Sublimation of water ice mixed with silicates and tholins: evolution of

surface texture and reflectance spectra, with implications for comets

Olivier Poch'*, Antoine Pommerol?, Bernhard Jost?, Nathalie Carrasco®*, Cyril Szopa® and

Nicolas Thomas®

! Center for Space and Habitability, Universitat Bern, Sidlerstrasse, 5, 3012 Bern, Switzerland
Physikalisches Institut, Universitat Bern, Sidlerstrasse, 5, 3012 Bern, Switzerland

% Université Versailles St-Quentin ; Sorbonne Universités, UPMC Univ. Paris 06 ;
CNRS/INSU, LATMOS-IPSL, 11 Boulevard d’Alembert, 78280 Guyancourt, France

# Institut Universitaire de France, 103 Bvd St-Michel, 75005 Paris, France

*To whom correspondence should be addressed:
Physikalisches Institut, Universitat Bern
Sidlerstrasse, 5

CH-3012 Bern, Switzerland
olivier.poch@csh.unibe.ch

+44 31 631 33 93

Manuscript accepted for publication in Icarus



Abstract

The surfaces of many objects in the Solar System comprise substantial quantities of
water ice sometimes mixed with minerals and/or organic molecules. The sublimation of the
ice changes the structural and optical properties of these objects. We present laboratory data
on the evolution of the structure and the visible and near-infrared spectral reflectance of icy
surface analogues of cometary ices, made of water ice, complex organic matter (tholins) and
silicates, as they undergo sublimation under low temperature (<-70°C) and pressure (10
mbar) conditions inside the SCITEAS simulation chamber. As the water ice sublimated, we
observed in situ the formation of a porous sublimation lag deposit, or sublimation mantle, at
the top of the ice. This mantle is a network of filaments made of the non-volatile particles.
Organics or phyllosilicates grains, able to interact via stronger inter-particulate forces than
olivine grains, can form a foam-like structure having internal cohesiveness, holding olivine
grains together. As this mantle builds-up, the band depths of the sub-surface water ice are
attenuated until complete extinction under only few millimeters of mantle. Optically thick
sublimation mantles are mainly featureless in the near infrared. The absorption bands of the
minerals present in the mantle are weak, or even totally absent if minerals are mixed with
organics which largely dominate the VIS-NIR reflectance spectrum. During sublimation,
ejections of large fragments of mantle, triggered by the gas flow, expose ice particles to the
surface. The contrast of brightness between mantled and ice-exposed areas depends on the
wavelength range and the dust/ice ratio considered. We describe how the chemical nature of
the non-volatiles, the size of their particles, the way they are mixed with the ice and the
dust/ice mass ratio influence the texture, activity and spectro-photometric properties of the
sublimation mantles. These data provide useful references for interpreting remote-sensing

observations of comets and also icy satellites or trans-neptunian objects.
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1. Introduction

Sublimation of ices, the direct transition from solid to gas phase, is a significant
process at the surface of many Solar System objects. It is particularly active on air-less bodies
where ices are directly exposed to solar radiation. Examples include cometary nuclei,
satellites of giant planets, objects of the outer Solar System, and even locally on some objects
of the inner Solar System such as Mars, the Moon and Mercury. Sublimation is responsible
for shaping these surfaces and changing their reflectance properties. Indeed, if the ice is
initially mixed with refractory non-volatiles made of minerals, salts, or organics, its
sublimation will produce a residue, or sublimation lag, consisting of an ice-free layer made of
the non-volatiles. Understanding the consequences of the sublimation process on the structure
and on the spectro-photometric properties of icy surfaces is of prime interest to interpret past,

current and future remote sensing observations of these objects.

Sublimation and its resulting lag deposit are particularly important in the case of
comets, because these ice-rich bodies approach the Sun periodically and a large amount of ice
sublimes at each perihelion passages. The surfaces of comet nuclei appear to be largely
covered with an extremely dark material which could be a result of sublimation (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 (Hartmann et al.,
1987; Jewitt, 2015; Johnson et al., 1988). This surface layer probably contains complex
organic matter and mineral grains (Capaccioni et al., 2015; Fomenkova, 1999; Jessberger et
al., 1989; Kuppers et al., 2005). Therefore, studying in the laboratory the build-up and
evolution of sublimation lag deposits consisting of similar materials may help to understand

the properties of cometary surfaces, and by extension of other icy bodies (Jewitt et al. 2007).

Several laboratory simulations have already been performed in the past to study the
sublimation of ices mixed with non-volatiles. In the 70's, at the loffe Institute in Leningrad
and at the Institute of Astrophysics in Dushanbe, E. Kajmakov and co-workers prepared
mixtures of ice and minerals and/or organics and observed the formation —and outbursts— of a
porous ice-free matrix after sublimation of ices at 10°-10° mbar and 180-240 K
(Dobrovolsky and Kajmakow, 1977). In the 80's, at the Jet Propulsion Laboratory in
Pasadena, Saunders et al. (1986) studied the sublimation of water ice samples prepared from a

suspension of phyllosilicates and later of other types of silicates, including also organic matter



(Storrs et al., 1988). They noticed that some classes of phyllosilicates and organics were able
to form fluftfy Filamentary Sublimate Residues (referred to as “FSR”), whereas most classes
of silicates were not. Later, in the 80's and 90's, the Comet Simulation (KOSI) project
conducted a total of 11 experimental simulations over 7 years, considerably enhancing our
understanding of the sublimation of cometary material (Ratke and Kochan, 1989; Thiel et al.,
1989 and see Sears et al., 1999 for a review). Many different properties of the samples as well
as the evolved gases were studied in detail. The reflectance (in the 0.5 to 2.5 pm wavelength
range) of the surfaces were measured before and after the simulations, revealing their
darkening and the decrease of the water and carbon dioxide absorptions due to the formation
of a sublimation residue on top of the ice (Oehler and Neukum, 1991). However, no surface
photometric measurement was performed in situ, during the simulation, and the ex situ
analyses suffered from water frost contamination. More recently, Bar-Nun et al. studied the
degassing and evolution of amorphous ice under sublimation (Pat-El et al., 2009), while
Kossacki et al. studied the thermal evolution of the vertical stratification of ice samples upon
sublimation (Kossacki et al., 1997). Finally, at the Technical University of Braunschweig,
Gundlach et al. (2011) retrieved the sublimation coefficient of water ice under various

conditions, among other experiments of significance.

The Laboratory for Outflow Studies of Sublimating Materials (LOSSy) was developed
at the University of Bern over the past few years, with the aim of complementing past studies
by offering detailed spectro-photometric characterization of the evolution of large icy
analogue samples during sublimation. The laboratory comprises facilities to produce icy
surface analogues (water ice particles, pure or mixed with mineral or organic non-volatiles)
and two setups aimed at characterizing the scattering of light by these surfaces: (1) the
PHIRE-2 (PHysikalisches Institut Radiometry Experiment) radio-goniometer, (Pommerol et
al., 2011), and (2) the SCITEAS (Simulation Chamber for Imaging the Temporal Evolution of
Analogue Samples) simulation chamber (Pommerol et al.,, 2015a). The PHIRE-2 radio-
goniometer measures the bidirectional reflectance of cm-sized icy samples over a wide range
of incidence, emission and phase angle in the visible and near infrared (0.4-1.1 pum). The
SCITEAS thermal vacuum chamber enables in situ monitoring and spectro-photometric
analyses of ice samples during its sublimation at low pressure and temperature conditions
found at the surface of icy Solar System objects (i.e. T < -70°C and P < 10 mbar). The
effects of textural and compositional changes of the sample (sublimation, sintering, formation

of an upper desiccated layer etc.) on its reflectance properties can thus be characterized in
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situ. In Poch et al. (2016) we have studied the textural and spectro-photometric properties of
different mixtures of water ice and analogues of complex extra-terrestrial organic matter
(tholins) during sublimation inside the SCITEAS chamber. We observed the formation of a
sublimation lag deposit made of a water-free porous network of organic filaments on top of
the ice, and the ejection of mm to cm-sized fragments of the deposit in outbursts-like events.
Depending on the type of mixture and the size of the ice particles, we obtained remarkable
differences in term of mantle structure, speed of mantle build-up, rates and surface area of
mantle ejections, resulting in noticeable effects on reflectance features such as the visible red

slope and the water absorption bands.

In the present study we extend this work to water ice mixed with minerals. We study
the sublimation of mixtures of water ice and pure minerals (olivine or montmorillonite, a
subclass of smectite phyllosilicates) and of a more complex mixture of water ice, organics and
minerals (olivine, montmorillonite and tholins) representative of those potentially present in
comets. The choice of these materials is supported by the composition of comet nuclei
inferred by remote and in situ observations, sample return missions, or analysis of
interplanetary dust particles. Silicates are one of the major components of comet nuclei. Both
crystalline and amorphous silicates appear to be present (Hanner, 1999). Evidence for Mg-
and Fe-rich olivines, as well as Mg-, Fe-, and Ca-rich pyroxenes, were found in the grains
collected by Stardust (Brownlee et al., 2006; Zolensky et al., 2006). Layered silicates, or
phyllosilicates, are hypothesized to be present in comet nuclei, but their presence has not been
confirmed. Lisse et al. (2007) and Lisse et al. (2006) fitted Spitzer Space Telescope spectra
obtained after the Deep Impact encounter with comet 9P/Tempel 1 by considering 8%
smectite phyllosilicates by surface area of all silicates. Remote infrared observations and in
situ analyses of 1P/Halley dust composition are also consistent with about 10% layered
silicates (Fomenkova et al., 1992; Jessberger et al., 1988; Rietmeijer et al., 1989).
Phyllosilicates are also found in some interplanetary dust particles (IDPs) (from 5 to 11%),
which may have originated from comets (Bradley, 1988; Nakamura et al., 2005). However,
the dust grains of 81P/Wild 2 collected by Stardust do not contain any phyllosilicate
(Brownlee et al., 2006; Wozniakiewicz et al., 2010). Phyllosilicates have been detected in
CM/CI carbonaceous chondrite meteorites, but their presence on comets is controversial
because it would imply that cometary silicates have been aqueously altered, challenging the
common conception of these bodies as objects frozen since their accretion (Wooden, 2008;

Wozniakiewicz et al., 2010). Previous cometary simulation experiments (Saunders et al.,
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1986) have shown that mixtures of ice and phyllosilicates can produce sublimation residues
having a porous and cohesive structure which could be of particular interest for cometary or
planetary surfaces. Consequently, we chose to perform experiment with phyllosilicates to
investigate the spectro-photometric properties of such sublimation residues. Finally, comets
possess a high mass ratio of organics compared to minerals: estimates of organics/minerals
ratio range from 0.3 to 1 (Fomenkova, 1999; Huebner, 2003; Jessberger et al., 1989). This
high content of organics may be inherited from icy dust particles that formed in the pre-solar
nebula, and in which organics are readily synthesized inside an ice shell surrounding the dust
particles (Herbst and Van Dishoeck, 2009). So for this study we have produced tholins, which
are analogues of this complex organic matter produced by energy deposition in gases or ices

in extraterrestrial environments (Sagan and Khare, 1979).

