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a b s t r a c t 

Clouds composed of CO 2 ice form throughout the Martian atmosphere. In the mesosphere, CO 2 ice clouds 

are thought to form via heterogeneous ice nucleation on nanoparticles of meteoric origin at temperatures 

often below 100 K. Lower altitude CO 2 ice clouds in the wintertime polar regions form up to around 

145 K and lead to the build-up of the polar ice caps. However, the crystal structure and related funda- 

mental properties of CO 2 ice under Martian conditions are poorly characterised. Here we present X-ray 

diffraction (XRD) measurements of CO 2 ice, grown via deposition from the vapour phase under temper- 

ature and pressure conditions analogous to the Martian mesosphere. A crystalline cubic structure was 

determined, consistent with the low-pressure polymorph (CO 2 -I, space group Pa -3 (No. 205)). CO 2 de- 

posited at temperatures of 80-130 K and pressures of 0.01–1 mbar was consistent with dry ice and pre- 

vious literature measurements, thus removing the possibility of a more complicated phase diagram for 

CO 2 in this region. At 80 K, a lattice parameter of 5.578 ± 0.002 Å, cell volume of 173.554 ± 0.19 Å 

3 and 

density of 1.684 ± 0.002 g cm 

−3 was determined. Using these measurements, we determined the thermal 

expansion of CO 2 across 80–130 K that allowed for a fit of CO 2 ice density measurements across a larger 

temperature range (80–195 K) when combined with literature data (CO 2 density = 1.72391 - 2.53 × 10 −4 

T - 2.87 × 10 −6 T 2 ). Temperature-dependent CO 2 density values are used to estimate sedimentation veloc- 

ities and heterogeneous ice nucleation rates, showing an increase in nucleation rate of up to a factor of 

10 0 0 when compared to commonly used literature values. This temperature-dependent equation of state 

is therefore suggested for use in future studies of Martian mesospheric CO 2 clouds. Finally, we discuss 

the possible shapes of crystals of CO 2 ice in the Martian atmosphere and show that a range of shapes 

including cubes and octahedra as well as a combination of the two in the form of cubo-octahedra are 

likely. 

© 2017 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Visible and Infra-red measurements have been used to unam-

iguously identify the presence of clouds composed of CO 2 ice in

he Martian Atmosphere ( Herr and Pimentel, 1970; Montmessin

t al., 2007 ). CO 2 ice clouds can impact the radiative budget of

ars and are inherently linked to the atmospheric circulation of

he planet ( Forget and Pierrehumbert, 1997; Spiga et al., 2012 ).

icrophysically, Martian CO 2 clouds are quite distinct from water

louds which form on Mars and other planets, since CO 2 is the ma-

or atmospheric constituent and therefore crystal growth is not dif-

usion limited. In addition, CO 2 ice formation and precipitation im-

acts the pressure of the entire Martian atmosphere, with changes
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f approximately 20% over the seasons ( Tillman et al., 1993 ). Mars

s the only place in our solar system where CO 2 clouds have been

bserved, but CO 2 ice is thought to be present in icy satellites in

he outer solar system ( Johnson, 1996; McCord et al., 1998 ) and the

nterstellar medium ( Chiar, 1997 ), as well as making up the polar

ce caps on Mars which can be up to 10 m thick at the south pole

 Byrne and Ingersoll, 2003; Leighton and Murray, 1966 ). 

Three distinct types of mesospheric CO 2 ice clouds are known

o exist, the main two types occurring during the day around

he equator (65–85 km altitude with mean CO 2 ice particle radii

3 μm) and in sub-tropical regions at night (80-100 km altitude

ith mean CO 2 ice particle radii of approximately 100 nm) ( Clancy

t al., 2007; Montmessin et al., 2006; Montmessin et al., 2007;

efton-Nash et al., 2013; Vincendon et al., 2011 ). The third, less

requently observed, type occurs in mid-latitude regions at alti-

udes of 53–62 km with mean particle radii of 2 μm ( Maattanen

t al., 2010; McConnochie et al., 2010 ). Mesospheric CO 2 ice clouds
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. The crystal structure of the unit cell of cubic CO 2 -I. Carbon and oxygen 

atoms are indicated by the black and red spheres respectively. The whole crystal 

lattice can be built up by repetition of the unit cell in three dimensions. (For inter- 

pretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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form mostly during pre- and post-aphelion when the mesosphere

