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ABSTRACT

Numerical thermodynamic models are proposed for the quaternary fluid system H,O-CO,-NaCl-CaCl, and its ternary
subsystems H,O-NaCl-CaCl,, H,O-CO,-NaCl, and H,O-CO,-CaCl,. The models are valid for temperatures from 150 °C
to 350 °C, pressures from 0.2 to 1.4 kbar, and for arbitrary concentrations of salts. The latter feature is inherited from the
earlier developed models of binary systems H,O-NaCl and H,O-CaCl,. All the models are formulated in terms of the Gibbs
free energy. The entropy term in the equation for the Gibbs free energy of mixing is introduced in a general form, based on
the number of different ways of arranging particles in the system that lead to the same total energy. The parameters of
the energy terms corresponding to the interactions of particles in binary and ternary subsystems are obtained by fitting
published experimental data. The concentrations of salts in the gas phase are simulated based on the salt evaporation free
energy. Our model, also available as a computer code, makes it possible to predict the physicochemical properties of fluids
involved in hydrothermal processes in the upper crust: the phase state of the system (homogeneous or two-phase fluid),
activities of the components, densities, and compositions of the (coexisting) fluid phases. The model offers a numerical

tool for analyzing fluid inclusion data and better understanding of metamorphic and metasomatic processes in the upper
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crust. Fluids at studied P-T conditions play a decisive role in the formation of hydrothermal ore deposits, including

most of the world's gold deposits.

Keywords: High Pressure; Elevated Temperature; Equation of State; Water-Carbon Dioxide Fluid; Phase Splitting; Upper

Crust; NaCl; CaCl,

1. Introduction

Fluids of the earth’s crust play an extremely important
role in all geological processes of formation and transforma-
tion of the earth’s crust—magmatism, metamorphism, meta-
somatism, petrogenesis, and geodynamics. Dissolving, trans-
portation, and deposition of substances by aqueous fluids of
the upper crust are the principal processes responsible for the
formation of hydrothermal ore deposits of metals, including
the most deposits of gold on Earth[!=3]. The physicochemical
properties of fluids vary greatly as they depend on the P-T
parameters and compositions of fluids in different geological
settings, and these differences strongly influence petroge-
nesis processes at different depth levels. Such properties
include, in particular, the phase state of fluids (homogeneous
or heterogeneous), the chemical composition and density
of fluid phases, which affect their dissolving capacity, and
activities of the components of the fluid. NaCl and CO, are
very common components of the aqueous fluids, both in the
lower and middle crust at supercritical P-T conditions and
in the upper crust at subcritical P-T. In both cases, the pres-
ence of CO; leads to the possibility of splitting the fluid into
coexisting fluid phases. At subcritical P-T" conditions, this is
the splitting of the CO,-containing fluids at pressures above
saturated vapor pressure. For the P-T conditions of the upper
crust, thermodynamic models of the fluid system H,O-CO,-
NaCl were developed in the works 131, Most of the fluid
models are limited by low and moderate concentrations of
salt. In particular, this is due to the use of the Pitzer model,
which is limited in molality of NaCl by myqc; < 61147161,

Along with NaCl, CaCl, is a common component of
natural aqueous fluids. Despite this fact, the system H,O-
CO,-CaCl; is much less studied theoretically. There are
experimental studies of the system at supercritical P-T condi-

177191 Based on these experimental results, an equation

tions!
of state for this system at supercritical P-T conditions was
proposed in the work 2%, One of the goals of the present

work is the development of a thermodynamic model for the

ternary system H,O-CO,-CaCl, for the subcritical P-T re-
gion. The mixtures of NaCl and CaCl, are encountered quite

often in the core fluids!?!

1. A thermodynamic model for the
quaternary fluid system H,O-CO,-NaCl-CaCl, for the su-
percritical P-T conditions was proposed in the work 2], It
was shown that the properties of the system with the mixed
salt composition can be qualitatively different from their
edge ternary systems with one salt. The salt compositions of
NaCl-CaCl, mixed fluids are correlated?!! with their total
salinities and the depths they are located. Larger salinities
and depths are associated with larger CaCl, content, whereas
less saline and nearer to the surface fluids demonstrate a
prevalence of NaCl in salt. A possible explanation of this
fact was proposed in the work 3],