Many different scenarios have been proposed to explain the formation of comets and
how the non-volatile and the volatile components are mixed (Belton et al., 2007; Gombosi
and Houpis, 1986; Greenberg, 1998; Greenberg and Li, 1999; Weissman, 1986). Moreover,
on every icy surface of the Solar System including comets, the way the non-volatiles and the
ice are mixed together will depend on the processes that have affected each particular surface,
from its formation through its subsequent evolution to the present day. So in the present
study, our goal is to further investigate the influence of the way in which the water and these
non-volatile compounds are mixed together on the properties of the sublimation residues, and
particularly their reflectance. How do these properties change when the non-volatiles are
present as inclusions within water ice grains (intra-mixture), or when the non-volatiles are
mixed with pure water ice particles (inter-mixture)? How are the reflectance features of the
water and non-volatiles influenced by the texture of the sublimation residue? How do the
properties in term of grain size and physico-chemistry of the non-volatile constituents
influence the properties of the sublimation residues? Finally, we also want to assess the
influence of the concentration of the non-volatiles on the evolution of the ice samples upon

sublimation.

Space missions exploring comets, and especially the Rosetta mission, have provided a
tremendous amount of data. The experimental results reported here are helpful to interpret this
dataset (Pommerol et al., 2015b). Although we selected specific materials in order to mimic a
cometary nucleus composition, some of the results presented here can also be applied to other

icy bodies.



2. Materials and methods

2.1 SCITEAS

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
sample contained in a 120x60 mm rectangle 20 mm deep. Inside the chamber, the sample is
maintained at cold temperature by a continuous circulation of liquid nitrogen in a cylindrical
shroud. The reflectance of the sample is continuously monitored in the 0.4 to 2.3 um
wavelength range by a hyperspectral imaging system through a fused quartz window. In the
present study, the surface of the sample is constantly heated by infrared radiation produced by

the window positioned 70 mm above.

The SCITEAS Imaging System consists of a monochromatic light source which
illuminates the entire surface of the sample and two cameras covering the visible and the near-
infrared spectral ranges, looking at the sample at an angle of about 13° from the nadir
direction. The hyperspectral cubes were acquired with a spectral sampling of 20 nm from 0.38
to 0.96 pm and 10 nm from 0.96 to 2.30 pm in order to better resolve the shape of the
absorption bands in the near infrared spectra. 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, the infrared signal
suffered from fluctuations. The relative uncertainty of reflectance factor introduced by these
fluctuations is estimated to be around +0.05, but the data presented in Supplementary Figure 8
and Supplementary Figure 9 suffered from a higher noise. However, the long term trends of

the reflectance are still reliable and can be compared from a sample to another.

2.2 PHIRE-2



Some measurements presented in this paper were acquired using the PHIRE-2 radio-
goniometer. This setup, its calibration and the measurement procedure are explained in detail
in Jost et al. (2015) (sections 2.1.2 to 2.1.5), and only briefly summarized below. This
goniometer, located inside a freezer, enables measurements of samples at -35°C (ice samples)
or at room temperature (mineral powders, water-free sublimation residues). The signal of the
reflected light from the samples was measured using a bandpass filter at 0.75 um by scanning
from e=-80° to e=+80° at fixed incidence directions (0 and 60°). The data calibrated in units
of the radiance factor (RADF) were systematically converted to the “reflectance factor”

(REFF), as defined by Hapke (1993).

2.2 Sample preparation

We have prepared samples of water ice particles mixed with olivine (forsterite), a
smectite phyllosilicate (Na-montmorillonite) and complex organic matter (tholins). We have
mixed the non-volatile components with the water ice in two different ways (intra-mixture
and inter-mixture), and for each of these mixtures we have prepared two samples at different
concentrations (0.1 and 1 wt.% of non-volatiles relative to water ice) (see Table 1 for a

summary).

2.2.2 Forsterite

Forsterite (Mg.SiO,4), the magnesium endmember of olivine, was purchased from
Alfa-Aesar (ref. 42639). The initially greenish grains, of 1.5-4.8 mm size, were grounded into
a white powder. The grains smaller than 80 um were extracted by dry-sieving and used for the
mixtures with the water ice. The obtained forsterite grains were imaged by scanning electron
microscope, as seen in Supplementary Figure 6b showing the size and shape of the final

particles.

2.2.3 Montmorillonite

Montmorillonite is a subclass of smectite phyllosilicates, which are layered
aluminosilicate minerals consisting of an octahedral alumina layer fused between two

tetrahedral silica layers (about 1 nm thick). The montmorillonite was purchased from the
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Source Clays Repository of the Clay mineral Society (reference Srce_Clay SWy-2). It was
extracted from the Crook County (Wyoming) and has the chemical formula [Si7.gg Als 34 Feo.42
Mgo.s6 Cags2 Nag.14 Kooi] (Mermut and Cano, 2001). The original powder was sieved and only
the fraction < 80 um was used. The extracted montmorillonite grains were imaged by
scanning electron microscope, as seen in Supplementary Figure 6a. When dispersed in liquid
water, the grains are exfoliated into individual mineral layers, called platelets, which are about
1 nm thick and 72 nm diameter (Weber et al., 2014).

2.2.4 Tholins

In this study, we used tholins previously studied in Poch et al., (2016). They were
produced in a plasma of 95% N, and 5% CHy,, using the PAMPRE setup (Gautier et al., 2011;
Szopa et al., 2006). These tholins are made of a complex mixture of molecular and
macromolecular material composed of aliphatic hydrocarbons, nitriles, imines, amines or N-
bearing aromatic compounds (Bernard et al., 2006; Carrasco et al., 2009; Pernot et al., 2010;
Quirico et al., 2008). Bonnet et al. (2015) showed they are interesting precursors for the
simulation of cometary N-rich refractory organics (before thermal heating). These organic
molecules are arranged in high porosity spherical grains having a mean diameter of 315+185
nm (Carrasco et al., 2009) (see also Figure 4c,d). Their optical indices have also been
measured (Table Al of Mahjoub et al., 2012) as well as their reflectance spectra (Figure 4 of
de Bergh et al., 2008). They exhibit a strong red slope from 0.2 to 1.0 um, attributed to n —
o* transitions of amine groups (-NH_) (Mahjoub et al., 2012).

2.2.5 Mixture types and production of water ice particles

2.2.5.1 Mixture types

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

and histories, we have prepared two types of mixture:

(1) an intra-mixture, in which the non-volatiles are present as inclusions within the
water ice grains.
(2) an inter-mixture, in which the grains of non-volatiles are intimately mixed with the

pure water ice particles at the level of the individual grains.



For each type of mixture, two samples having a mass ratio of non-volatiles to water of
0.1 wt.% and 1 wt.%, respectively, were produced to investigate the influence of the
concentration on the sublimation. In order to assess the influence of each of the non-volatile
components on the structure and spectro-photometric properties of the sublimation residue,
we have first mixed each of the components with water ice separately: tholins (experiments
presented in Poch et al., 2016), olivine (experiment n°1), smectite (experiment n°2). And we
finally performed the complete mixture of all the components (tholins, olivine and smectite
with water ice) in the experiment n°3. In total, for each contaminant, four types of samples
have been investigated. Table 1 shows a summary of the prepared samples, named
“(olivine/smectite/tholins-minerals)-(intra/inter)-mixture-(0.1/1) sample”. For example
“olivine-intra-mixture-0.1 sample” designates the sample of water ice mixed with 0.1 wt.%
olivine in an intra-mixture. Inter- and intra- mixtures of 0.1 % pure tholins with water ice

have already been studied and presented in Poch et al. (2016).

These dust/ice mass ratios (from 0.001 to 0.016, see Table 1) may be very small
compared to actual mass ratios in icy extraterrestrial environments, especially on comet nuclei
where the dust/ice mass ratio is expected to be larger than 1 (Kuppers et al., 2005), or
between 1 and 6 (Kofman et al., 2015). These low dust/ice mass ratios were dictated by the
limited amount of tholins available. The minerals were also used at low concentrations
because we chose an organics/minerals mass ratio of 0.45, comprised in the range inferred for
comets (from 0.3 to 1) (Fomenkova, 1999; Huebner, 2003; Jessberger et al., 1989). Moreover,
we aimed to perform a systematic study, varying the composition of the samples while

keeping the same concentrations of minerals (see Table 1).

2.2.5.2 Production of water ice particles

The water ice particles were produced with the SPIPA (Setup for the Production of Icy
Planetary analogs) setup developed in the LOSSy laboratory (Yoldi et al., 2015). The inter-
mixture samples were prepared by introducing 40 g of fresh water ice particles in an
aluminium bottle and adding 0.04 mg or 0.4 mg of non-volatiles for the 0.1 wt.% or 1 wt.%
mixture respectively. The bottle was then closed and stirred using a VVortex-Genie2 mixer at
full speed for 15 seconds and repeated 3 times. During the weighing and the mixing, the
aluminium bottle was repeatedly plunged into liquid nitrogen to ensure the preservation of the

ice particles at very low temperature and thus to limit thermal metamorphism.
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The intra-mixture samples, in which the non-volatiles are included within the ice
particles, were prepared from suspensions of the non-volatiles in water. Suspensions of 0.1
and 1 wt.% montmorillonite and forsterite (< 80 um grains) in liquid water were maintained
under magnetic agitation for at least 2 hours. In the case of the tholins-mineral 1% sample,
0.35 g of tholins were dispersed in 70 mL liquid water via ultrasonication as described in
Poch et al. (2016) prior to the introduction of 0.7 g forsterite and 0.07 g montmorillonite
powders in the suspension. Then, the suspensions were 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 is injected into the
sonotrode where it spreads out as a thin film on the nozzle surface. The ultrasonic vibrations
delivered to the sonotrode nozzle disintegrate the liquid film into micro-droplets. This
nebulization took place inside a freezer cooled down to -60°C, above a stainless steel vessel
filled with liquid nitrogen. The droplets ejected by the sonotrode nozzle fall into the liquid
nitrogen where they rapidly freeze into ice particles. This method is used for the production of
both the pure and the intra-mixed water ice particles. In both cases, the ice particles produced

by this method are spherical and have a diameter of 67+31um as measured by cryo-SEM.

