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We develop a two-component heterogeneous nucleation model that includes exact calculation of the
Stauffer-type �D. Stauffer, J. Aerosol Sci. 7, 319 �1976�� steady-state kinetic prefactor using the
correct heterogeneous Zeldovich factor for a heterogeneous two-component system. The model, and
a simplified version of it, is tested by comparing its predictions to experimental data for water-
n-propanol nucleating on silver particles. The model is then applied to water-carbon dioxide system
in Martian conditions, which has not been modeled before. Using the ideal mixture assumption, the
model shows theoretical possibilities for two-component nucleation adjacent to the initial stages of
one-component water nucleation, especially with small water vapor amounts. The numbers of
carbon dioxide molecules in the critical cluster are small in the case of large water amounts �up to
300 ppm� in the gas phase, but larger when there is very little water vapor �1 ppm�. © 2007
American Institute of Physics. �DOI: 10.1063/1.2770737�

I. INTRODUCTION

Clouds have been known to exist on Mars since the be-
ginning of observations of the Martian atmosphere and they
exhibit clear temporal and spatial patterns. Water ice clouds
have been directly identified from observations and CO2

clouds were observed indirectly.1–4 In certain situations, for
example, in the polar night, the atmosphere is depleted of
water, and in the cold polar winter temperatures, CO2 clouds
are formed. CO2 clouds also form at very high altitudes in
the equatorial areas, as observed recently by SPICAM and
OMEGA on Mars Express.5–7 In some areas the temperatures
are too high for CO2 condensation, but low enough for the
water vapor in the atmosphere to nucleate and condense.
Thus the previous studies on modeling the formation of Mar-
tian clouds have focused mostly on describing one type of
clouds at a time.8–16 It has been shown through a thermody-
namic analysis of the system of these major Martian volatiles
�CO2and H2O�17 that the two components together can theo-
retically condense as a clathrate or an eutectic mixture of
CO2 ice with clathrate or H2O ice. Also Ref. 18 studied the
formation and remote sensing detectability of CO2 clathrate
hydrate in Martian conditions. These studies raise the ques-
tion of possible formation of ice particles composed of H2O
and CO2 in the atmosphere. The goal of this paper is to study
this phenomenon of two-component nucleation in the atmo-
sphere of Mars in a theoretical framework.

We tested different approaches of nucleation kinetics as
a prelude for the main interest of our work: the Martian
CO2-H2O system. This paper also presents the first model
study of two-component heterogeneous nucleation using the
exact Stauffer steady-state kinetics,19,20 which we refer to as
Stauffer kinetics from now on. Several approximations have

been used previously in the literature and we wanted to avoid
using them before testing their effect. We have compared the
Stauffer kinetics and the approximate models to each other,
and to experimental data using water-n-propanol system,
which served as a test bench for the models. The structure of
the paper is as follows: In Sec. II we focus on the classical
theory of nucleation, first presenting the basics of the well-
understood thermodynamics, after which we focus on the
kinetics, both the exact Stauffer kinetics and the different
approximations commonly used. We also discuss briefly the
presentation of results in terms of nucleation probability, a
key concept in heterogeneous nucleation. In Sec. III we
present the comparison of the different kinetic approaches
and compare the results to experimental data. This section
forms the foundation for the model selection. Finally, in Sec.
IV we focus on the main point of this paper, which is mod-
eling the nucleation of the Martian CO2-H2O system. We
discuss the approximations made, a correction for noniso-
thermal nucleation that has been previously used in the lit-
erature but which is unnecessary in general in heterogeneous
nucleation, and the difficulties involved with the exotic
CO2-H2O system. This section presents the first ever testing
of two-component particle formation in the Martian atmo-
sphere. In Sec. V we summarize and discuss the results of
the comparison of the kinetic approaches and modeling of
the Martian system. The appendices describe more in detail
the calculation of the formation free energy for a general
cluster and summarize some of the thermodynamic data for
the two systems used in this work.

II. THE HETEROGENEOUS TWO-COMPONENT
NUCLEATION THEORY

A. Thermodynamics and critical cluster composition

In heterogeneous nucleation clusters form on the sur-
faces of pre-existing solid condensation nuclei �CN�. To dis-
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tinguish the cluster from the CN we call the cluster phase
liquid, but this is only a matter of terminology: clusters can
be either liquid or solid, and in fact the phase of a small
cluster consisting of only a few molecules is not necessarily
well defined.

In the two-component heterogeneous case the mole frac-
tion x �of for example component 2� in the liquid core of the
critical cluster is obtained as in the homogeneous case21 by
solving the equation

��1�x�
v1�x�

=
��2�x�
v2�x�

�1�

and the radius is given by the Kelvin equation

r� =
2�g,lvi

��i
, �2�

where subscripts 1 and 2 refer to the two substances and
subscript i to either of them. The formation free energy of the
homogeneous critical cluster is

�Ghom
� =

4

3
�r�2�g,l. �3�

In these equations �g,l is the gas-liquid surface tension, vi the
partial molecular volume in the liquid of component i, and r�

is the radius of the critical cluster. For ideal gas the chemical
potential difference �the difference between the chemical po-
tential of the vapor �i,g�Pg ,xi,g� and the chemical potential
of the liquid at the vapor pressure �i,l�Pg ,xi,l�� is
��i=−kT ln�Ai,g /Ai,l�x��, where Ai,g and Ai,l are the gas and
liquid phase activities, respectively.