At supercritical conditions, H,O and CO; can be mixed
in any proportions. A homogeneous fluid can split into co-
existing fluid phases only due to different affinities of salts
to H,O and CO,. In many cases, the properties of the two
coexisting phases do not demonstrate sharp differences. This
means that the thermodynamics of both phases can be de-
scribed by the same equations. This approach was applied
in works [20:2224.25] ' The situation in the subcritical region is
different. In a wide P-T region, the miscibility of H,O and
CO; is limited. In this region, the two possibly coexisting
phases are sharply different in properties. The liquid phase
consists of water with salts and some portion of dissolved
CO;. The gas phase contains a prevalent portion of CO,.
The water vapor contained in the gas phase has a low den-
sity and does not have the properties of liquid water, such
as the possibility to dissolve large amounts of salts. These
features of the subcritical region are taken into account in
the models developed below. The thermodynamic models
presented below are free from the limitation with respect
to the mole fractions of the salts, because they are based
on the models['®2%] of brines H,O-NaCl and H,O-CaCl,,
valid from dilute solutions up to the limit of solubility of
the corresponding salt. The goals of the present work are

development for the subcritical P-T region: 1. New thermo-
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dynamic models of the ternary systems H,O-NaCl-CacCl,
and H,O0-CO,-NaCl applicable for arbitrary mole fractions
of the salts; 2. Thermodynamic model of the ternary system
H,0-C0,-CaCl, also applicable for the arbitrary mole frac-
tion of CaCly; 3. he thermodynamic model for the quaternary
fluid system H,O-CO,-NaCl-CaCl,.

2. Methods

Our equation of state (EOS) is formulated in terms of
the Gibbs free energy. The equation for the Gibbs free energy
of mixing G™* is a sum of the entropy term and energy terms
for interactions between the components of the system. It
looks like

GmiT —

=TS+ Gi34 + G1a + Gaz + Gag (D

Here S is the entropy, and T is the temperature in Kelvin.
The terms G with subscripts relate to the energy of the inter-
action between the corresponding components. Here and in
the following 1 stays for H,O, 2 for CO,, 3 for NaCl, and 4
for CaCl,.

2.1. Entropy of Mixing

In the absence of the dissociation of the components,
the entropy of mixing of four components for one mol of the

mixture would look like
S=—-R(z1lnzy +xolnzs + z3lnxs + x4lnxy)

2

where x; are the mole fractions of components, x; = N;/N,

w

[Nl + N2 =+ (1 + 043) N3 + (1 + 2044)N4M

N; is the number the molecules of kind 7 in the system, N =
¥;N; is the total number of molecules in the system. R is the
universal gas constant. The formula for the case of a partial
dissociation of NaCl and CaCl, can be derived analogously

to Equation (2) from the fundamental equation

S=knW 3)

where £ is the Boltzmann constant, and 7 is the num-
ber of different ways, in which the particles in the system can
be arranged with the same total energy of the system [>7). The
values IV are also considered as weights of configurations
with certain fixed energies in the partition function(?”). Di-
rect using the full partition functions is convenient in ab initio
calculations or calculations formally near to ab initio?3%.
The energy terms in the model presented in this paper are
empirical. Thus, we do not construct the partition function,
but consider the entropy and energy terms separately.

We retain the notation N5 for the stoichiometric num-
ber of molecules NaCl, i.e., for the sum of NaCl molecules
and Na"CI pairs. Analogously, N, is the stoichiometric
number of molecules CaCl,. When o3 is the degree of
dissociation of NaCl, the system contains a3 N3 ions Na*
and the same number of ions Cl". Additionally, there are
(1-a3)N3 non-dissociated molecules NaCl. Analogously,
dissolution of CaCl, results in emerging of a4N4 ions Ca®
and 2a4N4 ions CI". The total number of the CI ions is
o3N3+2a4N4. The system also contains (1—oa4)N4 non-
dissociated molecules CaCl,. The total number of particles
in the system is N1 + No + (1 + a3) N3 + (1 + 2a4) Ny.
The number of the energetically equivalent combinations is

It follows from Equations (3) and (4) that

S=—kN{z1Inz; + z21Inxy
+ (1 —az)zsIn[(1 — as)zs]
+ (1 — ag)zg In[(1 — q) 4] ®)

+ aszsIn(aszs) + agxg In(oyxy)

+ (aszs + 2c424) In(azas + 20424)

— (1 —+ a3T3 —+ 20&4174) 11’1(1 —+ a3x3 —+ 2Q4I4)}

- Nl'NQ'(a3N5)'[(1 - 043)N3]'(O(4N4)'[(1 - a4)N4]!(a3N3 + 2044N4)!

4)

When az = as = 1, which is assumed in the models!!¢-2°]

of H,O-NaCl and H,0-CaCl, systems, the entropy term in
G™* per one (stoichiometric) mol of the fluid H,O-CO,-
NaCl-CaCl, is

—TS = RT{x1ln x1 + x2ln x2 + x3Inz;
+z4lnzg + (x5 + 224) In(x3 + 224) (6)

— (14 x5 + 2x4) In(1 + 25 + 224) }
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2.2. System H,0-NaCl-CaCl,

