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Abstract

Saturn’s largest moon, Titan, has an atmosphere and surface that are rich in organic compounds. Liquid hydrocarbons
exist on the surface, most famously as lakes. Photochemical reactions produce solid organics in Titan’s atmosphere, and these
materials settle or snow onto the surface. At the surface, liquids can interact with solids, and geochemical processes can occur.
The consequences of these processes can be explored using a thermodynamic model to calculate the solubilities of gases and
solids in liquid hydrocarbons at cryogenic temperatures. The van Laar model developed in this study was parameterized using
experimental phase equilibrium data, and accurately represents the data for the CH4–C2H6–C3H8–N2–C2H2 chemical system
from 90 to 110 K. The model generally gives more accurate results than existing models. The model also features a suitable
balance between accuracy and simplicity, and can serve as a foundation for studies of fluvial geochemistry on Titan because it
can be extended to any number of components while maintaining thermodynamic consistency. Application of the model to
Titan reveals that the equilibrium composition of surface liquids depends on the abundance of methane gas in the local atmo-
sphere, consistent with prior studies. The concentration of molecular nitrogen in Titan’s lakes varies inversely with the ethane
content of the lakes. The model indicates that solid acetylene should be quite soluble in surface liquids, which implies that
acetylene-rich sedimentary rocks would be susceptible to chemical erosion, and acetylene evaporites may form on Titan.
The geochemical character of acetylene in liquid hydrocarbons on Titan appears to be intermediate to those of calcite and
gypsum in surface waters on Earth. Specific recommendations are given of observational, experimental, and theoretical work
that will lead to significant advancements in our knowledge of geochemical processes on Titan. This paper represents the
beginning of a new kind of geochemistry, called cryogenic fluvial geochemistry, with Titan starring as the first example.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Saturn’s giant satellite, Titan, is a frigid but not entirely
frozen world as there is extensive evidence for the presence
of surface liquids that erode the land (see reviews by Jau-
mann et al., 2009; Lunine & Lorenz, 2009). Global observa-
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tions by the Titan Radar Mapper instrument onboard the
Cassini spacecraft have revealed ubiquitous channels with
diverse morphologies (e.g., branching, meandering, braid-
ing) that are indicative of fluvial transport and erosion (Ela-
chi et al., 2006; Lorenz et al., 2008a; Langhans et al., 2012).
The longest channels have lengths of several hundred kilo-
meters. By analogy with Earth, the presence of dendritic
networks of valleys implies that rivers are supplied by a dis-
tributed source of rainfall, presumably with a methane-rich
composition (Lorenz et al., 2008a) based on the facts that
methane (CH4) is the second most abundant constituent
of Titan’s atmosphere (Niemann et al., 2010), and liquid
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CH4 is volatile enough to participate in a cycle that is anal-
ogous to the hydrologic cycle on Earth (in contrast to liquid
ethane). Changes in surface brightness after a cloud out-
burst also provide indirect evidence for recent rainfall near
Titan’s equator (Turtle et al., 2011a).

The Titan Radar Mapper has also revealed surface fea-
tures that are regarded as lakes or seas of liquid hydrocar-
bons (Stofan et al., 2007; Hayes et al., 2008; Turtle et al.,
2009; Stephan et al., 2010). These features are radar-dark,
which implies that they have smooth surfaces; they have
shapes that resemble various types of lakes on Earth; and
some of the features are associated with sinuous channels
(presumably rivers feeding the lakes). Observed lakes and
seas are generally restricted to Titan’s polar regions, and
they are more abundant in the north polar region than in
the south (Aharonson et al., 2009). The largest seas have
surface areas of several hundred square kilometers. Infrared
spectroscopic data obtained by the Visual and Infrared
Mapping Spectrometer (VIMS) on Cassini strongly suggest
the presence of liquid ethane (C2H6) in the south polar lake
Ontario Lacus (Brown et al., 2008).

In addition, data from the Huygens probe provide local-
ized evidence of fluvial processes on Titan. Dendritic valley
networks draining from highlands to lowlands were ob-
served during the descent of the probe (Soderblom et al.,
2007), and the Huygens landing site was peppered with
rounded stones, which may have been abraded during ear-
lier fluvial transport (Tomasko et al., 2005). Some liquid
CH4 and C2H6 appeared to be present at the landing site,
because the abundances of gaseous CH4 and C2H6 in-
creased when surface material was heated, presumably as
a result of evaporation (Niemann et al., 2010).

These discoveries incite many questions pertaining to
geochemistry. What are the chemical compositions of sur-
face liquids on Titan? How chemically complex and di-
verse are the molecules dissolved in such liquids? What
physical and chemical processes control liquid composi-
tion, and how do they operate over space and time?
How soluble are atmospheric gases and surface solids in
liquids on Titan? Does chemical weathering occur? Are
there geological features that are produced by processes
involving the dissolution or precipitation of solids? How
does fluvial geochemistry on Titan compare to that on
Earth (and Mars)? While definitive answers to these ques-
tions must await future spacecraft exploration (e.g., Cou-
stenis et al., 2009; TSSM Final Report, 2009; Stofan et al.,
2010), preparations for future missions will be enhanced
by formulating hypotheses that can be tested experimen-
tally and theoretically. A group at the Jet Propulsion Lab-
oratory is measuring the solubilities of organic solids and
noble gases in liquid hydrocarbons at cryogenic conditions
(Hodyss et al., 2010, 2012; see also Diez y Riega, 2010).
The time seems ripe to initiate a complementary program
of theoretical research on equilibrium geochemistry. Thus,
the primary goal of the present study is to develop a mod-
el that can be used to describe quantitatively thermody-
namic equilibria among gas, liquid, and solid phases on
Titan. Knowledge of chemical equilibrium is powerful,
as experience demonstrates that many geochemical phe-
nomena on Earth can be understood in terms of equilib-
rium concepts (e.g., Garrels and Christ, 1965; Drever,
1997). Characterization of equilibrium is also the first step
toward identifying departures from equilibrium and pro-
cesses that create disequilibria.

Several equilibrium composition models have been
developed for applications to Titan (Lunine et al., 1983; Lu-
nine, 1985; Thompson, 1985; Raulin, 1987; Dubouloz et al.,
1989; Thompson et al., 1990, 1992; Gabis, 1991; Kouvaris
and Flasar, 1991; Cordier et al., 2009, 2010, 2012; Heintz
and Bich, 2009; Tan et al., 2013). While these studies were
trailblazing in drawing attention to aspects of Titan’s geo-
chemistry, a new, geochemically oriented model is needed
because existing models are too highly parameterized to
specific chemical systems, too complex for routine geo-
chemical calculations, or insufficiently accurate relative to
the quality of data now available from Titan. In many
cases, earlier models were not tested by explicit comparison
with experimental data, which leads to questions about how
well the models perform. In some cases, model parameters
or other input data are not provided. At present, significant
uncertainties are encountered when existing models are
used to study fluvial geochemistry on Titan. Accordingly,
an objective of the study presented here was to develop a
generalized thermodynamic framework that is both accu-
rate and easy-to-use. Our geochemical model is built from
internally consistent thermodynamic data, and is tested by
explicit comparison with experimental data. Another goal
of the present study was to identify similarities and differ-
ences between aqueous geochemistry on Earth and hydro-
carbon geochemistry on Titan. The terrestrial context
helps in relating output from thermodynamic modeling to
the occurrences and behaviors of materials, and associated
geological processes on Titan.

The purpose of this communication is to present an
empirical model that represents, as accurately as possible,
solid–liquid–vapor phase equilibrium between CH4, C2H6,
C3H8 (propane), N2 (molecular nitrogen), and C2H2 (acet-
ylene) at Titan surface conditions. N2 and CH4 are the ma-
jor constituents of Titan’s atmosphere (Niemann et al.,
2010), and C2H6, C2H2, and C3H8 are the three most abun-
dant products of CH4 photochemistry in the atmosphere
(Magee et al., 2009; Coustenis et al., 2010; Vinatier et al.,
2010). Transport (e.g., diffusion, turbulent mixing) and con-
densation processes in Titan’s atmosphere deliver these
compounds and others to the surface (Strobel et al.,
2009), where they can participate in geochemical processes
(Lorenz and Lunine, 1996). Photochemical models (e.g.,
Yung et al., 1984; Lavvas et al., 2008a,b) predict that large
quantities of liquid C2H6 and solid C2H2 (along with smal-
ler amounts of liquid C3H8) would have accumulated on Ti-
tan’s surface if present-day photochemical production rates
are applicable to Titan’s past (Lunine et al., 1983). How-
ever, a preliminary survey of Titan’s lakes suggested that
there may be less C2H6 than originally thought (Lorenz
et al., 2008b). Similarly, C2H2 may not be as ubiquitous
as once believed, as VIMS has not detected it thus far
(Clark et al., 2010). On the other hand, C2H2 was detected
in situ by the Huygens Gas Chromatograph–Mass Spec-
trometer (GC–MS; Niemann et al., 2010). The CH4–
C2H6–C3H8–N2–C2H2 system is a relevant and manageable
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foundation for a model of fluvial geochemistry on Titan, gi-
ven that this system features the most important liquid
hydrocarbons, arguably the most abundant organic solid,
and the dominant atmospheric species on Titan.

In the following sections, we present the thermodynam-
ics of our geochemical model (Section 2), derive model
parameters by regression and correlation analyses (Sec-
tion 3), test the model and alternative models by comparing
model predictions to independent experimental data (Sec-
tion 4), and illustrate how our model can be used to obtain
fundamental information about cryogenic hydrocarbon
geochemistry on Titan (Section 5). We conclude this paper
by making several suggestions for future studies in
Section 6.

2. THERMODYNAMIC RELATIONS

Phase equilibrium occurs when the temperature, pres-
sure, and chemical potentials of system components are
the same in equilibrating phases. Fugacities (f) are more
convenient variables than chemical potentials in thermody-
namic modeling, as fugacities are proportional to partial
pressures. In terms of fugacities, the phase equilibrium
requirement is that the fugacities of system components
be equal in equilibrating phases

f a
k ¼ f b

k ; ð1Þ

where k designates component k, and a and b stand for sep-
arate phases. Standard states (denoted by the � symbol) of
temperature, pressure, and composition provide initial con-
ditions for integrating thermodynamic functions to the de-
sired state of the system. Here, we adopt the conventional
standard states of pure liquids and solids at the temperature
and pressure of interest, and ideal gases at the temperature
of interest and a pressure of 1 bar. The standard state for a
liquid will be hypothetical if the temperature is below the
triple-point temperature, but this is acceptable provided
that the fugacity of the hypothetical liquid can be
calculated.

Fugacities can be expressed as the product of the stan-
dard state fugacity (f

�
) and the activity (a). For liquids

and solids, activity is defined as a = cx, where c signifies
the rational activity coefficient, and x represents the mole
fraction of the component of interest; for gases, activity is
defined as a = /p, where / refers to the fugacity coefficient,
and p corresponds to the partial pressure of the component
of interest.

2.1. Vapor–liquid equilibrium

Eq. (1) can be transformed into a form that is useful for
modeling vapor–liquid equilibria (Prausnitz et al., 1999),
that is

ð/kpkf
�

k Þ
gas ¼ ðckxkf

�

k Þ
liq: ð2Þ

Raoult’s law can be derived from Eq. (2) by assuming that
/k = ck = 1 (i.e., ideal behavior). Real solutions may
approximate ideal behavior if the pressure is low, and li-
quid-phase molecules are similar in size, shape, and chemi-
cal nature.
A major goal here is to calculate the solubility of atmo-
spheric gases, such as N2, in liquids on Titan, which means
that xk must be obtained from Eq. (2). The other five quan-
tities in Eq. (2) are specified using the following strategy.
First, f

� ;gas
k is set to 1 bar, following standard state conven-

tions. Standard state fugacities of liquids (f
� ;liq
k ) are com-

puted using the National Institute of Standards and
Technology (NIST) REFPROP program (Lemmon et al.,
2010), which computes thermodynamic properties using
equations of state for the Helmholtz energy (CH4: Setz-
mann and Wagner, 1991; C2H6: Bucker and Wagner,
2006; C3H8: Lemmon et al., 2009; N2: Span et al., 2000).
The equations in REFPROP were optimized to fit a large
amount of thermal and volumetric data, and they are accu-
rate but complex. Fugacity coefficients (/k) are also ob-
tained from REFPROP. Partial pressures of gases (pk) are
treated as free parameters to be compared with analytical
data. This leaves the activity coefficients (ck).

