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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Fluid inclusions and pore fluids seldomly contain pure fluids, i.e. single component, and the properties of these
natural fluids must be investigated with complex equations of state for fluid mixtures. However, the properties of
nearly-pure fluids can be modelled with equations of state for pure gas components, including an insignificant
error. Occasionally, fluid inclusions are observed that can be modelled according to these considerations. The
program “Pures” has been developed to calculate properties of pure gases: H,0, CO2, CHy, N3, CoHg, O3, NH3, CO,
Viscosity Ha, D20, Ar, C3Hg, SO2, HS, and He. These fluid components belong to the most abundant volatile species that
P-T-V calculations are observed in fluid inclusions in quartz and other host minerals in rock. The thermodynamic properties of these
X0JO fluids are calculated with highly accurate Helmholtz energy functions that cover both the liquid and vapour.
Viscosity and surface tension are calculated with additional purely- and semi-empirical equations. Stand-alone
applications can be operated in Macintosh-, Windows-, and Linux-based operated computer systems, and
contain algorithms that are designed with BASIC language within the XOJO programming environment. A series
of twelve self-instructive interfaces (modules) are leading the user through the complex calculation procedures.
The modules include the calculation of pressure, temperature, molar volume, isochores, isotherms, fugacity,
homogenization conditions, liquid-vapour equilibria, thermodynamic state properties, viscosity, and surface
tension. Fluid densities in quartz-confined inclusions can be corrected for temperature- and pressure-dependent
volume changes of the host crystal. Fluid modelling in the program “Pures” is not restricted to fluid inclusion
research, and can also be applied to other research fields that involve a fluid phase. “Pures” is included in the
software package FLUIDS.
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CH4 and NaCl. The identity of individual gas species is obtained by
Raman spectroscopy (e.g. Burke, 2001). Raman spectroscopy also offers

1. Introduction

Equations-of-state (EoS) describing the behaviour of fluids according
to the parameters temperature, pressure, density and composition are of
major importance to the interpretation of fluid properties in inclusions
in crystals and pore spaces in rock. Abundant EoS are available and
readily used in water management (e.g. Sleep, 1995; Kunst et al., 2002),
CO;, sequestration (e.g. Marini, 2007; Narinesingh and Alexander,
2014), Hy storage (e.g. Eller et al., 2022), petroleum engineering (e.g.
Danish, 1998), sedimentary rock (e.g. Goltapeh et al., 2022), meta-
morphic and igneous rock (e.g. Liebscher and Heinrich, 2007), and fluid
inclusions (e.g. Bakker and Brown, 2003).

The main analytical technique to determine the properties of fluids
in inclusions in crystals is microthermometry (e.g. Shepherd et al.,
1985): the temperatures of phase changes are directly related to density
and compositional properties. Microthermometry includes only the
estimation of major components in the fluid phase, such as HyO, COs,
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the possibility to estimate the density of vapour phases (e.g. Frezzotti
et al., 2012; Le et al., 2021 and references therein). However, Bakker
(2021) illustrated that this method and resulting equations fail to have
sufficient precision and accuracy.

The observations described in the preceding paragraph give abun-
dant data that must be treated with EoS to obtain values of density and
composition of the analyzed fluid inclusions (e.g. Bakker, 2009). The
large number of available EoS of fluid phases have variable complexity,
and have evolved to highly accurate mathematical equations since van
der Waals (1873) published his kinematic theory on the behaviour of gas
molecules (see also the program “LonerW” in Bakker, 2009). The so-
called cubic EoS (named after the cubic form of the equation in terms
of volume) were classified as “improved” van der Waals type equations
(e.g. Redlich and Kwong, 1949; Soave, 1972; Peng and Robinson, 1976;
see also Bakker, 2012). A different type of the mathematic formulation
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of the behaviour of fluids is the virial EoS, which is based on theory of
statistical mechanics, and uses an infinite series of density or the inverse
of molar volume, which is usually truncated after the third coefficient.
These equations are in general only limited applicable, usually to a
limited range of temperatures and pressures. EoS are constantly
improved with purely empirical fitting procedures to new experimental
data by adding arbitrary and physically meaningless parameters (e.g.
Benedict et al., 1940; Lee and Kesler, 1975; Duan et al., 1992a). The
main objective of these improvements is to make EoS suitable for both
relatively low-density vapour phases, and relatively high-density liquid
phases in addition to super-critical fluids. Moreover, the equations must
be able to represent both pure fluid phases and fluid mixtures. The latter
is being constantly addressed in ongoing research. For example, the
highly variable composition of petroleum reservoir fluids needs well-
defined mixing rules of fluids, that may vary from nearly pure CH4 to
mixtures of abundant hydrocarbon compounds.

Fluid inclusions contain multiple components such as a variety of
gases (e.g. CO9, CHy, Ny, Hy), and salts (e.g. NaCl, CaCly) in addition to
the main component H20. Apparently, EoS of pure fluids are not of in-
terest to fluid inclusion research. However, the use of highly accurate
EoS for pure fluids is twofold: 1. they form the basis for the development
for binary, ternary or higher component systems (e.g. Driesner and
Heinrich, 2007). 2. they are directly applicable to fluid inclusions that
contain nearly pure fluids in separate phases.

A general assumption in the analyses of fluid inclusions is that a gas-
bearing vapour bubble in the presence of an aqueous liquid solution is
nearly free of salts and water. Consequently, the properties of this
vapour bubble are modelled with EoS that describe pure gases, such as
CO3, CHy4, N3 and Hy, or mixtures of these gases. EoS of pure fluids can be
directly applied to monophase gas inclusions, that contain pure CH4 (e.
g. Bakker et al., 2020), pure COy (e.g. Kleinefeld and Bakker, 2002;
Frezzotti and Touret, 2014), pure N3 (e.g. Andersen et al., 1995), and
pure Hj (e.g. Bakker and Elburg, 2006).