is coldest, at temperatures often below 100 K. These extreme low

temperatures are thought to be reached via gravity wave propaga-

tion, a process that is strongest at tropical latitudes ( Creasey et al.,

2006 ). These gravity waves cause cold pockets well below the CO 2 

ice frost point temperature, within which heterogeneous nucle-

ation of CO 2 ice is thought to trigger subsequent cloud formation

( Gonzalez-Galindo et al., 2011; Listowski et al., 2014; Spiga et al.,

2012 ). More optically thick CO 2 ice clouds (compared to the meso-

sphere) have been observed by the Mars Climate Sounder (MCS)

at lower altitudes ( ≤ 25 km) and higher temperatures (the frost

point temperature is approximately 145 K at a surface pressure

of 6 mbar) in the Martian polar winter troposphere ( Hayne et al.,

2012 ). The persistent presence of these CO 2 ice clouds below 20 km

is apparent, and is thought to lead to the occurrence of CO 2 ice

snowfall ( Kuroda et al., 2013 ). This snowfall is likely to contribute

in part to the formation of the CO 2 ice caps ( Hayne et al., 2014 ). 

The structure and thermodynamic properties of CO 2 ice are im-

portant for building a detailed understanding of the formation of

these cloud types on Mars and therefore to help understand the

Martian climate (and planet habitability) as a whole. This under-

standing is also pertinent for low temperature CO 2 ice formation

throughout the interstellar medium and other planetary bodies, in-

cluding exoplanets. 

Parameters related to CO 2 crystal structure such as CO 2 ice den-

sity vary in the literature at low temperatures relevant to meso-

spheric CO 2 clouds. CO 2 ice has previously been described with

a cubic structure with crystal symmetry of space group Pa- 3 (No.

205) ( de Smedt and Keesom, 1924 ). A single lattice parameter, a ,

is needed to describe the unit cell since a = b = c and α = β =
γ = 90 ° Consequently, the volume of the unit cell is calculated as

a 3 . The cubic symmetry of the unit cell can be seen in Fig. 1 . The

single lattice parameter of this ice (assigned as CO 2 -I) has been

previously determined with limited temperature resolution at low

temperatures ( < 115 K) and under unknown deposition pressure
onditions ( Keesom and Kohler, 1934a, 1934b; Maass and Barnes,

926 ). A temperature-independent CO 2 density value of 1.6 g cm 

-3 

s often used in nucleation and modelling studies ( Listowski et al.,

014, 2013; Maattanen et al., 20 05, 20 07; Wood, 1999 ). In fact, it is

nown that the density of CO 2 -I ice is temperature dependent, but

s poorly constrained through the Martian mesospheric tempera-

ure range. The commonly used CO 2 ice density value of 1.6 g cm 

−3 

s applicable to 168 K, a temperature higher than is mesospheri-

ally relevant for CO 2 cloud formation, and is based originally on

ensity values determined by Maass and Barnes (1926) . This is sig-

ificantly lower than density values determined for CO 2 ice at 83 K

f 1.68 g cm 

-3 in a study by Keesom and Kohler (1934b) (later cor-

ected by Curzon (1972) ). Inaccuracies in the density value used

or CO 2 ice may affect parameters such as ice nucleation, parti-

le growth and sedimentation rates in experimental studies and

odels of CO 2 clouds. The temperature dependence of the CO 2 ice

ensity may also be of importance for understanding past Martian

limate, in which CO 2 clouds in an early denser atmosphere could

ave warmed the Martian surface sufficiently to allow for liquid

ater ( Forget and Pierrehumbert, 1997; Forget et al., 2013; Mis-

hna et al., 20 0 0; Wordsworth et al., 2013 ). 

The phase diagrams of some compounds, such as water ice, dis-

lay complexity with the presence of multiple metastable and sta-

le phases at low temperatures and pressures ( Hobbs, 1974; Pe-

renko and Whitworth, 1999; Salzmann et al., 2011 ). For example,

ater ice is known to crystallise in a metastable stacking disor-

ered form, ice I sd , rather than the stable hexagonal form, at tem-

eratures relevant for the Martian atmosphere ( Malkin et al., 2015;

urray et al., 2015a ). Stacking disordered ice is made up of cubic

nd hexagonal sequences in the crystal structure which are ran-

omly arranged. This ice has a trigonal space group and is ex-

ected to form crystals with three-fold symmetry, in contrast to

ubic ice which would be expected to form crystals with four-

old symmetry or hexagonal ice which forms crystals with six-fold

ymmetry ( Murray et al., 2015b ). Determination of low temper-

ture phases of CO 2 ice or confirmation of an existing phase of

elevance to ice formation in the Martian atmosphere is therefore

orth investigating. To the best of the authors’ knowledge, the CO 2 

ce structure has never been previously determined experimentally

nder deposition (vapour to crystal, sometimes referred to as con-

ensation) growth conditions analogous to the temperature and

ressure conditions of clouds in the mesosphere of Mars. 