Forsterite Na-montmorillonite Tholins
(<80um) (<80pm) (0.31+0.18um)
Mixture type with
water ice particles Samples names: Concentrations (wt.% compared to water):
(67431 pm)
tholins-inter-mixture-0.1* 0.1
olivine-inter-mixture-0.1 0.1
olivine-inter-mixture- 1 1
Inte r-mixture smectite- inter-mixture-0.1 0.1
smectite-inter-mixture-1 1
tholins-minerals-inter-mixture-0.1 0.1 0.01 0.05
tholins- minerals- inter-mixture-1 1 0.1 0.5
tholins- intra-mixture-0.1* 0.1
olivine-intra-mixture-0.1 0.1
olivine-intra- mixture- 1 1
Intra-mixture smectite-intra-mixture-0.1 0.1
smectite- intra-mixture- 1 1
tholins-minerals- intra-mixture-0.1 0.1 0.01 0.05
tholins-minerals-intra-mixture-1 1 0.1 0.5
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Table 1 : Summary of the composition, concentrations and mixture types studied here. Each sample is
designated by its abbreviated "Sample name" in the text and figures. Two types of mixture have been
studied: intra-mixtures, in which the non-volatiles are present as inclusions within water ice grains,
or inter-mixtures, in which the non-volatiles are deposited as a coating around the pure water ice
particles. For each of these types of mixture, various compositions of non-volatiles have been
prepared: pure organics (tholins) (*see Poch et al., 2016), pure minerals (olivine or smectite)
(experiments n°l and n°2), and a mixture of organics, olivine, and smectite (named “tholins-
minerals” mixtures) (experiment n°3). The concentration of these non-volatiles in mass relative to the
water ice (dust/ice ratio) is given.

2.2.6 Deposition of the ice samples into the sample holder

Three simulation experiments were conducted inside the SCITEAS chamber on a total
of 12 samples. For each experiment, a rectangular 120x60 mm sample holder 20 mm thick
was divided in four equal compartments and each compartment was filled with a different
sample. This enabled us to compare the evolution of different ice mixtures exposed to the
same pressure and temperature conditions over the whole simulation. Prior to the deposition
of the samples, the sample holder was cooled around -100°C. The samples were deposited by
direct sieving through a 400 um sieve, to avoid introducing into the samples some large
agglomerates produced during the mixing in the aluminium bottle. This deposition method
resulted in samples having a homogenous surface and having all the same density (0.5 g cm”
%). This sample deposition took place in a freezer cooled at -60°C, followed by a rapid transfer
of the sample into the SCITEAS chamber.

2.3 Sample characterization

The morphology of the non-volatile grains, the evolving ice samples, and the dry

sublimation residues, were characterized by various imaging and microscopy techniques.

Scanning Electron Microscopy (SEM): The particles sizes and microscopic structures of the
pure powders (olivine, smectite, tholins), as well as the structure of some sublimation residues
were investigated with a scanning electron microscope FEI Quanta 250 FEG with Gatan
3View2XP operated at 10kV and at chamber pressure of about 10 mbar. Prior to the SEM

analysis, the sample material was sputter-coated with some nanometers of gold to make it
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electrically conducting. Ice particles produced by the SPIPA setup were also imaged by cryo-
SEM.

Optical microscopy: At the end of the experiments, the samples were removed from the
SCITEAS chamber and the sublimation residues were imaged using a digital optical

microscope GE5 (Aigo).

In situ high resolution and high speed imaging: During the evolution of the samples inside the
SCITEAS simulation chamber, the sample surfaces were imaged using a compact digital
camera, providing a diagnostic of the surface texture at a higher spatial resolution than the
SCITEAS Imaging System. In order to measure the speed of the material ejected by some
samples, we mounted the camera at a fixed position on top of the SCITEAS window and

recorded high-speed videos at 100 fps and 200 fps.

In situ Optical Coherence Tomography: An Optical Coherence Tomography (OCT)
instrument performs an interferometric analysis of the light backscattered by a surface sample.
It enables one to image the 3D structure of the subsurface at a resolution of a few micrometers
and down to a depth of a few hundreds of micrometers depending on the scattering properties
of the surface material. We used a Thorlab’s Ganymede OCT instrument working at 930 nm
to measure the backscattering properties and the roughness of the sample surfaces as they
evolved inside the SCITEAS simulation chamber. The OCT measurements were performed
by temporarily fixing the head of the OCT instrument on top of the window of the SCITEAS
chamber, and by moving up the sample holder so that the surfaces of the samples were about

2 cm below the window.

2.4 Simulation sequence in the SCITEAS chamber
2.4.1 Experimental conditions: pressure and temperature profiles

The profiles of pressure (measured at the periphery of the chamber) and sample holder
temperature through the entire experiment are presented on Figure 1 and Supplementary
Figure 1. In the three experiments, the temperature of the sample holder reached about 180K

and the pressure 2.10” mbar, two hours after the closing of the chamber. The temperature
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profiles of the sample holders show a continuous and logarithmic-shaped increase from 180 K
to about 210 K until around 30 hours. At the same time, the pressure is almost constant (from
1.10° to 2.10° mbar). After about 38 hours, the temperature starts to increase above 210 K
and simultaneously the pressure starts to decrease more rapidly, because most of the water ice
initially present in the sample had already sublimated away. Overall, from 0 to 40 hours, the
temperature and pressure variations were quite similar for all experiments, as for the
experiments reported in Poch et al. (2016) and Pommerol et al. (2015a). As described in
Pommerol et al. (2015), the sample holder temperature is not actively controlled and it tends
to the equilibrium temperature of the chamber itself. This situation is very different from that
of a cometary nucleus where steep temperature gradients are expected. The pressure curves in
Figure 1 and Supplementary Figure 1 show bumps from 0 to 10 hours, which probably
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 elapsed time. 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.
2.4.2 Dataset description

The data acquisition was similar for experiments n°1, n°2 and n°3, as well as for the
experiments reported in Poch et al. (2016) and Pommerol et al. (2015a). The acquisition of
visible images of the sample started as soon as it was placed inside the SCITEAS chamber.
One image was taken every minute with the ambient light of the laboratory turned on. About
0.5 to 1 hour 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 were acquired every minute and hyperspectral cubes were measured every
40 minutes. Black and white monochromatic images at 600 nm and visible images taken with
the ambient light were assembled to create videos of the evolution of the samples. Colour
composites were produced from the monochromatic images acquired using the visible CCD
(Figure 2). All colour composites were also assembled to create videos. Finally, we performed
a supplementary experiment to reproduce the evolution of the tholins-minerals-intra-mixture-
1 and tholins-minerals-inter-mixture-1 samples in order to record OCT data of the surfaces

and high speed videos of the ejection events.
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Figure 1: Temperature (green and blue curves) and pressure (black curves) measured inside the
chamber during the experiments n°3. The vertical dashed blue bars indicate the time during which an
gjection event occurred on the tholins-minerals-intra-mixture-1 sample. The first two events can be
correlated to a drop of the temperature measured by a sensor positioned inside the sample and to a
pressure spike (see section 3.1.1). These data are also shown for experiments n°l and 2 in
Supplementary Figure 1 (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article)

3. Results of sublimation experiments
3.1 Evolution of the surface morphology

Figure 2 presents visible colour composites of the studied samples, showing the
evolution of their surfaces from the beginning to the end of the simulations. Moreover, Videos
1, 2 and 3 depict the detailed evolution of the samples during experiment n°1, 2 and 3
respectively. Supplementary Figure 2 shows schematic timelines of all the major events
occurring during the videos. It allows a simultaneous comparison of the evolution of the
surface morphology of all the samples. A detailed analysis of these videos is provided in the

Supplementary Material document Appendix B and is briefly summarized below.
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Figure 2 : Colour composites showing the evolution of the surface of each sample from the beginning
to the end of the experiment. One should appreciate the diversity of morphologies produced by the
sublimation process just by changing the mixture type or nature of the non-volatile contaminant. The
Regions Of Interest (ROI) indicated in red in each image have been used to retrieve the spectro-
photometric data presented in Figure 5, Figure 6, Supplementary Figure 8, Supplementary Figure 9
and Supplementary Figure 10 which are discussed in section 3.2. The images appear close to natural
colours, relatively similar to what the human eye would see, although no special calibration was
performed to retrieve the true colours. To produce these VIS colour composite, monochrome images
acquired at 0.40, 0.52, and 0.60 pm were used, for the blue, green, and red channel, respectively.
Videos 4, 5 and 6 show all the colour composites separating each of these three images. (For a colour
version of this figure, the reader is referred to the web version of this article)

3.1.1 Common trends

Build-up of a sublimation mantle: As the water ice sublimes, a deposit made of the non-
volatile 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. This sublimation mantle is made of a
network of filaments. The properties (size of the filaments, internal cohesiveness, etc.) of the
network are strongly dependent on the mixture type, composition and concentration of the

non-volatiles, as detailed below.

Sudden changes of the surface, ejections or subsidences: Sudden releases of fragments of
sublimation mantle occur at the surface of some samples, designated as “ejection events” in
the following paragraphs. In the areas from where the material is released, the water ice
particles, initially located below the sublimation mantle, are re-exposed at the surface. This
ice then sublimes away, progressively rebuilding the sublimation mantle at the surface. Some
of these ejection events are correlated to a spike or an increase of pressure in the chamber (see
Figure 1). Samples not showing ejection events can show sudden “subsidence events”, during
which a part of the sublimation mantle suddenly collapses because of the release of the gas
pressure below it (see the olivine-intra-mixture-1), or because of voids formed below the
mantle by the sublimation of the ice (see the olivine-inter-mixture-1). The samples that do not
show sudden surface changes during experiments n°1, 2 or 3, can exhibit such changes when
irradiated with the a higher thermal input, providing a higher sublimation rate as we tested for
tholins-minerals 1% samples during the supplementary experiment (see Supplementary
Videos 4, 5, 6 and 7).
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3.1.2 Differences between samples

Differences of formation of sublimation mantles: As the sublimation goes on, intra-mixtures-1
samples get covered by a foam-like (see Figure 2e and Figure 3e,i) or veil-like (see Figure 2a
and Figure 3a) sublimation mantle. At the lower concentration of 0.1%, all mantles resemble
thin veils whatever their composition (see Figure 3c, g, k). On inter-mixtures 0.1% samples,
the surface gets covered by millimetre-sized dots that progressively increase in size and
connect to each other, forming a network of filaments over the ice. As the sublimation
continues, the thickness and the length of these filaments increase. At higher concentration
(1%) or in presence of tholins, no individual filaments are clearly seen at a macroscopic scale,
but they are still present at a microscopic scale. Specifically for the olivine-inter-mixture-1
sample, the deposit of olivine produced after sublimation is a very uniform and flat layer,
resembling a crust (see Figure 3b and central part of Figure 2b). This “crusty” mantle of
olivine reduces the sublimation rate of the ice located beneath it and causes the ice to
sublimate preferentially from the periphery to the centre of the sample holder whereas the
opposite direction is observed for all the other samples. A mesa-like feature is formed and

reduces in size by sublimation and collapse of the mantle on its rims.

