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Abstract: 

Sublimation, the direct transition from solid to gas phase, is a process responsible for 

shaping and changing the reflectance properties of many Solar System surfaces. In this study, 

we have characterized the evolution of the structure/texture and of the visible and near-

infrared (VIS-NIR) spectral reflectance of surfaces made of water ice mixed with analogues 

of complex extraterrestrial organic matter, named tholins, under low temperature (<-70°C) 

and pressure (10
-5

 mbar) conditions. The experiments were carried out in the SCITEAS 

simulation setup recently built as part of the Laboratory for Outflow Studies of Sublimating 

Materials (LOSSy) at the University of Bern (Pommerol et al., 2015a). As the water ice 

sublimated, we observed in situ the formation of a sublimation lag deposit made of a water-

free porous (>90% porosity) network of organic filaments on top of the ice. The temporal 

evolution of the tholins and water ice spectral features (reflectance at the absorption bands 

wavelengths, red slope, from 0.40 to 1.90 μm) are analysed throughout the sublimation of the 

samples. We studied how different mixtures of tholins with water (0.1 wt.% tholins as coating 

or inclusions within the water particles), and different ice particle sizes (4.5±2.5 or 67±31 μm) 

influence the morphological and spectral evolutions of the samples. The sublimation of the ice 

below the mantle produces a gas flow responsible for the ejection of mm to cm-sized 

fragments of the deposit in outbursts-like events. The results show remarkable differences 

between these samples in term of mantle structure, speed of mantle building, rates and surface 

area of mantle ejections. These data provide useful references for interpreting remote-sensing 

observations of icy Solar System surfaces, in particular the activity of comet nuclei where 

sublimation of organic-rich ices and deposition of organic-dust particles likely play a major 

role. Consequently, the data presented here could be of high interest for the interpretation of 

Rosetta, and also New Horizons, observations. 
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1. Introduction 

 The surfaces of many objects in the Solar System comprise substantial quantities of 

water ice either in pure form or mixed with mineral and/or organic molecules. Missions 

exploring these objects usually carry imaging systems and spectrometers which require a 

good knowledge of the spectro-photometric properties of ice to allow appropriate 

interpretation. Both numerical models and laboratory experiments are used to overcome this 

challenge. This paper presents laboratory experiments focusing on the evolution of the optical 

properties of surfaces composed of water ice and complex organic matter during the 

sublimation of the water ice. 

 Water ice is found associated with organics in many objects of the Solar System. 

Comets are probably the most striking examples, because they possess a high mass ratio of 

organics compared to ice, estimated from 0.1 to 1. (Fomenkova, 1999; Huebner, 2003; 

Jessberger et al., 1989; Kuppers et al., 2005; Marboeuf et al., 2014; Weiler et al., 2004). 

Recent observations of comet 67P/Churyumov-Gerasimenko by the Rosetta spacecraft 

suggest a surface dominated by organic materials with water ice near the surface (Altwegg et 

al., 2015; Thomas et al., 2015). The icy satellites of Jupiter (Europa, Ganymede, Callisto) and 

Saturn (Titan, Iapetus) (Moore et al., 2009), as well as the Trans-neptunian Objects (TNOs) 

(including Kuiper belt objects, KBOs) and Centaurs (Duffard et al., 2014) also probably have 

a surface consisting of ice mixed with organics, but at a lower mass ratio than comets. The 

surface of the Saturn’s moon Titan contains a large amount of organics and possibly some 

water ice, but there is no definitive spectral evidence for water ice exposed at the surface (see 

Neish et al., 2015 and references herein). Finally, even very close to the Sun, the ice deposits 

on Mercury have been hypothesized to be locally covered by organic matter partly because of 

their probable cometary origin (Paige et al., 2013). The complex organic matter present in 

those different environments has been synthesized (endogenously or exogenously) from 

smaller molecules in the gas or solid phase. 

In the gas phase, solid macromolecular carbonaceous products are efficiently formed 

after the irradiation of a reduced or neutral gas mixture composed of CH4, N2, CO, etc. The 

breakdown of these simple molecules by energetic particles (VUV/UV photons, electrons, 

ions) followed by the recombination of their fragments lead to the production of increasingly 

heavy organic molecules, and finally to solid aerosols. This process has only been observed in 

the laboratory experiments and in Titan’s atmosphere, but it probably occurs on other 
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planetary bodies having thin atmospheres, such as Triton and Pluto (Cruikshank, 2005; 

Cruikshank et al., 2015; McDonald et al., 1994). The analogue solid organic residues 

produced after irradiation of a gas mixture composed of simple molecules in the laboratory 

have been named “tholins” by Sagan and Khare (1979). It is derived from the Greek θόλος 

meaning “muddy”, in reference to the orange-brownish colour of the material.  