The most accurate EoS for pure fluids are defined by Helmholtz en-
ergy functions (e.g. Wagner and Pruss, 2002). Density and temperature
are the variables within these functions, which can be used to calculate a
number of thermodynamic parameters (e.g. pressure, fugacity,
enthalpy, entropy, internal energy, Gibbs energy, chemical potentials,
heat capacity) according to thermodynamic definitions, fundamental
equations, Maxwell relations, and identities (e.g. Prausnitz et al., 1986;
Bakker, 2009). The complexity of the mathematical formulations of
Helmholtz energy EoS does not allow a simple approach in the calcu-
lation procedures, and automated algorithms in newly developed soft-
ware with user friendly interfaces may greatly facilitate the use of these
EoS. Highly accurate unified Helmholtz energy functions for pure fluids
are bundled in the present work in the stand-alone program “Pures”, that
is developed for Macintosh, Windows and Linux, using BASIC computer
language with the developer software XOJO (XOJO Inc., n.d). The gases
involved in this software are listed in Table 1. Some of them were
already presented in the original package “FLUIDS” (Bakker, 2003) with
a simple I/0 interface. The selection of gases involves fluid systems that
have been observed in fluid inclusions.

2. Method: new program “Pures” in the packages “FLUIDS”

The program “Pures” includes twelve individual windows (modules),
that can be used to calculated temperature-pressure-density (T-p-V)
properties of pure fluids in addition to fugacity, viscosity, surface ten-
sion and other thermodynamic state properties. The primary window
“Start” (Fig. 1) introduces the general fluid model (Helmholtz energy
functions) that is used to calculate fluid properties, in addition to a list of
15 pure fluid components (see Table 1) that are included in this soft-
ware. The second window “Procedures” (Fig. 2) is used to select one
specific fluid component and one of the nine calculation procedures
(modules). These include the calculation of: 1. pressure as a function of
temperature and density; 2. molar volume (density) as a function of
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Table 1

Fluid components and corresponding references included in the program
“Pures”. The “Loner” equivalents illustrate previously published software in
Bakker (2003). The max. Saturation conditions correspond to the upper temper-
ature and pressure limits of calculation of the saturation curve with the equal-
fugacity method (see module “Bubble-Dew Point”). The programs “Loner14”,
“Loner18”, and “Loner19” are also available as “Loner HKG”, “Loner SpW”, and
“Loner SeW”, respectively, at the website of the Fluid Inclusion Laboratory
Leoben (https://fluids.unileoben.ac.at).

component reference Loner max. Saturation
equivalent conditions
Bakker -
(2003) T (0 Py
(MPa)
H,0 Haar et al. (1984) Lonerl4 646.51 21.830
Wagner and Pruss (1993)
H,0 Wagner and Pruss (2002) 646.49 22.064
IAPWS R6-95 ( ©
International Association
for the Properties of Water
and Steam, IAPWS R6-95.,
2018)
CO- Span and Wagner (1996) Lonerl8 304.05 7.350
CHy4 Setzmann and Wagner Loner19 190.54 4.592
(1991) (c)
Ny Jacobsen et al. (1986) Loner22 126.16 3.392
Ny Span et al. (2000) 126.192 3.395
(©
CoHg Friend et al. (1991) Loner20 305.32 4.866
CoHeg Biicker and Wagner (2006) 305.29 4.861
(&2 Stewart et al. (1991) Loner35 154.581 5.043
(© ©
NH3 Haar and Gallagher (1978) Loner29 404.26 11.148
NH;3 Tillner-Roth and Baehr Loner36 405.38 11.300
(1993)
Baehr and Tillner-Roth
(1995)
co Goodwin (1985) Loner28 129.15 2.960
co Lemmon and Span (2006) 132.35 3.488
DO Hill et al. (1982) 642.82 21.490
D,0 Herrig et al. (2018)IAPWS 643.64 21.560
R16-17 (2018)
H, Leachman et al. (2009) 32.87 1.245
(normal)
H, (para) Leachman et al. (2009) 32.67 1.237
H, (ortho) Leachman et al. (2009) 32.93 1.255
C3Hg Miyamoto and Watanabe 369.823 4.2407
(2000) (©
CsHg Lemmon et al. (2009) 369.881 4.250
(©
SO, Lemmon and Span (2006) 429.88 7.863
SO Gao et al. (2016) 429.76 7.771
H,S Sakoda and Uematsu (2004) 373.31 8.95
H.S Lemmon and Span (2006) 370.34 8.710
Ar Tegeler et al. (1999) 150.66 4.861
He Ortiz-Vega (2013) 5.18 0.2248

temperature and pressure; 3. temperature as a function of density and
pressure; 4. isochores; 5. isotherms; 6. fugacity; 7. homogenization
conditions; 8. liquid-vapour equilibria; and 9. thermodynamic state
properties, including internal energy, enthalpy, entropy, Helmholtz
energy, Gibbs energy, heat-capacity (Cy and Cp), speed of sound, Joule-
Thomson coefficient, and viscosity. The surface tension of pure gasses is
also included at saturation conditions in module 7 and 8. Details of the
reference and temperature-pressure limits of the selected fluid compo-
nent are illustrated in the lower right corner of Fig. 2.

The temperature can be defined in °Celsius or Kelvin in each module.
A fractional number must be introduced with a decimal point (dot) in
each interface, for example, a temperature of 151.4 °C must be defined
as “151.4”. Molar volume is defined in cm®mol~}, and density in
kg-m~3. The internal energy, enthalpy, Helmholtz energy, and Gibbs
energy can be presented in J-mol~! or kJ-kg™!, entropy and heat ca-

pacities in J-mol 1-K ! or kJ-.kg 1K L. Speed of sound is given in m-s %,
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Fig. 1. First window (“Start”) with which the program “Pures” is opened. This interface is further explained in the text.