Differences in term of activity: From all the mixture types, the intra-mixture samples were
more active than their inter-mixture counterparts, exhibiting more ejections of mantle during
their sublimation (see Supplementary Figure 2). We also observed that low concentration of
non-volatiles leads to a more active surface (see the differences between 0.1% and 1% intra-
mixtures on Supplementary Figure 2). During the supplementary experiment (see Videos 7, 8
and 9), the fragments ejected from the tholins-minerals-intra-mixture sample were larger
(roughly by a factor of 5 to 10) and had a velocity (0.4+0.1 m s™) 2 to 3 times lower than
those produced by the inter-mixture (1.0+0.1 m s™). This size difference of the ejected
fragments indicates that mantles formed after the sublimation of intra-mixtures have a higher
internal cohesiveness than those formed from inter-mixtures. For intra-mixtures of pure
minerals (smectite or olivine) at concentration of 1%, no ejection event occurred. Mineral
sublimation lag underwent deformations, subsidence and/or fracturation events. But when
tholins are added to olivine grains, ejection events are observed. This indicates that the

mantles built in presence of tholins are more cohesive and consequently more easily lifted by
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the gas flow than those of pure olivine grains. This easier lifting leads to a higher upward

force applied on the mantle, resulting in its breakup and ejection of mantle fragments.
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Figure 3 : High resolution images of the surfaces of the samples after sublimation, showing veils,
filaments, crust or foam-like structures. These images were taken in situ, while the sample were
sublimating inside the simulation chamber at around -70°C and 10™° mbar.
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Figure 4: Scanning Electron Microscope images of the water-free sublimation residues of (a) an intra-
particle mixture of water ice and smectite at a concentration of 1% (smectite-intra-mixture-1) and (b)
0.1%, (smectite-intra-mixture-0.1), (c) an intra-particle mixture of water ice with olivine (1%), tholins
(0.5%) and smectite (0.1%) (tholins-minerals-intra-mixture-1) and (d) an inter-mixture of pure water
ice particles with olivine (1%), tholins (0.5%) and smectite (0.1%) (tholins-minerals-inter-mixture-1).

3.1.5 Morphology and physical properties of the sublimation lag deposits

Figure 3 shows in situ high-resolution images of the sublimation residues, or
“mantles”, obtained at the surface of each sample. Supplementary Figure 3 shows more
detailed images of the same residues obtained ex situ (i.e. after the samples were extracted

from the simulation chamber) by visible microscopy. Finally, Figure 4 provides even more
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details on the microscopic structure of some sublimation residues, obtained ex situ by

scanning electron microscopy.

3.1.5.1 Intra-mixtures. Low concentration intra-mixture samples (0.1%) form residues having
filamentous veil-like structures (Figure 3c, g, k), with filaments a few microns thick
(Supplementary Figure 3c, g). At higher concentration (1%), most intra-mixture samples form
foam-like structures that retain the initial spherical shape of the water ice particles (see Figure
3e, 1, Supplementary Figure 3e, i and Figure 4a for the foam-like structures and Figure 1b in
Poch et al. (2016) for the initial ice particles). However, an intra-mixture of olivine and water
does not produce such structure. Instead, olivine sublimation mantle resembles a thick veil-
like structure (Figure 3a) composed of filaments (Supplementary Figure 3a). We observed
that the filaments obtained from pure olivine are the most fragile (as seen on Supplementary
Figure 3c). Weak interactions between olivine grains could explain why they are not able to
form a cohesive mantle. When some amount of tholins and smectite are added to the olivine
grains (as in the tholins-minerals-intra-mixture-1 sample), a foam-like sublimation mantle
having a higher internal cohesion is built. Figure 4c shows the sublimation residue of the
tholins-minerals-intra-1 sample observed with scanning electron microscope. The spherical
particles of tholins are associated to some smectite layers and are bounded to each other,
forming a three dimensional network binding the olivine grains together, and thus providing

internal cohesion to the residue.

The foam-like residue obtained from the pure smectite sample has a different
structure, as seen in Figure 4a. It consists of “ribbons” of smectite layers, which have clearly
retained the spherical shapes of the initial water ice particles. This structure may have formed
during the freezing of the droplets of the smectite suspension in liquid nitrogen. As the water
froze, the individual smectite platelets (~1 nm thick and 72 nm diameter) concentrated at the
interfaces between the growing water crystals (because impurities are expulsed out of the
crystal structure while they grow: this mechanism, known as "zone refining"”, was proposed
by Saunders et al., 1986). The “ribbons” observed in Figure 3 are likely to be the relics of the
crystal interfaces (see section 4.2.1 for a detailed discussion). The bounding of the smectite
platelets together may have occurred during the crystallisation or during the sublimation.

The foam-like structure obtained from the tholins samples probably also formed in a

similar way. Pictures of the tholins sublimation residues taken in situ clearly show the “ghost”
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spherical shape of the water ice particles (Figure 3i and Supplementary Figure 7e). However
this spherical shape is less obvious on the images taken ex situ (Supplementary Figure 3i and
Figure 4c) possibly because of the rearrangement of the tholins network during its

manipulation outside the simulation chamber.

Knowing the thicknesses of the samples and their concentration in non-volatiles, the density
of the mantle is estimated to be around 5.10° g cm™ and 8.10° g cm™ for the smectite-intra-
mixture-1 and the tholins-minerals-intra-mixture-1 samples respectively. The initial density of
the ice mixtures being of about 0.5 g cm™, the porosity of these samples is around
90%.3.1.5.2 Inter-mixtures. Concerning the inter-mixtures, low concentration samples
(0.1%) form residues consisting of filaments (Figure 3d, h, I) around 100 to 200 um thick for
smectite and olivine particles (Supplementary Figure 3d, h) and around one order of
magnitude thinner in the case of tholins particles (Figure 3l). The final thickness of the
filaments appears linked to the original size of the individual dust particles: smectite and
olivine particles are <80 um particles while tholins are around one order of magnitude smaller
particles (~0.3 pum). At higher concentration (1%), inter-mixture samples form homogenous
deposits having a variable amount of voids in their structure (Figure 3b, f, j). In the case of the
olivine-inter-mixture-1 sample, a dense crust (with no void) is formed over the ice. The fact
that olivine grains built such a crust whereas smectite grains did not could be explained by the
presence of more grains in the very small size-range fraction for olivine, as seen by SEM in
Supplementary Figure 6b. During the formation of the mantle, smaller grains efficiently fill

the gaps between the bigger grains, building a denser crust over the ice.

Contrary to the intra-mixtures, the residues produced from the sublimation of inter-mixtures
do not retain the shape of the initial ice particles, as shown by comparing Supplementary
Figure 3e, f, Supplementary Figure 3i, j and Supplementary Figure 7a, b. At the microscopic
scale (Figure 4d), the mantle produced from the tholins-minerals-inter-mixture-1 sample is
made of aggregates of tholins bridging together mineral grains. At this scale, the differences
compared to the intra-mixture (Figure 4c) are the higher thickness of these filaments
(composed of larger aggregates of tholins particles), the presence of larger voids between the
filaments, and the absence of a smectite layer within the tholins bridges (because smectite was
present as grains, not as platelets). The estimation of the density from thickness measurements

gives 2.10% g cm™ for the sublimation mantle of the tholins-inter-mixture-1 sample. The
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deposit obtained from an inter-mixture is thus 2.5 times denser than the one obtained from an

intra-mixture.

The optical coherence tomography (OCT) images of the surface of the intra- and inter-
mixtures of tholins and minerals enable to link the texture of the mantles to their optical
properties. Supplementary Figure 7 reveals that in a dense residue the light is mainly scattered
close to the surface whereas in a more porous one the scattering is more evenly distributed in

the first tenths of micrometers below the surface.

3.1.6 Texture of the remaining ice after the experiments

Just after their preparation, all the samples had the same granular texture, given by the
individual ice particles, similar to fine sand. At the end of the experiment n°3, the samples
were removed from the chamber and the texture of their remaining ice was manually probed
using a steel spatula. This very qualitative test revealed some stunning texture differences

between samples.

The ice particles of the tholins-minerals-intra-mixture-1 sample appear to have a fluid
texture similar to the initial sample below a thin (1-2 mm) crust. But the ice particles of the
tholins-minerals-inter-mixture-1 sample have lost their initial fluidity: they appear to be
strongly consolidated. This consolidation probably comes from the re-condensation of the
water between the ice particles or sintering, building bonds that connect the ice particles
together and provide solidification of the whole sample. We plan to quantify the compressive
strengths of these ice samples with a dedicated device in future experiments.

This test was only performed after experiment n°3, because at the end of the
experiments n°1 and n°2, the ice was almost completely sublimated, so no texture test could

be performed on the samples made of pure smectite or olivine.

3.2 Evolution of the spectro-photometric properties of the samples
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The spectro-photometric characteristics of the surfaces of the samples are studied as a
function of time through the detailed analysis of the hyperspectral cubes acquired during the
experiments. Figure 5 and Figure 6 present a subset of the hyperspectral data acquired with
the SCITEAS imaging system (see also Supplementary Figure 8, Supplementary Figure 9 and
Supplementary Figure 10) and Videos 4, 5 and 6 depict the evolution of the samples over
each Regions of Interest.

3.2.1 Comparison of the reflectance spectra before/after sublimation

Regions of Interest (ROIs): The reflectance of the samples surfaces was extracted from the
hyperspectral images only at some limited areas, called Regions of Interest (ROIs), indicated
in Figure 2. Extracting the average spectra of the whole samples surfaces was not possible
because of the presence of external elements in the images: mainly fragments of sublimation
mantle stuck on the window of the chamber hiding some parts of the sample and casting
shadows on other parts, and temperature sensors and their shadows.

Figure 5 presents, for each of the most concentrated samples (all “1%” mixtures), the
initial (black line) and final (red line) reflectance spectra averaged over the ROI #1, #2, #5,
#6, #9a and #10. To facilitate the interpretation of these spectra, reference spectra of each of
the elements of the mixtures are also shown: pure water ice, pure olivine, pure smectite and

pure tholins, all measured with the SCITEAS setup.
3.2.1.1 Spectra of the ice samples before sublimation

All initial ice samples clearly exhibit the water ice absorption bands at 1.02, 1.26 and
1.51 um. For a given concentration of non-volatiles (1%), intra-mixture samples have a higher
level of reflectance than inter-mixture samples from 0.4 to 1.4pum (+50%, +25% and +20% at
0.7 um for olivine, smectite and tholins-minerals samples respectively). Similarly, the water
bands of intra-mixture samples (Figure 5a, c, €) have deeper band depths than inter-mixture
samples (Figure 5b, d, f) (+75%, +20% and +15% respectively). These differences between

intra and inter mixtures are much more significant for olivine than for smectite and tholins.

Olivine samples: The reflectance spectrum of the pure olivine powder is characterized by a
red slope from 0.4 to 0.6um (charge transfer absorption) and a broad “V-shaped” absorption
band centred at 1.0um (Fe** absorption) (Clark, 1999). When this olivine powder is mixed

24



(with a mass ratio of 1%) in an intra-mixture with water ice, none of these spectral features
are seen (Figure 5a). However, when mixed as an inter-mixture, some spectral features of the

olivine are clearly seen (Figure 5b).

Smectite samples: The reflectance spectrum of the pure smectite powder is characterized by a
red slope from 0.4 to 0.6um (charge transfer absorption) and absorptions bands centred at
1.40 um (first overtone of the O-H stretching modes), 1.9 um (combination of structural O-H
and adsorbed H-O-H stretching modes) and 2.2 um (metal-OH band) (Cooper and Mustard,
1999). The red slope of the smectite is clearly seen on the reflectance spectra of both intra-
and inter- mixtures with water ice (Figure 5c, d). The OH/H,0O absorption bands are masked
by the large absorptions of the water ice at these wavelengths. However, the presence of the
smectite clay may induce a slight asymmetry of the 2.0 um water band, with a maximum of

absorption shifted toward 1.9 pm as seen for both intra- and inter- mixtures (see Figure 5c, d).