The formation energy for a heterogeneous cluster can be
expressed with the help of the formation energy of a homo-
geneous cluster at the same gas phase conditions as22

�Ghet = fg�Ghom, �4�

where fg is a geometric factor. The number of molecules in
the heterogeneous critical cluster is connected to the number
of molecules in the homogeneous cluster through another
geometric factor, fn=�Nhet /�Nhom, which can be acquired
from the ratio of volumes Vhet /Vhom assuming the same bulk
liquid density for heterogeneous and homogeneous clusters.

The geometric factors depend on the shape of both the
nucleating cluster and the pre-existing particle. For a cluster
which is part of a sphere �see Fig. 1� and a spherical pre-
existing particle the factor fg is given by22

fg =
1

2
�1 + �1 − Xm

g
�3

+ X3�2 − 3�X − m

g
�

+ �X − m

g
�3	 + 3X3m�X − m

g
− 1�
 , �5�

where g=�1+X2−2Xm, X=RCN/r�, RCN is the radius of the
pre-existing particle, and r� the radius of the critical cluster.
The contact parameter m=cos � is given by Young’s equa-
tion as

m�x� = cos � =
�g,sol − �l,sol�x�

�g,l�x�
, �6�

where � is the contact angle between the liquid and the pre-
existing particle �see Fig. 1�, �g,sol is the surface tension be-
tween the gas and solid phases, and �l,sol is the surface ten-
sion between the liquid and solid phases. For the geometry of
Fig. 1 the geometric factor fn reads22,23

fn =
1

4
�2 + 3�1 − Xm

g
� − �1 − Xm

g
�3

− X3�2 − 3�X − m

g
� + �X − m

g
�3	
 . �7�

For a planar pre-existing surface X→� and the two geomet-
ric factors are equal, fg= fn, but for a spherical condensation
nucleus fg� fn.

The bulk molecular numbers in the cluster core are given
by

ni,l
het = xiVhet�l�x� , �8�

where �l�x� is the molecular number density in the bulk liq-
uid and xi is the mole fraction of component i. The homoge-
neous cluster volume is Vhom= 4

3�r�3 and the heterogeneous
cluster volume is thus Vhet= fn · 4

3�r�3. The total number of
molecules in the heterogeneous cluster can be calculated as
ni,tot

het =ni,l
het+�sni,s

het for both substances �i=1,2�, where ni,s
het is

the surface excess number for component i related to inter-
face s. Both gas-liquid s= �g , l� and liquid-solid s= �l , sol�
interfaces contribute to the surface excess numbers. The sur-
face excess molecule correction terms can be acquired
from24

n1,s
het =

As,het
��s

�x
v1

v2
� ��2,l

�x �r − � ��1,l

�x �r

,

�9�

n2,s
het =

As,het
��s

�x
v2

v1
� ��1,l

�x �r − � ��2,l

�x �r

,

where As,het is the surface area of the interface s, which for
gas-liquid surface can be calculated as22

FIG. 1. The geometry of heterogeneous nucleation: a critical cluster of
radius r*on the surface of a pre-existing particle of radius RCN. � is the
contact angle. Angle � is related to Eqs. �24� and �25�.
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Ag,l,het = 2�r�2�1 +
�1 − Xm�

g
	 �10�

and for liquid-solid surface as

Al,sol,het = 2�RCN
2 �1 +

�X − m�
g

	 . �11�

The liquid chemical potentials �i,l and their derivatives
with respect to mole fraction x are calculated as in Noppel
et al.24 The derivative of the liquid-solid surface tension �l,sol

with respect to mole fraction x in the liquid is calculated
using Young’s equation �Eq. �6�� assuming that the gas-solid
surface tension �g,sol is independent of the liquid composi-
tion.

B. Kinetics of nucleation

For the kinetic prefactor in the heterogeneous case the
birth-death equations governing the cluster concentrations
can be formulated in an analogous way to the homogeneous
case. The only difference is that the coefficients giving the
collision rate of monomers to the cluster now describe either
direct vapor deposition or surface diffusion to the cluster �see
later�. Assuming steady-state conditions, the birth-death
equations together with an equation for the evaporation co-
efficients �again mathematically equivalent to the homoge-
neous case� lead to a heterogeneous form of the Stauffer
formula �see Ref. 25 for detailed derivation of this equation
in the homogeneous case�.

Giving the nucleation rate per unit time and unit area of
pre-existing surface, the heterogeneous Stauffer formula in
the two-component case is19,20

J = RavF
e exp�− �Ghet

�

kT
�Z , �12�

which has units m−2 s−1, where T is the temperature and k is
the Boltzmann constant. The factor Fe in the equation of
nucleation rate �Eq. �12�� can be approximated as the total
number of adsorbed molecules per unit surface area of CN,

Fe  �c1,s
ads + c2,s

ads� . �13�

The average growth rate Rav is defined as

Rav =
	1	2

	1 sin2 
 + 	2 cos2 

, �14�

where 	i describes the rate of collisions of monomers of
species i onto the cluster �here only monomer-cluster inter-
actions are taken into account�. The direction angle 
 of the
growth vector in size space in the accurate and approximate
cases can be expressed as


 = arctan�− W11
� 	1

� + W22
� 	2

�

2W12
� 	1

�

−
�4W12

� 	1
�W12

� 	2
� + �W11

� 	1
� − W22

� 	2
��2

2W12
� 	1

� 	 = 
acc.,

�15�


 = arctan
x

1 − x
= 
approx.. �16�

In the latter form the direction angle is assumed to be given
by the location of the critical cluster in particle number
space.