Joule-Thomson coefficient in K-MPa ™, viscosity in pPa-s, and surface
tension in mN-m . Each module contains a “clear” button to erase all
the introduced and calculated numbers. The number of digits in the
fractional part of the calculated properties is not related to the accuracy
or precision of that property, but reflects an exact number (floating-
point value) calculated in the software development tool of XOJO
(https://www.x0jo.com).

3. Calculations with pure fluids
3.1. Temperature-pressure-density conditions

Helmholtz energy functions of fluids are defined according to indi-
vidual components of specific molecular interaction parameters (Eq. 1):
ale,T) = a’(e,T)+d (e, T) @

where a is the molar Helmholtz energy (J-mol ™), ¢ is density (kg-m~3),
and T is temperature (Kelvin). The superscripts “o” and “r” reflect the
ideal and residual part of the Helmholz energy function, respectively (e.
g. Wagner and Pruss, 2002). All the other thermodynamic parameters
can be derived from this function by a number of partial derivations

towards volume (or density) and temperature. The Helmholtz energy
equation is often defined in a dimensionless form (a) using reduced
parameters (Eq. 2):
a(e,T)

a(é, T) = T (2)

where R is the gas constant (8.314472 J-mol 1.K™1), 5 is the reduced
density (¢/0¢), 7 is the invers reduced temperature (T¢/T), the subscript
“C” represents the critical point. The symbol ¢ is often used for the
dimensionless Helmholtz energy, but is omitted in this study because the
same symbol can be used for fugacity coefficients.

The pressure as a function of ¢ and T is related to the Helmholtz
energy function according to:

nrv) = (5) 3)
Tn
po,T)=¢" (3—2) (3b)

p(67) = oRT- {1 +6 (%0;) } (30)
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Procedures

Select Component

H20, Haar et al. (1984)

(o) H20, Wagner and Pruss (2002)

IAPWS R6-95 (2018)
CO2, Span and Wagner (1996)
CH4, Setzmann and Wagner (1991)
N2, Jacobsen et al. (1986)
N2, Span et al. (2000)
C2H6, Friend et al. (1991)
C2H6, Blcker and Wagner (2006)
02, Stewart et al. (1991)
NH3, Haar and Gallagher (1978)
NH3, Tillner-Roth and Baehr (1993)
CO, Goodwin (1985)
CO, Lemmon and Span (2006)
D20, Hill et al. (1982)
D20, Herrig et al. (2018)
IAPWS R16-17 (2018)

H2 (normal), Leachman et al. (2009)
H2 (para), Leachman et al. (2009)
H2 (ortho), Leachman et al. (2009)
C3H8, Miyamoto and Watanabe (2000)
C3H8, Lemmon et al. (2009)
S02, Lemmon and Span (2006)
S02, Gao et al. (2016)
H2S, Sakoda and Uematsu (2004)
H2S, Lemmon and Span (2006)
Ar, Tegeler et al. (1999)
He, Ortiz-Vega (2013)

Select Calculation

© Pressures (T, V)
Molar Volumes (T, P)
Temperatures (P, V)
Isochores
Isotherms
Fugacities (T, P, V)
Homogenization conditions
Liquid-Vapour Equilibrium

Thermodynamic Properties

Reference:

Wagner W, Pruss A (2002)

The IAPWS Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General
and Scientific Use.

J. Phys. Chem. Ref. Data, vol. 31, 387

The International Association for the Properties of
Water and Steam

http//www.iapws.org

from the melting curve to 1273 K at pressures to
1000 MPa

Fig. 2. The second interface “Procedures” that is opened with the button"next” in the preceding interface “Start”. See text for further details.

where p is pressure (MPa), A is the total Helmholtz energy (J), V is the
total volume (ms), n is the amount of substance (mole), and o is
dimensionless residual Helmholtz energy (c.f. Eq. 1 and 2). Most refer-
ences of the fluid components listed in Table 1 have used these defini-
tions to calculate the pressure, except for CO (Goodwin, 1985).

Five modules are included in the software “Pures” that use Eq. (3) to
calculate pressure (module “Pressure”, Appendix A, Fig. A.1), molar
volume and density (module “Molar Volume”, Appendix A, Fig. A.2),
temperature (module “Temperature”, Appendix A, Fig. A.3), isochores
(module “Isochore”, Appendix A, Fig. A.4) and isotherms (module
“Isotherm”, Appendix A, Fig. A.5).

The calculation of molar volume (module “Molar Volume”) is rela-
tively more complex than pressure (module “Pressure”) because of the
complexity of the Helmholtz energy function, and the possibility to have
multiple solutions at a selected temperature and pressure. The molar
volume can only be obtained with a numerical analysis using the defi-
nition of pressure (Eq. 3). The analysis is a root-finding method for
complex function, such as the Sectant method, Brent-Dekker's method,
and Newton-Raphson method (e.g. Press et al., 1997). At a selected

temperature, a first-guess molar volume is used to calculate a pressure,
which is compared to the given pressure. The value of molar volume is
subsequently adjusted to minimize the difference between the given and
calculate pressure. The calculation of temperature (module “Tempera-
ture”) is based on the same principles as used for the calculation of molar
volume. A similar root-finding method is used to calculate temperature
as a function of molar volume and pressure.