In this study we performed laboratory experiments in which

O 2 vapour was deposited under Martian upper atmospheric tem-

eratures (80 −130 K) and pressures (0.01-1 mbar). Using X-ray

iffraction (XRD) techniques and refinement methods we then de-

ermined the relevant crystal structure, lattice parameters, thermal

xpansion, density and probable crystal shape of CO 2 ice. 

. Methodology 

In order to determine the CO 2 ice crystal structure under condi-

ions relevant to the mesosphere of Mars, we examined ice growth

n a temperature-controlled stage enclosed within an environmen-

al chamber. This stage is probed using the powder X-ray diffrac-

ion (XRD) technique. In these experiments, CO 2 gas was either

apour deposited onto a flat substrate, or CO 2 in the form of pow-

ered dry ice was placed in a sample holder and inserted into the

hamber. We have previously used XRD to study vapour deposited

ater ice ( Murray et al., 2015a; Shilling et al., 2006 ). 

The X-Ray diffractometer (Bruker D8 Advance) was configured

n a standard reflectance geometry and equipped with a Cu K α
-ray source ( λ= 1.540598 Å). Diffracted X-rays from a sample

ounted on an Anton Paar TTK 450 temperature controlled stage

ere detected by a V ̊ANTEC detector (shown in Fig. 2 ). The use of

apton-film windows sealed with O-rings allowed for the trans-
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Fig. 2. Schematic diagrams of the front view of the TTK 450 temperature controlled stage (left) and top down view of the experimental system (right). The position of the 

CO 2 ice sample is indicated by the blue rectangle (not drawn to scale). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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ission of X-rays in and out of the environmental chamber. The

ir-tight chamber was pumped by using a Pfeiffer Duo 2.5A vac-

um pump allowing a pressure range of 1 × 10 −3 –1 × 10 3 mbar.

his stage was cooled with liquid nitrogen pumped using a Thomas

TE 6 vacuum pump and the temperature was controlled us-

ng a Eurotherm PID controller and resistive heaters. The sam-

le holder/support could be cooled to a stable sample tempera-

ure from ambient to 80 ± 0.2 K under pressures of < 2 mbar. The

ample support was constructed from aluminium, covered with a

orosilicate glass slide (160 μm thickness), and adhered to the alu-

inium support using a thin layer of vacuum grease. Temperature

as measured using a Pt-100 probe directly inserted into the sam-

le support. Heat conducting grease was used to maximise ther-

al contact between the probe and the sample support, as well as

etween the sample support and the cold stage, thus minimising

emperature measurement error and maximising cooling efficiency.

In a typical vapour-deposition experiment the environmental

hamber was first pumped to a pressure of < 1 × 10 -2 mbar to

nsure minimal water vapour contamination during cooling. The

ample was then cooled from room temperature to 80 K at a

ate of 20 K min 

-1 , at which temperature a diffraction pattern was

ecorded (2 θ = 20-50 °) to ensure no contamination in the form of

ater ice frosting had occurred on the glass slide. For CO 2 vapour

eposition, a flow of pure CO 2 gas (Air Products CO 2 purity 4.5)

as administered directly into the chamber via a needle valve. The

nvironmental chamber was kept at low pressures during deposi-

ion (typically 0.01-1 mbar) using the vacuum pump and throttle

alve. Low-resolution rapid XRD patterns were taken during depo-

ition until significant signal was observed. The system was then

ealed to maintain the pressure and high-resolution patterns with

ncrements of 2 θ = 0.0426 ° were obtained at 2 θ = 20 °-50 °. Exper-

mental diffraction patterns were corrected against a silicon stan-

ard, accounting for peak shifting due to sample height. 

For experiments looking at the structure of dry ice, an indented

luminium sample holder without a borosilicate glass slide was

sed. Dry ice was ground using a pestle and mortar and packed

nto the sample holder under liquid nitrogen, and dry argon gas

as used to minimise water ice contamination. Grinding min-

mised the preferred orientation in the crystals. The environmental

hamber was cooled to 80 K at vacuum in the absence of a sample

older and was flushed with dry N 2 before transferring the sam-

le holder containing the dry ice into the chamber and promptly

a  
ealing it. XRD patterns were then taken across the scan range

 θ = 20 °-50 °. 