Typically, rational activity coefficients are obtained from
a model that has been shown to be consistent with experi-
mental data. The general procedure is to adopt an activity
coefficient model that contains empirical parameters, and
then determine best-fit values of the parameters by regress-
ing experimental data. A desirable model would have the
following features: (1) a theoretical underpinning; (2) the
ability to reproduce experimental data closely; (3) a mini-
mal number of adjustable parameters; (4) options to extend
the model to multicomponent systems using binary param-
eters only; and (5) mathematical simplicity. After consider-
ing several options, we concluded that a modified van Laar
(MVL) model (van Laar, 1906) satisfies these criteria best.
Activity coefficients from this model can be written as
(see Appendxi A)

RT� lnðcliq
k Þ ¼ �

Xn�1

i¼1

Xn

j>i

xijkikjqk

qi þ qj

; ð3Þ

where R corresponds to the molar gas constant
(8.314462 J mol�1 K�1; CODATA, 2010), T represents
absolute temperature, xij denotes the interaction energy
for binary system i–j, and q stands for the effective volume
of the component of interest in the liquid mixture (note that
ratios of q’s rather than individual values are important in
Eq. (3); see below). Auxiliary function k depends on the
effective volume fraction (z) as ki = 1 � zi when i = k, or
ki = �zi when i – k. Effective volume fractions can be eval-
uated from

zk ¼
xkqk

qmix

; ð4Þ

where

qmix ¼
Xn

i¼1

xiqi: ð5Þ

The present MVL model was derived (see Appendxi A)
from the regular solution theory of Hildebrand (1927)
and Scatchard (1931), which is a generalization of van
Laar’s original theory (see Prausnitz et al., 1999). The dif-
ference between our MVL model and Scatchard–Hilde-
brand theory is that the energy and volume terms in the
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regular-solution equations are replaced by empirical
parameters. This leads to better agreement with experimen-
tal data. Other researchers have also modified van Laar’s
theory by introducing empirical parameters, including
Wohl (1946), Black (1958), Chien and Null (1972), Focke
(2001), Holland and Powell (2003), and Peng (2010). In
general, the various van Laar-type models are functionally
equivalent, and they differ by how energy and volume
parameters are defined. For example, the present model is
nearly identical to that of Holland and Powell (2003), as
Eq. (3) differs from its counterpart in Holland and Powell
(2003) by a factor of two.

For future reference, the MVL model gives the following
expressions for the activity coefficients in a binary mixture
of components 1 and 2

RT� lnðc1Þ ¼
x12

1þ q2

q1

 !
1þ q1x1

q2x2

� ��2

; ð6Þ

and

RT� lnðc2Þ ¼
x12

1þ q1

q2

 !
1þ q2x2

q1x1

� ��2

: ð7Þ

There are two obstacles to using the above equations.
First, the model requires two empirical parameters for each
binary system (q1/q2 and x12). This makes it difficult to re-
gress experimental solid–liquid equilibrium data, which
generally consist of a single point (i.e., solubility) at a given
temperature. Second, the model implicitly relies upon a
restrictive relationship between the ratios of q’s in multi-
component systems. As an example, ternaries must obey
the relationship (q3/q2) = (q3/q1) � (q1/q2) for the model
to maintain mathematical consistency (Wohl, 1946). This
limitation is undesirable because some systems may not sat-
isfy the relationship. A way forward is to replace q ratios
with ratios of actual volumes. Two candidates are liquid
Fig. 1. Comparison of best-fit q ratios to critical and liquid volume
ratios. The line designates a 1:1 correspondence. Best-fit q ratios
were obtained from regressions of vapor–liquid equilibrium data
along isotherms, and each point represents an isotherm. Only
binaries involving CH4 are shown because data for the other
binaries in Table 1 do not cover sufficient compositional space for
accurate determination of best-fit q ratios.
volume ratios (Hildebrand and Scott, 1950) and critical vol-
ume ratios (Peng, 2010). During the course of regressing
data as described in Sections 3.1 and 3.2, it was found that
best-fit q ratios are similar to critical volume ratios, but
smaller than liquid volume ratios (Fig. 1). Thus, it is recom-
mended that critical volumes be substituted for effective
volumes in the MVL equations (the appropriate ratios are
obtained when this done). Note, however, that caution
should be exercised if the critical volumes of two compo-
nents differ by more than a factor of �3, or if one of the
components is polar (e.g., Poling et al., 2001).
2.2. Solid–liquid equilibrium

Solid–liquid equilibrium can be represented by equating
the fugacities of the solute k in the solid and liquid phases,
that is

ðckxkf
�

k Þ
sol ¼ ðckxkf

�

k Þ
liq; ð8Þ

which can be used to calculate the solubilities of solids in
liquids on Titan. A common simplification is to assume that
the solid of interest is pure (e.g., Preston and Prausnitz,
1970), so that both csol

k and xsol
k can be set to unity. This does

not mean that solids must occur as pure deposits on Titan;
instead, the requirement is purity on the scale of crystals. Of
course, nothing is presently known about the nature of sol-
ids on Titan at this scale, and it is doubtful that such infor-
mation will be available soon. On the other hand, it is
arguable that solid solution formation may be inhibited
on Titan owing to low surface temperatures, which will
make entropically-driven mixing in crystal lattices less
favorable. As a starting point, the modeling reported here
assumes that solids on Titan’s surface are pure phases.

Equilibrium calculations require standard state fugaci-
ties of solids and supercooled liquids, and we focus on those
of C2H2 in this study. Fugacities are assumed to be equal to
their respective vapor pressures, which provides a close
approximation at temperatures below the triple point where
pressures are low (<1 bar). Vapor pressures of solid C2H2

were taken from Tickner and Lossing (1951) and Ambrose
(1956), and are represented by

logðpC2H2
; barÞ ¼ 11:977–1333:01� T�1 � 0:9399� lnðT Þ;

ð9Þ

which may be used between �90 and 192 K (Fig. 2). Close
agreement between Eq. (9) and data from Stull (1947) was
also observed, but vapor pressures reported by Bourbo
(1943) are up to two times larger than those from Eq. (9).

What would be the vapor pressure of liquid C2H2 if it
could exist as a supercooled liquid? This question can be
addressed using the Ambrose–Walton corresponding-states
method (Poling et al., 2001). This correlation relates vapor
pressures of fluids to critical properties, and gives accurate
values for nonpolar fluids. Critical properties of C2H2 were
taken from Ambrose and Townsend (1964). As shown in
Fig. 2, the correlation reproduces experimental vapor pres-
sures of liquid C2H2 to within �0.3% between the triple
(193 K) and critical (308 K) points. Vapor pressures of li-
quid C3H8 from the correlation were compared with those



Fig. 2. Comparison of calculated and experimental vapor pres-
sures of C2H2 as functions of inverse temperature. The dashed
curve corresponds to vapor pressures of liquid C2H2 from the
Ambrose–Walton corresponding-states (C.S.) method, and the
curve extends into the supercooled region. The solid curve
designates vapor pressures of solid C2H2 from Eq. (9). The curves
intersect at the triple point (192.6 K, 1.282 bar; Ambrose, 1956).
Symbols represent vapor pressures from experiments. Abbrevia-
tions: A&T, Ambrose and Townsend (1964); Amb., Ambrose
(1956); T&L, Tickner and Lossing (1951).
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from REFPROP to determine whether the correlation is
also reliable at lower temperatures. Results agreed to within
�3% at temperatures from 86–370 K (C3H8 was chosen as a
test substance because it is a well-characterized nonpolar
compound with a wide temperature range of liquidity).

The solubility of a solid in a liquid depends on the ratio
of standard state fugacities (equivalent to the equilibrium
constant; Anderson, 2005), rather than on individual fugac-
ity values. In the case of C2H2, the fugacity ratio (from
�60–192 K) can be represented by

log
f sol

f liq

� ��
C2H2

¼ 1:6463–371:46� T�1 þ 10; 548� T�2;

ð10Þ

which was fit to numerical data generated from Eq. (9), and
to results (90–192 K) from the Ambrose–Walton corre-
sponding-states equation in Poling et al. (2001). Graphical
analysis (not shown) revealed that the derivative of the log-
arithm of the fugacity ratio with respect to inverse temper-
ature is approximately linear, permitting a quadratic
extrapolation down to 60 K. Eq. (10) has an estimated
uncertainty of �0.5 log units.

It should be noted that there is an alternative method of
calculating the standard state fugacity ratio. The key equa-
tion is (Preston and Prausnitz, 1970)

ln
f sol

f liq

� ��
C2H2

¼ DS
�

fus

R
1� T t

T

� �
þ

DC
�

p

R
T t

T
� 1

� �

�
DC

�

p

R
ln

T t

T

� �
; ð11Þ
where DS
�

fus stands for the entropy of fusion at the triple-
point temperature (Tt), and DC

�

p indicates the difference in
isobaric heat capacity between the liquid and solid forms
of the solute at Tt. The entropy of fusion of C2H2 is
�20 J mol�1 K�1 (Preston and Prausnitz, 1970; Miskiewicz
et al., 1976), but we were unable to find heat capacities for
solid or liquid C2H2 in the literature. Nevertheless, Eq. (11)
can be evaluated if it is assumed that the last two terms in
the equation cancel out (Preston and Prausnitz, 1970). This
simplified form of Eq. (11) gives standard state fugacity ra-
tios that are consistent with those from Eq. (10) to within
�20% between 90 and 193 K, but the equations give results
that diverge rapidly below 90 K, presumably because we ne-
glected the heat capacity terms in Eq. (11), which assume
greater quantitative significance at lower temperatures.
Therefore, for C2H2, Eq. (10) is preferable to the simplified
form of Eq. (11) because the former equation is based on a
less severe assumption (corresponding-states) than that for
the latter equation (no heat capacity terms). It should be
emphasized, however, that the situation may be the oppo-
site for other compounds relevant to Titan, with thermal
data being more plentiful or reliable, and vapor pressure
data being less available or reliable. In those cases (which
may be common), Eq. (11) would be preferred.

3. REGRESSION OF BINARY DATA

Binary phase equilibrium data that can be used to
parameterize the MVL model and other geochemical mod-
els at Titan surface temperatures (�90–95 K) are summa-
rized in Table 1. Vapor–liquid equilibrium (VLE) data
consist of measurements of liquid-phase composition, total
pressure, and temperature (the composition of the vapor
phase is given in some cases). Solid–liquid equilibrium
(SLE) data correspond to solid solubility as a function of
temperature. Compositions of immiscible liquids, total
pressures, and temperatures are reported in studies of li-
quid–liquid equilibrium (LLE). In this study, LLE were
not considered because it is unlikely that LLE exist on Ti-
tan (Thompson, 1985), because the partial pressure of N2

at Titan’s surface (�1.4 bar) is too low to induce phase
splitting. Extrapolation of separation pressures for the
N2–C2H6 system indicates that two liquid phases should
form only if pN2

> 3:8 bar at 91 K (Gasem et al., 1981).
The N2–C3H8 binary requires similar pressures for phase
separation (Schindler et al., 1966). In contrast, N2 and
CH4 are miscible (see below). The MVL model should
not be used whenever LLE are suspected (e.g., C2H6- or
C3H8-rich systems containing N2 near the saturation pres-
sure of liquid N2).