 In the solid phase, such solid organic residues can also be produced via energetic 

processing of ice mixtures (such as VUV/UV photons, cosmic rays and thermal processes), 

although less efficiently than in the gas phase. Similarly as in the gas phase, the irradiation of 

simple molecules (H2O, CO, CH4, NH3, CH3OH, etc.) in the form of ices can produce radicals 

that recombine within the ice to form higher mass molecules, up to macromolecular 

substances which are called organic refractory matter. Many laboratory experiments 

performed since 1961 have proved that virtually any carbon-containing ice produces organics 

upon irradiation (Berger, 1961; Thompson et al., 1987 and references herein). As the 

irradiation doses or energies are increased, more refractory and darker carbonaceous 

compounds can be formed (Andronico et al., 1987; Thompson et al., 1987). The thermal 

processing of the ices also contributes to the production of complex refractory organics. Icy 

dust particles that formed the pre-solar nebula underwent such irradiation and thermal 

processing before being incorporated to comets and planetesimals (Herbst and Van Dishoeck, 

2009). Solid phase synthesis of complex organic matter may also occur currently on the 

surfaces of TNOs, comets and icy satellites. 

 The colour of these organic residues (from pale yellow, orange, brown to dark) 

originate from electronic transitions in the molecular orbitals of the molecules present in the 

residues. Electrons engaged in bonding σ, π or non-bonding n molecular orbitals can be 

promoted to anti-bonding orbitals σ* or π* by the absorption of photons in the UV-visible 

range. These transitions occur in specific chemical groups called chromophores. Transitions 

such as π → π* and n → π* occurring in π–bonds are very efficient in absorbing visible light 

if the molecule possesses an extended chain of π–bonds (–C=C–, –C=N– etc.), called a 

conjugated system (such molecule is called an “aromatic” molecule). Other transitions such as 

n → σ*, most often centred in the ultraviolet, can also efficiently cause absorption in the 

visible range (Mahjoub et al., 2012; Quirico et al., 2008). These organic residues are made of 

a mixture of diverse molecules having different structures and chromophores able to absorb 

light in the UV-visible range. The reflectance spectra of such complex mixtures are 

characterized by a spectral red slope that can extend from 0.2 to 1.0 μm, with low reflectance 
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values in the ultraviolet and higher values as we go to the near infrared. Heavily irradiated 

mixtures of organics tend to preferentially lose their H, O and N heteroatoms, extend their 

conjugated systems and consequently become darker, a process called carbonization 

(Andronico et al., 1987; Thompson et al., 1987). The dense and highly branched carbon 

network resulting from this carbonization is very dark from the UV to the infrared and its 

spectral red slope is significantly reduced (Moroz et al., 2004). 

 Many surfaces of primitive objects such as asteroids, comets or TNOs appear dark, 

with a red or neutral spectral slope, possibly because of the presence of complex organic 

matter at diverse stages of irradiation (Cruikshank, 2005; Cruikshank et al., 2015; Cruikshank 

et al., 2005). However, the "reddish" colour of some Solar System objects could also be 

explained by the presence of minerals such as iron-oxides (Singer et al., 1979), sulphur 

polymorphs (Geissler et al., 1999) or nanophase reduced iron (Clark et al., 2012; Bennett et 

al., 2013), which also exhibit such red slopes in the visible part of the spectrum. But overall, 

the association of ices and complex organics appears widespread and is an important aspect of 

many surfaces in the Solar System. 

 On all these objects, except Titan
1
, sublimation, the direct transition from solid to gas 

phase, can occur, changing their surfaces and reflectance properties. It is thus essential to 

characterize the spectro-photometric properties of such surfaces of ices and organics when 

they undergo sublimation. Sublimation and the subsequent lag deposit are particularly 

important in the case of comets, because these ice-rich bodies approach the Sun periodically 

and a huge amount of ice sublimes at each of their perihelion passages. Since the closest 

approach of comet 1P/Halley in 1986, it is assumed that the surface of comet nuclei are 

mostly covered with an ice-free extremely dark mantle made of complex organic material 

(Hartmann et al., 1987; Johnson et al., 1988). Only areas representing a small fraction of the 

cometary surface are actively outgassing (Sekanina, 1991). The dark organic mantle covering 

most of the surface could be a result of sublimation process (sublimation lag deposit, or dust 

layer formed by re-deposition of dust lifted by cometary activity), and/or a product of the 

irradiation of ices by cosmic rays and solar energetic particles. Therefore, studying the 

building and evolution of organic sublimation lag deposits may help to understand the 

properties of cometary surfaces. 

                                                 
1
 Sublimation process is expected to be insignificant on Titan because of the high surface pressure of 1.4 atm 

(Fulchignoni et al., 2005) and the extremely low surface temperatures. 
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 The formation and consequences of these sublimation mantles have been the subjects 

of many studies, particularly in the 80's and 90's with the Comet Simulation (KOSI) project 

carried out at the German Aeronautic and Space Organization (DLR) (see Sears et al. (1999) 

for a review). A comet analogue of 300 mm diameter and 150 mm thick was produced by 

spraying suspensions of minerals in water into liquid nitrogen. Black carbon and frozen 

carbon dioxide were also added to this mixture. The sample was left to evolve at around 10
-6

 

mbar and 210 K in a large vacuum simulation chamber, and was illuminated by Xenon-arc 

lamps to simulate the Sun (Grün et al., 1991; Sears et al., 1999). As the ices sublimed, 

ejection of mineral grains and ice particles was observed, followed by the build-up of an ice-

free mantle made of the dust accumulating at the surface of the sample. During or after the 

simulations, numerous analyses were performed on the thermal conductivity of the sample, 

the gas emission, the observation of particles ejections and their imaging by microscopy etc. 