. Results and discussion 

.1. Crystal structure of CO 2 ice deposited from vapour 

Fig. 3 shows diffraction patterns of typical vapour-deposited

O 2 ice at 80 K and 110 K, ground dry ice and a predicted pattern

sing known lattice parameters of CO 2 -I with space group Pa- 3

taken from de Smedt and Keesom (1924) ). Experiments were car-

ied out at pressures as low as 0.01 mbar, corresponding to a Mar-

ian atmospheric pressure where CO 2 clouds have been observed

t altitudes of approximately 65 km ( Kleinbohl et al., 2009 ). The

apour-deposited ice at 80 K displays distinct Bragg peaks associ-

ted with a crystalline structure, consistent with previous studies

uggesting that amorphous CO 2 only forms at temperatures below

0 K ( Souda, 2006 ). The Bragg peaks in the vapour-deposited and

ry ice samples are at comparable 2 θ angles to the Bragg peaks in

he predicted pattern. However, the 200 peak at 33 ° is absent in

he vapour-deposited material at 80 K and the relative peak inten-

ities vary between the measured (80 K and 110 K) and calculated

attern for an ideal powder. 

In order to test if the diffraction pattern for the vapour-

eposited ice is consistent with the CO 2 -I phase it was necessary

o use the Rietveld refinement method ( Rietveld, 1969 ). Initially,

he whole powder pattern decomposition was performed follow-

ng the Pawley (1981) method (using the software package TOPAS

.2) in order to confirm the fit to the CO 2 -I literature crystal struc-

ure and determine the lattice parameters. The fit to the diffraction

attern in Fig. 3 shows that the ice generated via vapour deposi-

ion has a structure consistent with standard CO 2 -I but with pre-

erred orientation. Preferred orientation in powder diffraction pat-

erns arises whenever there is a non-random orientation of crystal-

ites in a sample. In order to obtain a perfect powder pattern, crys-

allites must be both numerous and randomly orientated. This pro-

uces diffraction rings and is amenable to standard powder XRD

echniques where the detector only measures across a segment of

he diffraction ring. In contrast, if a population of crystals all had

dentical crystallographic orientation, as might happen in epitaxial

rowth on a surface, then rather than obtaining diffraction rings,

ll the diffracted X-rays would be concentrated into spots with
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Fig. 3. Background corrected and vertically offset experimental XRD patterns of a 

typical vapour-deposited CO 2 ice at 80 K and 110 K, ground dry ice and a calcu- 

lated XRD pattern based on current crystal structure for CO 2 -I ( de Smedt and Kee- 

som, 1924 ). Profiles are normalised to the intensity of the 111 peak (2 θ =∼27.5 ̊) . The 

TOPAS refinement of the vapour-deposited and dry ice CO 2 patterns (black lines) for 

CO 2 -I using the Pawley (1981) method is indicated by the red lines. The grey line 

shows the residuals of the fits. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. CO 2 -I lattice parameters and unit cell volumes for deposition at 80 K and 

110 K. The blue line indicates a polynomial fit to the dataset. 

Fig. 5. CO 2 density values obtained from the lattice constants determined in this 

study as well as comparisons with literature values ( Keesom and Kohler, 1934b; 

Maass and Barnes, 1926; Simon and Peters, 1980 ). The 2nd order polynomial fit is 

represented by the red line. 
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each spot corresponding to a specific crystallographic plane. In the

case of this situation, the typical powder XRD instrument would

not produce a meaningful diffraction pattern. Very commonly an

intermediate situation exists where the crystallites are partially or-

dered, which results in Bragg peaks which can either be more or

less intense than those in the ideal powder pattern and sometimes

be missing all together. The analysis presented in Fig. 3 shows that

patterns of the CO 2 ice we grew from the vapour phase and the

powdered dry ice sample are consistent with the standard CO 2 -I

phase with varying degrees of preferred orientation. 