The module “Isochore” (Appendix A, Fig. A.4) may calculate iso-
choric temperature-pressure conditions. The bubble-point curve and
dew-point curve represent the lowest temperature and pressure condi-
tions of a specific isochore for a homogeneous fluid (either liquid-like,
vapour-like or super-critical), and correspond to homogenization con-
ditions of liquid and vapour phases in fluid inclusions. It should be noted
that the bubble-point and dew-point curve coincide at the same
temperature-pressure conditions for unary systems, unlike binary sys-
tems. The homogenization conditions can be calculated for a selected
molar volume. The isochore is defined in a specific temperature interval,
of which the lower and upper limit are manually introduced, in addition
to a temperature interval. The pressure of the isochore is calculated
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within this interval. A useful tool to fluid inclusion research is the pos-
sibility to estimate modifications of the fluid density along an isochore
according to expansivity and compressibility of the solid container, i.e.
natural quartz (Hosieni et al., 1985). Homogenization conditions (tem-
perature and pressure) or a manually defined temperature along the
isochore can be selected as reference conditions (“starting point” in Ap-
pendix A, Fig. A.4), i.e. conditions that correspond to the selected den-
sity. The latter automatically calculates the pressure at the “starting
point”. The corrected isochore corresponds to the so-called “iso-Tx”
curves of fluid inclusions (e.g. Bakker, 2019). The output of this module
can be saved in a text file (.txt format) that contains the selected fluid
component with corresponding reference and the selected molar volume
and density. Two columns, separated with a comma are listing the
temperature and corresponding pressure of the selected isochore if a
quartz volume correction is ignored, whereas four columns are illus-
trated for a corrected isochore. These columns include temperature,
pressure, modified molar volume of the homogeneous fluid according to
quartz expansivity and compressibility, and the phase-state of quartz
(either a- or B-quartz).

A curve at constant temperature is defined by a series of molar vol-
umes and corresponding pressures in the module “Isotherm” (Appendix
A, Fig. A.5). Temperatures that exceed the critical temperature identifies
the fluid as a “supercritical fluid”, otherwise homogenization conditions
are calculated for selected temperatures below the critical point and
above the triple point (saturation conditions). The result is given in a
table and can be exported in a text file (.txt format), similar to the
description in the preceding paragraph, but without a correction due to
modifications of a quartz host mineral with fluid inclusions.

3.2. Fugacities, homogenization conditions, and liquid-vapour equilibria

The definition of fugacity of pure gases is seldomly presented in the
lists of derivatives of Helmholtz energy functions. The fugacity is related
to chemical potentials (e.g. Prausnitz et al., 1986; Gottschalk, 2007)
which are directly obtained from a partial derivative of the Helmholtz
energy (Eq. 4):

0A
=), @

where 4 is the chemical potential of component i (J ~m01_1), A is the total
Helmholtz energy (J), n is the amount of substance (mole) of component
iorj, Vis the total volume (m®). The fugacity coefficient (symbol ¢ or ¢)
of individual components is defined by Eq. 5:

a(nmml'ar)

RTIn(p;) = ( . ) —RT-In(Z)+RT-(Z - 1) 5)
i V.

where o is the residual molar Helmholtz energy (J-mol™Y), Z is
compressibility. The subscript “total” refers to the total amount of sub-
stance. The fugacity coefficient of pure fluids is directly derived from
this equation (Eq. 6):

In(Q)=Z-1-ml(Z2)+a" 6)

This equation is equivalent to the definition in Eq. (7), without the
use of compressibility:

R oo’
ln(tp):a+(06)T—ln{l+(66)j @

The fugacity of pure fluid components can be calculated at selected
temperature-pressure conditions, or at selected temperature-molar vol-
ume conditions (Fig. 3). The former calculates numerically a molar
volume at the selected T-p conditions, whereas the latter calculates
analytically a pressure at the selected T-V conditions (c.f. modules
“Pressure” and “Molar Volume”).

The homogenization conditions of liquid and vapour phases are
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[ JoN ) Fugacity

Fluid: NH3 (Tiliner-Roth and Baehr, 1993)

definitions fugacity coefficient:

1. In(p) = a” + Saj — In(1 + Saj)

=
e AResidual 5= p - <6az;)
RT Perit
2. In(¢) =2 —-1-1In(2) +a”
P a
o= PRT @ = 2T clear
Select Parameters
© Temperature and Pressure (numerical method)
Temperature and Molar Volume (analytical solution)
Temperature 400 Kelvin Temp. Unit
° Kelvin
“Celsius
Pressure 10.3 MPa Vol. Unit
T © cmimol
kg/m?
limits
volume calculation

Po ons

Molar Volume 130.3664  cm*mol
corresponding density = 130.6357 kg/m®

6.757315 MPa
0.65605

Fugacity

coefficient

Fig. 3. 1/0 interface of the module “Fugacity” with an example of NHj illus-
trating the input possibilities to calculate fugacity defined by either
temperature-pressure conditions or temperature-molar volume conditions.

analyzed in the module “Bubble-Dew Point” (Fig. 4). The calculation
procedure can be directly applied to fluid inclusion research, based on
observations of the behaviour of fluid inclusions in microthermometric
experiments (e.g. Shepherd et al., 1985; Bakker, 2009). The module
offers two possibilities to calculate the properties of fluids at saturation
conditions: 1. “simple correlations”, and 2. “fugacity equality”. Simple
correlations are polynomial best-fit curves for pressure, density of liquid
and vapour at the saturation curve, defined in the individual references
(Table 1). Thermodynamically, homogenization is obtained by solving
equilibrium equations of a liquid and vapour phase. The two phases are
in thermodynamic equilibrium at a constant temperature and pressure
when the fugacity of each component is the same in both phases (Eq. 8).

fivap :fi]iq (83)
" =0 (8b)

where f is fugacity (MPa), ¢ is fugacity coefficient, i is a specific pure
gas. The fugacities in both phases are calculated with the same Helm-
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[ NN Bubble-Dew Point

Fluid: CO (Lemmon and Span, 2006)

Bubble-point-curve and Dew-point-curve coincide at the LV curve (liquid and vapour) of a pure gas ina T-P
diagram, and correspond to homogenization conditions of fluid inclusions. The method applied in this window is the
numerical calculation of equilibrium separations according to thermodynamic equations (equal fugacities) or an
analytical method with simple correlations (best-fit polynome). The latter may reveal small differences in fugacity.