Reflectance spectra of the samples surface were also acquired before and after the simulations 

(from 0.5 to 2.5 μm), revealing the darkening of the sample and the decrease of the water and 

carbon dioxide absorptions (Oehler and Neukum, 1991). However, no measurement was 

performed in situ, during the simulation, and the ex situ analyses suffered from water frost 

contamination. 

At the University of Bern, we have built the Laboratory for Outflow Studies of 

Sublimating Materials (LOSSy) with the aim of providing new insights into the spectro-

photometric properties of icy planetary analogs (Pommerol et al., 2015a; Pommerol et al., 

2011).  This laboratory comprises facilities to produce icy surface analogues (water ice 

particles, pure or mixed with minerals and/or organics) and two setups aimed at characterizing 

the scattering of these surfaces: (1) the PHIRE-2 (PHysikalisches Institut Radiometry 

Experiment) radiogoniometer, (Pommerol et al., 2011), and (2) the SCITEAS (Simulation 

Chamber for Imaging the Temporal Evolution of Analog Samples) simulation chamber 

(Pommerol et al., 2015a). The SCITEAS thermal vacuum chamber enables in situ monitoring 

and spectro-photometric analyses of ice samples during sublimation at low pressure and 

temperature conditions found at the surface of icy Solar System objects (i.e. T < -70°C and P 

< 10
-5

 mbar). In Pommerol et al. (2015a) we have described, in detail, the building and 

operations of the SCITEAS setup and analysed the data of the very first experiments 

performed with it. The comet #1 experiment described in Pommerol et al. (2015a) consisted 

of mixing water ice particles (4.5±2.5 μm), amorphous carbon and silicate (fine basalt 

powder) in liquid nitrogen, depositing this sample into SCITEAS and observing its evolution 
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under vacuum and low temperature. During the sublimation of the ice, movement of carbon 

particles was observed at the surface of the samples. Some of the movements were correlated 

with pressure spikes. A dark desiccated mantle developed over the ice, but the spectral 

signatures of the water ice persisted, partly because of the exposure of fresh water particles on 

the rims of circular features developing at the surface of the sample. 

In the present paper, we aim to characterize how the structure/texture and the visible 

and near-infrared (VIS-NIR) spectral reflectance of a surface made of a mixture of water ice 

and complex organic matter, as a potential analogue of a cometary icy surface, evolves during 

the sublimation of the water ice under low temperature and pressure conditions. To do so, we 

have performed a series of experiments with the SCITEAS chamber. We have produced 

spherical ice particles of water and tholins, as analogues of complex organic matter produced 

in extraterrestrial environments. We have studied how the initial mixture between water and 

tholins and the size of the ice particles influence the properties of the deposit obtained after 

sublimation in term of morphology, texture and spectro-photometric properties. Our goal is to 

produce reference laboratory data that will be useful to interpret remote sensing datasets on 

icy surfaces. 

 

 

2. Material and methods 

 

2.1 SCITEAS experiment 

 The simulations were performed with the SCITEAS experimental setup. This 

simulation chamber, its imaging system and the procedure for data retrieving are briefly 

described in the paragraphs below. A more detailed description can be found in Pommerol et 

al. (2015a). 

 The SCITEAS thermal-vacuum chamber is designed to accommodate at its centre a 

cylindrical sample holder (160 mm diameter) containing the icy sample whose reflectance 

from 0.4 to 2.5 μm is continuously characterized by a hyperspectral imaging system through a 

15 mm-thick fused quartz window (see Figure 1 in Pommerol et al., 2015a). In order to study 

the sublimation of a sample over a few tens of hours, the ice samples were prepared in a 
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rectangular 120×60 mm sample holder with a thickness of 20 mm. The rectangular shape is 

inlaid in the centre of a 160 mm-diameter disk made of black anodized aluminium, inserted 

on top of the cylindrical holder in the simulation chamber. 

 Inside the chamber, the sample is maintained at cold temperature by a continuous 

circulation of liquid nitrogen in a cylindrical shroud, covered with a high-emissivity paint, 

which surrounds the sample holder at a distance of 20 mm. The chamber is evacuated using 

two membrane primary pumps and one turbomolecular pump. The temperatures inside the 

chamber are monitored via several Pt100 temperature sensors located on the shroud, on the 

sample holder, inside the ice samples and at the top of the ice surface. The pressure inside the 

chamber is monitored via a cold cathode Pirani hybrid sensor.  

 In the present study, the samples have been positioned 70 mm below the upper 

window. As a consequence, when the chamber is closed, under vacuum and cold temperature, 

the surface of the sample is constantly heated by infrared radiation produced by the window. 

Consequently, in the configuration used for the present study, thermal infrared constitutes the 

main energy input on the samples. 

 The SCITEAS Imaging System consists of a monochromatic light source (halogen 

lamp coupled to a monochromator), which illuminates the entire surface of the sample, and 

two cameras: one covering the visible spectral range (0.38–1.08 μm) and the other the near-

infrared spectral range (0.85-2.5 μm). The cameras are placed 200 and 300 mm above the 

window of the chamber respectively, and look at the sample at an angle of about 13° from the 

nadir direction. The light scattered by the surface of the sample and transmitted through the 

window is collected by the cameras. Hyperspectral cubes of the sample surface are measured 

by shifting the wavelength of the incident light transmitted by the monochromator and 

synchronizing the acquisition of images at each wavelength by the visible and/or near-infrared 

camera. The hyperspectral cubes were acquired with a spectral sampling of 20 nm from 0.38 

to 0.96 μm and 10 nm from 0.96 to 1.90 μm in order to better resolve the shape of the 

absorption bands in the near infrared. The acquisition of a complete hyperspectral cube lasts 

about 20 minutes. 