In addition to using the Pawley (1981) refinement method the

XRD patterns of vapour-deposited CO 2 -I were also refined using

the Le Bail et al. (1988) method. Although both are least-squares

refinements, the method developed by Le Bail et al. (1988) treats

the diffraction patterns without the need for peak intensities

(while other crystallographic parameters are known), which in

this case are affected by preferred orientation. The crystallographic

properties calculated by both of these refinement methods agreed

within error. 
.2. Temperature dependence of CO 2 ice structure and density 

The temperature dependence of CO 2 -I deposited from the

apour at 80 K (80-120 K) and 110 K (110–130 K) was determined

nd are summarised in Figs. 4 and 5 (parameters are also tabu-

ated in the supplementary information). Deposited CO 2 ice layers

ere warmed at 1 K min 

−1 with diffraction patterns (2 θ = 20 ° - 50 °,
 θ increment = 0.0426 °) taken at 5 K intervals. It should be noted

hat the experiments in this study require a thin CO 2 film in good

hermal contact, limiting the study to temperatures of ≤ 130 K be-

ause the ice film was lost to sublimation at higher temperatures.

rom subsequent refinement of these diffraction patterns, the tem-

erature dependence of the lattice parameter and unit cell volume

as determined for CO 2 -I, shown in Fig. 4 . The length of the lattice

arameter (and therefore unit cell volume) increases with temper-

ture due to thermal expansion of the crystal lattice. 

The CO 2 ice densities were determined from changes in the

nit cell volume with temperature. The results from this study

nd other literature values are shown in Fig. 5 . We report a larger

ensity (1.684 ± 0.002 g cm 

-3 at 80 K) when compared to the cor-
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Fig. 6. Linear thermal expansion coefficients (x10 5 ) calculated for CO 2 -I from the 

temperature-dependent density reported in this study and for H 2 O-I h using data 

reproduced from Röttger et al. (1994) . 
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C 2  
ected CO 2 density values of Keesom and Kohler (1934b) (where

he lattice parameter values were converted from kX to Å (where

 kX = 1.002 Å ( Bragg, 1947 ) by Curzon (1972) ). While one density

alue at 90 K from Maass and Barnes (1926) is in good agree-

ent with the present study, the variability in the values deter-

ined when repeated (1.663-1.674 g cm 

−3 at 90 K) compared to

he higher temperature densities ( ≥ 138 K) suggests errors in their

ethod when applied to these low temperatures. It should be

oted that in our density determination the temperature repeats

rom different experiments agree within error. The higher temper-

ture values from Maass and Barnes (1926) follow a similar depen-

ence to the lower temperature values determined in this study.

 lattice parameter for CO 2 ice at 150 K based on a single crys-

al measurement by Simon and Peters (1980) , when converted to

 density, is in significant disagreement with our results and other

iterature density values (we note that no temperature uncertain-

ies are given by Simon and Peters (1980) ). 

The density can be seen to decrease with increasing tem-

erature which is consistent with the thermal expansion of CO 2 

ce. A second-order polynomial fit through our data (80–130 K)

nd the Maass and Barnes (1926) data at temperatures ≥ 138 K

ields the following equation of state for the CO 2 ice density at

 × 10 -2 mbar: 

C O 2 density ( 80 − 195 K ) = 1 . 72391 − 2 . 53 

× 10 

−4 T − 2 . 87 × 10 

−6 T 2 (1) 

Using the temperature-dependent polynomial fit to the CO 2 

ensity ( Eq. (1 )), linear thermal expansion coefficients were calcu-

ated from the volume expansivity for CO 2 -I across 80–195 K and

re shown in Fig. 6 . The volume expansivity coefficient ( β) is given

y: 

= ( 1 /V ) ( d V/d T ) (2) 

here the linear expansivity coefficient ( α) is then (1/3) β . The

hermal expansion of CO 2 is compared to hexagonal H 2 O ice (H 2 O-

 h ) over the same temperature range ( Röttger et al., 1994 ). The

hermal expansion of CO 2 -I shows a positive gradient. Remarkably,

t doubles over the temperature range (80 – 195 K) and is much

arger compared to water ice. This rapid expansion for CO 2 -I high-

ights the need for accurate temperature-dependent parameters. 
.3. Implications for Martian mesospheric CO 2 ice clouds 

In this section the effect of crystal structure and density on

he microphysics of mesospheric CO 2 clouds on Mars is explored.