Thermodynamic models of the brines H,O-NaCl and
H,0-CaCl, obtained in works!'®2%] can precisely reproduce
the behavior of these systems from the minimal mole frac-
tions of salts (where the main effects are due the long-range
electrostatic interaction and its screening) up to the high mole
fractions corresponding to the limit of solubility of the salts.
The model for H,O-NacCl is valid for temperatures ranging
from 150 °C to 300 °C and pressures up to 5 kbar. The model
for H,O-CaCl, is valid for temperatures 150-350 °C and
pressures up to 0.7 kbar. In the current work, we use energy
terms for the subsystems H,O-NaCl and H,O-CaCl, as they
were obtained in the thermodynamic models!'®?6]. The en-
tropy terms in the Gibbs free energy of mixing employed in

16261 are different from that given by Equation (6) at

models!
X2 = x4 = 0 and x, = x3 = 0 correspondingly. Nevertheless,
these models can be used with the entropy term (6) with
their energy terms and corresponding numerical parameters.
Indeed, the entropy-dependent parts of the chemical poten-
tial of water u;5 given by equations of Ivanov et al.!'®) and

Ivanov et al. %! coincide with that following from (6),

M1s = RT {111.2?1 — ln(l + T3 + 21‘4)}

at x4=0 for H,O-NaCl and at x3=0 for H,O-CaCl,. The
parameters of the models at the vapor-saturated pressure!!®]
were obtained by fitting experimental data on the osmotic
coefficient ¢ which depends only on the chemical potential
of water ;. The pressure dependences obtained in?®! can
also be retained due to independence of the entropy terms
both of(1%26] and (6) on the pressure.

He thermodynamic behavior of the ternary system with
two salts, HyO-NaCl-CaCl,, can depend not only on the
properties of the binary subsystems, H,O-NaCl and H,O-
CaCl,, and their statistical interaction through the entropy
of the mixing, but also it can depend on possible interaction
energy between dissolved NaCl and CaCl,. A term of this
kind, i.e., W34x3x4 was included to the G™* for the system
H,0-CO,-NaCl-CaCl, at supercritical P-T conditions in %],
Due to the lack of experimental data on the water-containing
systems, it was obtained in the form of a constant number
W34 =—10.3 kJ/mol from the experimental data on the lig-
uidus in the NaCl-CaCl, system. On the other hand, for

the lower P-T conditions, which we consider here, there

are experimental datal33! on PV'Tx properties of the system
H,0-NaCl-CaCl,. In this work, the densities of the sys-
tem H,O-NaCl-CaCl, were obtained for temperatures from
298.15 K to 523.15 K.

Models[!62¢] of H,0-NaCl and H,O-CaCl, are ob-
tained for temperatures 423.15 K and above, so we fit our
parameter of the interaction between NaCl and CaCl, in the
aquatic environment on two series of measures presented
in[33], namely 473.15 K and 523.15 K. Pressures in these ex-
perimental series vary from 2 MPa to 70 MPa, the molality of
the brines are between 0.01 mol/kg and 6 mol/kg (for NaCl).
The latter value of the salt concentration is much lower than
the saturation concentrations of the solutions, which are the
upper limits for models of1!%20] but the data[**! are satisfac-
tory for obtaining a simple form of the parameterization of
the interaction between NaCl and CaCl, presented below.

The density of the system, described by its Gibbs free
energy can be obtained from the mole volume V" of the sys-

tem. The latter can be calculated by the equation

oG

where G is the total Gibbs free energy of the system,

(7

which includes the Gibbs energies of the components G; and

G™X. For the mole volume this gives

. oG
EINCE (3P>m ®)
where V; are the mole volumes of the components. For
V1 and V', we use values given by thermodynamic models
IAPWS95 for water®#! and a similar model®*! for CO,. For
V'3 and V4 we use values belonging to the models %], The
excess volume due to mixing of components is given by the
last term in the Equation (8). For the subsystem H,O-NaCl-

CaCl, this is effect of mixing the salts in the brine.

The term Wiuxsixs with a constant value used in[??!
does not affect the value of " due to its derivative with re-
spect to P is equal to zero. Thus, the reproduction of the
experimental data on the density of the H,O-NaCl-CaCl,
fluid containing both NaCl and CaCl, requires introducing
additional terms into G™*, dependent on the pressure. For
this purpose, the term

Gaap = (Waap1 /V7) 324 9
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was added to G™. The value of the numerical param-

eter W41 was obtained by fitting on the results of33] for
H;0-NaCl-CaCl, which include 287 data points for temper-
atures 523 K and 473 K. The result of fitting is the value of
W3ap1 = 7.9336416-10° J/mol-(cm?/mol)®. The differences
in the fluid densities between values given by Equation (9)

pg and experimental data (3] Pexps 1.6, Ap = pg — pexp are

presented in Figure 1 as dependent on the molality of CaCl,
my related to the sum of molalities of both CaCl, and NaCl
(m3). The maximal molality of the CaCl, in the experimental

Ap, 10%g/cm’ Ap, 10%g/cm? Ap, 107g/em’