Binary VLE data were regressed using Barker’s method
(Barker, 1953), which is a standard technique for determin-
ing parameters in Raoultian activity coefficient models.
Least squares fitting yielded parameters in Eqs. (6) and
(7) that minimize differences between calculated and exper-
imental total pressures. The fitting procedure was iterative.
Because best-fit q ratios were found to be similar to critical
volume ratios (Fig. 1), q ratios in Eqs. (6) and (7) were re-
placed with the respective critical volume ratio (Table 2).
This reduces the MVL model to a one-parameter form,



Table 1
Experimental phase equilibrium data for some binary mixtures that are relevant to cryogenic fluvial geochemistry on Titan. Abbreviations:
VLE, vapor–liquid equilibrium; SLE, solid–liquid equilibrium; LLE, liquid–liquid equilibrium.

Reference Type of data Temperature range (K) Used in this work?

CH4–C2H6

Gomes de Azevedo and Calado (1989) VLE 90.69–103.99 Yes
Miller and Staveley (1976) VLE 115.77 Yes
Wilson (1975) VLE 110.93 No

CH4–C3H8

Calado et al. (1974) VLE 115.77–134.83 Yes
Cheung and Wang (1964) VLE 91.7–128.4 No
Cutler and Morrison (1965) VLE 90–110 No
Poon and Lu (1974) VLE 114.1–122.2 No
Stoeckli and Staveley (1970) VLE 90.68 Yes
Wilson (1975) VLE 110.93 No

C2H6–C3H8

Djordjevich and Budenholzer (1970) VLE 127.59–255.37 Yes (127.59–172.04 K)

N2–CH4

Cheung and Wang (1964) VLE 91.6–124.1 No
Fuks and Bellemans (1967) VLE 84.15–90.84 No
Gabis (1991) VLE 84.84–94.04 Yes
McClure et al. (1976) VLE 90.68 Yes
Omar et al. (1962) VLE, SLE �58–98 No
Parrish and Hiza (1974) VLE 95–120 Yes (95–110 K)
Sprow and Prausnitz (1966) VLE 90.67 No
Stryjek et al. (1974) VLE 113.71–183.15 No
Wilson (1975) VLE 110.93 No

N2–C2H6

Cheung and Wang (1964) VLE 92.8 No
Ellington et al. (1959) VLE, LLE 99.82–299.82 Yes (99.82–110.93)
Guedes et al. (2002) VLE, LLE 90.69 No
Kremer and Knapp (1983) VLE, LLE 120–133.15 Yes (120 K)
Llave et al. (1985) VLE, LLE 118–132.38 Yes (118–120 K)
Szczepaniec-Cieciak et al. (1980) SLE 69.5–85.5 Yes
Wilson (1975) VLE, LLE 110.93 Yes
Yu et al. (1969) VLE, LLE 113.71–133.26 Yes (113.71–119.26 K)

N2–C3H8

Cheung and Wang (1964) VLE 91.9–128.4 Yes (91.9–110.2 K)
Houssin-Agbomson et al. (2010) VLE 109.98–125.63 Yes (109.98–119.75 K)
Kremer and Knapp (1983) VLE, LLE 120–127 Yes (120 K)
Llave et al. (1985) VLE, LLE 117–126.62 No
Poon and Lu (1974) VLE 114.1–122.2 No
Schindler et al. (1966) VLE, LLE 103.15–353.15 Yes (103.15 K)
Szczepaniec-Cieciak et al. (1980) SLE 64.8–101 Yes (64.8–85 K)

C2H2–CH4

Neumann and Mann (1969) SLE 93.3–143.1 Yes

C2H2–N2

Fedorova (1940) SLE 65–95 Yes
Ishkin and Burbo (1939) SLE 77.4 Yes
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which brings the benefits discussed in Section 2.1; and does
not introduce significant inaccuracies (see below). Binary
SLE data were regressed by applying least squares fitting
to reported solubilities. While all of the datasets listed in
Table 1 were analyzed, only a subset of the data was used
in the final regressions. Decisions were made by examining
trends in derived values of x12, which vary smoothly with
temperature for mutually consistent data. The recommen-
dations of Hiza et al. (1979), Miller et al. (1980), and Kid-
nay et al. (1985) were also given preference. Note that data
not used in the final regressions are not necessarily “bad”,
but they are less consistent than other data.

Activity coefficients depend on the temperature, pres-
sure, and composition of the phase of interest. The MVL
model accounts for the composition dependence via mole
fraction terms. The temperature dependence is represented
by specifying interaction energies as xij = x0 + x1T + x2-

T � ln(T), where subscripted parameters denote constants



Table 2
Physical and thermodynamic properties of some compounds on Titan (Pref = 1.467 bar, Tref = 90.6941 K).

Compound Critical volume
(cm3 mol�1)

Volume at Pref and Tref

(cm3 mol�1)
Enthalpy of vaporization
at Tref (J mol�1)

Fugacity at Pref

and Tref (bar)
DG

�

f (kJ mol�1)

CH4 98.6291a 35.5342 (liq.)a 8731a 0.1168 (liq.)a �64.744 (gas)h

�66.363 (liq.)i

C2H6 145.8388a 46.1732 (liq.)a 17,873a 1.255 � 10�5 (liq.)a �63.827 (gas)j

�72.337 (liq.)i

C3H8 200a 60.5882 (liq.)a 24,587a 1.261 � 10�8 (liq.)a �73.394 (gas)j

�87.11 (liq.)i

N2 89.4142a 37.8343 (liq.)a 5023a 3.408 (liq.)a 0 (gas)h

0.9246 (liq.)i

C2H2 112.2b 35 (liq.)c 20,648e 1.63 � 10�6 (liq.)f 221.584 (gas)h

33.4 (sol.)d 1.1 � 10�7 (sol.)g 211.535 (liq.)i

209.502 (sol.)i

a Lemmon et al. (2010).
b Poling et al. (2001).
c Estimated by scaling a volume near the triple point (McIntosh, 1907) with the Rackett equation (Poling et al., 2001).
d Lunine et al. (1983).
e Estimated by scaling the enthalpy of vaporization at the triple point (Ambrose, 1956) with the Watson relation (Poling et al., 2001).
f Estimated using the Ambrose–Walton corresponding-states method (Poling et al., 2001).
g Computed using Eq. (9).
h Chase (1998).
i Derived from the standard Gibbs energy of formation (DG

�

f ) of the gas from the elements, and from the fugacity of the condensed phase.
j Chao et al. (1973).
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that are determined by regressing experimental data at dif-
ferent temperatures. In some cases, the data do not warrant
a value for x2. Interaction energies are parameterized over
certain temperature intervals, and extrapolations are gov-
erned by caveat emptor. We did not account for the effects
of pressure on activity coefficients because pressure effects
should be negligible, except at high pressures (>100 bar or
>10 km depth on Titan). Binary solutions of nonpolar com-
pounds of interest have small excess volumes of mixing
(generally between 0 and �2 cm3 mol�1; e.g., Hiza et al.,
1979; Miller et al., 1980; Kidnay et al., 1985), which means
that mixing is nearly ideal with respect to volume. This
makes activity coefficients weak functions of pressure.
Exceptions are systems close to the critical point of a com-
ponent. For this reason, data at temperatures >120 K for
Fig. 3. Comparison of total pressures from the modified van Laar model t
C3H8, and (C) C2H6–C3H8 binaries. Symbols represent percent differenc
function of liquid-phase composition and temperature. The experimental
104 K], and Miller and Staveley (1976) [116 K]. In (B), the experimental d
(1974) [116 K, 135 K]. All of the experimental data in (C) are from Djordj
of the plots.
systems with N2 (critical temperature, 126.19 K) were not
included in the regressions.

3.1. Vapor–liquid equilibria of hydrocarbon mixtures

Comparisons between model results and experimental
data make it possible to assess the strengths and weaknesses
of the MVL model. Results for VLE regressions of
hydrocarbon systems are shown in Fig. 3, and the
corresponding interaction energies are given in Table 3.
These parameters can be used to perform calculations for
arbitrary compositions.

The MVL model accurately reproduces the experimental
data. The model is most accurate for the CH4–C2H6 binary,
for which computed pressures agree with measured values
o total pressures from experiments for the (A) CH4–C2H6, (B) CH4–
es between computed and measured pressures (i.e., residuals), as a
data in (A) are from Gomes de Azevedo and Calado (1989) [91 K,
ata are from Stoeckli and Staveley (1970) [91 K], and Calado et al.

evich and Budenholzer (1970). Note the differing scales and abscissa



Table 3
Interaction energy parameters for the modified van Laar model (Tref = 90.6941 K).

System xij ¼ x0 þ x1Tþ x2T� lnðT Þ Temperature range (K) xij at Tref (J mol�1)

x0 x1 x2

CH4–C2H6 1366 �36.68 7.143 90.69–115.77 959
CH4–C3H8 2412 �58.11 11.279 90.68–134.83 1753
C2H6–C3H8

a 0 0 0 127.59–172.04 �0
N2–CH4 2443 �75.16 14 84.84–110 1350
N2–C2H6 1797 27.79 0 69.5–120 4317
N2–C3H8 2099 50.05 0 64.8–120 6638
C2H2–CH4 14,940 �50.34 0 93.3–143.1 �10,374
C2H2–C2H6 2416b 0 0 90.6941 �2416
C2H2–C3H8 3429b 0 0 90.6941 �3429
C2H2–N2 6886 51.92 0 65–95 11,595
CH4–C2H6–N2 2604 0 0 95 �2604

a This system is approximately ideal at low temperatures (see Fig. 3C).
b Estimated using the correlation for C2H2 in Fig. 6.
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to within �1% (Fig. 3A). The discrepancies for the CH4–
C3H8 binary are only slightly larger (Fig. 3B). In both of
these systems, the residuals in total pressure exhibit either
no or weak trends with composition or temperature
(Fig. 3A and B), providing additional evidence that the
model provides a close representation of the experimental
data.

The C2H6–C3H8 binary was treated differently, as it was
assumed to be an ideal solution (i.e., xij = 0). An initial at-
tempt was made to derive interaction energies by regressing
VLE data. However, derived values were inconsistent,
showing no apparent trend with temperature. It appears
that the uncertainties in the experimental data are larger
than the small deviations from ideality of this system. We
tested this idea by assuming ideal behavior in Fig. 3C. It
can be seen that the ideal assumption yields total pressures
that are within �5–10% of the measured values. Djordje-
vich and Budenholzer (1970) reported that the experimental
pressures have errors of up to 4%, and the composition
measurements have an uncertainty of 3 mol%. Overall,
the C2H6–C3H8 binary deviates from ideality by a small
amount (�5%), which means that the ideal assumption is
sufficient for applications of interest to Titan.

3.2. Vapor–liquid equilibria of systems with N2

The MVL model reproduces the experimental data for
the N2–CH4, N2–C2H6, and N2–C3H8 binaries with respect-
able accuracy, although there are some issues (Fig. 4). The
model is most accurate for the N2–CH4 binary, for which
computed pressures agree with measured values to within
�2% (Fig. 4A). The discrepancies become larger as the al-
kane becomes larger; deviations in total pressure of �5–
10% characterize N2–C2H6 (Fig. 4B), while N2–C3H8 fea-
tures larger deviations of �10–20% (Fig. 4C). However,
the N2–C3H8 binary is of lesser importance because C3H8

is probably much less abundant than C2H6 on Titan (see
Section 5.1). For N2–C2H6 and N2–C3H8, the MVL model
gives less accurate results when the mole fraction of N2 in
the liquid phase is small (Fig. 4B and C). Trends in the
residuals imply that the MVL model does not capture all
of the complexities of these systems. This is the cost of mak-
ing a simple model with general applicability, although the
errors are relatively small.

We also compared computed and measured solubilities
of solid C2H6 and C3H8 in liquid N2 (not shown), and
found that calculated values agree with data reported by
Szczepaniec-Cieciak et al. (1980) to within �15%. This sug-
gests that the interaction energies in Table 3 are not just fit-
ting parameters, but they may have a physical basis given
that they are consistent with both VLE and SLE (the com-
mon feature is the liquid solution).