Tholins samples: Pure tholins are characterized by a strong red slope in the visible from 0.4 to
1.3 um and by some broad and low intensity absorption bands in the near infrared at around
1.5, 1.95 and 2.2 um. The intra- and inter- mixtures of tholins with water ice have reflectance
spectra characterized by a red slope from 0.4 um to about 0.95 um, due to the presence of

tholins, followed by water ice absorption bands at 1.02, 1.26 and 1.51 pm.

3.2.1.2 Spectra of the sample surfaces after sublimation

Most of the final reflectance spectra, obtained after sublimation of the samples (red
lines in Figure 5) do not show the water ice absorption bands at 1.02, 1.26 and 1.51 um
because there is no more ice in the sample (this is the case for the smectite samples, Figure 5c,
d) or because the ice is masked by an optically thick water-free mantle (as it is the case for the
tholins-minerals samples, Figure 5e, f). However, spectra of olivine samples still exhibit very
broad and low intensity absorptions at 1.02, 1.26 and 1.51 um (Figure 5a, b) due to the

presence of water ice less than around 3 mm below the mantles of olivine.

For all the samples, the comparison of the initial spectra of the ices and the final
spectra indicate (1) a decrease of the reflectance in the visible range (due to the deposition of
the non-volatiles at the surface of the samples) and (2) an increase of the reflectance in the

near infrared (above 1.4 um) (due to the masking or absence of water ice) (see Figure 5).
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The mantles deposited at the surface of the samples after the sublimation of the ice are
made of the non-volatiles with which the ice was mixed with. However, the reflectance
spectra of these mantles are generally very different from the reflectance spectra of the pure

non-volatiles (dotted and dashed lines in Figure 5).

Intra-mixtures: The reflectance spectra of the mantles obtained from intra-mixtures show
absent or very faint absorption features of the non-volatiles in the near infrared. The spectral
features of olivine are absent on the reflectance spectrum of the mantle of the olivine-intra-
mixture-1 sample (Figure 5a). For the mantle of the smectite-intra-mixture-1 sample, the
typical OH/H,0O absorption bands of smectite at 1.4, 1.9 and 2.2 um are hardly detectable, and
only the red slope from 0.4 to 0.6 um is clearly present (Figure 5¢). The spectrum exhibits a
featureless blue slope from 0.7 to 2.2 um. For the mantle of the tholins-minerals-intra-
mixture-1 sample, the reflectance spectra is clearly dominated by the tholins with a marked
red slope from 0.4 to 1.0 um, a featureless blue slope from 1.1 to 2.2 um and a faint
absorption band at 1.95 um (Figure 5e). The absorption features of the minerals are absent of
the spectrum. In particular, the olivine absorption at 1.0 um is invisible, although olivine is
present at a concentration of 1%, i.e. twice the concentration of tholins in mass. The absence
of absorption bands and the origin of the featureless blue slope in the near infrared seen for
the smectite-intra-1 and tholins-mineral-intra-1 samples is discussed in section 4.2.1. Finally,
between 39.8 and 40.9h, the mantle over the ROI #9a (tholins-minerals-intra-mixture-1) is
ejected and water ice is re-exposed to the surface, as shown by the red dashed spectrum on
Figure 5e.

Inter-mixtures: The reflectance spectra of the mantles obtained from inter-mixtures show
more spectral signatures of the non-volatile components, although these signatures are mostly
still fainter than those of the original powders. The spectrum of the mantle of the olivine-
inter-mixture-1 sample (Figure 5b) clearly exhibits the red slope from 0.4 to 0.6 um and the
blue side of the absorption band centred at 1.0um. The spectrum of the mantle of the smectite-
inter-mixture-1 sample (Figure 5d) exhibits the red slope from 0.4 to 0.6 um and OH/H,O
absorption bands of lower intensity than the initial smectite powder. The band depths of
absorptions at 1.4, 1.9 and 2.2 um are respectively reduced by 70%, 80% and 50% compared
to the initial smectite powder. The low intensity of these bands may be due to the low amount
of smectite present in the deposit, or to the way the smectite grains are agglomerated together

(see Supplementary Figure 3f) that reduces the penetration of light compared to the raw
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powder used to acquire the “pure smectite” spectrum. The fact that the most important
reduction of band depth is observed for the H,O stretching mode at 1.9 um probably indicates
that a significant fraction of the water contained in the smectite grains was released during the
evolution of the sample under vacuum. One should note that this desorption of water is
probably very favoured by the high porosity of the material formed by sublimation, compared
to raw smectite powders exposed to vacuum (see Pommerol et al., 2009 and Beck et al.,
2010). Finally, the spectrum of the mantle of the tholins-minerals-inter-mixture-1 sample
(Figure 5f) shows the red slope of the tholins from 0.40 to 0.95 um and no other obvious
spectral signature. Only very faint absorptions can barely be distinguished from the noise at
1.0 um (possible olivine absorption), and between 1.88-2.03 pm and 2.13-2.30 pm (possible
tholins absorptions). One should note that contrary to intra-mixtures, inter-mixture mantles do

not exhibit a continuous blue slope in the near-infrared.
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Figure 5 : Reflectance spectra of the sample surfaces in the ROl #1 (a), ROI #2 (b), ROI #5 (c), ROI
#6 (d), ROI #9a (e) and ROI #10 (f) indicated in Figure 2. The reflectance spectra measured ~30
minutes after the start of the simulation (black line) can be compared to the ones measured 40 to 55
hours later (red line) when a sublimation mantle has formed on top of the samples. To facilitate the
interpretation of these spectra, reference spectra of pure water ice and pure tholins are also shown in
dotted and dashed black lines respectively (these spectra were measured separately, during previous
experiments). A detailed interpretation of these spectra is provided in section 3.2.1. Reflectance
spectra from all the ROIs of all the other samples are presented in Supplementary Figure 10. *Artefact
originating from the strong red slope at 0.7 um of the aluminium oxide coating the sample holder (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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3.2.2 Comparison of the in situ spectral evolutions of the samples

The whole sequence of hyperspectral cubes acquired during the experiments allows us
to study the dynamic of the evolution of the samples’ reflectance as the sublimation goes on.
We perform here the detailed analysis of the spectral evolution on the tholins-minerals
samples only, because they exhibit the strongest spectral feature (the red slope of the tholins)
and they are closer in term of composition to the ice mixture of a comet. The detailed spectral
evolution of the smectite and olivine samples (without tholins) is discussed in the Appendix C

(Supplementary Figure 8 and Supplementary Figure 9).

Figure 6 compiles the temporal evolution of several spectral criteria for the four
different tholins-minerals ice samples (ROI #9a, ROI #9b, ROI #11 and ROI #12 from Figure
2).

The spectral criteria plotted in Figure 6 are:

(@) the reflectance at 0.40 um, located in the tholins absorption band (Figure 6a),
(b) the normalized spectral red slope between 0.40 and 0.94 um due to the tholins (Figure
6b) (following the definition from Fornasier et al., 2015):

Spectral Red Slope (%/100 nm) = (::6942‘(’)':);240""1 x 10*  Eq. (1)
- 0.40um

(c) and the band depth of the water absorption band centred at 1.51 um (Figure 6c¢):

Water band depth at 1.51 um =1 — il'sﬂ Eqg. (2)
1.35um
The results shown in Figure 6 are described in the two paragraphs below. Paragraph 3.2.2.1
focuses on the long-term evolution of these spectral features, ignoring the ejection events.
Paragraph 3.2.2.2 discusses the impact of activity (ejection events) on the photometry of the
surface, focusing on ROI #9b (tholins-minerals-intra-mixture-1 sample) and ROl #11

(tholins-minerals-intra-mixture-0.1 sample).
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Figure 6 : In situ spectral evolution of the samples of tholins, olivine and smectite mixed with water
ice particles as intra- or inter- mixtures and at different concentrations. Temporal evolution of (a) the
reflectance at 0.40 um where tholins absorb the most, (b) the normalized spectral red slope due to
tholins between 0.40 and 0.94 um (see Eq. 1), (c) the band depth of the water absorption band at 1.51
um (see Eq. 2). These data have been obtained from spectra acquired in ROI #9a, #9b (tholins-
minerals-intra-mixture-1), ROI #11 (tholins-minerals-intra-mixture-0.1), ROI #10 (tholins-minerals -
inter-mixture-1) and ROI #12 (tholins-minerals-inter-mixture-0.1) located in Figure 2i,j,k,1 and Video
6 (see Table 1 for the explanation of the samples names). Ejections on mantle fragments occurred on
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ROI #11 and ROI #9b (see Video 6), leading to sudden variations of some spectral features. *The pure
water ice data are from ROI #0 of Poch et al. (2016). (For a colour version of this figure, the reader is
referred to the web version of this article)

3.2.2.1 Long-term spectral evolution

Reflectance at 0.40 pm and spectral red slope: As the water sublimates, the
reflectance at 0.40 um decreases for all samples because of the deposition of water-free
tholins over the surface (Figure 6a). The largest decrease is observed for the sample having
the lowest concentration in non-volatiles: mixtures at 0.1% experienced a decrease of ~80%
of their reflectance at 0.40 um in 9 hours whereas mixtures at 1% only experienced a decrease
of around 30%. Following these exponential decreases, the reflectance values of most samples
remain relatively stable during the 40 hours of the simulation, only exhibiting a long term
trend toward an asymptotic value close to the reflectance of pure tholins (dotted-dashed line
in Figure 6a). The tholins-minerals-inter-mixture-0.1 sample reaches a reflectance value close
to that of the pure tholins (Rioiinst10%) after around 20 hours of evolution. The other samples
never reach a reflectance value lower than Rineiinst40% after more than 40 hours of evolution.
The tholins-minerals-intra-mixture-1 sample exhibits the highest reflectance at 0.40 um with

values constantly superior by 80% to that of pure tholins.

For all samples, the spectral red slope between 0.40 and 0.94 um, plotted in Figure 6b,
follows opposite variations compared to the reflectance at 0.40 um, plotted in Figure 6a. After
a clear increase of the red slopes, within 4 hours for the mixtures at 1% or 9 hours for the
mixtures at 0.1%, a slowing down is observed and the red slopes reach a plateau equal to 53%

and 68% of the one of the pure tholins for the mixtures at 1% and 0.1% respectively.

These variations of the reflectance at 0.40 um and of the visible red slope are due to
the increase of the optical thickness of the sample surfaces in the visible wavelengths because
of the building of a layer of non-volatile compounds containing tholins. As the tholins
accumulate at the surface of the sample, the absorption of the surface at 0.40 um increases,
and consequently the reflectance at 0.40 um decreases and the spectral red slope (or band
depth) increases. The slowing down of these variations few hours after the start of the
sublimation indicates that the tholins layer becomes optically thick. By comparing the values

of the reflectance and spectral red slope for different sample types and concentrations on
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Figure 6a and b, it seems that the evolution of the reflectance at 0.40 pm depends more on the
mixture type and the final texture of the sublimation mantle (the one from the inter-mixtures
being denser than the one from intra-mixtures), whereas the evolution of the spectral red slope

depends more on the concentration of non-volatile compounds in the ice.