The matrix W� is formed from the second derivatives of
the formation free energy

W� = ��
�2�Ghet

�n1
2 �� � �2�Ghet

�n1 � n2
��

� �2�Ghet

�n1 � n2
�� � �2�Ghet

�n2
2 ��� � �W11

� W12
�

W12
� W22

� � ,

�17�

where the derivatives are performed with respect to the total
numbers in the heterogeneous cluster ni=ni,tot

het .
The Zeldovich factor Z appearing in the nucleation rate

�12� can be calculated in three ways

Z =
− �W11

� + 2W12
� tan 
 + W22

� tan 
�
1 + tan 


1
��detW��

= Zacc.,

�18�

Z =� �

kT

vm

2�r�2 = Zapprox., �19�

Z = 1, �20�

where Eq. �20� is the simplest case of Z being set to unity.
Equation �18� is the accurate Stauffer formula and Eq. �19� is
the approximate case where the one-component homoge-
neous expression is extended to the two-component case us-
ing the virtual monomer volume vm �the “average” molecule
colliding with the surface of the cluster�

vm = xv1 + �1 − x�v2, �21�

where vi are the bulk liquid partial molecular volumes of the
species.

Two commonly used classical approaches exist for de-
scribing the growth rate of the embryo. The direct vapor
deposition approach takes into account only the vapor mono-
mers colliding directly with the critical cluster �Eq. �22��,
whereas the surface diffusion approach considers only the
monomers that have collided and adhered to the surface of
the CN, after which they diffuse to the cluster �Eq. �23��,

	i = Ag,l,het
pi,g

�2�kTmi

, �22�

	i = 2�RCN sin �dici,s
ads�i exp�− �Fi,sd

kT
� . �23�

Here di is the mean jump distance of a molecule, pi,g is the
pressure in the nucleating vapor, mi is the mass of a mol-
ecule, �i is the vibration frequency of a molecule on the
surface, and �Fi,sd is the surface diffusion energy. The cir-
cumference of the cap
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s = 2�RCN sin � �24�

is calculated here for a spherical CN �Ref. 22� with the angle
� given by

cos � = �X − m�/g . �25�

In expressions �13� and �23� the surface concentrations
of monomers, ci,s

ads, are calculated using a steady state be-
tween incoming and outgoing molecule fluxes26

ci,s
ads =

pi,g

�i
�2�kTmi

exp��Fi,des

kT
� , �26�

where �Fi,des is the desorption energy for component i.
The different choices for the kinetic model in nucleation

are described in Table I. As Table I shows, the accurate di-
rection angle 
 is used always when the accurate Zeldovich
factor is used, but when using the approximate Zeldovich
factors, the angle is also approximate. The reason for this is
that the matrix W� needs to be calculated both for the accu-
rate direction angle and the accurate Zeldovich factor. The
challenge in the Stauffer description of two-component het-
erogeneous nucleation kinetics is posed by the numerical cal-
culation of the matrix W� involving solution of highly non-
linear �and sometimes numerically cumbersome, see end of
Appendix A� Eq. �A1� described in Appendix A, from which
the bulk mole fraction in the heterogeneous cluster with
known total numbers of molecules can be solved. The ap-
proximations described in Eqs. �16�, �20�, �19�, and �21�
make it possible to avoid the calculation of the second de-
rivatives of the formation energy.

C. Nucleation probability

In the case of heterogeneous nucleation it is often more
practical to use the concept nucleation probability, instead of
the nucleation rate, to quantify the process. In heterogeneous
nucleation the amount of nucleated clusters �and thus the
nucleation rate� is dependent on the amount of the pre-
existing particles that act as CN. The nucleation probability
indicates the fraction of the pre-existing particles that have
become active as CN. The nucleation probability P in a set
time period t is defined as �see, for example, Ref. 27�,

P = 1 − exp�− J · 4�RCN
2 · t� , �27�

where the surface area of the CN is 4�RCN
2 . For the nucle-

ation time t we have used the value 10−3 s following the
experiments we compare our model to. The values of the
modeled onset activities for a chosen threshold nucleation

probability P are not very strongly dependent on the selec-
tion of t.28

III. WATER-n-PROPANOL SYSTEM

A. Comparison with experiments: Setup and system
properties

We tested the models by comparing them to three experi-
ments conducted for water-n-propanol mixture nucleating on
oxidized Ag particles with the average diameter of 8 nm.28

The experiments were done using an expansion chamber,
where an equilibrium vapor was produced with a spray-
evaporation method from a liquid two-component mixture
with constant propanol liquid mass fraction, after which the
gas was supersaturated by expansion and consequent
cooling28 to nucleation temperature of T=285 K, which is
the temperature used also in the model runs. The experiments
were done for several propanol liquid mass fractions, but we
chose three cases for the comparison with the models �mass
fractions Xl=0.653, 0.763, and 0.926�.