Limits of liquid-vapour curve

critical temperature 132.86 K (-140.29 'C)
critical pressure 3.494 MPa (34.94 bar)
triple point: 68.16 K (-204.99 "C), 15.5 kPa

Select Method
o fugacity equality

simple correlation

Select Parameter

Temperature

o Homogenization Temperature <132.35 K

Homogenization Pressure <3.488 MPa

Select Mode
Va
= o=
© Liquid
Temp. Unit
Kelvin clear
© ceisius

Homogenization Pressure 1.287029 MPa

liquid phase vapour phase
Molar Volume 44.69925 548.8132 cm?*mol
Density 626.6347 51.03758 kg/m?
Fugacity 1.03643 1.03643 MPa
Fugacity coefficient | 0.8052887 0.8052887

Solution after 7 iterations, phase within red rectangle illustrate homogenization conditions,
whereas the other phase is coexistent and disappears at the moment of homogenization.

Fig. 4. 1/0 Interface of the module “Bubble-Dew Point” with an example of CO illustrating the input possibilities to calculate the saturation curve (bubble- and dew-
point) defined by either equal-fugacity calculations according to Prausnitz et al. (1980) or simple correlation (best-fit polynomials).

holtz energy function. The algorithm of this software is designed to filter
irrelevant intersection possibilities. The range of homogenization con-
ditions (T, p) in a unary (single-component) system is equal for liquid-
rich and vapour-rich inclusions, due to coinciding dew-point curve
and bubble-point curve. The bubble-point curve corresponds to ho-
mogenization in the liquid phase upon heating the inclusion (LV - L),
whereas the dew-point curve corresponds to homogenization in the
vapour phase (LV — V). The “mode” of homogenization (Fig. 4) illus-
trates the phase that “disappears” (or dissolves) and is used to obtain the
correct solution. The module offers the possibility to select either a
temperature or a pressure at homogenization conditions. Subsequently,
a homogenization pressure or temperature are calculated, respectively.
The “fugacity equality” method cannot be applied close to the critical
point, due to the inaccuracy of Helmholtz energy functions at these
temperatures and due to mathematical difficulties to solve the equa-
tions. The limits of these calculation procedures are given in Table 1 for

each gas component. For example, the Lemmon and Span (2006)
equation of CO cannot be applied in the range 132.35 to 132.80 K (i.e.
critical temperature) to calculate saturation properties where it fails to
describe accurately both liquid and vapour phases. Similarly, the Haar
et al. (1984) equation for HoO can only be applied up to 646.51 K
(373.36 °C), which is 0.62° below the critical temperature. Levelt-Sen-
gers et al. (1983) provides an equation of state that can be applied to this
region, between 643 and 695 K (program “Loner LKBS”, freeware
downloadable at https://fluids.unileoben.ac.at or https://rohmin.
unileoben.ac.at/downloads). The range of calculation possibilities at
the saturation curve is slightly reduced by these restrictions, which is
illustrated in the “explanation” button (Fig. 4). An additional feature in
this module is the surface tension along the saturation curve, which is
calculated with relatively simple purely empirical best-fit equations
(Mulero et al., 2012).

The module “Liquid-Vapour Equilibrium” performs similar calculation
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procedures as in the module “Bubble-Dew Point”. This module calculates
the properties of coexisting liquid and vapour phases below homoge-
nization conditions at the saturation curve (Fig. 5). First, a bulk molar
volume (or density) is defined, corresponding to the properties of a
homogeneous fluid phase above homogenization conditions. This molar
volume corresponds to a specific homogenization temperature that is
automatically calculated in the module. Then, a temperature below the
homogenization conditions has to be selected, at which the properties of
the coexisting phases are calculated, including the surface tension. The
volume fractions of each phase are calculated assuming that the in-
clusions are true isochoric systems.

3.3. Thermodynamic properties

The internal energy, enthalpy, entropy, Helmholtz energy, Gibbs
energy, heat capacity at constant volume (Cy), heat capacity at constant
pressure (Cp), speed of sound, Joule-Thomson coefficient, and viscosity
of pure gases are calculated in the module “Thermodynamic Properties”
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properties can be examined in e.g. Prausnitz et al. (1986), Gottschalk
(2007), or Thorade and Saadat (2013). Viscosity is calculated with a
variety of semi-empirical models (Table 2), which can be summarized in
three types (Eq. 9), in addition to purely empirical formulations (e.g.
Giri et al., 2012).

n(T, V) =no(T)+u,(T,V ) +n,(T, V) (9a)
(T, V) =0(T,) x (T, V,) xii(T;, V) (9b)
’7(T7 P) = HO(T)+771(T7 P) (gc)

where 51, in Eq. (92) and (9b) is the viscosity in the zero-density limit, i.e.
dilute gas (Eq. 10), which is defined by particle kinematics according to
the Chapman-Enskog theory (e.g. Assael et al., 2014). The subscript “r’
and the macron refer to reduced values of temperature, volume, and
viscosity. #; and 7, are the residual viscosity and critical contribution,
respectively.