 Both external and internal calibrations were performed on the images in order to 

mitigate the heterogeneity of the incident light flux and the temporal variability of the 

sensitivity of the cameras respectively. The measured hyperspectral cubes were divided by a 

hyperspectral cube of a large plate of white Spectralon™ (Labsphere) placed at the position of 
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the sample, thereby providing a flat field correction (see Pommerol et al., 2015a). The 

hyperspectral cubes were then normalized by the value measured over an internal reference 

(small disk of Spectralon) inside each frame, for each wavelength. This normalization was 

done to mitigate the temporal variability of the sensitivity of the cameras which can be 

significant if the laboratory conditions are changing. In the reduced dataset, absolute 

uncertainty on the calibrated reflectance factor is ±0.1 and the spatial variability of the 

reflectance across the field of view is of the order of 10%. 

During the course of the experiments presented in this paper, the infrared camera 

suffered from stability problems. As a consequence, the infrared data presented here (in 

Figure 7c and Figure 8c) are degraded compared to the one presented in Pommerol et al. 

(2015a) but this does not affect the final results and conclusions. To mitigate this effect, only 

the most reliable infrared data have been plotted in Figure 7 and the range of wavelengths 

from 1.90 to 2.50 μm has been excluded in Figure 6.  

 

2.2 Sample preparation 

 We have prepared several samples of water ice particles mixed with tholins in two 

different ways: (a) an intra-mixture, (b) an inter-mixture, in order to obtain reference 

laboratory data that could apply to diverse surface types and history (see section 2.2.2). 

Spherical water ice particles have been produced by spraying fine droplets of water into liquid 

nitrogen (see Figure 1). The tholins have been synthesized from CH4 and N2 in the gas phase 

(see section 2.2.1). The sample preparation is detailed in the paragraphs below and the main 

characteristics of the samples are summarized in Table 1. 

 

2.2.1 Production of the tholins used for this study 

 In order to study the sublimation of cm-sized samples of water ice mixed with tholins, 

a relatively large amount of organic material (of the order of several mg) was required. The 

existing setups producing tholins from the irradiation of ices produce thin films consisting of 

only some micrograms of organic residue. In contrast, the irradiation of gases produces one 

gram of tholins within 30 to 100 hours depending on the gas mixture (Sciamma-O’Brien et 

al., 2010). Consequently, we chose to produce the tholins in the gas phase, using the 



10 

 

PAMPRE setup. A detailed description of this experimental setup can be found in (Gautier et 

al., 2011; Szopa et al., 2006). The reactor consists of a cylindrical stainless steel chamber 

where a radiofrequency capacitively coupled plasma (RF-CCP) is established in the gas 

mixture, between two electrodes. The gas mixture is injected as a continuous flow of 55 

standard cubic centimeters per minute (sccm) through the polarized electrode and extracted by 

a vacuum pump. The chemistry forming the solid particles of tholins takes place between the 

electrodes which maintain the charged particles in levitation in the gas phase. When the 

weight of the particles exceeds a certain value, the particles fall into a vessel for later 

collection. This configuration allows the production of a large quantity of tholins. 

The tholins were produced at an incident power of 30W and from a gaseous mixture of 

95% nitrogen N2 and 5% methane CH4, representative of the main composition of Titan's 

atmosphere. The choice of this material was motivated by the fact that it has been physically 

and chemically characterized by a large number of previous studies (Carrasco et al., 2009; 

Hadamcik et al., 2013; Mahjoub et al., 2012; Pernot et al., 2010; Quirico et al., 2008; 

Sciamma-O’Brien et al., 2012). Moreover, those tholins were shown by Bonnet et al. (2015) 

as interesting precursors to simulate cometary N-rich refractory organics (before thermal 

heating). Titan tholins are made of a complex mixture of molecular and macromolecular 

material, partly heteropolymer-like, containing carbon, hydrogen and nitrogen atoms 

(Carrasco et al., 2009; Pernot et al., 2010). NMR, infrared and UV-Raman analyses showed 

the presence of aliphatic hydrocarbons, nitriles, imines, amines or N-bearing aromatic 

structures (Bernard et al., 2006; Imanaka et al., 2004; Quirico et al., 2008), with unsaturations 

mainly involving nitrogen atoms (Carrasco et al., 2009; Derenne et al., 2008). 

 The optical properties of the Titan tholins produced with PAMPRE have been 

extensively characterized (Hadamcik et al., 2013; Mahjoub et al., 2012; Sciamma-O’Brien et 

al., 2012). Mahjoub et al. (2012) measured the optical indices of tholins produced in the same 

conditions as in the present study. The real and imaginary parts of the refractive index, n and 

k, of the PAMPRE tholin thin film produced from a gas mixture of 95% N2 and 5% CH4 are 

provided from 370 to 1000 nm in the Table A1 of Mahjoub et al. (2012). The bidirectionnal 

reflectance spectra of PAMPRE Titan tholins have been presented in Figure 4 of de Bergh et 

al. (2008). They exhibit a strong red slope from 0.2 to 1.0 μm. This red slope was initially 

attributed to aromatic species present in the tholins structure (Imanaka et al., 2004), but more 

recent work exclude the presence of large polyaromatic compounds in tholins (Quirico et al., 
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2008) and favours the role of n → σ* transitions of amine groups (‒NH2), known to be 

relatively intense from the UV to the visible range (Mahjoub et al., 2012). 