The same experimental data have been compared to ear-
lier modeling results.28 We used the thermodynamic data
given in Ref. 29, and described in Appendix C, and the mi-
croscopic contact angle �=35.82�1−x� / �1+61.62x� from
Ref. 28. We applied the same data to derive the desorption
and surface diffusion energies required for growth rates ac-
cording to the surface diffusion. The only first-order guess
made was the jumping distance of the molecule for
n-propanol: there are no data available for n-propanol so we
used the CO2 value10 since both molecules are nonpolar.

B. Sensitivity analysis of the kinetic prefactor

In this work we use the surface diffusion approach with
three different versions of the Zeldovich factor: Table I de-
scribes them as Zacc.+SD, Zapprox.+SD, and Z=1+SD. The
difference in nucleation rates between the surface diffusion
and the direct vapor deposition approaches 105−107,26

which, however, does not affect significantly the prediction
of nucleation onset,23 since the onset is mainly controlled by
the exponential part of the nucleation rate. Figure 2 shows

TABLE I. Choices for describing the heterogeneous kinetics in nucleation.
Zacc. is the accurate Zeldovich factor described by Eq. �18� and Zapprox. the
approximate Zeldovich factor described by Eqs. �19� and �21�. The growth
models direct vapor deposition �DVD� and surface diffusion �SD� are de-
scribed by Eqs. �22� and �23�, respectively.

	
Z

DVD SD

Zacc. �Eq. �18�� +
acc. Zacc.+DVD Zacc.+SD
Zapprox. �Eq. �19�� +
approx. Zapprox.+DVD Zapprox.+SD
Z=1 �Eq. �20�� +
approx. Z=1+DVD Z=1+SD

FIG. 2. The kinetic prefactor �for conditions at which nucleation probability
P�0.5� for two-component nucleation with three models for condensation
nuclei diameter of 8 nm. The temperature is T=285 K.
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the kinetic prefactors and Fig. 3 shows the Zeldovich factors
for the three variants of the model for conditions at which
P=0.5 as functions of water activity. The difference in the
kinetic prefactor between the models originates mainly from
the difference in the Zeldovich factors. The approximate
growth angle 
 plays a minor role. The Zeldovich factors,
and thus the kinetic prefactors, differ 1–5 orders of magni-
tude, but this does not affect the prediction of the onset con-
ditions as will be shown by the next four figures. The strange
behavior of the kinetic prefactor in Fig. 2 and the Zeldovich
factor in Fig. 3 at water activities 1–1.3 is due to numerical
behavior of the Stauffer model with high water activities.
The peak of the Zeldovich factor occurs where the physically
relevant root of Eq. �A1� switches from one branch to an-
other �see end of Appendix A�.

C. Water-n-propanol: Results

For the monodisperse CN the probability plots �Figs.
4–6� are step functions, where the nucleation probability
goes directly from zero to one. The case would not be the

same for a wide CN size distribution, when the values of J
for different CN sizes can vary significantly affecting the
value of P which is integrated over the CN sizes. In the
theoretical work we have used only monodisperse CN distri-
bution. The particle size distribution was not completely
monodisperse in the experiments,28 which can be seen as a
less steep behavior of the experimental data points.

The approximate treatment of the Zeldovich factor and
the growth angle do not affect nucleation probabilities sig-
nificantly. In all models the nucleation rate has a steplike
jump from practically zero to a high value �and the nucle-
ation probability jumps to the value of 1�, and the jump
occurs at the same activity values. Note that the experimental
data points sometimes exceed the value of P=1, which is
seen also in the original Ref. 28; this can be caused by the
experimental setup, homogeneous nucleation in the chamber
or approximations in the data analysis.

The activity plot �Fig. 7� shows the modeled onset ac-
tivities �nucleation probability equals or exceeds 0.5� for
three different condensation nuclei diameters and the experi-

FIG. 3. The Zeldovich factor �nucleation probability P�0.5� for two-
component nucleation with three models for condensation nuclei diameter of
8 nm. The temperature is T=285 K.

FIG. 4. Nucleation probability as a function of propanol activity with pro-
panol liquid mass fraction of 0.653. The temperature is T=285 K and the
diameter of the pre-existing particles DCN=8 nm. Also plotted as crosses
are the experimental data values for the specific propanol mass fraction.

FIG. 5. Nucleation probability as a function of propanol activity with pro-
panol liquid mass fraction of 0.763. The temperature is T=285 K and the
diameter of the pre-existing particles DCN=8 nm. Also plotted as crosses
are the experimental data values for the specific propanol mass fraction.

FIG. 6. Nucleation probability as a function of propanol activity with pro-
panol liquid mass fraction of 0.926. The temperature is T=285 K and the
diameter of the pre-existing particles DCN=8 nm. Also plotted as crosses
are the experimental data values for the specific propanol mass fraction.

134710-5 Two-component heterogeneous nucleation J. Chem. Phys. 127, 134710 �2007�

Downloaded 19 Dec 2007 to 128.214.182.209. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



mental data for three n-propanol mass fractions. With larger
CN the required activities for the onset of heterogeneous
nucleation are lower. Figure 7 also shows that the classical
nucleation theory reproduces well the shape of the curve and
the correct magnitude of the experimental onset activities,
but fails to quantitatively match the experiments. The activ-
ity plot also shows that the simplified models follow very
well the curve of the Stauffer model, which indicates that the
approximations made in the simplified models do not affect
significantly the prediction of nucleation onset.