(Fig. 6). Most properties are derived from Helmholtz energy functions, no(T) = 3 Vru-M '”'Af"kB'T (10)
that are illustrated with the “thermodynamic definitions” button. More 16 m02Q
detailed definitions of the relationship between thermodynamic state

© Liquid-Vapour Equilibrium

Fluid: D20 (Herrig et al., 2016)

(simple correlations).

Limits of liquid-vapour curve

Bubble-point-curve and Dew-point-curve coincide at the LV curve (liquid and vapour) of a pure gas in a T-P diagram,
and correspond to homogenization conditions of fluid inclusions. Properties of coexisting phases are calculated
below the homogenization temperature, according to a numerical method (equal fugacities) or an analytical method

critical temperature 643.847 K (370.697 "C)
critical pressure 21.6618 MPa (216.618 bar)
triple point: 276.969 K (3.819 "C), 0.66159 kPa

Select Method
o fugacity equality

600

simple correlation

Density

corresponding molar volume = 33.37918 cm*¥mol

kg/m?

homogenisation temperature = 354.5 "C (627.65 K)

clear

Vol. Unit
) cm?/mol

° kg/m?

Select temperature below homogenization conditions: Temp. Unit
) Kelvin
Temperature | 300 "Celsius O Ceisius
Pressure 8.69341 MPa
Surface Tension* 13.91865 mN/m *Mulero et al. (2012)
liquid phase vapour phase
Volume Fraction 0.7479474 0.2520526
Molar Volume 25.53019 380.6249 cm®/mol
Density 784.4638 52.61744 kg/m?

Fig. 5. 1/0 interface of the module “Liquid-Vapour Equilibrium” with an example of DO illustrating the input possibilities to calculate liquid-vapour phase equi-
librium at the saturation curve defined by either equal-fugacity calculations according to Prausnitz et al. (1980) or simple correlation (best-fit polynomials).
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Thermodynamic Properties
Fluid: Ar (Tegeler et al., 1999)
— o Reference State units
o ideal gas 298.15 K and 0.101325 MPa o in J/mol
Select Parameters
25 °C, 0.1 MPa (Robie et al., 1979) in kJ/kg
© Temperature and Pressure (numerical method)
Temperature and Molar Volume (analytical solution) Internal Energy (U) -7491.582 Jimol
U(ref-id) vapour = -p0*V0
Temperature 200 Kelvin Temp. Unit Enthalpy (H) -5540.449 J/imol
© Kelvin H(ref-id) vapour = 0
Celsius Entropy (S) -72.12826 Jimol-K
S(ref-id) vapour = 0
Pressure MPa Vol. Unit P " . ,
O cm/mol elm on nergy ( ). 6934.0 J/mo
kg/m? A(ref-id) vapour = -p0*V0
Gibbs Energy (G) 8885.204 J/mol
G(ref-id) vapour = 0
limits Supercritical temperature. Upper temperature limit is 426.85
°C. Pressure at melting line is 625.0366 MPa, with a Heat Capacity (Cv) 16.31448 J/mol'K
corresponding molar volume of 23.04596 cm®mol.
Heat Capacity (Cp) 38.11768 J/imol'K
volume calculation Speed of Sound (w) 636.6289 m/s
Molar Volume 39.02267 cm¥mol Joule-Thomson Coef. (u) -0.2116439 K/MPa
corresponding density = 1023.713 kg/m®
) Viscosity (n) 79.4084 uPa‘s
warnings and errors n(T,V): Lemmon and Jacobsen (2004)
78.54225 uPa's
n(T.V): Younglove and Hanley (1986)

Fig. 6. 1/0 interface of the module “Thermodynamic Properties” with an example of Ar illustrating the input possibilities to calculate thermodynamic state properties
(internal energy, enthalpy, entropy, Helmholtz energy, Gibbs energy, heat capacity, speed of sound, Joule-Thomson coefficient, and viscosity) defined by either
temperature-pressure conditions or temperature-molar volume conditions.

Table 2

Fluid components and corresponding references of viscosity models included in

the program “Pures”.

component reference
H,0 Haar et al. (1984)
Quinones-Cisneros and Deiters (2006)
Huber et al. (2009)
CO, Fenghour et al. (1998)
Quinones-Cisneros and Deiters (2006)
CH4 Friend et al. (1989)
Quinones-Cisneros and Deiters (2006)
Ny Najafi et al. (2000)
Lemmon and Jacobsen (2004)
CoHg Friend et al. (1991)
Quinones-Cisneros and Deiters (2006)
0, Najafi et al. (2000)
Lemmon and Jacobsen (2004)
NH;3 Fenghour et al. (1995)
CcO Najafi et al. (2000)
DO Matsunaga and Nagashima (1983)

H, (normal)
C3Hg

H,S
Ar

He

Assael et al. (2021)
Muzny et al. (2013)
Vogel et al. (1998)Quinones-Cisneros and Deiters (2006)

Schmidt et al. (2008)

Giri et al. (2012)

Younglove and Hanley (1986)
Lemmon and Jacobsen (2004)