 

2.2.2 Water ice and mixture types 

 While it is clear that mixtures of water ice and organics are ubiquitous on icy surfaces 

in the Solar System, the way they are mixed together will depend on the history of the 

processes that have affected each particular surface. For comets, many different scenarios 

have been proposed to explain their formation and how the dust and the ice are mixed 

together (Belton et al., 2007; Gombosi and Houpis, 1986; Greenberg, 1998; Greenberg and 

Li, 1999; Weissman, 1986). 

 In order to obtain reference laboratory data that could apply to diverse surface types 

and history, we have prepared two types of mixtures: 

(1) an intra-mixture, in which the tholins are thoroughly mixed with water inside each 

spherical ice particles constituting the sample (tholins are present as inclusions within 

water ice grains), 

(2) an inter-mixture, in which the tholins are deposited as a coating around the pure 

water ice particles. 

 Two water ice particle sizes were produced to investigate the influence of the 

water ice particles size on the sublimation: 67±31 μm and 4.5±2.5 μm diameters, respectively 

named L (for large) and S (for small) in the following. The L particles were compatible with 

both intra- and inter- mixtures, but the S particles could only be produced in the inter-mixture 

case. These led to three types of samples to be investigated: “intra-mixture-L sample”, 

“inter-mixture-L sample” and “inter-mixture-S sample”. 

For all the samples, the mass ratio of organics to water was of 0.001 (0.1 wt.%). This 

mass ratio was dictated by the limited amount of tholins available. Although it may be very 

small compared to the natural mass ratio that could be found in icy extraterrestrial 

environments (this mass ratio of comet nuclei is expected to be ~1), it was sufficient to colour 

the ice and clearly observe the formation of sublimation lag deposits. Thus this gives a lower 

boundary on the existence of processes and the effect of tholins on the ice spectra. 
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 The water ice particles were produced with the SPIPA (Setup for the Production of Icy 

Planetary analogs) setup developed in the LOSSy laboratory (Jost et al., submitted). 

 The small (S) diameter water ice particles (Figure 1a) were produced following the 

method described in Pommerol et al. (2015a) and Jost et al. (submitted). An ultrasonic 

nebulizer (Hippomed AIR ONE) produces water droplets in the size range of 0.47 to 6 μm in 

diameter. The nebula is conducted through a plastic tube inside a freezer. The extremity of 

this pipe is held a few centimetres above a vessel made of stainless steel and cooled from 

below by a thick piece of copper plunging into a Dewar of liquid nitrogen. The small droplets 

of liquid water freeze instantly on contact with the air at -60°C and most of them sediment to 

the bottom of the vessel where they are kept at very low temperature around -120°C, limiting 

thermal metamorphism. The spherical shape of the ice particles and their size distribution 

were characterized by cryogenic scanning electron microscopy obtained at CSEM 

(Neuchatel). The ice particles produced via this method have a diameter of 4.5±2.5 μm (see 

Figure 1a). 

 The production of the larger water ice particles (Figure 1b) was performed using a 

different ultrasonic nebulizer which allows the preparation of ice particles made of an intra-

mixture of water and tholins. Beforehand, a suspension of 0.1 wt.% tholins in liquid water 

was prepared by ultrasonication of 57 mg of tholins in 60 mL of distilled water. This 

ultrasonication enables the solubilization of the water-soluble molecules of the tholins 

(solubility 0.2 mg/mL in water, Carrasco et al., 2009) and the homogenous suspension of the 

non-soluble molecules. It was performed with a Hielscher 200Ht ultrasonic unit equipped 

with a 7 mm diameter sonotrode. The ultrasounds were delivered in the liquid at the 

maximum amplitude of the sonotrode by steps of 0.5 seconds. The duration of ultrasonication 

was limited to 1 minute and the temperature of the suspension increased from 23°C to no 

more than 30°C. The obtained homogenous suspension was then allowed to cool down to 

room temperature while maintained in motion with a magnetic stirrer. Then, the solution of 

pure water or the suspension of 0.1% tholins in water was put in a spray bottle equipped with 

a 2 mm diameter tube connected to a Hielscher 200Ht ultrasonic unit equipped with a 

S26d18S sonotrode for spraying and nebulizing. The liquid pumped from the bottle was 

injected into the sonotrode and spread out as a thin film on the conical shaped nozzle surface 

at the output of the sonotrode. The ultrasonic vibrations delivered to the sonotrode nozzle 

disintegrate the liquid into micro-droplets. This nebulization takes place inside the freezer, 

above a stainless steel vessel filled with liquid nitrogen. The droplets ejected by the sonotrode 
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nozzle fall into the liquid nitrogen where they instantly freeze into ice particles. The ice 

particles produced by this method are spherical and have a diameter of 67±31μm as measured 

by cryo-SEM (see Figure 1b). 