IV. THE MARTIAN WATER-CARBON DIOXIDE SYSTEM

A. System properties

The properties of the Martian two-component water-
carbon dioxide system are not well known and in this work
we are only interested in testing the possibilities for nucle-
ation onset for this system. The one-component heteroge-
neous nucleation of both of these substances has been stud-
ied previously.23 We have also tested the homogeneous
nucleation of the components separately,23 and based on the
results we have neglected homogeneous two-component
nucleation as unlikely to happen due to extremely high su-
persaturations required.

The parameters for the simulations are listed in Table II.
The values for the adsorption and surface diffusion energies
listed in Table II are taken to be the latent heat and one tenth
of the latent heat, respectively, as in Ref. 30 and 31. The
contact parameter of the mixture is calculated as mmix=xm1

+ �1−x�m2, where m1 and m2 are the contact parameters of
the pure substances CO2 and H2O, respectively, and x is the
mole fraction of component 1 �CO2�. As a first approxima-
tion, we have calculated the thermodynamic data �surface
energy, ice density� for the mixture assuming ideal mixing.
For ideal mixture, the solid �in this case the bulk phase cor-
responding to the clusters is solid� phase activities are equal
to the mole fractions of the respective species. For testing the
behavior of the system, we made model simulations also

using the activity coefficients of water-n-propanol system for
the water-carbon dioxide system, since no data for the latter
is available. As both CO2 and n-propanol are nonpolar mol-
ecules, the activities of the water-n-propanol system are
thought to mimic the real behavior of the H2O-CO2 system.

We made model runs for different temperatures with a
CN radius of 1 �m, which is close to the average dust radius
near the Martian surface. The temperature range of 140–285
K was chosen as an average range for the Martian near-
surface temperatures. The effect of the CN radius was not
specifically tested here, but generally for CN as large as
1 �m nucleation is easier than for smaller particles. How-
ever, nucleation is not infinitely facilitated by increasing the
CN size, but levels off at some point. In our one-component
nucleation studies23 our tests showed that the decrease in
nucleation rates is significant only for CN radii smaller than
100 nm, and for bigger CN the nucleation rates stay fairly
constant. Thus, the effect of a wider CN distribution would
be to decrease the integrated nucleation rate due to the con-
tribution of the smaller particles, as the larger seed particles
do not enhance the rate significantly.

B. The nonisothermal coefficient

In previous studies of CO2 cloud formation in the Mar-
tian atmosphere a correction for latent heat effects in nucle-
ation happening in a near-pure vapor has been used.10,23 The
nonisothermal correction has been derived for homogeneous
nucleation where the effect is significant, but in heteroge-
neous nucleation the CN functions as a heat bath that ther-
malizes the cluster efficiently and a correction term is thus

FIG. 7. The modeled onset activities �nucleation probability P�0.5� for
two-component nucleation with three models for condensation nuclei diam-
eters of 5, 8, and 50 nm. The temperature is T=285 K. The three points
marked in the plot show the experimental data from measurements for ap-
proximately 8 nm diameter pre-existing particles and three n-propanol liquid
mass fractions.

TABLE II. Parameters for the Martian heterogeneous nucleation. The two
rightmost columns present the value used and/or the reference for the used
value.

Parameter Symbol CO2 H2O

Contact parameter m 0.952 0.97
Ref. 40 Ref. 10

Energy of adsorption �Fdes 3.25·10−20 2.9·10−20

�J molecule−1� Ref. 30 Ref. 31

Energy of surface diffusion �Fsd 3.25·10−21 2.9·10−21

�J molecule−1� Ref. 31 Ref. 31

Saturation vapor pressure psat Ref. 33 Ref. 34
�Pa� See Appendix B

Surface energy � 0.080 0.106
�J m−2� Ref. 10 Ref. 26

Ice density �kg m−3� �ice 1600.0, Ref. 10 Ref. 26

Molecular heat capacity cv 6.166e-23 4.66e-23
�J K−1� calculated calculated

Vibrational frequency
of the molecule

� 2.9·1012 1.0·1013

�s−1� Ref. 41 Ref. 26

Jumping distance
of the molecule

d 4.0·10−10 3.2·10−10

�m� Ref. 10 Ref. 26
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not needed. Only in cases where the CN are smaller than the
nucleating cluster, a nonisothermal correction may be needed
also in heterogeneous nucleation and the effect may be sig-
nificant also in ion-induced nucleation. The theoretical ap-
proach is anyhow revised here for our case of two-
component nucleation, since we have performed our model
runs both with and without the nonisothermal correction to
be comparable with previous studies. The difference between
the results for nucleation onset with and without the correc-
tion is insignificant: the onset activities differ only by 10−3

−10−2. The results of the following figures are calculated
without a nonisothermal correction.

The nonisothermal coefficient fT, which is important in
nucleation occurring in near-pure vapor without an excess of
thermalizing inert carrier gas, is calculated using the formu-
lation of Ref. 32, as was also done in Ref. 23,

fT =
b2

b2 + q2 , �28�

where q describes the energy acquired to the cluster in ad-
hering of monomers of the nucleating gas, and b the energy
lost in collisions of gas molecules with the cluster. b is of the
form

b = �cv,i + 0.5k�kT2 +
	c

	i
�cv,c + 0.5k�kT2, �29�

where cv,i is the molecular specific heat of the nucleating gas
and cv,c that of the inert carrier gas. The impingement fre-
quencies of the gases, 	c for the inert carrier gas and 	i for
the nucleating gas, are calculated with the formula 	c/i

= pc/i /�2�mmolec.kT. mmolec. is the molecular mass of the gas,
which is calculated for the carrier gas as the weighed average
of the gases �N2, Ar, O2�. The partial pressure pc is that of the
carrier gas, pi that of the nucleating gas. q in Eq. �28� can be
written in the following form:

q = h − kT/2 − �
�A�n�

�n

where A�n� is the cluster surface area as a function of the
number of molecules in the cluster and h is the latent heat
per molecule.