Ap, 10'3g/cm3

Ap, 10°g/em®
® NR ORBNWLARGMO NG

datal331 was my = 3 mol/kg, whereas the error of this value
was evaluated by the authors as om4 = 0.064 mol/kg. Thus,
the relative error of the m4 was about 2%. The maximal devia-
tion of the density of the brine from the density of the pure wa-
ter was about 0.3 g/cm?3. Thus, the error in the experimental
densities of brines can be evaluated as op = 6-1072 g/cm?.
Strictly speaking, all the Ap values, presented in Figure 1
correspond to this estimation. But several most deviating
points (squares in Figure 1) were excluded from the final fit
of Wigpr.
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Figure 1. Differences between experimental data®®! and our approximation via Equation (9). Circles are points used for fitting W3ap1.
Squares are points excluded from the fit.
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The value of G4, decreases with decreasing the density
of water. The value of W5, was obtained in!??! for a water-
free system, and it is reasonable to retain the corresponding
term for the limit of the infinite V';. Thus, finally, the term
for the interaction of NaCl and CaCl, looks like

Gas = Wagawsmy = (Wag + Wagp1 /V) 2324 (10)
For the ternary system H,O-NaCl-CaCl, the energy
term in the G™* is

G134 = G13+ G4+ G4 (11)

where terms G113 and G4 for interactions H,O-NaCl
and H,0-CaCl, are obtained in the works!'¢-20],

2.3. System H,0-CO,

The excess Gibbs free energy of mixing for the system
H,0-CO, at temperatures 50-350 °C and pressures 0.2-3.5
kbar was obtained in[3®) based on the experimental results
of the work®7]. The term for the interaction energy between
H,0 and CO, molecules has a form of the Van Laar equation
with parameters A, and 4, fitted on experimental data. For
systems that include components additional to H,O and CO,,
this term G, is to be modified by introducing a multiplier
(x1+x3). As result, it has a form

Apx1Ag1 o

Gio=RT—""——"F"
2 Aoz +A2 10

(z1 + 22) (12)

Mole volumes of H,O and CO; containing in the equa-
tions for 41, and A, are expressed via equations of state
TAPWS95 B34 for water and 3! for CO,. The same equations
of state 333! were applied below for calculations of the total

G and its derivatives for the fluid phases.

2.4. Systems H,0-CO,-NaCl and H,0-CO,-
CaClz

2.4.1. Gas Phase

The density of NaCl in the water vapor was studied in
experimental and theoretical works[384%1. At relatively low
temperatures, we consider in this paper, the concentrations
of NaCl in H,O-CO, gas phase are very low. In particular,
this fact can justify the assumption of zero concentration of

NaCl in the gas phase made in the works!'%!!]. However,

opposite to these works, we base our thermodynamic model
on equations for the Gibbs free energy. This means that the
low mole fraction of NaCl in the gas phase should follow
from the form of the equation for G™.

The density of the water vapor in the gas phase is too
low to induce dissociation of molecules of NaCl. Both the ab-
sence of NaCl dissociation and low densities of H,O and CO,
in the gas phase justify the assumption that NaCl is present
in this phase as a vapor of NaCl molecules. We neglect a
possible interaction of the NaCl molecules with molecules
of H,O and CO,;. For a rough evaluation of the concen-
tration of NaCl in the gas phase, it was assumed that the
transition of NaCl molecules from the liquid to the gas phase
can be associated with the Gibbs free energy of vaporization
of NaCl, i.e., AGnacl gas = AGNacl vapor &~ 180kJ/mol 4!,
Our test calculations show that decreasing AGyaci gas t0
AGnaci_gas = 50kJ/mol leads to increasing the mole frac-
tion of NaCl in the gas phase, e.g., from xnacig = 0.2 10
t0 XNacrg = 1.0 10* with a negligibly small effect on other
parameters of coexisting gas and liquid phases and posi-
tion of the solvus. Increasing the value of AGyacy gas above
AGnacl_gas = 180kJ/mol results in even smaller effects. This
means that the value of the Gibbs free energy of solvation,
which is about 4 kJ/mol, and the temperature dependence of
AGnact vapor practically have no effect on the critical behav-
ior of the fluid system H,O-CO,-NaCl.

The maximal mole fraction of NaCl in the gas phase
in calculations with AGnaci gas = 180kJ/mol is about
Xnacl = 3-107. For example, this value was achieved in
calculations for H,O-CO,-NacCl at the temperature 350 °C
and pressure 0.3 kbar. This value can be compared with the
experimental result of the work*®!. The authors of this work
obtained the saturated xnac1 = 0.8-107 in water vapor at 350
°C and 0.114 kbar. Taking into account a decrease of the
saturate concentration of gaseous NaCl with decreasing pres-
sure, our value of xn,c) can be considered to be in agreement
with that experimental value. The experimental results [*%]
relate to the NaCl in the water vapor. The mole fraction of
NaCl in pure CO, atmosphere is even lower than in H,O
vapor. Experiments[“?] on this system give xnac; = 1.36-10°°
for 300 °C and 0.65 kbar, and xnac; = 0.16-107° for 300 °C
and 0.33 kbar.