Water band depth: The Figure 6¢ shows the evolution of the depth of the 1.51 um water ice
band for the different tholins-minerals samples, as well as for a pure water ice sample (from
ROI #0 on Figure 3 of Poch et al., 2016). During sublimation, the pure water ice exhibits a
very slight decrease of the water band depth, maybe due to an increase of the number of
bigger ice particles (slower to sublime) as discussed in Poch et al., (2016). The decrease seen
for the tholins-minerals samples is much more pronounced. It is explained by the building of
the tholins sublimation mantle over the sample surface, masking the water ice particles
located underneath. From 0 to 8 hours, the decrease of the water band depth is 14 to 65 times
faster for the tholins-minerals samples than for pure water (see Figure 6c¢). The decrease is
faster for the 1% mixtures by a factor of 2 to 4 compared to the 0.1% mixtures. And at equal
concentrations, the decrease of the water band depth is faster for the inter-mixtures by a factor
of 1.2 to 2 compared to the intra-mixtures.

By comparing the variations of the red slope and the water band depth between 8 and 40
hours for most of the samples, it appears that while the red slope remains constant, the water
band depth significantly decreases. This observation indicates that despite the constant value
of the red slope (mantle optically thick in the visible), the mantle of tholins and minerals
continues to increase in thickness deeper in the sample, reducing the depth of the water

absorption bands in the backscattered light.

After nearly 40 hours of sublimation, the water band depths are virtually zero for the intra-
and inter- mixtures at 1% (Figure 5e, f). For the inter-mixture at 0.1%, the water bands are
still present but have a very low band depth, between 0.1 to 0.2 (Figure 5c¢). For the intra-
mixture at 0.1%, the water bands are still clearly seen, with a band depth around 0.6 after 40

hours of sublimation.

3.2.2.2 Spectral evolution during ejection of fragments of sublimation mantle

As described in section 3.1, the evolution of the samples during their sublimation is
characterized by sudden ejections of fragments of mantle. Figure 6 shows the spectral
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evolution of the ROI #11 (tholins-minerals-intra-mixture-0.1 sample) and ROI #9b (tholins-
minerals-intra-mixture-1 sample) where such events occurred at least twice during the

simulation (see Video 6).

Four ejection events occurred in ROI #11, on the tholins-minerals-intra-mixture-0.1
sample, at around 10h, 16h, 24.6h and 30.5h. All are characterized by a sudden:

e surge of reflectance (by +240%, +160%, +290% and +150% respectively),
e drop of the red slope (by -72%, -67%, -74% and -61% respectively),
e increase of the water band depth by no more than +20% (the ejection events

correspond to local maxima on the curve in Figure 6c).

These spectral data clearly confirm the ejection of the mantle and the simultaneous
exposure of ice particles at the surface of the sample. After each ejection event, the
reflectance at 0.40 um as well as the spectral red slope of ROI #11 are back to their value at
t=2h, but never reach again the initial value at t=0h (see Figure 6a, b). Following each
ejection event, the reflectance at 0.40 um and the red slope evolve back toward the values for
pure tholins, at the same rates and following exponential-decrease and logarithmic-shaped

curves, respectively.

Two ejection events occurred in ROI #9b, on the tholins-minerals-intra-mixture-1
sample, at around 21h and 28h. The first event covers the whole area of the ROl whereas the
latter event covers only a portion of the ROI. Both events are characterized by a sudden surge
of the water band depth (by +197% and +95% respectively) and a slight increase of the red
slope (by about +18%), but no significant variation of reflectance is observed.

On the same sample (tholins-minerals-intra-mixture-1), an ejection event is also seen
at t=40.3h on ROI #9a. This event produced a sudden surge of the water band depth by
+667%, but very faint variations of the reflectance at 0.40 pm (-7%) and red slope (+1%),
confirming the peculiar behaviour of these spectral parameters during ejection events on this

intra-mixture-1 sample compared to the intra-mixture-0.1 sample.

These data show that ejection events occurring on 1% intra-mixtures lead to an
increase of the water band depth two orders of magnitude higher than those occurring on

0.1% intra-mixtures. Moreover, ejection events on 0.1% intra-mixtures are characterized by

33



high increase of reflectance in the ultraviolet-visible range and a decrease of the red slope,
whereas such effects are practically absent for ejection events occurring on 1% intra-mixtures.
For 1% intra-mixtures, the variations of the reflectance and red slope after an ejection event
are of very low intensity (one to two orders of magnitude lower than for 0.1% intra-mixtures)
and seem to occur in opposite directions: a decrease of the reflectance and an increase of the
red slope. This increase of absorption in the visible might be due to the higher roughness of
the surface exposed after the ejection events, compared to the flat surface of the initial mantle

(see Supplementary Figure 7e and Video 6).

3.2.3 Scattering of the light by a sublimation residue

After the end of the experiment n°2, the sublimation residue obtained from the
smectite-intra-mixture-1 sample was extracted from the SCITEAS simulation chamber and its
light scattering properties were measured using the PHIRE-2 radio-goniometer. Figure 7
shows measurements of the reflectance factor (REFF) at 0.75 um for incidence angles of 0°
(Figure 7a) and 60° (Figure 7b). As a comparison, the initial smectite powder and the pure
water ice particles were also measured. Over most of the phase curves, the scattering
properties of the sublimation residue are close to those of initial water ice particles (strong
forward scattering), except the lower intensity of the opposition peak. The smectite powder is
made of larger aggregates (Supplementary Figure 6a), and thus has a higher roughness, than
the smectite sublimation residue which is made of fine clay platelets (Figure 4a). The smectite
powder is less bright and less forward scattering because it is rougher than the sublimation
residue. Finally, the fact that the sublimation residue has retained the shape of the initial water
ice particles probably explains the similarity seen with the phase curve of the water ice

surface.
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Figure 7 : Phase curves at 0.75 um and at incidence angles i=0° (a) and i=60° (b) measured with the
PHIRE-2 radio-goniometer for (1) the mantle obtained after the sublimation of the smectite-intra-
mixture-1 (seen on Figure 2e, Figure 3e, Supplementary Figure 3e and Figure 4a) (red circles), (2) the
initial smectite powder (green squares) and (3) the pure water ice particles. The scattering properties of
the sublimation residue are close to those of initial water ice particles, except around the opposition
peak where the light intensity is lower. The sublimation residue is strongly forward scattering.

4. Discussion
4.1 Mechanism of mantle build-up and ejection events

We have studied the sublimation of icy samples prepared from different types of
mixture, constituents and concentrations and we observed the formation of sublimation lag
deposits having diverse morphologies and activities. However, all sublimation lag deposits
have in common a structure consisting of filaments made of the non-volatile materials, at the
macroscopic or microscopic scale. Figure 8 illustrates the build-up of this sublimation mantle
for ice-dust intra-mixture versus inter-mixture. The flow of gas generated by the sublimation
of the ice moves the non-volatile particles and makes them collide and aggregate; forming a
network of filaments in 2D (see Videos 1 and 2 showing the evolution of the 0.1% inter-
mixture samples of pure olivine and pure smectite) or in 3D (see the smectite-intra-mixture-1
and tholins-minerals-intra-mixture-1 samples for example) over the ice surface. The filaments
delimit areas (in 2D) or channels (in 3D) where fresh ice is exposed at the surface and from
where the gas produced by the sublimation can freely escape the sample. When the network
of filaments is denser, the size of these voids decreases and the mantle starts to impose more

resistance to the gas flow. As the tortuosity of the path followed by the gas to exit the mantle
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layer increases, the force exerted by the gas on the mantle increases up to the point when it
reaches the tensile strength of the mantle and breaks it in fragments that are ejected away by
the gas flow (see Figure 8). The sudden release of pressure within the ice results in an
increase of its sublimation rate and a decrease of its temperature because of latent heat
absorption. After the ejection event, the mantle is progressively rebuilt on the surface of the
ice. For some samples, we observed that new ejection events occur again preferentially within
the same area as the previous ones, probably because of a thinner and consequently more
fragile mantle on these areas (see tholins-minerals-intra-mixture-1, tholins-minerals-inter-

mixture-1, on Video 7). These samples also exhibit ejected area having quasi-circular shapes.

The building of filamentary structures from the sublimation of ices containing non-
volatiles has been reported by several previous studies, from Dobrovolsky and Kajmakow
(1977) to Saunders et al. (1986). The reports on the KOSI experiments do not explicitly name
the structure as “filamentous”, but a porous structure made of particles bonded together was
described by Ratke and Kochan (1989), Thiel et al. (1989), Roessler et al. (1990), Thiel et al.
(1991) and Komle et al. (1991). In another context, the building of filaments and spider web-
like structures has also been reported by sublimation of snow-flakes observed under SEM
(Rosenthal et al., 2007). Such filaments are formed by coalescence of salts, via surface
diffusion driven by the reduction of the total surface energy. We estimate that the formation
of such filamentous matrix residues upon sublimation is likely to be a universal process. The
observation of outbursts of these sublimation residues was also reported before by
Dobrovolsky and Kajmakow (1977) and explained by Thiel et al. (1989) and Ratke and
Kochan (1989).

Our new observations suggest that the thickness of the individual filaments making up
the sublimation residue, the density of the filamentous structure, its strength and the size of
the ejected fragments all depend on the concentration, size and physico-chemistry of the non-
volatile particles, and on how the ice and the non-volatiles are mixed together. The Table 2
and the paragraphs below provide a summary of the influence of each of these parameters on
the texture, and consequently on the spectro-photometric properties of the sublimation

residues.
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Figure 8: Sublimation induced processes on ice-dust mixtures for which the non-volatiles are
contained inside the ice grains (intra-mixture) or are intimately mixed with pure ice grains (inter-
mixture). The dust is here composed of organic matter (orange) and silicate grains (grey).
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Mixture type:

Intra-mixture

Inter-mixture

Sample name: olivine-intra- olivine-intra- smectite-intra-  smectite-intra-  tholins-intra-  tholins-minerals- tholins-minerals- | olivine-inter-  olivine-inter-  smectite-inter- smectite-inter- tholins-inter-  tholins-minerals- tholins-minerals-
p . mixture-0.1 mixture-1 mixture-0.1 mixture-1 mixture-0.1*  intra-mixture-0.1  intra-mixture-1 mixture-0.1 mixture-1 mixture-0.1 mixture-1 mixture-0.1*  inter-mixture-0.1  inter-mixture-1
0.1% olivine 1% olivine 0.1% olivine 1% olivine
Composition: 0.1% olivine 1% olivine 0.1% smectite 1% smectite 0.1% tholins 0.05% tholins 0.5% tholins 0.1% olivine 1% olivine 0.1% smectite 1% smectite  0.1% tholins 0.05% tholins 0.5% tholins
0.01% smectite 0.1% smectite 0.01% smectite 0.1% smectite
('El;‘)’f‘mc'es size 6731 67+31 6731 6731 6731 6731 6731 6731 6731 6731 6731 67+31 6731 67+31
E;E;'_ty of theiice (g 05 05 05 05 05 05 05 05 05 05 05 05 05 05
Sublimation rate 0.58+0.09 0.410.05 0.52+0.07 0.27+0.02 0.200.05 0.40+0.02 0.14+0.02 0.43+0.06 0.36+0.02 0.48+0.06 0.33£0.03 0.12+0.05 0.340.03 0.14+0,02
(mmih): .58+0. .41+0. .52+0. .27+0. .20+0. .40+0. .14+0. .43+0. .3620. .48+0. .33+0. .12+0. .340. .140.
veil-like, 2D veil-like, 2D veil-like, 2D foam-like, 3D foam-like, 3D veil-like, 2D foam-like, 3D 2D network of 2D network of  loose deposit, skin/veil-like, skin/veil-like, 2D loose deposit, 3D
Structure of the network of few  network of few  network of few " . 2D network of
A ... | network of few um network of few um . . . network of few pum network of few um | 100-200 um crust-like 100-200 um ~ >200 pm thick A network of few um  network of few pm
sublimation deposit: thick filaments thick filaments um thick um thick um thick thick filaments thick filaments | thick filaments thick filaments filaments few um thick thick filaments thick filaments
filaments filaments filaments filaments
Density of the N.D. N.D. N.D. 5.10° 5.10° N.D. 8.10° N.D. N.D. N.D. N.D. N.D. N.D. 210
mantle (g cm™):
Cohesiveness of the + + +++ ++++ +++ +++ ++++ - - - - ++ + +
mantle:
. 1 mm hard crust . . .
Structure of the ice 1-2 mm hard crust  1-2 mm hard crust ice harden at all  ice harden at all ice harden at all
beneath the mantle: N.D. N.D. N.D. N.D. on m?cgf soft ontop of soft ice  on top of soft ice N.D. N.D. N.D. N.D. depths depths depths
featureless blue visible red visible red slope visible red slope S"°'.‘g . visible red visible red slope -
. very weak A ! - . very weak absorption in ;' visible red slope,
Spectral properties - . . . : slope 0.7-1.9 um,  slope, water water absorption featureless blue weak olivine olivine : slope, water water absorption
S olivine absorption  olivine absorption smectite N ; N N smectite UV but very N ; water completely
of the sublimation L very weak absorption bands partially slope 1.1-2.2 pm, absorption  absorption bands L : absorption bands partially :
i bands undetectable bands undetectable absorption in N : h : absorption in  weak absorption : . masked, minerals
mantle: smectite bands partially  masked, minerals minerals bands detectable . bands partially masked, minerals
y uv bands in near undetectable
absorptions masked undetectable undetectable infrared masked undetectable
Lo I . I inflation and — A A subsidence — — no (exp.3), ejection
Surface activity: ejection events  subsidence events  ejection events vibration ejection events  ejection events ejection events no events no no ejectionevents  ejectionevents (sup. exp.)
Size of the ejected ~5mm N.A. ~10 mm and N.A. “lommand 16 e and larger ~10 mm N.A. N.A. N.A. N.A. ~10 mm ~5mm ~2mm
fragments: larger larger
Spectral changes
after mantle ejection
events:
Ej_'“‘ance ato4 N.D. NA N.D. NA +3010+160%  +150%10+200% 7%t 0% NA NA. NA. NA. +150 to +210% N.D. N.D.
Visible red slope N.D. N.A. N.D. N.A. -15t0 -60% -6110 -74% +1% to +18% N.A. N.A. N.A. N.A. -60 to -70% N.D. N.D.
(0.40-0.94 pm):
Water band depth N.D. NA. N.D. N.A. +20 to 45% <+20% +95 t0 +667% NA. N.A. N.A. N.A. +10 to +15% N.D. N.D.

(1.5 um):

Table 2 : Summary of the results obtained after sublimation of the ice samples in this study and in *Poch et al. (2016). The structural and spectral
characteristics of the sublimation mantles are described, as well as the activity observed during sublimation (ejection events etc.). N.D. stands for “Non
Determined”, N.A. stands for “Not Applicable” and “sup. exp.” stands for the “supplementary experiment” shown in Video 7.
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4.2 Influence of the sample mixture type, composition, and concentration on the texture and
consequently on the spectro-photometric properties of the sublimation residues

4.2.1 Influence of the mixture type (inter- or intra- mixture)

The way the non-volatile components are mixed with the ice has a strong influence on
the properties of the sublimation lag deposit produced from the ice mixture. The sublimation
of inter-mixtures leads to rather compact and loose deposits on top of the ice, having a weak
internal cohesion, whereas the sublimation of intra-mixtures produces much more structured

residues, having higher porosity and internal cohesion.

The spectro-photometric properties of the sublimation residues are significantly
affected by such differences of structure. The reflectance spectra of residues of inter-mixtures
show the absorption bands of the non-volatile compounds, although with a significant
reduction of the band depths, possibly in part because of dehydration under vacuum.
However, the spectral signatures of the non-volatiles are hardly detectable in the reflectance
spectra of residues of intra-mixtures. We explain this disappearance of the absorption bands
by the small size of their particles combined with the very porous nature of the sublimation
mantles (see Figure 4). As explained by Cooper and Mustard (1999) and Salisbury and Wald
(1992), when very fine particles are separated by spaces more than a wavelength in size they
scatter the light individually as volume-scattering particles. Whereas in more tightly packed,
less porous cases, the particles scatter coherently, behaving as large, surface-scattering
particles. As a consequence, the band depths of the materials present in very porous
sublimation mantles, as the one obtained from the sublimation of intra-mixtures, are

extremely faint or quasi-absent (see Figure 5).

The foam-like residues of intra-mixtures which have conserved the shape of the initial
ice particles exhibit a featureless blue slope from about 1 to 2 um. This featureless blue slope
is probably caused by the light scattering within the porous structure of the residues. Brown
(2014) used Mie and Rayleigh scattering models to study spectral bluing induced by small
particles and found that all sufficiently narrow size distribution of spherical scatterers will
cause spectral bluing, regardless of their optical index. In particular, Brown (2014) indicates

that the spectral bluing is the strongest for size factors® between 0.5 and 1.2. We note that the

! The size factor X is defined as X = 7.D/A with D the diameter of the scatterer’s particle and A the wavelength.
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size factor for the spherical tholins particles is 0.5 at 1.1 pm and 0.9 at 2.2 um, and so it is in
the range highlighted by Brown (2014). Several Solar Systems objects exhibit featureless and
blue-sloped surface reflectance spectra (Brown, 2014 and references herein) and our data

show that the sublimation of intra-mixture ices can produce such spectral feature.

The mixture type also has a strong influence on the activity of the sample surface
during sublimation. Both intra- and inter- mixtures show ejection events, but the fragments
ejected by intra-mixtures are around 5 times larger than the ones ejected by inter-mixtures.
This is due to the higher internal cohesion of intra-mixtures versus inter-mixtures residues.
Moreover, the residues from inter-mixtures are denser and are ejected faster than the more

porous ones of intra-mixtures.

Finally, the two mixture types lead to very different strength of the ice beneath the
sublimation mantle after a few hours of sublimation. The ice remaining below the mantle of
inter-mixture samples is significantly harder than the one of intra-mixture samples. This
hardening is due to the recondensation or sintering of water between the ice particles. The
initial presence of non-volatiles between the individual ice particles may provide pre-existing
mechanical linkages which facilitate the recondensation/sintering process. The texture of the
sublimation mantle may also play a role in the hardening of the ice, by influencing the
temperature or pressure within the ice, and thus the sublimation/recondensation rates as
discussed by Prialnik and Mekler (1991). Because the mantle produced from inter-mixtures is
more compact, it is possible that it restricts more the flow of gas passing through it, enhancing
inward flow and recondensation of water between the ice grains (see Figure 8). Many other
cometary simulation experiments by Kochan et al. (1989), Ratke and Kochan (1989),
Seiferlin et al. (1995) and Thiel et al. (1989) also observed a solidified crust of ice below an

upper mantle.

4.2.2 Influence of the constituents (minerals, organics, and particle size)

Intra-mixture: When mixed as an intra-mixture, we observed that smectite reduced at the size
of platelets (~1 nm thick and 72 nm diameter) produce a residue having a stronger internal
cohesion (foam-like structure) than the olivine grains (< 80 um) (fragile veil-like structure).
The addition of organics (0.3£0.2 um particles) in the mixture also provides more cohesion.
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From these observations, it is clear that the internal cohesiveness strongly depends on the
strength of the intermolecular forces engaged between the non-volatile particles (electrostatic
forces, Van der Waals forces or hydrogen bonds). Concentrated at the interfaces between the
ice crystals during the freezing of the water droplet, the non-volatiles can interact and
rearrange. The tholins particles used in this study can interact via hydrogen bonds and
electrostatic forces, the montmorillonite platelets via electrostatic bonds, but the olivine grains
have much less possibilities to interact strongly enough with other olivine grains to build a
cohesive residue. Strong inter-particles interactions promote the building of a highly porous
and cohesive sublimation mantle. The reflectance spectra of these residues do not show all the
absorption bands characteristic of the material they are made of and in most cases, only the

UV-Vis absorptions are still detectable.

Inter-mixture: For this type of mixture, the size of the non-volatile particles is the main factor
controlling the structure of the residue of inter-mixtures, rather than their physico-chemistry
properties. The smaller the grain size of the non-volatiles, the thinner the filaments and the
smaller the voids or channels are between the filaments. For broad size distributions
particularly extended toward the small particles, the aggregation of the grains can lead to the
reduction of the size and/or number of these voids resulting in the formation of a crust that
significantly reduces the sublimation rate of the ice located underneath (as observed for the

olivine-inter-mixture-1) (see Table 2).

Finally, for both inter- and intra-mixture, we observed that when tholins particles are
present in the mixture, even at a concentration ten times smaller than the mineral grains, the

absorption features of the minerals are almost completely masked.

4.2.3 Influence of the concentration of non-volatiles (0.1%, 1%)

Intra-mixture: When the concentration of non-volatiles increases, the cohesion of the final
residue increases, resulting in less frequent ejection events but larger ejected fragments. Also,
as the concentration increases, the spectral changes after ejection events are less pronounced
in the visible wavelengths but more pronounced in the near infrared. This trend is of course
largely dependent on the spectral properties of the material, and particularly the organic
particles constituting the sublimation deposit. Here we used tholins which are dark in the UV-
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Vis (optically thick mantle in the UV-VIS) but very bright in the near infrared (optically thin
mantle in the NIR).

Inter-mixture: When the concentration of non-volatiles increases, the filaments formed from
the aggregation of the materials dragged by the gas flow increase in thickness, which reduces
the area of the voids or channels between the filaments, reducing the sublimation rate (see
Table 2).