As an approximate extension to the two-component sys-
tem, the partial pressure of the nucleating vapor pi is calcu-
lated as the sum of the partial pressures of H2O and CO2, and
the number of molecules in the critical cluster, needed to
calculate the surface area of the cluster, is taken to be the
sum of the core numbers of the two substances. These sim-
plifications do not significantly affect the magnitude of the
nonisothermal coefficient.

For calculating the partial pressure of the inert gas we
use two approaches. In the onset study �Fig. 8� where the
activities were allowed to change freely, the partial pressure
of the inert gas �pc, consisting mostly of nitrogen and argon�
is calculated from the ratio of the inert gas and CO2 in Mars
�4.46% /95.32%�, which should stay fairly constant. In the
comparison study �Figs. 9�a� and 9�b�� the total pressure,
H2O pressure, and CO2 pressure are fixed. Then the total
pressure is the sum of all the partial pressures patm= pH2O

+ pCO2
+ pc, and thus pc can be calculated as pc= patm− �pH2O

+ pCO2
�. The difference in these two ways of calculating the

inert gas partial pressure is indistinguishable in our results.

FIG. 8. An activity plot for H2O-CO2 system at temperatures 140–285 K
and with condensation nuclei radius of 1 �m. The model used is accurate
Zeldovich factor with surface diffusion approach, Zacc.+SD.

FIG. 9. The nucleation probability P�0.5 as a function of temperature and
activity for atmospheric pressure of 600 Pa and condensation nuclei radius
of 1 �m, �a� CO2 and �b� H2O. The amount of CO2 is 95.32% and of H2O
1 and 300 ppm. The model used is accurate Zeldovich factor with surface
diffusion approach, Zacc.+SD.
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C. Water-CO2: Results

For all the Martian studies we used the accurate Zeldov-
ich factor �Eq. �18�� and growth angle �Eq. �15�� with the
surface diffusion approach, Zacc.+SD, in terms of Table I.
The results presented here are calculated without the noniso-
thermal correction. The model predicts nucleation at all tem-
peratures between 140 and 285 K, as can be seen from Fig.
8. The plot shows the ideal mixture assumption as a linear
dependence between the activities. As we can see from Fig.
8, the nonideal mixture requires higher activities to nucleate,
since for aqueous mixtures of nonpolar molecules nucleation
does not happen as easily as for ideal mixtures.

As mentioned in Sec. IV B, even though the CN is an
effective heat bath in heterogeneous nucleation, a correction
for nonisothermal nucleation has been used in previous het-
erogeneous nucleation studies for CO2 on Mars.10,23 We have
performed our calculations for Martian nucleation with and
without the nonisothermal correction, and as can be ex-
pected, the difference in critical activities �nucleation onset�
is insignificant �10−3−10−2�, since the value of fT is only of
the order of 10−2, and it affects the prefactor of nucleation
rate equation, not the dominant exponential term. The
nonisothermal coefficient was 0.02–0.03 for the range where
the molecular numbers of both substances in the critical clus-
ter were greater than one. This is in the same range as was
acquired for one-component CO2 nucleation in Ref. 23. The
results here are presented without the nonisothermal correc-
tion.

We determined the critical activities corresponding to
nucleation probability of P�0.5 for two-component nucle-
ation of H2O and CO2 and for one-component nucleation of
both substances. The amount of CO2 was fixed to the present
Martian value of 95.32%, and several values of water con-
centration �1–300 ppm� were tested. This means that the CO2

and H2O activities changed only with the changing tempera-
ture, which was chosen as the abscissa of Figs. 9�a� and 9�b�.
The atmospheric pressure is 600 Pa in this plot and the ideal
mixture assumption was used. The ideal mixture assumption
gives the lower limit of critical activities required, as seen
from Fig. 8. Figures 9�a� and 9�b� show that the CO2 con-
centration is not the limiting factor for the initiation of two-
component nucleation, but the water amount is. Also the
curves of critical water activity for two-component nucle-
ation and the curve for one-component water nucleation ex-
actly overlap for most of the temperature region where
nucleation occurs. The points depicting two-component
nucleation show that the onset of two-component nucleation
happens at slightly lower activities than the onset of one-
component nucleation, especially in the case of 1 ppm of
water.

We looked at the numbers of molecules in the critical
cluster in the cases where two-component nucleation hap-
pens in lower activities than one-component nucleation and
noticed that the cluster is mainly composed of water mol-
ecules �Figs. 10�a� and 10�b��. In some cases, like the 1 ppm
case �Fig. 10�a��, the number of CO2 molecules stays fairly
large �tens of molecules� in a wide range of temperatures
�about 1 deg�, but in the 300 ppm case �Fig. 10�b�� the num-

ber of CO2 molecules is at most 2–3, and it drops very
quickly to less than one with decreasing temperature �which
implies one-component water nucleation�. So theoretically at
the onset of water nucleation on Mars it seems that two-
component nucleation might have a role in facilitating the
process, but the number of CO2 molecules in the critical
clusters is very small, and particle formation process is very
close to pure water nucleation. The smaller the water amount
in the vapor phase is, the more CO2 molecules there are in
the critical cluster.