 The inter-mixture samples were prepared by weighing 55 g of water ice particles in an 

aluminium bottle, followed by the addition of 60 mg of tholins. The bottle was then closed 

and agitated using a Vortex-Genie2 mixer at full speed for 15 seconds and repeated 3 times. 

During the weighing and the vortexing, the aluminium bottle was repeatedly plunged into 

liquid nitrogen to ensure the preservation of the ice particles at very low temperature so as to 

limit thermal metamorphism. 

 

 

Figure 1: Optical microscope images of pure water ice particles prepared with the Setup for 

the Production of Icy Planetary analogs (SPIPA). (a) Small "S" size water ice particles 

(4.5±2.5 μm), agglomerates of several tens of micrometers and (b) Large "L" size water ice 

particles (67±31 μm). (For a colour version of this figure, the reader is referred to the web 

version of this article) 

 

2.2.3 Deposition of the ice samples into the sample holder 

 Two simulation experiments were conducted inside the SCITEAS chamber on a total 

of 4 samples. For each experiment, a rectangular 120×60 mm sample holder 20 mm thick was 

divided in two equal compartments and each compartment was filled with a different ice 

sample. This enables to compare the evolution of different ice mixtures exposed to the same 
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pressure and temperature conditions over the whole simulation. The sample holder was also 

equipped with 3 temperature sensors fixed at various places: one was directly glued at the 

bottom of the sample compartment and the other two were positioned in order to measure the 

temperature inside and outside the ice samples. Prior to the deposition of the ice samples, the 

sample holder was cooled at around -100°C. The sample deposition described below took 

place in a freezer, followed by a rapid transfer of the sample in the SCITEAS chamber. 

 For experiment n°1, the sample holder was filled with the “intra-mixture-L sample” 

on the one side, and with the same size ice particles made of pure water on the other side. 

Both samples were deposited in the form of a suspension of ice particles and liquid nitrogen. 

The evaporation of the liquid nitrogen in contact with the sample holder leads to the formation 

of bubbles and holes inside the sample, as seen in Figure 3. 

 For experiment n°2, the sample holder was filled with the “inter-mixture-L sample” 

on the one side, and with the “inter-mixture-S sample” on the other side. The inter-mixture 

samples cannot be deposited using liquid nitrogen because it could alter the tholins coating of 

the particles. So these inter-mixture samples were deposited by direct sieving of the ice 

obtained after mixing using a 400 μm sieve. The sieving was necessary to avoid putting too 

big agglomerates of ice particles into the samples. This deposition method resulted in samples 

having a more homogenous surface, free of any hole, compared to the experiment n°1 (see 

Figure 3). 

 

 

Table 1: Characterization of the prepared tholins-ice samples. Each sample is designated by 

its abbreviated "Sample name" in the text and in the Figures. 

Experiment:

Sample name: pure water ice-L intra-mixture-L inter-mixture-L inter-mixture-S

Tholins/water mass ratio: 0 0.001 0.001 0.001

Mixture type: N.A. intra-mixture inter-mixture inter-mixture

Ice particle size (μm): 67±31 67±31 67±31 4.5±2.5

Density (g cm
-3

) : 0.5 0.5 0.5 0.3

Experiment n°1 Experiment n°2
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2.3 Simulation sequence in the SCITEAS chamber 

2.3.1 Experimental conditions: pressure and temperature profiles 

 Directly after preparation, the sample holder and the internal calibration target were 

transferred into the SCITEAS chamber. The temperature sensors were connected and the 

chamber was hermetically closed. The cooling of the chamber immediately started and the 

primary and turbo-molecular pumps were progressively started (see for details Pommerol et 

al., 2015a).  

 The profiles of pressure and sample holder temperature through the entire experiment 

are presented on Figure 2. The experiment n°1 lasted for 45 hours while the experiment n°2 

only ran for 13 hours. For both experiments, two hours after the closing of the chamber, the 

temperature of the shroud was at around -180°C and the sample holder at around -100°C. The 

pressure inside the chamber was about 2.10
-5

 mbar. The temperature profiles of the sample 

holder show a continuous and logarithmic-shaped increase from -100°C to about -70°C after 

more than 42 hours. 

 Over the duration of the experiments, the pressure was most of the time comprised 

between 1.10
-5

 and 2.10
-5

 mbar. The pressure curve in Figure 2 shows bumps from 0 to 10 

hours, which originate from the sublimation and re-deposition of water frost from the sample 

holder structure to the cold shroud surrounding the chamber. Shorter variations of pressure are 

also seen over the whole time lapse. These pressure spikes have typical durations of a few 

minutes only. Some of these spikes can be correlated with events affecting the surface of the 

samples as discussed in section 3.1. 

 Overall, the temperature and pressure variations were very similar for experiments 

n°1, n°2 as for the reference experiment "comet #1" described in Pommerol et al. (2015a). 

 



16 

 

 

Figure 2: Temperature and pressure conditions measured inside the SCITEAS chamber 

during the experiments n°1 (a) and n°2 (b). Vertical red bars indicate the time during which 

an ejection event occurred on the samples (as listed in section 3.1). Dashed lines indicate 

events that can be correlated to a pressure increase or spike. Dotted lines indicate events that 

cannot be clearly correlated to a pressure variation. (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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2.3.2 Dataset description 

 The dataset acquisition was similar for experiments n°1, n°2 and reference experiment 

"comet#1" presented in details in Pommerol et al. (2015a). 

