytical step.

Note that precipitated minerals are assumed not to re-
react with the solution in each analysis, because we ana-
lyze the first solution which percolates through individual
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Table 1  Phase analyses for the H2O-NaCl-CO2(-H2S)
system at P = 780 bar and T = 390°C by BH EOS mod-
ified in the present study (a) and DMW95 EOS (b).

(a)

X(gas) Initial Liquid phase Gas phase
=0.4057 X X φ X φ
H2O 8.396E-1 8.445E-1 2.793E-1 8.324E-1 2.834E-1
NaCl 1.000E-1 1.431E-1 1.959E-1 3.692E-2 7.588E-1
CO2 6.000E-2 1.222E-2 4.240E+1 1.300E-1 3.985E+0
H2S 4.000E-4 2.272E-4 5.795E+0 6.531E-4 2.016E+0
(b)

X(gas) Initial Liquid phase Gas phase
=0.0268 X X φ X φ
H2O 8.400E-1 8.465E-1 2.524E-1 6.059E-1 3.527E-1
NaCl 1.000E-1 1.027E-1 1.239E-7 1.217E-3 1.046E-5
CO2 6.000E-2 5.082E-2 1.116E+1 3.929E-1 1.444E+0

X: mole fraction; φ: fugacity coefficient

Table 2  Initial conditions and dissolved species encoun-
tered in the present analysis.

P = 800bar,  T = 400°C,  pH = 6.0,  Log fO2 = -30
X(H2O) = 0.84,  X(NaCl) = 0.10,  X(CO2) = 0.06

Element Dissolved species Total

Na Na+, NaCl, NaSO4
-, NaHSiO3

Cl Cl-, NaCl, KCl, FeCl+, FeCl2, CuCl2, 
CuCl2-, ZnCl+, ZnCl2, ZnCl3-, PbCl+, 
PbCl2, PbCl3-, CaCl+, CaCl2

C HCO3
-, CO2, CO3

--, Ca(HCO3
-)+, CaCO3

K K+, KCl, KSO4
- 1.020E-2

Si SiO2, HSiO3
-, NaHSiO3 7.120E-5

S SO4
--, HSO4

-, H2S, HS-, NaSO4
-, KSO4

-, 2.820E-2
CaSO4

Fe Fe++, FeCl+, FeCl2 3.000E-5
Cu Cu++, CuOH+, CuCl2, Cu+, CuCl2- 4.000E-6
Zn Zn++, ZnOH+, ZnCl+, ZnCl2, ZnCl3- 2.000E-5
Pb Pb++, PbCl+, PbCl2, PbCl3- 1.000E-5
Ca Ca++, CaCl+, CaCl2, Ca(HCO3

-)+,  1.711E-3
CaCO3, CaSO4

Total = total concentrations in mole/kg-water



T-P points only at once. A temporal change in a mineral
assemblage caused by continuously percolating fluid is
another problem.

3.  Results

The following three models are analyzed in order to
evaluate a possible role of boiling in mineral precipitation
and to examine an essential factor to control the role:

1) process without boiling,
2) process with boiling during which S remains in a

liquid phase, and
3) process with boiling with assumed same partition

ratios of S and C.
Although the processes 1) and 2) are unrealistic in

nature, they may be worth being analyzed for the evalua-
tion of the role by comparing the analytical results among
the three models.

3.1.  Process without boiling

The analytical results of the process without boiling
are shown in Figure 4-a. Major dissolved species of C
and S are CO2 and H2S, respectively, throughout the
process. As is evident, a gradual decrease of pH of the
cooling fluid restrains mineral deposition in this model.
However, a decrease in solubilities of sulfide minerals
with decreasing temperatures leads to precipitation of
chalcopyrite and pyrite below 370°C.
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Fig. 4  Simulation results: (a) process without boiling, (b) process with boiling during which S remains in a liquid phase and
(c) process with boiling with assumed same partition ratios of S and C.  Mineral precipitation and concentrations of dis-
solved species are plotted by mole/kg-water.
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3.2.  Process with boiling during which S remains in a
liquid phase

The fluid with the initial compositions begins to boil
below 400°C in this model (Fig. 4-b). The degassing
ratios (Xvap) for one analytical step (10°C / 20 bar)
decrease from 0.0268 at 400–390°C to 0.0032 at 320–
310°C. A totally degassed amount from the fluid through-
out the analyzed process is only about 11 % of the initial
amount. Therefore, degassing associated with continuous
boiling will bring only minor increase in the dissolved
elements in the liquid phase. Major dissolved species of C
and S throughout the process are also CO2 and H2S,
respectively. The partition ratios of C (XC

vap/XC
liq) is 7.73 at

the first boiling step (400–390°C). Because of the small
degassing ratio, the decrease of C concentration in the liq-
uid phase during the step is small (from 0.06 to 0.0508). It
is interesting to note that the decrease of pH of the liquid
phase becomes much larger than the previous model. This
may be due to an increase of NaSO4

-, the second major
dissolved species of S, during boiling. As a result, only
pyrite precipitates at the final analytical step.

3.3.  Process with boiling with assumed same partition
ratios of S and C

The analytical results of this model are shown in Figure
4-c. Although the decrease of C concentration in the liq-
uid phase during the first boiling step is as small as in the
second model, a concomitant decrease of S at the step
leads to an increase in the solution pH from 6.0 to 6.57,
resulting in abrupt precipitation of calcite, chalcopyrite,
magnetite, sphalerite and galena. Sphalerite and galena
continue to precipitate down to the final analytical step.
Pyrrhotite and chalcopyrite begin to precipitate at lower
temperatures.

4.  Discussion and Summary

The three model ore-forming processes have been ana-
lyzed to evaluate a role of boiling in mineral precipitation.
Ore deposition occurs abruptly when the solution boils
with the assumption of high partition of S into the vapor
phase. By comparing the analytical results of the process-
es, it has been made clear that the role of boiling in ore
formation primarily depends on the partition ratios of S
between the liquid and gas phases during boiling.
However, they cannot be estimated accurately by the pre-
sent EOS.

Unfortunately, currently available EOS’s for high P-
T conditions are not sufficiently accurate for enthalpy
calculations. This is the reason why we have analyzed
only the processes through which temperature and pres-
sure of the fluid are controlled externally. However, it is
likely that a large amount of mineral precipitation occurs

abruptly in an isenthalpic boiling process than in the pre-
sent case. This is because the fluid temperature may
decrease quickly during boiling by releasing evaporation
enthalpy. Hence, the isenthalpic boiling may be much
more effective in ore formation than the analyzed boiling
process.
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