For CO2 the case is simple: at around 145 K in Fig. 9�a�
it is clearly seen that the critical CO2 activity curve of two-
component nucleation goes above the one-component curve,
which tells that below that temperature nucleation is pure
CO2 nucleation, since the critical activity required is always
lower than the one required for two-component nucleation.

Thus according to our results we cannot completely rule
out the possibility of two-component nucleation of the
CO2-H2O mixture, possibly at the very first stages of one-
component water nucleation, and especially for small water
vapor amounts. This result is naturally dependent on the as-
sumptions made for the system properties �especially the
ideal mixture assumption� and validating the results will
have to wait until there are data for the real thermodynamic
properties of the system. We can conclude that in the present

FIG. 10. The numbers of molecules in the critical clusters for the cases in
Fig. 9�b�. The amount of H2O is �a� 1 and �b� 300 ppm. The model used is
accurate Zeldovich factor with surface diffusion approach, Zacc.+SD.
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Martian atmosphere according to observations of cloud prop-
erties and previous modeling, ice crystals do form domi-
nantly for one component at a time, as also described in our
earlier paper23 and several other authors.8–16 Two-component
nucleation is still an open question and our work in this
paper calls for more research on the interesting topic.

V. DISCUSSION AND CONCLUSIONS

Embracing the opportunity of increased computer power
we developed a two-component heterogeneous nucleation
model using the exact Stauffer steady-state kinetics.19 We
also used two models with simplified kinetics for compari-
son. The comparison between the models and water-
n-propanol experiments showed that also the simpler models
are good tools for describing two-component nucleation: the
nucleation onset is predicted at nearly the same critical ac-
tivities in the models.

The Martian aerosol dynamics is an interesting topic,
since the Martian atmosphere is so different compared to its
terrestrial counterpart. The vapors involved in aerosol and
cloud formation differ, as do their roles in the process, like
the condensation in near-pure vapor for CO2. Cloud forma-
tion must be frequent in the Martian atmosphere since clouds
are constantly observed. On Mars the major constituent of
the atmosphere, CO2, is involved in the cloud formation pro-
cesses and calls for re-evaluation of the theories formulated
for trace gases nucleating and condensing in the atmosphere
of the Earth. For example, in condensation in a near-pure
vapor the latent heat release and changes in the composition
of the gas near the particle must be considered. So far only
one-component processes have been looked into, but as on
Earth, it can be speculated that multicomponent nucleation
and condensation may have a role in cloud formation in the
Martian atmosphere.

The lack of data for the thermodynamic properties of the
H2O-CO2 mixture is the by far most important difficulty in
modeling two-component nucleation for Mars. In this study
we tested two possibilities: an ideal mixture and a nonideal
mixture with the mixing properties of water-n-propanol mix-
ture. The latter resembles the behavior of the H2O-CO2 mix-
ture since both the n-propanol and CO2 molecules are non-
polar, which implies the mixture to be less favorable to
nucleation than the ideal one. We also discussed and tested
the previously used nonisothermal factor in heterogeneous
CO2 nucleation: the correction is unnecessary, but the effect
it has is negligible in the studies we have performed.

Our studies here show that two-component nucleation is
theoretically possible in the Martian atmosphere and seem-
ingly coupled to the onset of one-component nucleation of
water. The initiation of water nucleation �especially with low
water amount in the vapor phase� involves critical clusters
containing CO2 molecules mixed with a larger amount of
H2O molecules. The numbers of CO2 molecules in the clus-
ter are the higher the lower the water vapor concentration in
the vapor phase is. The one-component water nucleation
model supports the result of the two-component model, since
the calculated critical activities mostly overlap.

We can assume that most probably the aerosol dynami-

cal studies and cloud models for the Martian atmosphere can
focus on one component at a time, since at the moment we
have only highly theoretical results on the possibilities of
two-component nucleation on Mars, and observations show
clouds composed of either water or carbon dioxide ice. Re-
mote sensing observations, however, cannot observe particle
formation, and thus studies of the composition of the formed
critical clusters in the conditions of our model runs would be
very important for validating our results and giving more
insight into Martian cloud formation. Thus in the future
hopefully there will be more data on the properties of CO2

and H2O and their mixture to study accurately the onset of
two-component nucleation. Also testing the nucleation model
coupled with an atmospheric model �for example in the polar
night� would help constraining better the processes of cloud
formation on Mars.
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APPENDIX A: FORMATION FREE ENERGY FOR A
GENERAL CLUSTER

To calculate the second derivatives needed for matrix
W�, we need to calculate the formation free energy of a non-
critical cluster with known total number of molecules n1,tot

het

and n2,tot
het . First, the mole fraction in the core of the cluster

needs to be solved from equation

x�n1,tot
het − �

s

n1,s
het�x,r��� − �1 − x��n2,tot

het − �
s

n2,s
het�x,r��� = 0,

�A1�

which is valid since x=n2,l
het / �n1,l

het+n2,l
het� and ni,tot

het =ni,l
het

+�sni,s
het. For Eq. �A1� the surface excess numbers are given

by Eqs. �9�. The radius of the cluster needed in Eqs. �9� is
solved from equation