nitially, we determine the impact of using the temperature-

ependent density data from this study compared to the pre-

iously used values of 1.5 g cm 

−3 and 1.6 g cm 

−3 taken from

una et al. (2009) and Wood (1999) , respectively ( Listowski et al.,

014; Listowski et al., 2013; Maattanen et al., 2005; Nachbar

t al., 2016 ). Certain CO 2 ice particle variables are linearly de-

endent on CO 2 ice density. This is illustrated, for example, by

he Stokes sedimentation velocity ( v sed ) as shown by Brasseur and

olomon (2006) : 

 sed = 

2 ρg r 2 C c 

9 η
(3) 

here g is the gravitational constant for Mars, r the ice parti-

le radius, η the viscosity of CO 2 gas and ρ the density of the

O 2 ice. C c is the Cunningham slip factor, which corrects for the

ow atmospheric densities on Mars and therefore the transition to

he free molecular regime. C c taken from Listowski et al. (2014) is

etermined as 1 + Kn [1.246 + 0.42 exp (-0.87/ Kn )], where Kn is the

nudsen number, defined as the ratio of the mean free path over

 . Using Eq. (3 ), the sedimentation velocities of particles with

 range of CO 2 ice densities (where 1.684 g cm 

−3 is taken from

he present study) were calculated as a function of particle ra-

ius. An extreme atmospheric temperature profile was used, con-

istent with the negative temperature perturbation that would

e caused by a large amplitude gravity wave at ∼80 km altitude

2 × 10 −4 mbar and 80 K) ( Kleinbohl et al., 2009; Listowski et al.,

014 ). Higher sedimentation velocities result from the higher den-

ity value found in this study, with the linear dependence of den-

ity on sedimentation causing a 5% increase in sedimentation ve-

ocity (1.6 g cm 

−3 compared to 1.684 g cm 

−3 
) . For example, under

hese conditions a spherical 500 nm radius ice particle falls an ex-

ra 1.6 km h 

−1 when the CO 2 ice density is increased from 1.6 to

.684 g cm 

−3 . Extrapolating this to a population of CO 2 ice par-

icles within a mesospheric cloud inside a cold pocket, unper-

urbed sedimentation would lead to a more rapid decrease in al-

itude of a detached CO 2 ice layer. This would result in shorter

loud lifetimes as the crystals fall into a warmer region below

he cold pocket, causing rapid evaporation of the CO 2 ice parti-

les ( Listowski et al., 2014 ). In the case of tropospheric CO 2 clouds

10–100 μm particle radii) forming at temperatures ≤ 145 K, a den-

ity value higher than the current literature (1.6 g cm 

−3 ) would

lso be required. Compared to current predictions, this would in-

rease the precipitation rates of CO 2 ice particles from the cloud

nd hence affect the accumulation rate of CO 2 ice at the polar caps

 Hayne et al., 2014 ). 

Certain CO 2 ice parameters related to mesospheric Martian

loud microphysics have a greater complexity in terms of the ef-

ect of changing density values when compared to the linear effect

n sedimentation. An example is the mechanism through which

loud ice particles are formed. Homogeneous nucleation of CO 2 

s predicted to require very high supersaturation conditions and

s thought to be an unlikely pathway to cloud formation in the

artian atmosphere ( Maattanen et al., 2010, 2005 ). Heterogeneous

ce nucleation via deposition of CO 2 , in which the energy bar-

ier to nucleation is reduced by the presence of an ice nucleat-

ng particle (INP), is thought to be the likely nucleation pathway

 Nachbar et al., 2016 ). Heterogeneous nucleation is therefore ap-

lied here and is described in terms of classical heterogeneous nu-

leation theory induced by surface diffusion. CO 2 molecules are as-

umed to stick and subsequently diffuse to form clusters in INP;

his may result in a critical cluster leading to stable nucleation of

O ice on the particle. Described briefly here, the theory has been
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Fig. 7. Heterogeneous ice nucleation rates at variable CO 2 ice density (where “T de- 

pendent” indicates the temperature dependent-density fit produced in this study) 

for INP of selected radii between 1 and 30 nm. CO 2 concentrations were fixed at 

10 20 m 

−3 . (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Truncated octahedral crystal structure predicted for CO 2 -I from BDFH analy- 

sis; the different crystallographic planes of the crystal are indicated in the brackets. 

This analysis indicates that some combination of the two families of faces, {111} 

and {200}, will be expressed on crystals of CO 2 ice. The potential range of crystal 

shapes which might be expressed is shown in Fig. 9 . 
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previously applied to the study of CO 2 ice clouds ( Listowski et al.,

2014; Maattanen et al., 2005, 2007; Nachbar et al., 2016 ). 