 The acquisition of visible images of the sample started just after the connection of the 

last temperature sensor, a few seconds before closing the SCITEAS chamber. One image was 

taken every minute with the ambient light of the laboratory (white mercury-vapour 

fluorescent tubes) turned on. These images document the evolution of the sample surface 

during periods when the ambient light is turned on but they cannot be used for accurate 

photometric studies. 

 About 2 hours after the start of each experiment, the ambient light of the laboratory 

was turned off and the long-term spectro-photometric measurements sequence started. 

Monochromatic images at 600 nm (providing the best dynamic range) were acquired every 

minute and hyperspectral cubes were measured every 40 minutes. When the light of the 

laboratory was intermittently turned on again for visual inspection of the experiment, the 

spectro-photometric measurements were interrupted and only visible images were acquired.  

Black and white monochromatic images at 600 nm and visible images taken with the 

ambient light on were assembled to create Video 1 and 2, depicting the evolution of the 

samples for experiment n°1 and n°2 respectively. Colour composites were produced from the 

monochromatic images acquired using the visible CCD (Figure 3). All colour composites 

were assembled to create a Video 3 and Video 4 depicting the evolution of the samples for 

experiment n°1 and n°2 respectively. 
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3. Results 

3.1 Evolution of the surface morphology 

 

Figure 3: Colour composites showing the surface of each sample 2 hours after the beginning 

of the simulation and at the end, 40 or 10 hours later. One should appreciate the diversity of 

morphologies produced by the sublimation process just by changing the mixture type or the 

ice particle sizes. The Regions Of Interest (ROI) indicated in each image have been used to 

retrieve the spectro-photometric data presented in Figure 6, Figure 7 and Figure 8. ROIs #2, 

#4 and #5 were chosen because these areas are affected by events of ejection of sublimation 

mantle, while in ROIs #1 and #3 the mantle is progressively deposited onto the ice surface 

without ejection event (see Videos 3, 4). The VIS image appears close to natural colours, 

relatively similar to what the human eye would see, although no special calibration was 

performed to retrieve the true colours. For the VIS colour composite, monochrome images 

acquired at 0.40, 0.52, and 0.60 μm are used, for the blue, green, and red channel, 

respectively. Videos 3 and 4 show all the colour composites separating each of these two 

images. (For a colour version of this figure, the reader is referred to the web version of this 

article) 

 

 Figure 3 shows visible colour composites of the studied samples, showing the 

evolution of their surfaces from t = 2 h to the end of the simulation. Moreover, the pictures 
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acquired every minutes from t = 0 h to the end using the visible camera were assembled to 

create a video depicting the evolution of the samples during the 45 hours of the experiment 

n°1 (Video 1) and the 13 hours of experiment n°2 (Video 2). A detailed analysis of these 

videos is provided in the Supplementary Material, and is briefly summarized below. 

 

 

Video 1: This black and white video shows the evolution of the samples during the 

experiment n°1. From left to right are the samples tholins intra-mixture-L and pure water 

ice-L (see Table 1). Both monochromatic images at 0.60 μm and visible images taken with 

the ambient light on have been put together in this video (see sections 2.1 and 2.3.2 for 

details). The temperature of the sample holder and the pressure inside the chamber are 

indicated on each frame (see also Figure 2). A detailed analysis of the events occurring during 

this video is provided in section 3.1.1. 
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Video 2: This black and white video shows the evolution of the samples during the 

experiment n°2. From left to right are the samples tholins inter-mixture-L and tholins inter-

mixture-S (see Table 1). Both monochromatic images at 0.60 μm and visible images taken 

with the ambient light on have been put together in this video (see sections 2.1 and 2.3.2 for 

details). The temperature of the sample holder and the pressure inside the chamber are 

indicated on each frame (see also Figure 2). A detailed analysis of the events occurring during 

this video is provided in section 3.1.2. 

 

3.1.1 Build-up of mantles or aggregates at the surface of the ice during sublimation 

Evolution of the intra-mixture-L and inter-mixture-L samples: During the first hours of 

sublimation, the surface of the samples gets darker. As the water ice sublimes, a deposit made 

of the non-volatiles compounds initially present in the ice builds up at the surface of the 

samples, causing changes of colour and texture. This deposit is designated as the “sublimation 

mantle” or the “sublimation lag deposit” in the following paragraphs. Starting at about 6 h 

(for the inter-mixture-L) and 19 h (for the intra-mixture-L), sudden releases of fragments of 

sublimation mantle occur, designated as “ejection events”. The areas from where the material 

is released appear brighter on the visible images. This bright material is made of the mixture 

of water ice and tholins, initially located below the sublimation mantle, which is now exposed 

to the top of the sample, as confirmed by the near infrared spectra (see Figure 7). Some of 

these ejection events are correlated to an increase of pressure in the chamber of the order of 
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10
-6

 mbar (see the red dashed lines in Figure 2). Several minutes after each ejection event, the 

bright areas of exposed ice become darker as the ice sublimates, rebuilding the tholins mantle. 