Arp et al., 1998Najafi et al. (2000)

where u is the unified atomic mass unit (kg), M, is the molar mass
(kg-mol’l), kg is the Boltzmann constant (1.380658-10’23
m?kg-s K1), 5 is a Lennard-Jones size parameter (m), and Q is the
collision integral. Fenghour et al. (1995), Vogel et al. (1998), and Muzny
et al. (2013) defined the constant fraction in front of the square root in
Eq. (10) at 4/16. Eq. (9b) is used only for H,0 and D50, and Eq. (9¢) is
defined by the friction theory (e.g. Quinones-Cisneros and Deiters,
2006). 5, is a purely empirical equation in Eq. (9b) and (9¢). The re-
sidual contributions (#,) are also purely empirical equations, that highly
depend on the originally determined 7. The residual part in Eq. (9¢) is
defined by the repulsive and attractive pressure term of an EoS. Near the
critical point, the viscosity of some components is characterized with an
extra term (,). The calculated viscosities according to the references in
Table 2 may slightly differ from reported values due to inconsistencies in
p-T-V values. Each viscosity model is designed with knowledge of the
density or pressure at a selected temperature, which is defined by a
specific EoS that may differ from the selected EoS in this program.
Similar to the module “Fugacity”, temperature-pressure conditions or
temperature-molar volume (density) conditions can be selected (Fig. 6).
The former calculates numerically a molar volume at the selected T-p
conditions. The latter provides directly the parameters that are required
to perform the calculations that are used to estimate the pressure and all
other thermodynamic state properties with an analytical procedure. The
reference state of the thermodynamic properties can be selected ac-
cording to the definition of the original publications (e.g. ideal gas
properties at the triple point), or at 25 °C and 0.1 MPa according to the
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standard state values reported in Robie et al. (1979). The latter allows
the calculation of energy changes with a common reference state, that is
generally applied to heterogeneous reactions with minerals that involve
volatile components.

4. Comparable software

Calculation of properties of pure gases have been made accessible in
a number of software packages, both online and stand-alone programs.
The “NIST Chemistry Webbook™ (https://webbook.nist.gov), is a web-
site that allows online calculations of properties of pure fluid compo-
nents, similar to the calculation procedures in the present work, but
without the applications to fluid inclusion research. The NIST Chemistry
Webbook is restricted to calculate isotherms, isochores, isobars, and
saturation properties, along which the thermodynamic parameters are
calculated. The website “The Engineering ToolBox” (https://www.eng
ineeringtoolbox.com) provides only limited possibilities to calculate
the properties of pure fluid components in an “online calculator”. This
website fails to supply the references of the original publications.

Several stand-alone programs (freeware) are provided by Bakker
(2003) and Bakker and Brown (2003) and can be downloaded from the
website of the Fluid Inclusion Laboratory Leoben (n.d.) (https://fluids.
unileoben.ac.at) or the website of Resource Mineralogy of the Mon-
tanuniversity Leoben (n.d.) (https://rohmin.unileoben.ac.at/downlo
ads). This software is the precursor of the present study, and was
designed with a less flexible I/0 interface. The improvements of the
present study are the incorporation of more and up-to-data EoS of pure
fluids, replacement of a number of single stand-alone programs with one
program that includes all the pure gas components, and the use of a user-
friendly 1/0 interface designed with XOJO Inc. (n.d.) (https://www.
X0jo.com).

A number of commercial software packages are available that may
calculate the properties of pure fluid components and fluid mixtures
with highly accurate Helmholtz energy functions, such as “GERG-2008”
and “FluidCal”, both are available at the website of Wagner at the Ruhr
University Bochum (n.d.) https://www.thermo.ruhr-uni-bochum.de/th
ermo/forschung/wagner software.html.en. The EoS that are used in
“GERG-2008” are described in Kunz and Wagner (2012). NIST Chem-
istry Webbook, n.dprovides the software package REFPROP, n.d( htt
ps://www.nist.gov/srd/refprop; Lemmon et al., 2018), that includes a
large number of fluid components . These commercial packages include
the same EoS (Helmholtz energy functions) as those included in the
present program “Pures”. None of these packages include specific
calculation procedures for fluid inclusion research. These packages were
mainly designed for various Windows operating systems, whereas the
present stand-alone software “Pures” is designed for a wider variety of
operating systems (Windows, MacOs and Linux). The module “Thermo-
dynamic Properties” (Fig. 6) in “Pures” may replace part of those com-
mercial software packages and the NIST chemistry Webbook.

5. Case studies
5.1. p-T-V-x properties of H,O-CHy-rich fluid inclusions

EoS for pure H,0 and pure CH,4 can be used to estimate the bulk fluid
properties of HoO-CHjy-rich fluid inclusions. This can be illustrated with
a hypothetical fluid inclusion that contains 60 vol% aqueous solution
(nearly pure H»0), and 40 vol% CHjy-rich vapour bubble at room tem-
peratures. This vapour phase can be treated as a pure CH4 phase due to
the low solubility of HoO. At low temperatures, the CHy-rich phase
unmix in a CHy-rich vapour and liquid phase. The partial homogeniza-
tion of these CHy-rich phases occurs at —90 °C in the absence of a
clathrate (metastable). At this temperature a CH4 vapour bubble ho-
mogenize in a CHy liquid phase. First, the EoS of pure CH4 (Setzmann
and Wagner, 1991) is used to calculate the density of the CH4 phase at
partial homogenization conditions: 261.67 kg-m ™~ or 61.31 cm®mol*

Chemical Geology 640 (2023) 121751

(using module “Bubble-Dew Point”, Fig. 4). Second, the pressure inside
the fluid inclusion at room temperature is calculated according to the
isochore of pure CH4: 43.2 MPa (using module “Pressure”, Appendix A,
Fig. A.1). The aqueous phase wetting the walls of the inclusions is
assumed to act as a rigid and inert container of the CH4 vapour phase.
The aqueous solution can be treated as an approximately pure phase
(H20) due to the low solubility of CH4. At room temperatures, the
density of the HyO-rich phase can be calculated according to the EoS of
pure HyO (Wagner and Pruss, 2002): 1017.1 kg-m’3 or17.71 cm®mol !
(using module “Molar Volume”, Appendix A, Fig. A.2). Finally, the bulk
properties of this fluid inclusion are calculated with volumetric fractions
of the individual phases: x(Hy0) = 0.8485 and V;,, = 24.75 em®-mol 1.