Vhet = n1,tot
het v1�x� + n2,tot

het v2�x� = fn�r� 4
3�r3. �A2�

Equation �A2� follows from Vhet=�ini,l
hetvi and the equimolar

surface conditions

�
i

ni,s
hetvi = 0. �A3�

The formation energy of a cluster is then given by22,25

�Ghet = 2�r2�g,l�1 +
1 − Xm

g
� − 2�RCN

2 ��l,sol − �g,sol�

��1 +
X − m

g
� + �

i

��ini,l
het

+ �
i,s

��i,s − �i,g�ni,s
het, �A4�

where �i,s is the chemical potential of the surface s, and �i,g

is the chemical potential in the gas phase.
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As in deriving Eqs. �9� �Ref. 24� we assume that even in
a noncritical cluster the chemical potentials in the surface
phases are the same as the chemical potentials in the liquid

�i,s = �i,l �A5�

and use the result25

�i,l − �i,g = ��i +
2�g,lvi

r
�A6�

to get

�Ghet = 2�r2�g,l�1 +
1 − Xm

g
� − 2�RCN

2 ��l,sol − �g,sol�

��1 +
X − m

g
� + �

i,s
��i�ni,l

het + ni,s
het�

+
2�g,l

r
��

i,s
vini,s

het� . �A7�

Using the equimolar surface conditions �A3� and the
Young’s equation �Eq. �6�� for the surface tensions, we fi-
nally obtain

�Ghet = 2�r2�g,l�1 +
1 − Xm

g
� − 2�RCN

2 m�g,l

��1 +
X − m

g
� + �

i

��ini,tot
het . �A8�

To obtain the second derivatives the differentiations are
performed numerically. In the activity region where the sur-
face excess contributions are large �and the applicability of
classical theory thus suspect� Eq. �A1� can have three roots,
instead of a single root, for 0�x�1. In these cases we have
checked which of the branches gives the correct critical clus-
ter core composition when the total numbers of molecules in
the critical cluster are inserted into Eq. �A1�. We then used
the same �first, second, or third from the left� branch for the
cases slightly off the critical cluster needed for the second
derivatives.

APPENDIX B: SATURATION VAPOR PRESSURES OF
CO2 AND H2O

The saturation vapor pressures for the Martian sub-
stances used in the models are the following. For CO2 the
saturation vapor pressure curve can be expressed as in Ref.
33

log10Psat,CO2
= 3.128082 −

867.2124

T

+ 18.65612 · 10−3T − 72.48820 · 10−6T2

+ 93 · 10−9T3 �B1�

for T�216.56 K and

log10Psat,CO2
= 6.760956 −

1284.07

T − 4.718

+ 1.256 · 10−4�T − 143.15� �B2�

for T�216.56 K. These equations give P in atmospheres
�1 atm=101 325.0 Pa� and the temperature is given in
Kelvin degrees.

For H2O the equation given in Ref. 34 has been modified
here so that the temperature can be put in directly as Kelvin
degrees

Psat,H2O = 611.15 · exp�22.542
T − 273.16

T + 0.32
� . �B3�

This equation gives P in pascals.

APPENDIX C: THERMODYNAMIC DATA FOR THE
WATER-n-PROPANOL SYSTEM

This appendix gives the thermodynamic data used in the
model runs for the system water-n-propanol. The saturation
vapor pressures used are described by the following
equations:35,36

pH2O = exp�77.34491296 −
7235.424651

T
− 8.2 ln T

+ 5.7113 · 10−3T� , �C1�

pC3H8O = exp�89.5883 −
8559.6064

T
− 9.29 ln T� �C2�

for water and n-propanol, respectively. The equations give
the pressure in pascals and the temperature is in Kelvin de-
grees.

The density of the water-n-propanol mixture is given
by37

�H2O+C3H8O = Xm�p + �1 − Xm��w, �C3�

where Xm is the mass fraction of n-propanol in the mixture.
�p is the density of n-propanol, given by the following equa-
tion:

�p = 1047.94 − 0.835978T , �C4�

and �w is the density of water, given by equations

�w =
w1

w2
, �C5�

w1 = 999.83952 + 16.945176Tc − 7.9870401 · 10−3Tc
2

− 46.170461 · 10−6Tc
3 + 105.56302 · 10−9Tc

4

− 280.54253 · 10−12Tc
5,

w2 = 1 + 16.87985 · 10−3Tc,

where Tc=T−273.15 K. All densities are expressed in
kg m−3 and temperatures in Kelvin degrees.

The surface tension for the liquid mixture is38
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�H2O+C3H8O = 0.001 exp��1 + �2 + �3 + �4 + �5� , �C6�

where

�1 = 4.811191 − 1.951091 � 10−3T, if y � 0.006,

�1 = 4.859191 − 1.951091 � 10−3T − 8y, if y � 0.006,

�2 = �5.723187 − 0.03852713T� · y ,

�3 = �− 32.01079 + 0.1481755T� · y2,

�4 = �45.29557 − 0.1891045T� · y3,

�5 = �− 19.68398 + 0.07811035T� · y4,

where y=7x / �1+6x� and x is the mole fraction of n-propanol
in the mixture. The temperatures are in Kelvin degrees.

The activity coefficients for the mixture were calculated
using the parametrization of Ref. 39.
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