3.3. Solubility of solid C2H2 in liquid hydrocarbons and N2

The MVL model can also be used to accurately repre-
sent liquid-phase non-idealities in SLE. Computed solubil-
ities of solid C2H2 in liquid CH4 are within �10% of the
experimental values (Fig. 5A). A close fit was also obtained
for C2H2 in N2 (Fig. 5B). The model parameters that were
used to generate the curves in Fig. 5 can be found in Eq.
(10), and Tables 2 and 3.

SLE data could not be found for the C2H2–C2H6 and
C2H2–C3H8 binaries at relevant temperatures, so a new cor-
relation was used to estimate the interaction energies at
90.6941 K (the triple-point temperature of CH4). We dis-
covered that regressed interaction energies follow linear
trends with differences in enthalpies of vaporization be-
tween the binary components (Fig. 6). There are linear rela-
tionships for N2 and CH4 with the C1–C3 alkanes, and the
lines go through the origin (coefficient of determination,
R2 > 0.99). This simple behavior suggests that the interac-
tion energies for C2H2–C2H6 and C2H2–C3H8 can be esti-
mated using the dashed line (C2H2-alkane correlation) in
Fig. 6, together with enthalpies of vaporization from Ta-
ble 2. The estimated interaction energies are given in
Table 3.

The correlations shown in Fig. 6 deserve discussion.
First, we adopt a temperature of 90.6941 K, which is the tri-
ple-point temperature of CH4 (Setzmann and Wagner,
1991); and advocate that this temperature be adopted as
the reference temperature for studies of fluvial geochemistry



Fig. 4. Comparison of total pressures from the modified van Laar
model to total pressures from experiments for the (A) N2–CH4, (B)
N2–C2H6, and (C) N2–C3H8 binaries. Symbols represent percent
differences between computed and measured pressures (i.e., resid-
uals), as a function of liquid-phase composition and temperature.
The experimental data in (A) are from Gabis (1991) [85–90 K,
94 K], McClure et al. (1976) [91 K], and Parrish and Hiza (1974)
[95–110 K]. In (B), the experimental data are from Ellington et al.
(1959) [100 K, 111 K (E59)], Wilson (1975) [111 K (W75)], Yu et al.
(1969) [114–116 K], Kremer and Knapp (1983) [120 K (K83)], and
Llave et al. (1985) [120 K (L85)]. The experimental data in (C) are
from Cheung and Wang (1964) [92–97 K], Schindler et al. (1966)
[103 K], Houssin-Agbomson et al. (2010) [110–114 K], and Kremer
and Knapp (1983) [120 K]. The data in (B) and (C) do not cover the
entire compositional range because there are miscibility gaps (i.e.,
where intermediate compositions are less stable than two liquid
phases). Note the differing scales of the plots.
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on Titan by the geochemical community. There are two rea-
sons for this: (1) surface temperatures on Titan are within a
few Kelvin of the recommended value (Fulchignoni et al.,
2005; Jennings et al., 2009), and (2) the recommended tem-
perature is easily achieved in the laboratory using the solid–
liquid equilibrium of CH4 as a cryostat. The situation is
analogous to terrestrial geochemistry, where 298.15 K is
adopted as the reference temperature because it is both rel-
evant and convenient (e.g., Garrels and Christ, 1965;
Anderson, 2005). Second, it makes intuitive sense that inter-
action energies correlate positively with differences in
enthalpies of vaporization. The enthalpy of vaporization
provides a measure of the strength of intermolecular forces
in a liquid. A larger difference in enthalpies of vaporization
means that the interactions between molecules in two liq-
uids are less similar, so the mixture should be less ideal
and have a larger value of xij. This may also explain why
the lines in Fig. 6 pass through the origin. Third, there is
the question of uncertainties, which is difficult to address.
However, numerical tests indicate that if C2H2 follows a lin-
ear correlation but the slope in Fig. 6 is in error by say 10%,
predicted solubilities of solid C2H2 in liquid C2H6 or C3H8

would be uncertain by �20%. On the other hand, the pre-
dicted solubility could be uncertain by a factor of at least
several if linear behavior does not hold. Finally, the simplic-
ity of the correlations in Fig. 6 suggests that it may be pos-
sible to develop completely predictive correlations for
systems that have not been experimentally characterized,
such as C2N2(cyanogen)–C2H6, if the slope of lines in
Fig. 6 can be estimated using only pure-component proper-
ties (e.g., critical temperature, acentric factor, polarizabil-
ity, second virial coefficient).

4. COMPARISONS BETWEEN MODELS OF

TERNARY SYSTEMS

4.1. Vapor–liquid equilibria of CH4–C2H6–N2

Liquids on Titan should be multicomponent mixtures
(Lunine et al., 1983; Raulin, 1987; Cordier et al., 2009).
Thus, it is vital to test the MVL model using experimental
data for systems containing more than two components.
However, experimental phase equilibrium data for ternary
systems at conditions relevant to Titan’s surface are scarce.
Almost all of the available data are for temperatures that
are too high (e.g., Chang and Lu, 1967; Yu et al., 1969;
Wichterle and Kobayashi, 1972; Poon and Lu, 1974; Llave
et al., 1987). The notable exception is Gabis (1991) who ob-
tained data at 95 K for the CH4–C2H6–N2 system, which is
regarded as the most important ternary on Titan (Lunine
et al., 1983) and therefore represents a crucial test for the
MVL model. Ternary VLE data from Gabis (1991) are gi-
ven in Supplementary Table 1, as they are useful and from a
rare, unpublished source. Gabis (1991) performed experi-
ments inside a vapor recirculation cell, where vapor is
pumped through liquid to facilitate equilibrium. This type
of apparatus is commonly used in studies of low-tempera-
ture VLE. Pressure was measured using a Bourdon gauge
(±0.01 bar), temperature was measured using a resistance
thermometer (±0.2 K), and composition was determined



Fig. 5. Solubility of solid C2H2 in liquid (A) CH4 and (B) N2, as a function of inverse temperature at the saturation pressure of the solvent. In
(A), symbols denote experimental data from Neumann and Mann (1969); and symbols denote experimental data from Fedorova (1940) [abbr.
Fed.] and Ishkin and Burbo (1939) [abbr. I&B] in (B). The curves correspond to predicted solubilities from the modified van Laar model. Note
the differing scales of the plots.

Fig. 6. Linear correlations between binary interaction energies and
differences in enthalpies of vaporization at 90.6941 K. Symbols
correspond to absolute differences in enthalpies of vaporization
from Table 2, and interaction energies for binary systems from
Table 3. Lines represent correlations for species in liquid alkanes,
converging at the origin; and the slopes of the lines for CH4, N2,
and C2H2 are 0.1091, 0.3389, and 0.8705, respectively.
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using gas chromatography (±0.003 mol fraction). It is nota-
ble that VLE data for N2–CH4 from Gabis (1991) are con-
sistent with N2–CH4 data from McClure et al. (1976) and
Parrish and Hiza (1974) to within a few percent
(Fig. 4A). CH4–C2H6–N2 data from Gabis (1991) are used
in the present study to determine how well the MVL model
and other models extrapolate to the ternary system.

Various models of VLE in the CH4–C2H6–N2 ternary at
95 K are compared in Fig. 7. Raoult’s law provides the sim-
plest description by assuming that the mixture is ideal. It
can be seen that Raoult’s law is the least accurate model
(Fig. 7A), and always underestimates the total pressure.
In other words, N2 gas is predicted to be too soluble in
the liquid phase. Raoult’s law deviates more in C2H6-rich
systems. Evidently, interactions between N2 and C2H6 mol-
ecules exhibit large departures from ideal behavior. Rao-
ult’s law is an insufficient model for this ternary, and
provides crude approximations at best.

The model of Heintz and Bich (2009) was developed
with Titan in mind. Activity coefficients are calculated with
a one-parameter Margules equation. Results from the Hei-
ntz and Bich (2009) model resemble those from Raoult’s
law, but the Heintz and Bich (2009) model provides minor
improvements over Raoult’s law by predicting slightly high-
er pressures (Fig. 7A). However, the model also gives re-
sults that are significantly inaccurate for C2H6-rich
systems. This may be surprising because a one-parameter
Margules equation is expected to provide greater improve-
ment over Raoult’s law. It is unclear how Heintz and Bich
(2009) determined the Margules parameter for N2–C2H6, as
none of the references they cite contain data on VLE for the
N2–C2H6 binary.

The model of Preston and Prausnitz (1970) is based on
Scatchard–Hildebrand regular solution theory, with one
empirical parameter per binary. This model is popular in
the Titan literature (e.g., Dubouloz et al., 1989; Cordier
et al., 2009), so its accuracy should be assessed. As shown
in Fig. 7A, the model provides a close representation of
VLE for CH4-rich systems (to within �15%), but the model
predicts total pressures that are too high by about a factor
of two for systems enriched in C2H6. There is a systematic
trend in the results (Fig. 7A), which suggests that there is a
deficiency in the representation of the N2–C2H6 endmem-
ber; N2 gas should be more soluble in liquid C2H6. It ap-
pears that the binary parameter for N2–C2H6 should be
more negative than the value given by Preston and Praus-
nitz (1970). It is recommended that users of this model re-
evaluate the parameter using references in Table 1. Cordier
et al. (2012) attempted to estimate uncertainties in their reg-
ular-solution calculations by performing Monte Carlo sim-
ulations, but the direct approach of making comparisons
between predictions from the model and experimental
phase equilibrium data would be more informative.



Fig. 7. (A) Comparisons between some models of the CH4–C2H6–
N2 ternary at 95 K, and (B) a zoomed in perspective of the results
from a few other models. Symbols show differences between
common logarithms of total pressures from models and experi-
ments (Supplementary Table 1), as a function of the relative
amounts of CH4 and C2H6 in the liquid. Points are connected by
lines to highlight trends. The dashed horizontal line corresponds to
perfect agreement between model and experiment. Raoult refers to
Raoult’s law, and GERG refers to the GERG model (Kunz et al.,
2007; Kunz and Wagner, 2012). Abbreviations: H&B, Heintz and
Bich (2009); P&P, Preston and Prausnitz (1970); Tmp., Thompson
(1985); Tan, Tan et al. (2013); MVL, modified van Laar (Eq. (3));
MVL+T, modified van Laar with a ternary parameter (Eq. (12)).
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The model of Thompson (1985) has also been used in
studies of Titan (e.g., Raulin, 1987; McKay et al., 1993).
Activity coefficients are computed using one-parameter
Margules equations, with empirically determined exponents
of one or two in the activity coefficient equations. Thus, the
Thompson (1985) model was formulated similarly to that of
Heintz and Bich (2009), but the latter model uses a fixed
exponent of two for binaries. Thompson’s model is fairly
consistent with the experimental ternary data, and it is con-
siderably more accurate than the Heintz and Bich (2009)
model (Fig. 7A). The largest discrepancies in total pressure
(�20–30%) occur where CH4 and C2H6 are approximately
equimolar, suggesting that three-body interactions are lar-
gely responsible for the discrepancies (the model features
binary terms only). A key concern is that the Thompson
(1985) model is not thermodynamically consistent, as it
does not satisfy the Gibbs–Duhem equation. Modifying
activity coefficient equations empirically led to this incon-
sistency. This problem can be prevented if empirical modi-
fications are made to the equation for the excess Gibbs
energy of mixing instead (Prausnitz et al., 1999). Thompson
recognized this in later works on the N2–CH4 binary
(Thompson et al., 1990, 1992), but he did not revisit more
complex mixtures.