The argumentation on the simulation of the gas phase
of H,0-CO,-NaCl, presented above, is also valid for the
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system H,O-CO,-CaCl,. For CaCl, in the H,O-CO, gas
phase we used AGcacl, gas = 250kJ/mol which is near to its
Gibbs free energy of vaporization[*!,

Thus, the energy terms for the gas phase can be written

as

Gasg =0 (13)

C:139 = AC:Nac’l_gas T3;

and

Gasg =0 (14)

G14g = ACT'C’aC’lgigasxél;

Such a form of the xn,c1 and xcacrz dependent terms of

the Gibbs free energy in the gas phase provides small and
near in the order of magnitude to the experimental values of
the mole fractions of the salts. The entropy for the gas phase

has a form (2) due to a3 =04=0 in the gas phase.

2.4.2. Liquid Phase

In addition to the energy terms Gi», G13, and G4, the
thermodynamic description of the ternary systems H,O-CO,-
NaCl and H,O-CO,-CaCl; requires terms G,z and Gyg in
the liquid phase, for H,O-CO,-NaCl and H,O-CO,-CaCl,,
respectively. We start with the system H,O-CO,-NaCl. For
this system, there are experimental data obtained during sev-
eral decades. The most convenient for our aims are data of
the work [*]. This work contains a large set of compositions
(x1, X2, x3) of the liquid water-salt phase (also containing
CO,) coexisting in equilibrium with gaseous CO,-water va-
por phase. Thus, these experimental data are compositions
of the system on the solvus. For three temperatures, 150 °C,
250 °C, and 350 °C, the compositions of the liquid phase
are presented for two different mole fractions of NaCl at the
same P and 7. This simplifies fitting the experimental data

with functions containing two fitting parameters. We have

taken the term G,3 responsible for the interaction of NaCl

with CO; in the liquid phase in the form

ngl‘g + W32$3
To + I3

(15)

Ga3 = xax3

with parameters W3 and W3,. This form of the Go3
coincides with that used in thermodynamic models [?423] of
the ternary system H,O-CO,-NacCl at supercritical P-T con-
ditions, as well as in the model %] of quaternary system H,O-
CO;-NaCl-CaCl, at supercritical P-T conditions. Equation
(15) together with the assumptions made with respect to the
thermodynamics of the gas phase expressed in Equation (13)
allows obtaining a complete form of the G™* for the system
H,0-CO;-NaCl and defines the phase state (homogeneous
or two-phase) of the system at given temperatures, pressures,
values of W53 and Ws;, and compositions of the system.

The values of W,3 and W3, were obtained for all 22
P-T points of the work 3] containing pairs of the composi-
tions of the liquid phase being in equilibrium with the gas
phase. The knowledge of these values makes it possible to
build solvuses for the corresponding P and 7. Examples of
such solvuses are presented in Figures 2a, 2b, 2e, 2f, and 2h
by broken lines. The availability of arrays of W3 and W3,
values for a number of different P and 7 makes it possible
to obtain approximate dependences of these two parameters
on P and T. The arrays of W3 and W3, obtained for discrete

sets of P and T can be approximated with formulas

2
agq + ags (t — as)
Woa = 4 aos(t — 2_
23 = a1 + ag3( az2) 2 (16)

Wao = ag(t — a32)2 + a3z3P + azs

where ¢ is the temperature in °C and P is the pressure
in kbar. The values of the parameters in Equation (16) are

a1 = T77624; ase = 73.051; agg = 1.2634; asq = 8443.8; ags = 1.6595; ase = 205.12;
azy = —3.4288; azg — 24695, aszs = —25825; a34 = T7767.

The solvuses obtained from G™* using the Equation
(16) are presented in Figure 2 by bold green curves. Itis seen
that this approximation is in a good agreement with both the
experimental points used in obtaining of this approximation
(Figures 2a, 2b, 2e, 2f, and 2h) and with points which were
not involved in obtaining Equation (16) (Figures 2¢, 2d, and

2g).

For the interaction of CaCl, with CO, in the liquid
phase of the fluid H,O-CO,-CaCl,, we used the form analo-
gous to Equation (15), i.e.,

Wosxe + Wysxy
To + X4

an

Gos = x274
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Figure 2. Phase diagrams of the system H,0-CO,-NaCl. Filled squares are experimental points of the work [**). Broken lines are solvuses
obtained by fitting #,3 and W3, on pairs experimental points for one P-7 combination. Solid green curves are solvuses according
Equation (16). Numbers in frames denote areas (fields) of different phase composition: (1) homogeneous fluid (liquid phase); and (2)
two coexisting (liquid and gas) phases.