The software “BULK” in the package FLUIDS (Bakker, 2003; Bakker
and Brown, 2003) is also able to do similar calculations, but also in-
cludes the mutual solubility of HoO and CHy in both liquid and vapour
phases at room temperatures. The properties of the aqueous phase at
room temperature are calculated with an EoS for H,O-CH4 mixtures (e.g.
Duan et al., 1992b), and Henry constants of gas solubility (e.g. Rettich
et al., 1981). Subsequently, the bulk properties of the selected example
illustrated in the preceding paragraph are calculated at x(H,O) = 0.835,
and a bulk density of 715.56 kg-m® (24.722 ecm®-mol™!), which is an
insignificant difference from the result calculated without mutual sol-
ubilities. It should be noted that both types of analysis include the use of
volume fractions of individual phases, and that total homogenization
temperatures (i.e. solvus conditions) do not play a role in the calculation
of bulk properties, because solvi are not well-defined by EoS for fluid
mixtures.

The presence of salt is mainly affecting properties of the aqueous
phase. Gas components are “salted-out” and the remaining aqueous
phase can be described in a binary HyO-salt system, whereas the vapour
phase can be treated as a pure gas phase.

5.2. p-T-V-x properties of H,0-COg-rich fluid inclusions

A common observation in many fluid inclusion studies is the pres-
ence of two fluid phases, i.e. an aqueous liquid phase and a vapour
bubble. A hypothetical fluid inclusion (H20-CO-rich) is used to illus-
trate a calculation example of bulk fluid properties and isochores using
EoS of pure fluids. Microthermometry of the hypothetical inclusion re-
veals only the final dissolution of ice at —2.0 °C, and eutectic temper-
atures are not detectable. A clathrate phase is not observed at lower
temperatures. The presence of CO; in the vapour bubble cannot be
verified due to the absence of phase separation at lower temperatures.
However, the relatively large vapour bubble (50 vol%) reveals a very
weak Raman signal of CO,. An attemp to analyse total homogenization
results in decrepitation.

The software “BULK” does not provide a direct solution for this hy-
pothetical inclusion, because the density of the CO,-rich phase cannot be
determined. The Raman spectroscopic analyses may provide a rough
value on the density by measuring the wavenumber distance between
the two major Raman bands of CO5 (Fermi doublet), but this method
includes a large uncertainty (Bakker, 2021) which largely exceeds un-
certainties in volume fraction estimations (Bakker and Diamond, 2006).
Another approach to calculate the bulk properties of this inclusion is
offered by the software “CURVES” in the computer package CLATH-
RATES (Bakker, 1997). Although a clathrate phase was not observed, the
quadruple point 1 (Q;) where a clathrate, COz-rich vapour, aqueous
liquid, and ice coexist defines the upper pressure limit (about 1 MPa) of
ice dissolution conditions in this inclusion (see also Diamond, 2003).
The ice melting conditions in the absence of a clathrate (stable) can only
occur in the temperature range between the triple point of pure HyO
(0.0 °C) and the Q; point (—1.5 °C). The presence of salt in the aqueous
solution depresses both temperatures in similar magnitudes. Conse-
quently, a measured dissolution temperature of ice at —2.0 °C may
correspond to a salinity range of 0.9 mass% (Q;) to 3.4 mass% NaCl. The
maximum density of the CO, vapour phase is calculated at 21 kg-m?,
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corresponding to 2152 cm®mol~! (at Q;). The bulk composition of this
fluid inclusion is calculated with volume fractions to a maximum x(CO5)
=0.013, and x(H20) = 0.984 at Q; conditions. The bulk molar volume of
this inclusion is 36.52 cm®-mol .

The results can be used to construct an isochore in a temperature-
pressure diagram. The nearly pure H,O composition of this inclusion
may justify the use of an EoS for pure water (e.g. Wagner and Pruss,
2002) to construct this isochore (using module “Isochore”, Appendix A,
Fig. A.4). At 600 °C, this isochore reaches 143 MPa. The software offers
the possibility to correct for the expansivity and compressibility of
quartz (i.e. the host mineral of this fluid inclusion), which result in a
corrected pressure of 138.6 MPa at 600 °C. These values can be
compared to calculations with EoS for ternary Hy0-CO,-NaCl fluid
mixtures that may represent the actual properties of this inclusion. The
uncorrected isochore reaches 131.7 MPa with the Bowers and Helgeson
equation, see software “LonerB” (Bakker, 2012), and 145.8 MPa with the
Duan equation, see software “LonerAP” (Bakker, 2023). The difference
in pressure is insignificant compared to the uncertainties that can be
included in these calculations.

6. Concluding remarks

The use of EoS of pure fluids in fluid inclusion research and pore fluid
studies usually implies a simplification of natural fluid properties. The
lack of accurate EoS for binary, termary, and more complex fluid mix-
tures occasionally permits the use of EoS of pure fluids, assuming ideal
behaviour of solutions. The magnitude of the error introduced by this
simplification can only be estimated by comparison to experimental data
of fluid mixtures. Fluid mixtures that contain more than 97 mol% of a
specific gas component can be treated as single component pure fluids,
that results in only insignificant deviations of fluid properties in most
geological environments.

The package “FLUIDS” offers abundant possibilities to calculate bulk
fluid properties of fluid inclusions, i.e. the sum of all phase within an
isolated space in a crystal (Bakker, 2003). The new program “Pures”
within this package performs calculations only with pure fluid compo-
nents, and is the successor of part of the original group of “Loner” pro-
grams (Table 1). The programs can be downloaded from the websites of
the Fluid Inclusion Laboratory Leoben (https://fluids.unileoben.ac.at)
or the website of Resource Mineralogy of the Montanuniversity Leoben
(https://rohmin.unileoben.ac.at/downloads).
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