The Groupe Europeen de Recherches Gazieres (GERG;
Kunz et al., 2007; Kunz and Wagner, 2012) model is the
most sophisticated model that was tested. We acquired
the model as part of the NIST REFPROP software package
(Lemmon et al., 2010). The model was developed for tech-
nical applications in the natural gas industry, and uses
equations of state for fluids that are explicit in the Helm-
holtz energy. The equations of state are accurate over wide
ranges of density, temperature, and composition. Thermo-
dynamic properties of mixtures are computed using depar-
ture functions that were fit to binary data. These functions
account for non-ideal behavior, and they contain four
empirical parameters per binary system. The GERG model
reproduces the experimental pressures to within �15%,
with deviations that are weakly systematic at most
(Fig. 7B). In terms of accuracy, the GERG model is impres-
sive. The version in REFPROP is also easy-to-use, featur-
ing a graphical user interface. However, the GERG
model has certain disadvantages with respect to Titan
applications. Its complex mathematical structure (see Kunz
et al., 2007; Kunz and Wagner, 2012) makes the model dif-
ficult to modify or expand, and deriving parameters for the
model requires complex, non-linear regression algorithms.
Another shortcoming is that the user-friendly version of
the model in REFPROP cannot be applied to equilibria
involving solids, rendering it inapplicable to solving many
geochemical problems on Titan. This is not an insurmount-
able obstacle, but adaptation of the model to SLE would re-
quire additional research to maintain internal consistency
of the thermodynamic data.

The perturbed-chain statistical associating fluid theory
of Tan et al. (2013) deserves discussion because it is the
most recent phase equilibrium model developed for applica-
tion to Titan. In this model, non-spherical molecules are
viewed as chains that are composed of spherical segments.
The nine-component model has a theoretical basis in molec-
ular perturbation theory, can be extended to multicompo-
nent mixtures using one empirical parameter per binary
system, and accurately reproduces VLE over wide ranges
of density, temperature, and composition. These favorable
attributes are counteracted by drawbacks that are identical
to those of the GERG model: the Tan et al. (2013) model
cannot be used to compute the solubility of solids in liquids,
although the authors state that they are addressing this; and



Fig. 8. Summary of models of the CH4–C2H6–N2 ternary at 95 K.
Columns show averages of absolute deviations in common loga-
rithms of total pressures from models and experiments (Supple-
mentary Table 1). Error bars denote one standard deviation, and
the error bar for Raoult’s law goes off scale, but is symmetric.
Raoult refers to Raoult’s law, and GERG refers to the GERG
model (Kunz et al., 2007; Kunz and Wagner, 2012). Abbreviations:
H&B, Heintz and Bich (2009); P&P, Preston and Prausnitz (1970);
Tmp., Thompson (1985); Tan, Tan et al. (2013); MVL, modified
van Laar (Eq. (3)); MVL+T, modified van Laar with a ternary
parameter (Eq. (12)).
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the model is unnecessarily complex for geochemical appli-
cations of present interest. Unlike the GERG model, a
user-friendly version of the Tan et al. (2013) model is not
available. The Tan et al. (2013) model is also less accurate
than the GERG model with respect to the CH4–C2H6–N2

ternary at 95 K (Fig. 7B). The largest discrepancies in total
pressure are �20–30%, which is similar to the performance
of the Thompson (1985) model. It appears that the added
complexity of the Tan et al. (2013) model does not necessar-
ily translate into more accurate results. Nevertheless, this
model is probably sufficiently accurate for application to
Titan, as demonstrated by their compelling interpretation
of the Huygens GC–MS data.

The MVL model ranks second place – it is slightly (i.e., a
few percent) more accurate than the models of Thompson
(1985) and Tan et al. (2013), but slightly less accurate than
the GERG model (Fig. 7B). The overall agreement with the
experimental data is encouraging (within �20%), and sug-
gests that Eq. (3) may provide sufficient representations of
non-idealities in other multicomponent systems of interest.
The deviations in the MVL model are greatest where CH4

and C2H6 are about equally abundant. As mentioned
above, this appears to be a ternary effect, which should be
strongest at the midpoint in Fig. 7B. This effect can be ac-
counted for by adding a ternary term to the model, leading
to the general equation for activity coefficients from the
MVL model given by (see Appendix A)

RT� lnðcliq
k Þ ¼ �
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where xabc represents the interaction energy for ternary a–
b–c, and auxiliary function d is expressed in terms of the
effective volume fraction as di = 1 � 2zi when i = k, or
di = �2zi when i – k. As an example, the activity coefficient
of N2 in the three-component liquid can be written as
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Applying Eq. (12) to the Gabis (1991) dataset (Supplemen-
tary Table 1) yields an interaction energy for CH4–C2H6–
N2 of 2604 J mol�1 at 95 K. Interestingly, this value is
somewhat close to the arithmetic mean of the constituent
binaries (2256 J mol�1). This could be a coincidence, or a
hint of a predictive scheme. Additional experimental data
for ternary systems will need to be obtained and regressed
to determine which.

Adding a ternary term to the MVL model (i.e.,
MVL+T) increases the accuracy of the model by �5–
10%, as shown in Fig. 7B. Furthermore, the refined model
is, on average, a few percent more accurate than the GERG
model. The improvements highlight the flexible architecture
of the MVL model. It was also found that computed vapor
compositions compare favorably to those reported by Ga-
bis (1991) (pN2

within �2%, pCH4
within �20%). The ternary

term shifts the MVL line segment in Fig. 7B upward, with
the largest shifts occurring around the CH4–C2H6 mid-
point. The maximum absolute deviation in total pressure
is now 18% (previously 27%), and corresponds to the most
C2H6-rich composition. This discrepancy most likely re-
flects deficiencies in the simplistic description of the N2–
C2H6 binary (see Section 3.2), but the magnitude of the dis-
crepancy is tolerable for Titan applications at present.

Analysis of the individual terms in Eq. (13) revealed that
non-ideal behavior in the CH4–C2H6–N2 system is mostly
controlled by binary interactions, while forces between
three different molecules fine-tune the system. Based on this
finding, a hybrid of Eqs. (3) and (12) may be useful for geo-
chemical modeling. Eq. (12) is the more general expression,
and ternary terms should be included whenever high-qual-
ity experimental data exist. If such data are unavailable, ter-
nary interaction energies in Eq. (12) may be set to zero (à la

Eq. (3)), which may lead to errors on the order of tens of
percent (Fig. 7B). When the MVL model is applied to com-
plex mixtures on Titan, it can be imagined that some ter-
nary terms will be evaluated, while most will need to be
neglected, depending on the experimental data in hand
and the desired accuracy. At present, all ternary terms in
Eq. (12) must be excluded owing to the lack of ternary data,
with the exception of that for CH4–C2H6–N2, whose inter-
action energy at 95 K can be assumed to be appropriate for
nearby temperatures.

A summary of the aforementioned models is provided in
Fig. 8 where it can be seen that Raoult’s law, and the mod-
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els of Heintz and Bich (2009) and Preston and Prausnitz
(1970) deviate most from the experimental ternary data.
Therefore, these models should not be used to represent
VLE involving CH4, C2H6, and N2 on Titan. Thompson’s
(1985) model provides adequate agreement, but is inferior
to the MVL model. The latter possesses comparable sim-
plicity but yields more accurate results than the Thompson
(1985) model, and the MVL model maintains thermody-
namic consistency. The GERG, Tan et al. (2013), MVL,
and MVL+T models can all be used to investigate fluvial
geochemistry on Titan with confidence (Fig. 8). Choosing
between them depends on the specific application and per-
sonal preference. If the user is interested in VLE only (e.g.,
clouds) and wants user-friendly software that is relatively
inexpensive (http://www.nist.gov/srd/nist23.cfm), then the
GERG model would be an excellent choice. The MVL or
MVL+T model would be preferred if the application of
interest involves the coupled geochemistry of fluids and sol-
ids on Titan’s surface, or if the user desires a simple model
that allows new components, such as multiple solids, to be
added easily.

4.2. Solubility of solid C2H2 in mixed solvents

Comparing models with experiments on the solubility of
C2H2 in two-component solvents of relevance to Titan is
presently inhibited by a lack of experimental data. As an
alternative, we investigate the consistency of the models,
as this provides information about uncertainties. The N2–
CH4–C2H2 and CH4–C2H6–C2H2 ternaries were adopted
as bases for model comparisons. Only the MVL model
and the model of Preston and Prausnitz (1970) are param-
eterized such that the solubility of solid C2H2 can be pre-
dicted in N2–CH4 and CH4–C2H6 cosolvents at Titan
surface temperatures. The latter model has been used exten-
sively to estimate the concentration of C2H2 in lakes and
hypothetical oceans on Titan (Raulin, 1987; Dubouloz
et al., 1989; Cordier et al., 2009).

Calculated solubilities of solid C2H2 in liquid mixtures
of N2 and CH4 at 90.6941 K are shown in Fig. 9A. There
Fig. 9. Comparisons between models of the (A) N2–CH4–C2H2 and (B
solubilities of solid C2H2 in liquids with varying proportions of the coso
Raoult’s law (cliq

C2H2
¼ 1). Abbreviations: P&P, Preston and Prausnitz (197

abscissa of the plots.
is reasonably close agreement between the MVL and Pres-
ton and Prausnitz (1970) models. Both models predict that
C2H2 is slightly more soluble in CH4 than in N2. The mod-
els agree to within �30% for N2-rich compositions, but they
deviate by as much as a factor of �2 for CH4-rich compo-
sitions. The former value may lie within the experimental
uncertainties, but the latter value suggests that one of the
models provides an inaccurate representation of the
C2H2–CH4 binary (the same solubility data from Neumann
and Mann, 1969 were regressed). Preston and Prausnitz
(1970) assumed that the empirical parameter in their model
is independent of temperature, whereas the interaction en-
ergy in the MVL model varies linearly with temperature
(Table 3). This difference may be responsible for the dis-
crepancy, although a factor of �2 may not be geochemi-
cally significant in terms of mineral solubility.

It is also informative to compare results from the MVL
model with Henry’s law for the ternary system, which can
be written as (Prausnitz et al., 1999)

logðxsat
3 Þin mixture ¼

x1

x1 þ x2

� �
� logðxsat

3 Þin pure 1

þ x2

x1 þ x2

� �
� logðxsat

3 Þin pure 2; ð14Þ

for the saturation mole fraction of solute 3 in a mixture of
cosolvents 1 and 2. Examination of this equation reveals
why the “Henry plot” in Fig. 9A is linear. In contrast, the
MVL model generates a curve in Fig. 9A. Curvature is a
general phenomenon in experimental ternary systems
(e.g., Tiffin et al., 1979). In the present ternary, curving re-
sults in a solubility enhancement of up to �35% relative to
Henry’s law. Numerical analysis of derivatives revealed that
there are two reasons for curvature. The dominant factor in
this case is non-ideal mixing between the cosolvents (the
interaction energy for N2–CH4 is not zero). Therefore, the
solute plays no role in creating most of the curvature.
The second, minor factor here is differences in the effective
volumes (i.e., sizes and shapes) of the components. This is
relatively minor for N2–CH4–C2H2 because the compo-
nents have similar critical volumes (Table 2).
) CH4–C2H6–C2H2 ternaries at 90.6941 K. Curves show predicted
lvents. Henry refers to Henry’s law (Eq. (14)), and Raoult refers to
0); MVL, modified van Laar (Eq. (3)). Note the differing scales and

http://www.nist.gov/srd/nist23.cfm


Fig. 10. (A) Predicted equilibrium composition of major compo-
nents in liquids on Titan’s surface, and (B) predicted solubility of
solid C2H2 in liquids on Titan’s surface, as functions of the mixing
ratio (or mole fraction) of CH4 in the near-surface atmosphere at
90.6941 K and 1.467 bar. Calculations are based on the assump-
tions that CH4 and N2 are at vapor–liquid equilibrium, liquids are
saturated with respect to solid C2H2, and the liquid-phase mole
ratio of C2H6/C3H8 is 10. The dashed vertical line labeled Huygens
indicates the near-surface mixing ratio of CH4 gas measured by the
Gas Chromatograph–Mass Spectrometer onboard the Huygens
probe (Niemann et al., 2010), and the dotted vertical line indicates
the maximum equilibrium mixing ratio (i.e., the dew point of the
N2–CH4 binary at these conditions). The horizontal gray lines in
(B) designate solubilities of salts in pure water at Earth reference
conditions (298.15 K, 1 bar). Surface calcite refers to the solubility
of calcite in water at a fixed partial pressure of CO2 of
3.9 � 10�4 bar, and subsurface calcite corresponds to a fixed
partial pressure of CO2 of 10�2 bar. The ppm scale was selected
to facilitate comparisons between Titan and Earth.
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Results from models of the CH4–C2H6–C2H2 ternary at
90.6941 K are shown in Fig. 9B. There are large differences
between the MVL and Preston and Prausnitz (1970) models
at the C2H6 end of the composition scale. The MVL model
predicts that C2H2 has a mole-fraction solubility of
1.8 � 10�2 in C2H6 (approaching the ideal Raoultian solu-
bility of 6.8 � 10�2; Eq. (10)), while the Preston and Praus-
nitz (1970) model predicts a solubility of 2.4 � 10�4. At
least one of the models must be incorrect! Insight can be
gained by comparing these solubilities with those in pure
CH4. Preston and Prausnitz’s model predicts that the solu-
bility increases by a factor of �3 going from CH4 to C2H6,
while the MVL model predicts an enhancement factor of
�390. The analogous enhancement factor for CH4–C2H4