For every P-T point, the experimental data of the approximation for g(P,f):
works[##] for the fluid H,O-CO,-CaCl, contain only one

composition of the liquid phase being in an equilibrium with q="b>(P=bo) (t = b1)3 +0s (19)
the gas phase. This makes impossible to obatin two param- where

eters, Wo4 and Wy, for separated P-T points. For these bo = 0.39614; b; = 106.27; 20)
parameters we assumed that they differ from W3 and W3, by = —7.4634 x 10~7: by = 1.3765

by a multiplier ¢(P,T), the same for both W4 and W4;: .
Several examples of solvuses in the system H, O-CO,-

Wau(P,t) = q(P,t)Was(P,t) CaCl, obtained with Equations (18) and (19) are given in
Wao(P,t) = q(P,t)Waa(P, 1) (18) Figures 3a, 3e, 3i, and 3m. Figures 3a, 3e, and 3i show a
full agreement of the approximation Equations (18) and (19)

Fitting the experimental data*4 gives the following with the experimental data.
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Figure 3. Phase diagrams for ternary H,O-CO,-NaCl and H,O-CO,-CaCl,, and quaternary H,O-CO,-NaCl-CaCl, fluids. Panels a, e, i,
m—solvuses for H,O-CO,-CaCl, and for H,O-CO,-NaCl-CaCl, when xnaci:¥caciz = 1:1 compared with solvuses for H,O-CO,-NaCl.
Filled squares are experimental points'** for HyO-CO,-CaCl,. Other panels are solvuses (bold curves) and tie lines (dotted straight
lines) for HO-CO,-NaCl (b, f, j, n), H,O-CO,-salt at xnac1/ Xsait = 0.5 (¢, g, k, 0), and H,O-CO,-CaCl, (d, h, 1, p). Blue diamonds are the
boundaries of the gap in the miscibility of H,O and CO,. Numbers in frames denote areas (fields) of different phase composition: (1)
homogeneous fluid (liquid phase); and (2) two coexisting (liquid and gas) phases.

A comparison of the solvuses for H,O-CO,-NaCl and
H,0-CO,-CaCl, shows a smaller size of the field of the
homogeneous fluid for H,O-CO,-CaCl, compared to H,O-
CO,-NaCl. This indicates a greater affinity of CO, for NaCl
in the subcritical aqueous fluids compared to the affinity
of CO, for CaCl,. For supercritical fluids, this feature was
demonstrated in the work [23]. Now, it is possible to conclude
that this difference in the affinity of CO, for NaCl and CaCl,
is a general property of the aqueous fluids, independent on
their P-T regime, both sub- and supercritical.

3. Results and Discussion

In the previous section, we have obtained all the terms
present in the Gibbs free energy of mixing (1) for the quater-
nary system H,O-CO,-NaCl-CaCl,. This finalizes the build-

ing of the numerical thermodynamic model of this system
and opens a possibility to study the properties both ternary
systems with one salt in the fluid and the quaternary system
with a mixed salt composition. Figures 3a, 3e, 3i, and 3m
contain both phase diagrams of ternary systems H,O-CO,-
NaCl and H,O-CO,-CaCl,, and also phase diagrams of a
quasi-ternary system H,O-CO,-salt with X1t = XNac1 + Xcaci2
and a fixed ratio xn,c1/ Xsait = 0.5. The other panels of Fig-
ure 3 are phase diagrams for all three cases: xnacl/ Xsait = 1,
xXNacl/ Xsatt = 0.5, and xnac1/Xsaie = 0 with the tie lines connect-
ing the points and corresponding compositions of coexisting
liquid and gas phases. For the ternary systems like H,O-
CO,-NaCl and H,O-CO,-CaCl, with one salt, the tie lines
are to be straight lines with constant compositions of the
coexisting phases along these lines. The activities of the

components are also to be constant on the tie lines. It was
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found??! that in the quaternary fluid system H,O-CO,-NaCl-
CaCl; at supercritical P-T conditions, the lines of constant
activities of components are not straight lines in the field
of two coexisting fluids due to the redistribution of salts be-
tween two fluid phases. This effect does not present at the
subcritical conditions we consider in this paper due to negli-
gibly small concentrations of salts in the gas phase. Thus, the
tie lines for the systems H,O-CO;-salt at constant xn,c1/Xsalt
(XNac1/Xsart = 0.5 in Figures 3¢, 3g, 3Kk, 30) are also straight
lines with constant compositions of the coexisting phases
and constant activities of components on them.

A specific feature of these tie lines is that they con-
nect two separate regions. In the supercritical P-T region,
the tie lines connect pairs of points lying on one continuous
solvus with a critical point separating the parts of the solvus
corresponding to different phases of the fluid. Opposite to
this picture, the right ends of the tie lines in Figure 3 do
not belong to the solvus lines on the left side of the phase
diagram, but lie very near to the horizontal axis (the distance
is not visible in the scale of the picture). In fact, there is a
second solvus, lying on the right near to the horizontal axis
and separated from the left one by the gap in the solubility
of CO, in pure water. An important feature of the mutual
behavior of the liquid and gas phases is that the increase of
the mole fraction of the salt in the liquid phase results in a

decrease in the mole fraction of water in the gas phase. This
shifts the composition of the gas phase towards to the pure
COs,.