On the intra-mixture-L sample, some ejection events release more than 50% of the total 

surface of the sample; whereas on the inter-mixture-L, they always represent less than 10% of 

the surface of the sample (see Figure 3). The mantle fragments ejected by the inter-mixture-L 

sample are similar to a skin just 1 or 2 mm thick, which looks more compact than the very 

fluffy mantle obtained by sublimation of the intra-mixture-L sample (see Figure 3 and Figure 

4a,b). 

Evolution of the inter-mixture-S sample: After few minutes of sublimation, the surface of the 

sample gets speckled, covered by numerous dark dots smaller than 1mm. After few hours, the 

small dark dots are concentrically ejected from the left centre of the sample. Some tholins 

accumulate all around the rim of the sample holder, and later these aggregates of tholins 

migrate back toward the centre of the sample. Some aggregates grow in size by the 

accumulation of tholins and others are ejected by the gas flow. The surface is much more 

dynamic than for the two other samples (see Supplementary Material for more details). 

 

3.1.2 Morphology and physical properties of the sublimation lag deposits 

Figure 4 and Figure 5 show high-resolution images of the sublimation residues 

obtained at the surface of each sample. 

 The Figure 4a shows the surface of the intra-mixture-L sample after 43 hours of 

sublimation. The multiple dark hollows seen on this image are remnants of the channels 

created in the ice sample by the evaporation of the liquid nitrogen during the deposition in the 

sample holder (see Figure 3 and section 2.2.3). Between these hollows, the tholins expulsed 

from the ice particles after the sublimation of the water have merged into filaments forming a 

three dimensional network, corresponding to the sublimation mantle, over the ice particles 

(see also Figure 5b). The ice particles are mostly not visible in Figure 4a, except in a small 

area on the left side (indicated by an arrow) where a fragment of the mantle has recently been 

ejected. As seen in Video 1, some fibres of this network are locally vibrating and the whole 

mantle is inflated by the flow of water vapour produced by the sublimation of the water ice 

particles located below the mantle. Knowing the thickness of the sample and its concentration 

in tholins, the density of this inflated mantle is estimated to be around 5.10
-4

 g cm
-3

, and its 
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porosity is likely to be around 90% (the initial density of the ice sample was around 0.5 g cm
-

3
). Some materials are known to reach such high porosity, for example ceramics (Ozgür Engin 

and Tas, 1999) or foam made of organic polymers (Meador et al., 2012). 

 Figure 4b presents the surface of the inter-mixture-L sample after 13 hours of 

sublimation inside the chamber. The tholins deposited at the surface after the sublimation of 

the ice particles form a 1 to 2 mm mantle resembling a thick “skin” on top of the sample. 

Similarly to the intra-mixture-L sample, this tholins deposit also consists of a network of 

filaments (seen at higher resolution in Figure 5b) but these filaments are more loosely 

connected to the water ice particles located beneath it. Several fragments of the mantle in 

Figure 4b appear “unstuck” to the ice surface. 

 Finally, the Figure 4c shows the surface of the inter-mixture-S sample after 13 hours 

of sublimation. Here the tholins do not form a relatively continuous mantle over the ice but 

are rather accumulated locally as 2 to 3 mm aggregates. Over the ice surface, between the 

aggregates, very loose filaments are seen (seen on Figure 4c and at higher resolution in Figure 

5a). Those are continuously ejected from the surface, as seen in Video 2 and Video 4. 

 

 

Figure 4: High resolution images of the sample surfaces after sublimation. (a) intra-mixture 

of 0.1% tholins and water ice particles of 67±31 μm, (b) inter-mixture of 0.1% tholins and 

pure water ice particles of 67±31 μm, (c) inter-mixture of 0.1% tholins and pure water ice 

particles of 4.5±2.5 μm. These images were taken in situ, around the end of the experiments, 
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while the samples were sublimating inside the SCITEAS chamber. The arrow on Figure (a) 

indicates an area where an ejection of mantle fragment occurred and where ice particles have 

been consecutively exposed to the surface. This area appears brighter than the surrounding. 

Such areas are also clearly seen in Figures (b) and (c). (For a colour version of this figure, the 

reader is referred to the web version of this article) 

 

 

Figure 5: Optical microscope images of the sublimation residues of (a) inter-mixture of 0.1% 

tholins and pure water ice particles of 4.5±2.5 μm, (b) inter-mixture of 0.1% tholins and pure 

water ice particles of 67±31 μm. The thinner filaments seen in (b) are of the order of 1 μm 

thick, most are around 10-15μm thick, and bigger agglomerates are up to 30 μm. Some 

deposition of water frost are seen in (b), but the filamentous matrix was free of any water ice 

after the end of the experiments (this water frost comes from the condensation of some water 

vapor from the atmosphere of the laboratory). (For a colour version of this figure, the reader is 

referred to the web version of this article) 

 

3.1.3 Texture of the remaining ice after the experiments 

 At the end of the experiments n°1 and n°2, the samples were removed from the 

SCITEAS chamber and their textures were probed using a steel spatula. The ice particles of 

the intra-mixture-L sample appear to be slightly consolidated just below the sublimation 

deposit, and have a fluid texture similar to the initial sample below this thin crust of ice. 

However, the ice particles of the inter-mixture-L sample have lost their initial fluidity: they 
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