(ethylene) extrapolates to �300 at 90.6941 K (Neumann
and Mann, 1969), and the estimated enthalpy of vaporiza-
tion of C2H2 is more similar to that of C2H6 (Table 2) than
to that of C2H4 (16,389 J mol�1; Smukala et al., 2000).
Thus, an enhancement factor >300 seems likely for
CH4! C2H6. Most likely, the problem with the Preston
and Prausnitz (1970) model is that the empirical parameter
for C2H2–C2H6 cannot be assumed to be constant over a
wide temperature range (regressed data were for
150–170 K; Clark and Din, 1950). This practice was fol-
lowed in previous Titan studies and should be stopped.
The solubility from the MVL model displays pronounced
curvature (Fig. 9B), but differences in critical volumes
(Table 2) are largely responsible for the curvature here.
Overall, inconsistencies between the models stress the need
for experimental solubilities of solid C2H2 in liquid C2H6

and in CH4–C2H6 mixtures at Titan surface temperatures.

5. EXAMPLES OF FLUVIAL GEOCHEMISTRY ON

TITAN

The thermodynamic model outlined above can be used
to explore possibilities for Titan’s cryogenic geochemistry.
The focus in this section is the examples of solvent compo-
sition and mineral solubility that illustrate how equilibrium
calculations can provide insights into the geological behav-
ior and occurrence of materials on Titan. As on Earth, the
geochemistry of materials can be expected to be linked to
geological processes (Kargel, 2007; Kargel et al., 2007).
Analogies to processes on Earth are made in the following
discussion to aid understanding. Examples are chosen to
elucidate principles using plausible values for unknown
parameters. Future work will need to devote greater atten-
tion to the parameter space of temperature, pressure, and
composition on Titan.

The system of interest is a CH4–C2H6–C3H8 liquid that
is in equilibrium with atmospheric N2 and CH4, and solid
C2H2 (e.g., Lunine et al., 1983). We adopt the triple-point
temperature of CH4 (90.6941 K) and the atmospheric pres-
sure (1.467 bar; Fulchignoni et al., 2005) as reference condi-
tions. The temperature is slightly lower than that
(93.65 ± 0.25 K; Fulchignoni et al., 2005) measured at the
equatorial (11�S) landing site of the Huygens probe, but
is similar to surface brightness temperatures in the polar re-
gions (�90–92 K; Jennings et al., 2009). This system can be
regarded as an idealized model of a polar lake or sea (Sto-
fan et al., 2007; Turtle et al., 2009) that is in contact with
C2H2-bearing sediments. A thermodynamic description of
this system requires five constraints for the five components
(or equivalently, the phase rule implies that there are four
degrees of freedom). Eq. (2) is used for N2 and CH4, with
standard state fugacities and fugacity coefficients that were
parameterized to REFPROP data (Lemmon et al., 2010)
[logðf � ;liqN2

; barÞ ¼ 3:493–268:655=T ðKÞ; logðf � ;liqCH4
; barÞ ¼

4:045–451:463=T ðKÞ; /N2
¼ 1:063–9:17=T ðKÞ; /CH4

¼
1:2–26:09=T ðKÞ]. These parameterizations are accurate to
within �1% for 85–105 K, 1.467 bar, and a mole fraction



C.R. Glein, E.L. Shock / Geochimica et Cosmochimica Acta 115 (2013) 217–240 231
of CH4 gas between 0–10%. Some standard state fugacities
are given in Table 2. Titan air in equilibrium with surface
liquids is assumed to be a mixture of N2 and CH4 only (Nie-
mann et al., 2010), and equilibrium between solid and dis-
solved C2H2 is represented by Eq. (8). The photochemical
model of Lavvas et al. (2008a,b) predicts a C2H6/C3H8

mole ratio of 10 in the liquid phase, as adopted here. The
final constraint is mass balance, where

P
xi ¼ 1. The four

degrees of freedom are temperature, pressure, the liquid-
phase mole ratio of C2H6/C3H8, and the mixing ratio of
atmospheric CH4. Five equations incorporating the preced-
ing constraints are solved iteratively, by initially setting all
of the activity coefficients to unity so that the liquid-phase
mole fractions can be computed readily, then Eq. (12) is
used to calculate updated activity coefficients, which are
used to solve for new mole fractions. For the system of
interest, activity coefficient expressions from the MVL
model contain 11 terms (10 binary terms and a term for
CH4–C2H6–N2; 9 ternary terms are omitted because the
interaction energies are unavailable). In general, the num-
ber of binary (j = 2) or ternary (j = 3) terms for an n-com-
ponent system will be

C ¼ n!

j!ðn� jÞ! : ð15Þ
5.1. Solvent species in lakes and seas at the poles

Mole fractions of CH4, C2H6, C3H8, and N2 in the mod-
el liquid are shown in Fig. 10A. It can be seen that either
CH4 or C2H6 is the dominant constituent. The crossover
point occurs at a mixing ratio of atmospheric CH4 of
4.5% (this will depend on the temperature). At higher mix-
ing ratios, the liquid is dominated by CH4, while C2H6

dominates at lower ratios. The concentration of N2 in the
liquid is sensitive to the CH4/C2H6 mole ratio of the liquid.
Atmospheric N2 is predicted to be more soluble in liquids
that are richer in CH4, and the equilibrium mole fraction
of N2 in the liquid varies between 0.048 and 0.226
(Fig. 10A; based on discussions in Sections 3 and 4, calcu-
lated mole fractions of N2 and CH4 have maximum poten-
tial errors of �20% and �5%, respectively). The greater
solubility in CH4 occurs because N2 behaves more ideally
in solutions with CH4 than in those with C2H6. For com-
parison, the solubility of atmospheric N2 in water on Earth
is �5 � 10�4 molal or �9 � 10�6 mole fraction at 298.15 K
(Shock et al., 1989). Thus, N2 has a much greater thermo-
dynamic propensity to dissolve in liquids on Titan’s surface
than in surface waters on Earth. Reasons for this include
the lower temperature, higher partial pressure of N2, and
the nonpolar solvent on Titan. The high solubility of N2

gas in CH4-rich liquids may have geological consequences,
by altering physical (e.g., density, viscosity, heat capacity)
and chemical (e.g., energy of solvation) properties of liquids
on Titan. CH4-rich liquids could also sequester significant
amounts of N2 from the atmosphere (especially if extensive
“aquifers” exist; Hayes et al., 2008), which has implications
for the evolution of Titan’s atmosphere (e.g., Glein et al.,
2009). C3H8 is predicted to be a less abundant constituent
of surface liquids on Titan, with a maximum mole fraction
of 8.5% (Fig. 10A). This value may seem small, but this
concentration is considerably higher than the concentration
of NaCl in seawater (�0.8 mol%; Eby, 2004). Even a brine
that is saturated with respect to the mineral halite at
298.15 K contains only �9.9 mol% of NaCl (Marion and
Kargel, 2008). These comparisons draw attention to a fun-
damental difference between Titan and Earth. The solvent,
or the major chemical composition of the naturally occur-
ring liquid, on Titan is expected to be more complex than
that on Earth, which is dominated by H2O. It can be ex-
pected that there are mixed solvents on and near Titan’s
surface containing CH4, C2H6, C3H8, and N2, whose pro-
portions are controlled by local physiochemical conditions
(e.g., the relative humidity of CH4).

Possible compositions of surface liquids in Titan’s polar
regions can be explored by comparing the results described
above with determinations of mixing ratios of CH4 gas at
the surface. The Huygens GC–MS measured a mixing ratio
of (5.65 ± 0.18) � 10�2 for CH4 at the probe’s equatorial
landing site (Niemann et al., 2010). Penteado and Griffith
(2010) used a radiative transfer model to derive near-sur-
face mixing ratios from ground-based infrared spectra,
and found that CH4 gas abundances at low and mid-lati-
tudes are consistent with the Huygens value to within
�10–20%. If CH4 gas is well-mixed at all latitudes, polar
lakes and seas would have equilibrium compositions on
the mole scale of 62.4% CH4, 22.9% C2H6, 12.4% N2, and
2.3% C3H8 (Fig. 10A). In this case, the liquids would be
dominated by CH4. However, mixing ratios of CH4 gas
near Titan’s poles may be different from those at lower lat-
itudes, like on Earth where water vapor in the lower tropo-
sphere is not uniformly mixed. This seems likely because the
ubiquity of lakes in Titan’s polar regions, and their appar-
ent absence elsewhere (Aharonson et al., 2009; although,
see Griffith et al., 2012), indicate that the polar climate is
wettest, as predicted by the recent general circulation model
of Schneider et al. (2012). Differences in climate imply dif-
ferent mixing ratios of CH4 gas. If the CH4 content of Ti-
tan’s atmosphere is buffered by high-latitude lakes (Mitri
et al., 2007), then the average mixing ratio of CH4 in the po-
lar atmosphere should be greater than the Huygens value,
as polar air would be closer to the CH4 source than would
equatorial air. Net evaporation of CH4 must also occur for
lakes to buffer atmospheric CH4 against photochemical
destruction, which means that the lakes must be in a state
of disequilibrium with respect to polar air (i.e., the actual
mixing ratio of CH4 gas is less than the equilibrium mixing
ratio). Overall, the buffer model suggests that Titan’s lakes
and seas may be CH4-rich (�63–77 mol%; Fig. 10A).

While spectral features consistent with the presence of li-
quid C2H6 were detected in the south polar lake Ontario
Lacus, the relative abundance of C2H6 in the lake is not
known (Brown et al., 2008), so this observation cannot be
used as a quantitative constraint. The apparent shrinkage
of Ontario Lacus would imply that the lake contains appre-
ciable CH4 if evaporation is responsible for the shrinkage,
because C2H6 is probably not volatile enough to yield suf-
ficient rates of evaporation (Hayes et al., 2011; although,
see Cornet et al., 2012). Yet, infiltration of liquid into the
subsurface could also be responsible for the loss of liquid
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from Ontario Lacus, and there is insufficient information at
present on the relative rates of these processes.

On the other hand, modeling of infrared data from the
Voyager 1 spacecraft suggests that mixing ratios of CH4

gas become lower at higher latitudes (�6% to �2% from
0� to ±60�; Samuelson et al., 1997). If this model is cor-
rect, polar lakes may be rich in C2H6 (containing perhaps
�70 mol%; Fig. 10A), unless liquids are significantly out
of equilibrium with the near-surface atmosphere. A highly
dynamic polar environment (e.g., Tokano, 2009) could
maintain a small actual mixing ratio of CH4 gas despite
a large equilibrium mixing ratio. Prevention of equilib-
rium between air and liquids would require advection of
evaporated CH4 away from polar regions and compensat-
ing input of rain to maintain a non-equilibrium steady
state (evaporation and rainfall need not occur in the same
place on a local scale; e.g., lakes versus highlands). A
greater understanding of the relationships between the
composition of surface liquids and climate can be
achieved by obtaining more information about latitudinal
variations in the CH4 gas mixing ratio in the lower tropo-
sphere (especially near the poles). It should be emphasized
that thermodynamic models are not restricted to systems
at equilibrium. As demonstrated by this discussion, com-
parisons between the real system and its equilibrium state
can lead to insights into processes that create
disequilibrium.