The equations for chemical potentials and activities of
components obtained from (1) are given in the Supplemen-
tary Material. The equations for activities of H,O and CO,
are valid for all the compositions of the quaternary system
H,0-C0O,-NaCl-CaCl,. Activities of NaCl and CaCl, can be
calculated only for corresponding ternary systems with one
salt, because these salts do not exist as separate compounds
in aqueous fluids with two salts.

One can see in Figure 3 that the compositions of the
liquid phase corresponding to the same activity of water
ampo depend rather strongly on the ratio of mole fractions
of NaCl and CaCl,. Such type of dependence exists also
in solutions with no CO,. In Figure 4, we demonstrate the
effect in the aqueous system. In Figure 4a, the activity of
water is shown as a function of the mole fraction of the salt
for various portions of CaCl, in the total composition of the
salt. It is observed that the activity of water have the largest
values for the pure NaCl as a salt. The addition of CaCl,
leads to a strong decrease of ayp0. However, this effect tends
to a saturation at x¢,cpp/Xsa = 0.5. The dependence of aypo
ON XcaC/Xsale at @ constant xg, = 0.1 is presented in Figure
4b.
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Figure 4. Activity of water: (a) anxo dependent on the salt mole fractions for different proportions of NaCl and CaCl,; and (b) anzo
dependent on the portion of CaCl, in the salt at the constant total salt fraction Xt = Xnac1 + Xcacr2 = 0.1.

The densities of fluid phases emerging in result of the
splitting of a homogeneous fluid into two coexisting phases

play an important role in the following spatial separation of

these phases. In Figures 5, 6, and 7, we show densities of
both liquid and gas phases as functions of the xg,;; (along the
solvus) for three compositions of the salt in the fluid. Figure
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5 is for pure NaCl, Figure 6 is for pure CaCl,, and Figure compared to water. Nevertheless, in all the cases, the density
7 is for xnac1 = Xcaci2- In some cases, the density of the gas  of the liquid phase is larger than the density of the gas phase.
phase can reach rather big values due a high pressure and The density of the liquid phase increases with the growth of
a prevalent portion of CO; having a large molecular mass the salt content in it.
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Figure 5. Densities of the liquid and gas phases on the solvus of the system H,O-CO,-NaCl dependent on the mole fraction of NaCl.
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fractions of NaCl and CaCl, xsax when xnaci:Xcacrz = 1:1.

The P-T region studied above is associated with a num-
ber of metamorphic and metasomatic processes in the upper
and middle crust, including formation of ore deposits of
many non-ferrous and precious metals, such as Au, Ag, Cu,
W, Mo, Pb, and so on. Fluid behavior, both in relation to
ore occurrence and in the broader geological context, is a
central question in many hundreds of studies. Examples

146-551 and recent studies>®~381. The possibil-

include works!
ity of splitting aqueous fluids containing neutral gases into
coexisting unmixable phases is an important factor in the
precipitation of the solid phases from the fluid. The existing
theoretical models for the P-T parameters considered on our
paper are limited to a single H,O-CO,-NaCl system. At the
same time, the real geological fluids contain mixtures of sev-
eral salts, in particular mixtures of NaCl and CaCl, [4%-30:571,
A common way of avoiding this problem is combining all
the salts in an “equivalent” concentration of NaCl, despite

1,48-53,57-59] . Moreover,

their different behavior in the nature!
the available numerical models for the H,O-CO,-NaCl sys-
tem do not allow obtaining compositions of coexisting fluid
phases, which is the central point in the analysis of fluid
inclusions. As a result, the studies of the fluid inclusions
do not have a reliable tool assessing the P-T parameters of

phase separation of homogeneous fluids. The compositions

of the coexisting fluid phases correspond to the end points
of the tie lines, similar to those shown in Figure 3. Phase
diagrams and tie lines, similar to Figure 3, obtained from
qualitative ideas without numerical thermodynamics, were

[46] These graphs were then repeated in

presented in work
some works %1 in connection with studies of fluid inclu-
sions. Our thermodynamic model provides a reliable numer-
ical basis for this type of the analysis of the fluid inclusions
data. The computer program that performs calculations using
the above model is available in the public domain[* 1.

The salinity of the deep fluids is often rather high [>3-3¢]
and significantly exceeds the limit of about 6 mol/kg charac-
teristic of existing thermodynamic models of the H,O-CO,-
NaCl system. The models presented above are free from this

limitation.