The rate of heterogeneous ice nucleation ( J het ) for a spherical

INP is given by: 

J het = A N Z het βhet c 1 ,s exp 

(
−	F het 

kT 

)
(4)

where A N is the surface area of the INP; Z het is the heterogeneous

Zeldovich factor which corrects for the dissociation of super-critical

clusters; βhet accounts for the flux of CO 2 molecules on the INP

via diffusion to form the critical cluster; c 1, s is the concentration

of monomers on the INP surface; and 	F het is the free energy of

forming the critical cluster on the surface of the INP determined

from the Gibbs–Thomson equation. 	F het is calculated in relation

to the homogeneous form ( 	F hom 

) with a reduction in the energy

barrier by a factor f ( m,x ) as described in Fletcher (1958) , where x

is the ratio of the size of the INP to the critical cluster and m is the

contact parameter equal to cos θ , which relates to the contact angle

between the INP and the nucleating phase. This complete 	F het 

description is given by: 

	F het = f ( m, x ) 
16 πv 2 σ 3 

3 (kT ln S) 
2 

(5)

where v is the molecular volume in the condensed phase ( m m 

/ ρ ,

where m m 

is the mass of the molecule); σ the surface tension

(0.08 J m 

−2 taken from Wood (1999) ); and S the saturation ra-

tio. Values for m (0.78) and 	F des (3.07 × 10 -20 J molecule -1 , the

desorption energy of CO 2 used to calculate c 1, s ) are experimental

values derived from a study of CO 2 nucleation on nanoparticles

( Nachbar et al., 2016 ). 

Application of this nucleation theory ( Eqs. (4 ) and (5 )) to het-

erogeneous nucleation rates of CO 2 on small INP analogous to

meteoric material at high altitudes (1–30 nm radius particles) are

shown in Fig. 7 . Changes in CO density alter the calculated values
2 
f the critical cluster, the number of molecules in the critical clus-

er and 	F het , which then impacts on the overall determined nu-

leation rates. The effect of shifting density is highlighted by the

teep temperature dependence of the nucleation rates. Using the

ew temperature-dependent fit determined in this study ( Eq. (1 ))

nstead of the fixed value of 1.6 g cm 

−3 causes an approximately

hree-orders of magnitude increase in nucleation rate (at 85 K for

 1 nm radius INP). The impact of this density change reduces with

ncreasing particle size, with nucleation rates on 30 nm radii INP

ncreasing by 1–2 orders of magnitude. This increased nucleation

ate using the new temperature dependent density values reduces

he extent of negative temperature perturbations that would be re-

uired to initiate CO 2 cloud formation. 

Finally, we also use the crystal structure of CO 2 -I to predict

ossible crystal shapes of Martian CO 2 ice crystals. A range of

rystal shapes have been suggested for the Martian atmosphere

ased on the crystal structure of CO 2 -I ice. Theoretical predictions

or the shape of CO 2 crystals on Mars include octahedrons, cu-

ic and truncated octahedrons ( Wood, 1999 ). Experimentally, CO 2 

rystals grown on substrates were found to be dominantly octahe-

ral ( Foster et al., 1998 ). 

We use the Bravais–Friedel–Donnay–Harker (BFDH) approach to

redict the crystal shape (habit, or morphology) of CO 2 ice crys-

als from the crystallographic symmetry and lattice parameters.

he BFDH approach assumes that the linear growth rate of a crys-

al face is inversely proportional to the corresponding interpla-

ar distance ( Donnay and Harker, 1937 ). Consequently, faces with

he smallest Miller indices, which have the largest interplanar dis-

ances, will grow the slowest. Faces with higher Miller indices will

xpose more dangling bonds and be less stable, grow faster and

herefore ‘grow out’ quickly leaving crystals only expressing the

ower energy, lower Miller index faces. The BFDH approach pre-

icts that the {200} and the {111} families of faces will be ex-

ressed in crystals of CO 2 ice and this results in a truncated oc-

ahedron shape (see Fig. 8 ). In real crystals, significant deviations

rom the BFDH model can occur. These are due to the exact de-

ails of the chemical interactions between molecules which can
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Fig. 9. Illustration of how an octahedral crystal shape is related to a cube in which all shapes shown have the same point group (O h ) related to the space group of CO 2 -I). 

A cube results if the growth rate of the {111} family of faces grows more rapidly than the {200} family of faces, whereas an octahedron results if the opposite is true. If the 

growth rates of the two groups of faces are comparable, a cubo-octahedral crystal forms. In the literature octahedra of cubic ice are sometimes referred to as bi-pyramidal. 

Octahedra is a more specific term since the {111} faces of octahedra are equilateral triangles, whereas bi-pyramidal shapes can have triangular faces that are not equilateral. 
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e highly anisotropic and consequently lead to deviations of the

rowth rates from the simple inverse relationship with interpla-

ar distance used in the BFDH approach. In the case of CO 2 -I this

eans that crystal shapes can deviate from the idealised cubo-

ctahedral shape in Fig. 8 . 