Equilibrium compositions of surface liquids from sev-
eral models in the Titan literature are compared in Table 4
(Lunine, 1985; Thompson, 1985; Dubouloz et al., 1989;
Cordier et al., 2009; Tan et al., 2013). The comparisons
are not strictly parallel because there are slight differences
in temperature between the models (higher temperatures
cause liquids to lose CH4 and N2, and gain C2H6). The
models also have different numbers of components, so some
caution is in order. In general, there is fair agreement
among the models in terms of the concentrations of CH4,
C2H6, and N2. Lower-temperature models generally predict
that surface liquids contain more CH4 and N2, and less
C2H6, as expected. Close agreement between the MVL
and GERG models suggests that predictions from these
Table 4
Comparisons between various equilibrium composition models of multico
mole fraction) of 6% at the base of the atmosphere (i.e., similar to the H
model (Kunz et al., 2007; Kunz and Wagner, 2012), and MVL refers to

Variable Lunine
(1985)

Thompson
(1985)

Dubouloz e
(1989)

Surface temperature (K) 94 94 92.5
Surface pressure (bar) 1.5 1.5 1.52
Mole percent CH4 �50b 50.1 �55b

Mole percent C2H6 �41.2b 41.3 �35b

Mole percent C3H8 – – –
Mole percent N2 �8.8b 8.6 �10b

Mole percent C2H2 60.031 – �0.02b

Mole percent othersa – – <0.01

a “Others” correspond to various hydrocarbons, nitriles, and inorganic
b Values are approximate because they were obtained by interpolating
models may be accurate. The anomalous model is that of
Cordier et al. (2009), which predicts far less CH4 and N2

in the liquid phase than do the others (Table 4). Because
the Cordier et al. model gives results that are significantly
different from the rest of the models, it is tempting to as-
sume that there is something incorrect with this model or
its implementation. If so, the discrepancy could be attrib-
uted to: (1) potential use of inaccurate thermodynamic
data; (2) incorrect numerical solutions to the equations of
phase equilibrium; (3) inconsistency between model param-
eters and thermodynamic data; or (4) minor components in
the Cordier et al. (2009) model have unrealistically large ef-
fects on the activity coefficients of major components. Note
that Cordier et al. (2012) and Tan et al. (2013) also ques-
tioned the accuracy of the Cordier et al. (2009) model. Con-
sequently, the consistency of this model with the
experimental data in Supplementary Table 1 (as one exam-
ple) should be determined before proceeding to Titan
applications.

5.2. C2H2 as a mineral in sedimentary processes

The predicted solubility of solid C2H2 (acetylite?) in sur-
face liquids on Titan is shown in Fig. 10B; the solubility is
predicted to be a strong function of the mixing ratio of
atmospheric CH4. Solid C2H2 is much more soluble in li-
quid C2H6 than in liquid CH4 (Fig. 9B), so the computed
solubility of C2H2 is responding to changes in the composi-
tion of the solvent (Fig. 10A). This is another example of
how Titan’s complex solvent can influence geochemistry.
One potential consequence is that, by analogy to the forma-
tion of ore deposits on Earth (Robb, 2005), mixing of liq-
uids with different compositions could lead to the
formation of deposits that are rich in C2H2, as well as other
organic minerals on Titan. Imagine a C2H6-rich subsurface
fluid (whose original CH4 and N2 were mostly driven off by
mild heating) migrating through C2H2-bearing sediments.
This fluid might contain �104 ppm C2H2 (Fig. 10B). Mix-
ing of this fluid with fresh meteoric fluid (e.g., 77% CH4,
23% N2; Fig. 10A) may cause C2H2 to precipitate in the
mixing zone. The amount of solid formed would depend
mponent liquids on Titan’s surface for a CH4 gas mixing ratio (or
uygens value; Niemann et al., 2010). GERG refers to the GERG

the modified van Laar model (Eq. (12)).

t al. Cordier et al.
(2009)

Tan et al.
(2013)

GERG MVL

93.65 93.7 90.6941 90.6941
1.46 1.467 1.467 1.467
�7.3b 31.76 68.1 68.1
�78.3b 53.16 15 15.5
�7.6b 7.2 1.5 1.55
�0.32b 6.89 15.4 14.8
�1.18b 0.77 – 0.022
�5.3b 0.22 – –

compounds.
results from published figures.
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on the proportions and compositions of the two fluids.
Many terrestrial minerals, such as carbonates and silicates,
have solubilities that are also sensitive to liquid composi-
tion. However, the activity of H+ (i.e., pH) is usually the
most important compositional variable in low-temperature
aqueous geochemistry on Earth (Drever, 1997), whereas the
presence of cosolvents appears to heavily influence mineral
solubilities on Titan. C2H6 in liquid hydrocarbons on Titan
is evidently the geochemical equivalent of acid in aqueous
solutions on Earth, since both substances can increase the
solubilities of minerals in their respective environments.

Further insights into the geochemistry of C2H2 on Titan
can be gained by making comparisons with the solubilities
of halite, gypsum, and calcite in water on Earth (Fig. 10B).
The solubility of calcite in water depends on the partial
pressure of CO2. The partial pressures considered here are
3.9 � 10�4 bar (the contemporary terrestrial atmosphere),
and 10�2 bar (a representative value for groundwaters in
limestone aquifers; Garrels and Christ, 1965; Drever,
1997). Solubilities of terrestrial minerals in pure water at
298.15 K and 1 bar were calculated using the FREZCHEM
model (Marion and Kargel, 2008).

Solid C2H2 in CH4–N2 meteoric fluid on Titan is about
as soluble as calcite in surface waters on Earth (Fig. 10B).
The solubility of C2H2 in liquid hydrocarbons on Titan is
predicted to rival that of calcite in subsurface waters on
Earth if the meteoric fluid on Titan picks up small amounts
of C2H6 and C3H8 (�10 mol%) during fluid transport. This
could have significant geomorphological implications. For
example, Mitchell and Malaska (2011) reported that land-
forms consistent with karst topography, such as steep-
rimmed depressions, are present in Titan’s “Arctic Lake
District”. On Earth, karst typically develops as groundwa-
ter dissolves calcite and other carbonates in limestone
(Summerfield, 1991). By analogy, our calculations suggest
that dissolution of solid C2H2 by CH4-rich weathering flu-
ids could produce sinkholes or other karstic features on Ti-
tan. This will depend on many unknowns, such as the
existence of thick deposits of C2H2-rich rock, the mechani-
cal strength of the rock, and whether there is sufficient flow
of weathering fluid through the rock. While these are diffi-
cult issues to address at present, the computed solubilities
may serve as a starting point for models of solution erosion
on Titan (Lorenz and Lunine, 1996; Mitchell et al., 2008;
Malaska et al., 2011).

Another application of the MVL model is assessing the
geochemistry of evaporite minerals on Titan. Recently,
Barnes et al. (2011) discovered a 5-lm bright unit in what
appear to be dry lakebeds near Titan’s north pole, and pro-
posed that the unit is composed of organic evaporites.
Observations of decreasing depths and shoreline recessions
of lakes with time may be consistent with evaporation or
infiltration of liquid from lakes (Hayes et al., 2011; Turtle
et al., 2011b; Cornet et al., 2012). Evaporation may be an
agent of geochemical change on Titan (Mitri et al., 2007),
as on Earth and Mars (e.g., Tosca and McLennan, 2006).
Evaporation of volatile species from lakes, seas, or pore flu-
ids will concentrate residual liquids in nonvolatile, soluble
species. If the liquids become sufficiently concentrated, min-
erals will precipitate. An obvious difference between Earth
and Titan is that evaporitic sediments are inorganic on
Earth, while they should be predominately organic on Ti-
tan. Another difference is that evaporation will markedly
change the composition of the solvent on Titan. Because
C2H6 and C3H8 are much less volatile than CH4 (Table 2),
the proportions of C2H6 and C3H8 will increase during net
evaporation of CH4. The difference stems from the fact that
natural waters on Earth do not contain appreciable
amounts of nonvolatile liquids that are miscible with water.
A dramatic change in solvent composition would affect
evaporite geochemistry on Titan because organic mineral
solubilities are expected to differ greatly between CH4-rich
and C2H6-rich liquids (Fig. 9B; Tiffin et al., 1979). This type
of behavior is unfamiliar in terrestrial saline lakes; for in-
stance, gypsum is only �3.4 times more soluble in a 5 molal
NaCl solution than in pure water at ambient conditions
(Marion and Kargel, 2008). It is possible that some miner-
als on Titan could precipitate during an early stage of evap-
oration, but they may stop forming during later stages of
evaporation after the C2H6 concentration has built up suf-
ficiently in the remaining liquid. Details of how this might
work would depend on the solute of interest, its initial con-
centration, and the starting composition of the solvent.
This strange precipitation behavior may be useful for future
exploration, as the process may create gaps in the sedimen-
tary record on Titan, which may help future researchers in
interpreting stratigraphic sequences.

Returning to the specific case of C2H2, Fig. 10B shows
that solid C2H2 should have a solubility in C2H6-dominated
“saline” fluids (�103–104 ppm) that is roughly comparable
to that of gypsum in surface waters on Earth. Thus, C2H2

looks like it can be an evaporite mineral on Titan, so
C2H2 is a logical substance to look for in putative evaporite
deposits (e.g., Moriconi et al., 2010). The evaporitic charac-
ter of C2H2 may explain why C2H2 has not been detected by
remote sensing on the surface (Clark et al., 2010). Fluvial
modification of Titan’s surface may result in dissolution
of solid C2H2, and weathering fluids may ferry C2H2 into
the subsurface. One possible outcome is that subsurface
evaporation of CH4 may lead to precipitation of solid
C2H2 in pore spaces of sediments, forming duricrusts by
cementing sediment particles. Calcrete (calcite) and gyp-
crete (gypsum) duricrusts are common in deserts on Earth
(Goudie, 1983; Watson, 1983), and the similar predicted
solubilities of C2H2 (Fig. 10B) suggest that C2H2 could be
a duricrust-former in arid regions on Titan (e.g., Lorenz
et al., 2006). Note, however, that there are alternative
explanations for the apparent lack of widespread C2H2 on
Titan’s surface, such as polymerization and cyclization
reactions that consume C2H2 (Matteson, 1984; Zhou
et al., 2010). This complex issue cannot be settled here,
but the geochemical model has demonstrated its usefulness
by suggesting a testable hypothesis that may be useful to fu-
ture exploration. If C2H2-cemented duricrusts (acetcretes?)
are present on Titan, a future robotic digger may encounter
a hardened soil layer that is rich in sedimentary C2H2.