4. Conclusion

1. For the fluid system H,O-CO,-NaCl, a numerical ther-
modynamic model based on experimental data, and
valid for pressures of 0.2—1.4 kbar and temperatures
150-300 °C, is developed. The model is valid for arbi-
trary concentrations of the components.

For the fluid system H,O-CO,-CaCl,, a numerical ther-

62



Journal of Environmental & Earth Sciences | Volume 07 | Issue 10 | October 2025

modynamic model based on experimental data and
valid for pressures of 0.2—0.7 kbar and temperatures
150-350 °C is developed. The model is valid for arbi-
trary concentrations of the components.

For the mixed aqueous solution HO-NaCl-CaCl,, a
numerical thermodynamic model based on experimen-
tal data and valid for pressures of 0.2—0.7 kbar and
temperatures 150-300 °C is developed. The model is
valid for arbitrary concentrations of the components.
It is shown that affinity of CO, for NaCl is larger than
the affinity of CO, for CaCl, in the subcritical P-T
region considered in this paper. Together with the anal-
ogous conclusion on the affinity of CO, for NaCl and
CaCl, done by us in work 23] for the supercritical con-
ditions, this allows to suppose that this difference in
the affinity of CO, for NaCl and CaCl, is a general
property of the aqueous fluids, independent on their
P-T regime, both sub- and supercritical.

For the quaternary fluid system H,O-CO,-NaCk-
CaCl,, a numerical thermodynamic model based on
models for three ternary edge systems and a proper
form of the entropy of mixing is developed. The model
is valid for pressures of 0.2—0.7 kbar, temperatures
150-300 °C, and for arbitrary concentrations of the
components.

The developed models enable to predict the physic-
ochemical properties of the fluid involved in the hy-
drothermal processes in the upper crust: the phase
state of the system (homogeneous or two-phase fluid),
position of the solvus separating the fields of the homo-
geneous and two-phase fluid, activities of the compo-
nents, densities, and compositions of the (coexisting)
fluid phases.

A set of phase diagrams for H, O-CO,-NaCl, H,O-CO,-
CaCl,, and a quasi-ternary system H,O-CO,-salt with
Xsalt = XNacl T Xcaclz and a fixed ratio xnacy/ Xsaie = 0.5 i
obtained for various P-T conditions. The largest fields
of the homogeneous fluid correspond to the H,O-CO,-
NaCl system, the smallest ones to H,O-CO,-CaCl,.
The solvuses for quaternary systems with the mixed
salt compositions lie between solvuses for these edge
systems.

Tie lines connecting points of compositions of coexist-

10.

11.

12.

diagrams for H,O-CO,-NaCl, H,O-CO,-CaCl,, and
the intermediate system with xn,c1/Xsait = 0.5. For all
the systems, including the case of the mixed salt com-
positions, the tie lines are straight lines with constant
activities of components and constant compositions of
the coexisting fluid phases.

It was shown that the increase of the mole fraction of
the salt in the liquid phase leads to a decrease in the
mole fraction of water in the coexisting gas phase. As a
result, the composition of the gas phase shifts towards
to the pure CO,, and the gap between gas and liquid
phases widens.

The dependence of the activity ayyo of water on xg,
and the salt composition is studied. The presence of
CaCl, in the composition of the salt results in a de-
crease in the activity of water. The dependence of
ampo on the portion of CaCl, in the salt can be non-
monotonous. The minimum of a0 can be reached at
a mixed composition of the salt.

Dependences of the densities of liquid and gas phases
on the mole fraction of the salt on the solvus are ob-
tained. The study was carried out for a wide range of
pressures, different temperatures, and compositions of
the salt component. In all the cases, the density of the
liquid phase is higher than the density of the gas phase.
The difference between two densities is minimal at low
temperatures, high pressures, and low mole fractions of
the salt. The difference between the densities increases
rapidly when these conditions are violated.

The most evident direction of the following study of
thermodynamics of fluids H,O-CO,-salt in the upper
crust P-T conditions is modeling the thermodynamic
behavior of salt-containing fluids in an intermediate
region, where water and CO, are infinitely miscible
and the interaction between water and salt in the quasi
gas phase step by step transforms from practically no
interaction to the strong interaction typical for water

solutions of salts and for the dense supercritical fluids.

Supplementary Material

The chemical potentials of the components of the qua-

ternary fluid system H,O-CO,-NaCl-CaCl, in the liquid

ing liquid and gas phases are plotted for a set of phase phase are
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The chemical potentials of the pure components, i;o NaCl in ternary system H,O-CO,-NaCl and activity of CaCl,
i.e. for z; = 1 are equal to zero in H,O-CO,-CaCl,. The calculation of activities of NaCl and
CaCl, in the systems with two salts does not make sense be-

H1o = H20 = H30 = [la0 cause these salts do not exist in the aqueous phase as separate

Activities of H,O and CO, can be calculated by the compounds.
general formulas
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