Ice crystals in the Earth’s atmosphere can take on a wide range

f forms, from compact hexagonal plates and columns to the huge

rray of dendritic snowflakes; the crystal shape depending on tem-

erature and supersaturation. Crystal shape is important because it

nfluences crystal fall speeds, growth rates and their optical prop-

rties. In fact, Foster et al. (1998) demonstrated that extinction,

bsorption and scattering efficiencies in the IR are sensitive to

rystal shape. It is thought that CO 2 ice crystals in the Martian

tmosphere are unlikely to form dendrites since dendritic struc-

ures form when crystal growth becomes diffusion limited. For

O 2 ice crystals in the Martian atmosphere which is dominantly

omposed of CO 2 , diffusion limitation is unlikely ( Wood, 1999 ).

ence, Martian CO 2 ice crystals are likely to be compact crystals

nd the BFDH model demonstrates that these crystals may have

wo families of faces exposed – the six-sided {111} family of faces

nd the four-sided {200} family. But, as with compact water ice

rystals ( Murray et al., 2015b ), CO 2 ice may still exhibit a range

f crystal shapes if the relative growth rates of the two groups

f faces vary. The possible crystal shapes, all with the same O h 

oint group (derived from the space group of CO 2 -I), are shown

n Fig. 9 . If the {111} family of faces grows faster than the {200}

amily then a crystal in the shape of a cube would be expected,

hereas if the opposite is the case then an octahedron crystal

ould form. It is also possible that the growth rates of the two

ets of equivalent faces are competitive in which case a cubo-

ctahedron would form. Close inspection of the images of CO 2 ice

rystals in Foster et al. (1998) reveal that while some crystals are

learly octahedral, others are truncated with square faces which

re consistent with cubo-octahedra. In summary, in the Martian at-

osphere we might expect CO 2 crystals with a range of morpholo-

ies, from cubic to octahedral, and the exact crystal shapes which

xist there may depend on temperature and supersaturation of the

tmosphere from which they grow as well as any effect of latent

eat release on the temperature of the growing crystal. 
Deposition of CO 2 ice directly onto the Martian surface occurs

n the polar regions and is responsible for seasonal pressure fluc-

uations. Our results indicate that this ice is also the standard

O 2 -I phase. Laboratory simulations of ice deposits suggest that

t low pressures and under Martian temperatures ( ∼130–145 K)

he ice forms a translucent slab, whereas at lower temperatures

t forms ‘triangular’ crystals ( Portyankina et al., 2016 ) (Note that

hose authors use the term ‘crysalline structures’ to mean the

orphology of the ice they generate, whereas we use the term

crystal structure’ to define the regular arrangement of atoms in

 crystal). When CO 2 ice crystals fall from the atmosphere and

ccumulate at the surface they will most likely anneal to min-

mise gas-solid interfacial area which minimises surface free en-

rgy. Portyankina et al. (2016) note that cracks in CO 2 ice anneal

disappear) in only minutes which indicates that annealing pro-

esses could be quite rapid. Hence, CO 2 ice particles will likely lose

heir initial shape once on the ground, much like ice crystals in

now pack on Earth evolves with time. 

. Summary and conclusions 

In this study the first XRD diffraction patterns of CO 2 ice, de-

osited under temperature and pressure conditions analogous to

he Martian mesosphere are presented. A cubic crystal structure

onsistent with previous literature determinations of CO 2 -I with

a- 3 space group has been found under all conditions studied.

nalysis of the diffraction patterns gave a lattice parameter of

.578 ± 0.002 Å, a unit cell volume of 173.554 ± 0.19 Å 

3 and den-

ity of 1.684 ± 0.002 g cm 

−3 at 80 K. From the diffraction data, the

ensity was determined from 80 to 130 K and combined with lit-

rature data to give a polynomial fit valid from 80 to 195 K (CO 2 

ensity = 1.72391–2.53 × 10 −4 T – 2.87 × 10 −6 T 2 ). This equation of

tate was applied to sedimentation and ice nucleation rates rele-

ant to CO 2 ice clouds in the mesosphere of Mars. We suggest that

he new temperature-dependent equation of state is used in future

odelling studies of CO 2 ice in the Martian atmosphere. Finally,

he crystal morphology of solid CO 2 was predicted using the BFDH

pproach, suggesting that Martian CO 2 ice crystals could take the

hape of a cube, an octahedron or a cubo-octahedron. 
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