In closing this discussion, there are a few lingering issues
to address. Will liquid solutions be at equilibrium with sol-
ids on Titan’s surface? It is plausible that they may be at
least close to equilibrium (e.g., Malaska and Hodyss,
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2013) because relatively small energy changes are involved
when nonpolar solids dissolve or precipitate. This should
make it easier for molecules with even small amounts of ki-
netic energy to surmount activation barriers. Contrast this
with minerals on Earth, where most crystal lattices are held
together by strong ionic bonds, which result in large kinetic
barriers for dissolution and growth processes in many cases
(quartz is a notorious example). Next, calculated solubili-
ties of solid C2H2 in C2H6-rich liquids should be regarded
as provisional because the interaction energy for C2H2–
C2H6 was estimated using a correlation whose accuracy re-
mains to be fully determined (see Section 3.3). However, the
predicted trend of increasing solubility with decreasing mix-
ing ratio of CH4 gas (Fig. 10B) is sound, as a greater pro-
portion of C2H6 in the liquid (Fig. 10A) is expected to
increase the solubility of solid C2H2 (see Section 4.2). It
was emphasized in Section 5.1 that Titan’s solvent is more
complex than Earth’s, which gives rise to unique geochem-
ical features. It should also be pointed out that Earth’s sol-
ute geochemistry is expected to be immensely richer than
Titan’s. On Titan, a molecule can occur in different phases,
but it is still the same molecule. In contrast, ions in waters
on Earth can combine in myriad ways to produce diverse
secondary minerals (e.g., salts, oxyhydroxides, clay miner-
als). This rich combinatorial chemistry is possible because
the building blocks of ionic minerals are more elementary
than the formula units of minerals. For molecular minerals,
such as those presumably on Titan, the two are the same.
This means that the classic geochemical concepts of incon-
gruent dissolution and chemical divides (Drever, 1997) will
not apply to the geochemistry of liquid hydrocarbons on
Titan.

6. CONCLUDING REMARKS

We present a generalized thermodynamic framework for
quantifying phase equilibria between solids, liquids, and
gases in the CH4–C2H6–C3H8–N2–C2H2 system at Titan
surface conditions. The modified van Laar (MVL) model
was developed to account for non-ideal behavior in liquid
mixtures by calculating the activity coefficients of mixture
components. Interaction energy parameters were derived
by critically evaluating experimental phase equilibrium
data, and regressing internally consistent data. The model
provides an excellent fit to most of the data, and fits the rest
of the data sufficiently well for applications to Titan. It was
found that interaction energies at the triple-point tempera-
ture of CH4 correlate linearly with differences in enthalpies
of vaporization between the binary components, and this
systematic behavior was exploited to estimate the interac-
tion energies for the experimentally uncharacterized bina-
ries C2H2–C2H6 and C2H2–C3H8. Close agreement
between model predictions and experimental results for
the CH4–C2H6–N2 ternary shows that the MVL model
can provide accurate descriptions of non-idealities in multi-
component solutions. It was also shown that ternary data
can be used to improve the model by inclusion of a ternary
parameter, and that the model compares favorably to alter-
native models. The MVL model was applied to Titan, pro-
viding quantitative information on possible compositions
of surface liquids in Titan’s polar regions. Comparisons be-
tween the solubility of solid C2H2 in liquid hydrocarbons
on Titan and the aqueous solubilities of common sedimen-
tary salts on Earth yielded insights into the geochemistry of
C2H2 in weathering and arid environments, with potential
geological consequences of karst and evaporite formation,
respectively. Overall, substantiation and demonstration of
the MVL model show that it can be used to explore Titan’s
strange yet familiar geochemistry, which will allow quanti-
tative assessments of how geochemical processes can pro-
duce or modify geological features on this extraordinary
world.

There are numerous theoretical and experimental stud-
ies, remote observations, and in situ measurements that
can lead to a better understanding of fluvial geochemistry
on Titan:

(1) Additional binary systems at phase equilibrium
should be characterized by regressing existing litera-
ture data (e.g., Hiza et al., 1982), and by obtaining
new experimental data. Expanding the number of
components in the MVL model will allow more com-
plete models of geochemical processes on Titan. Such
developments will also allow tests of the assumptions
and correlations used in this study, leading perhaps
to the development of improved predictive methods.
Of special interest are binaries with CH4 or C2H6,
and compounds that have been detected in Titan’s
atmosphere (e.g., HCN; Magee et al., 2009; Couste-
nis et al., 2010); as well as compounds that may be
present on the surface (e.g., benzene; Clark et al.,
2010; Niemann et al., 2010). Geochemical models
could be expanded further by considering organic
products from atmospheric chemistry models (e.g.,
Lavvas et al., 2008a,b) and experiments (e.g.,
Thompson et al., 1991), as well as cosmochemically
abundant ices and noble gases. A speculative class
of surface materials is organometallic compounds
(e.g., ferrocene, iron pentacarbonyl), which could
form from delivery of metals by comets or interplan-
etary dust. It is also recommended that compounds
with diverse structural or electronic properties be
studied to obtain fundamental information about
non-ideal behavior in cryogenic solutions.

(2) Phase equilibrium experiments with ternary mixtures
at Titan surface conditions would provide data that
can be used to test the MVL model more thoroughly,
refine the model, or call for new approaches. Of
greatest relevance to Titan are ternaries with liquid
CH4 and C2H6, especially equimolar mixtures.

(3) Determining whether relevant organic solids can form
appreciable solid solutions at Titan surface conditions
(e.g., Hodyss et al., 2013) will affect the thermody-
namic treatment adopted here (see Eq. (8)). It might
be expected that substances can form a solid solution
if they have identical crystal structures, and similar
critical volumes and chemical characteristics.

(4) Extension of the MVL model to higher temperatures
and pressures will permit computational studies of
thermally-driven geochemical processes in Titan’s
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subsurface. This could lead to insights into possible
diagenetic mechanisms for producing sedimentary
rocks (e.g., sandstones), such as precipitation of
cements during cooling of fluids that are saturated
with respect to organic minerals. In addition, organic
minerals that precipitate at higher temperatures
could serve as spectral markers that may help in iden-
tifying current or past regions of elevated thermal
activity using remote sensing.

(5) More comprehensive modeling of phase equilibria
would lead to a more detailed understanding of
how Titan’s cryogenic geochemistry might respond
to changes in geochemical variables. This, in turn,
could drive hypotheses about the wider context of
fluvial geochemistry on hydrocarbon worlds in the
Universe. Such greasy worlds may be common
(Lunine, 2010), especially around stars that have a
higher carbon-to-oxygen ratio than the Sun (e.g.,
Johnson et al., 2012). Another potentially fruitful
application would be to constrain the bioenergetics
of speculative life in liquid hydrocarbons (McKay
and Smith, 2005) using standard Gibbs energies of
formation (Table 2) together with the MVL model.

(6) Laboratory studies of kinetic phenomena, such as
rates of evaporation of CH4 (Luspay-Kuti et al.,
2012) and rates of dissolution of relevant organic sol-
ids in liquid CH4 and C2H6 (Malaska and Hodyss,
2013), will help in clarifying the appropriateness of
the equilibrium assumption under various condi-
tions. Experiments could also examine equilibrium
and kinetic isotopic fractionations. As an example,
there may be a meteoric methane line on Titan that
is analogous to the meteoric water line on Earth
(Craig, 1961), so experiments could provide lessons
on how the isotopic composition of CH4 evolves in
response to non-equilibrium processes. Precipitation
of minerals may also fractionate isotopes apprecia-
bly, implying that the isotopic composition of miner-
als may constitute a record of geochemical conditions
in Titan’s past.

(7) Our ability to simulate actual geochemical processes
on Titan is hampered by limited knowledge of the
composition of Titan’s surface. Unambiguous identi-
fication of surface materials will most likely require
in situ measurements. Crucial pieces of information
are the compositions, proportions, and distributions
of liquids and solids, as functions of local climate
and geology. The ethane-to-methane ratio in Titan’s
lakes is particularly important (Soderblom et al.,
2012). As on Earth, a great deal could be learned
about how liquids evolve geochemically by compar-
ing the molecular and isotopic compositions of
Titan’s air, rain, rivers, lakes, seas, and subsurface
fluids.

(8) Finally, further exploration of Titan’s CH4-based
volatile cycle (at present and in the past) is called
for to enable more detailed assessments of its poten-
tial for supporting diverse types of geochemistry.
Continued geomorphological studies of fluvial land-
forms and associated features, observations of sea-
sonal changes in tropospheric clouds and liquid
bodies such as lakes, and models of the climate and
carbon cycle will all be helpful.
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APPENDIX A. DERIVATION OF THE MODIFIED

VAN LAAR MODEL

Here, we show how Scatchard–Hildebrand regular solu-
tion theory can be transformed into the modified van Laar
(MVL) model. Regular solution theory provides a suitable
basis for an empirical model of non-ideal behavior in mix-
tures of nonpolar molecules. This theory assumes that the
volume of a liquid mixture is the sum of pure-component
volumes, and the entropy of mixing of pure components
is equivalent to that of the corresponding ideal solution.
The distribution and orientations of molecules are random
in a regular solution, as a result of non-directional intermo-
lecular interactions and thermal agitation. In general, these
assumptions are appropriate for mixtures of nonpolar mol-
ecules (Hildebrand and Scott, 1950). The excess Gibbs en-
ergy of mixing (GE) refers to the difference in Gibbs
energy between a solution and its ideal counterpart. In
Scatchard–Hildebrand theory, GE for binary 1–2 is given
by (Prausnitz et al., 1999)

GE

vmix

¼ DU 1

v1

þ DU 2

v2

� 2
DU 12

v12

� �
U1U2; ðA1Þ

where DUi stands for the internal energy of vaporization of
component i to the ideal gas state, vi designates the liquid
volume of component i at the temperature and pressure
of the system, and Ui indicates the volume fraction of com-
ponent i in the mixture. Parameters with subscript 12 are
constants that are used with mixing rules to characterize
mixtures in terms of pure-component properties. Volume
v12 can be decomposed using the van der Waals mixing rule
for volume parameters: v12 = (v1 + v2)/2. Substituting this
into Eq. (A1) and rearranging, yields

GE

vmix

¼ x12U1U2

v1 þ v2

; ðA2Þ

where

x12 ¼ 1þ v2

v1

� �
DU 1 þ 1þ v1

v2

� �
DU 2 � 4DU 12; ðA3Þ
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and x12 is defined as the interaction energy for binary 1–2.
To obtain optimal agreement with experimental data, x12 is
treated as an adjustable parameter (e.g., Peng, 2010). The-
oretical evaluation of x12 is hampered by the inability to
formulate a suitable mixing rule for DU12 (arithmetic and
geometric means are insufficient). A second modification
of regular solution theory is to replace liquid volumes in
Eq. (A2) with effective volumes (q), as suggested by Hilde-
brand and Scott (1950). This gives the MVL model more
flexibility.

A simple and useful expression for the excess Gibbs en-
ergy of mixing in multicomponent systems from the MVL
model is

GE

qmix

¼
Xn�1

i¼1

Xn

j>i

xijzizj

qi þ qj

; ðA4Þ

where zi represents the effective volume fraction of compo-
nent i in the mixture. Activity coefficients (i.e., Eq. (3)) can
be derived from Eq. (A4) by differentiating Eq. (A4) with
respect to the component of interest (see Prausnitz et al.,
1999). This guarantees thermodynamic consistency by satis-
fying the Gibbs–Duhem equation. Summing binary contri-
butions to non-ideal behavior in Eq. (A4) should provide
acceptable approximations for nonpolar mixtures, in which
two-body interactions dominate because relatively weak
dispersion forces between nonpolar molecules act over
short distances.

The accuracy of the MVL model can be improved by
accounting for ternary interactions. A logical extension of
Eq. (A4) is (e.g., Wohl, 1946)

GE

qmix

¼
Xn�1

i¼1

Xn

j>i

xijzizj

qi þ qj

þ
Xn�2

a¼1

Xn�1

b>a

Xn

c>b

xabczazbzc

qa þ qb þ qc

; ðA5Þ

where xabc specifies the interaction energy for ternary a–b–
c. This is a more general form of the MVL model. The
structure of this equation is reminiscent of that used in
the formulation of the Pitzer equations (Pitzer, 1973), which
are used in geochemistry to calculate the activity coefficients
of components in saline solutions (e.g., Harvie et al., 1984).
There is also an analogy with the virial equation (Prausnitz
et al., 1999). Differentiation of Eq. (A5) leads to Eq. (12).
Adding further corrections, such as quaternary terms,
seems unnecessary for nonpolar mixtures, and would make
the model unwieldy.

APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.03.030.
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