The extrapolation of these results for higher dust/ice mass ratios, closer to that expected on
comets (100 wt.% and more), should be done with caution. On the first hand, one could
expect that increasing the concentration of non-volatiles could increase the internal cohesion
of the mantle. But on the other hand, decreasing the amount of ice in the sample could reduce
the aggregation of the non-volatiles via gas dragging. Future experimental studies of the
sublimation of inter- and intra- ice mixtures containing higher concentrations of non-volatiles

should provide a more definitive answer to this question.

4.3 Implications for comets and icy bodies
4.3.1 Potential limitations of laboratory simulations compared to icy bodies

First, the extrapolations of the details observed on a scale of centimetres in the
laboratory to the larger scales observable by planetary or cometary space instruments is not
obvious and should be done with caution. Second, as we mentioned in section 2.4.1, the
irradiation source and gradient of temperature inside our samples were very different from an
ideal cometary case. The possible consequences of these parameters on the building of
sublimation mantles will be addressed in future studies. Third, the gravitational field in the
laboratory is about three orders of magnitude stronger than on a comet. However, calculations
performed by Kochan et al. (1990) and Ratke and Kochan (1989) show that some dust
particles lying on top of the ice surface are not gravity force dominated. Figure 10 in Ratke
and Kochan (1989) shows that the gas drag dominates by two orders of magnitude over
gravity for particles (0.3 g/cm®) smaller than 10 pm, and that the cohesive forces between
particles dominate by several orders of magnitude over gravity. In our experiments, the tholin

particles, having a density of that order and a mean diameter of around 0.3 um, are thus
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mainly influenced by the gas drag and the cohesive forces. However, the mineral grains of
diameter smaller than 80 pm and of density around ~3 g/cm® are probably more subjected to
the gravity field in our experiments. Nevertheless, we observed that both olivine and smectite
grains rearranged in filamentous structures upon sublimation, like tholins do, indicating that
the gas drag still plays a major role during the sublimation. Consequently gravity has
probably a negligible impact on the structure of the sublimation residues and their spectro-

photometric properties.
4.3.2 The major influence of the inter-molecular forces between non-volatiles

Our results demonstrate that the sublimation process can produce structure similar to
that of Interplanetary Dust Particles (Duprat et al., 2010) by the aggregation of fine grain
materials forming a matrix that can bound together bigger grains (see Figure 4c). In particular,
our results demonstrate the ability of organic matter to act as a glue binding minerals in
comatery grains, as proposed by Kissel and Krueger (1987). More generally, the inter-
particulate or inter-molecular interactions between the non-volatile components have a major
influence on the texture, the activity and the spectro-phometric properties of the sublimation
residues. In this regard, one should note that although the tholins we used produced strong
internal cohesion, other types of organics may not. Storrs et al. (1988) noticed that not all
organics have the same abilities to form filamentous residues. The content of hetero-atoms
(other than carbon) and hydrogen (H/C ratio) in the chemical structure probably enhances the
ability of organic molecules to interact more strongly, and form cohesive sublimation

residues.
4.3.3. Application to the interpretation of remote sensing datasets of icy bodies

The results of the experiments presented in this paper constitute reference laboratory
data that can be used to interpret remote sensing datasets on icy surfaces, including comets

and icy satellites.

The temporal evolution of the spectral properties of the laboratory samples can serve
to understand the influence of the sublimation process on the spectral properties of the icy
surfaces. For example, our laboratory data on ice-tholins analogue mixtures suggest that
variations of the surface reflectance and steepness of the red slope observed on the cometary
surface may be indicative of the thickness of the organic mantle covering ice material
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(Fornasier et al. 2015, Capaccioni et al. 2015). For instance, by comparing the spectral ratios
between the reflectance spectra obtained before and after the formation of the sublimation
mantle with those observed on the comet, Pommerol et al. (2015b) showed that the contrasts
of brightness and colour seen at the surface of the nucleus were consistent with the result of
sublimation process (see Fig. 9 and Fig. 11 in Pommerol et al., 2015b). A similar method
could be applied to compare the data obtained from other bodies with our laboratory data.
Additionally, the documentation of the evolution of the reflectance of the continuum and the
water band depth in the near infrared can also support the interpretation of the data gathered
by infrared spectrometers on-board spacecrafts. For such comparison and interpretation
purposes (calculation of spectral ratios, calculation of spectral slopes or band depths with
other wavelengths or definitions, etc.), the calibrated hyperspectral data of all the ROIs

presented in this paper are available upon demand to the corresponding author.

Furthermore, the evolution of the structure and physical properties of the analogue
samples during sublimation also provides interesting clues to understand the surface of icy
bodies. The ability of non-volatile particles, and particularly organics, to build bounds
between them can help to explain the formation and ejection of large dust grains in jets and
their deposition as “airfall” on cometary nuclei (Thomas et al., 2015). The hardening of the
ice below the sublimation mantle, as observed in laboratory experiments, also provides a
plausible mechanism to explain the observation of brittle mechanical behaviour of some
regions on the surface of 67P/Churyumov-Gerasimenko (Pommerol et al., 2015b). Moreover,
differences seen in term of mantle structure, sublimation speed, speed of mantle building,
rates and surface area of mantle ejection, between intra- and inter- mixtures (see Table 2)
might provide clues to discriminate between these mixture types on cometary nuclei surfaces

or on other surfaces of air-less bodies where dirty ices are sublimating.

5. Conclusion

The sublimation of cometary ice analogues, made of crystalline water ice mixed with
olivine, smectite and complex organic matter, has been carried out under low temperature and
pressure conditions. The temporal evolutions of the surface texture and surface visible and

near-infrared reflectance of the samples were monitored in situ. Samples prepared using
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different mixture types, compositions and concentrations have been sublimed, and their

evolutions have been compared. The main results are summarized below:

After few hours of sublimation, a water-free residue, made of the non-volatiles
contained in the ice, mantles the top of the samples. The texture, the activity and
the spectro-photometric properties of this mantle are found to differ strongly
depending on the chemical nature of the non-volatiles, the size of their particles, the
way they are mixed with the volatile component and the dust/ice mass ratio. Two
types of mixtures of non-volatiles with the ice have been investigated: intra-mixtures
and inter-mixtures. The prepared intra-mixture samples are made of ice grains in
which the non-volatiles are mainly aggregated at the interfaces between the water
crystals, inside the particles. In contrast, the inter-mixture samples are made of
particles of pure water ice whose external surfaces have been coated with the non-
volatiles (non-volatiles decoupled from the ice). Both of these mixture types are
potential analogues of ices present at the surface or near sub-surface of cometary
nuclei (Lignell and Gudipati, 2014; Protopapa et al., 2014; Sunshine et al., 2007).

The sublimation of intra-mixture ices form a residue made of a network of
filaments which can be very porous and cohesive if the non-volatile particles have
the ability to aggregate via strong inter-particulate interactions (foam-like
structure).

The sublimation of inter-mixture ices produces a residue at least twice more
compact and less cohesive than intra-mixtures. The residue has a structure made of
aggregates of filaments. The space between the filaments (voids) depends on the
concentration, the size distribution and the shapes of the non-volatile particles. For
example non-volatile particles having wide size distribution can produce an aggregate
with virtually no void, a dense crust, on top of the ice.

Non-volatile organic matter plays a major role in the properties of the
sublimation residues. Because of their strong inter-particulate forces, C,H,N-tholins
act as a glue bonding mineral grains together and increasing the internal
cohesiveness of the residues.

Sudden ejections of fragments of the mantles, from mm to cm sizes, are observed
during the sublimation, triggered by the force exerted by the gas flow on the

mantles. The internal cohesion of the mantle is the main parameter controlling the
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frequency of the ejection events and the size of the ejected fragments. More cohesive
mantles produce larger fragments. Intra-mixtures are much more active than inter-
mixtures. The presence of complex organic matter enhances the occurrence of these
ejection events by increasing the internal cohesion and the tortuosity of the matrix,
making the sublimation residue more impervious to the gas flow.

A hardening of the ice is observed in inter-mixture samples after sublimation and
formation of a compact mantle above the ice. Such hardening is much less
pronounced for intra-mixture samples. It is due to the recondensation/sintering of the
water between the individual ice particles. This hardening may be caused by the initial
presence of non-volatiles between the individual ice particles or the texture of the
sublimation mantle favouring inward gas flow.

The reflectance spectra of the foam-like sublimation residues obtained from
intra-mixtures show some absorption features of the non-volatiles in the visible,
whereas in the near infrared range the spectra exhibit a featureless blue slope in the
near infrared, due to a peculiar light scattering property provided by the fluffy
filamentous structure of the residue (Brown, 2014).

The reflectance spectra of the sublimation residues obtained from inter-mixtures
show more pronounced spectral signatures of the non-volatile components, although
these signatures are mostly still fainter than those of the original powders. These
residues do not exhibit a blue slope in the near-infrared, probably because of their
more compact structure.

As the ice sublimes and the residue of non-volatiles forms on top of the ice, the
reflectance at 0.40 pm (where most of non-volatiles absorb light) decreases, as well
as the band depths of the water ice absorption bands which are masked by the layer
of non-volatiles. Simultaneously, the spectral red slope due to the absorption of
complex organic matter (tholins) in the UV-visible increases. This spectral feature of
the organic matter clearly dominates the reflectance spectrum versus the minerals,
because the mineral grains are embedded in a matrix of tholins particles.

The evolution of the reflectance at 0.40 pm appears to depend more on the
mixture type (intra- or inter- mixture) whereas the band depths of water ice and the
spectral red slope are more sensitive to the concentration of the non-volatile

compounds in the ice.
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Interestingly, we observed that while the depth of the water absorption bands in the
infrared continues to decrease, the spectral features of the non-volatiles (reflectance at
0.40 um and red slope) remain almost constant in the visible. This indicates that the
mantle of tholins and minerals rapidly becomes optically thick in the visible,
stopping any further spectral evolution in this wavelength range while continuing to
increase in thickness deeper in the sample.

The ejections of large fragments of mantles expose ice particles to the surface of
the samples. This activity can be monitored spectroscopically from the contrast of
brightness between mantled and ice-exposed areas. However, the magnitude of
this contrast strongly depends on the wavelength range and the dust/ice ratio
considered. The activity of low dust/ice mixtures could be best monitored in the
visible (from the contrast of albedo between active and non-active areas) whereas the
activity of high dust/ice mixtures could be best monitored in near-infrared. These
effects are due to the spectral properties of the tholins used for this study: very
absorbent in the UV-visible, but very bright in the near-infrared. Cometary organic
matter could probably have less contrasted optical properties and be also absorbent in
the near-infrared.

The phase curve of the sublimation residue having a foam-like structure is close
to that of the initial water ice particles, but the intensity of the opposition peak is

lower.

These data provide useful references for interpreting remote sensing observations of comets
and potentially of other icy Solar System surfaces. In particular, they provide some elements
of explanation regarding the activity of comet nuclei where sublimation of dirty ices and

deposition of organic and mineral dust particles play a major role.

To improve the representativeness of future simulations compared to comets, we are

working on extending the capability of our setup for the production of icy analogues to allow
the production of intra-mixture ices having higher concentrations in non-volatiles.
Furthermore, we will also work on carrying out simulations more representative in term of
irradiance and spectral reflectance, by illuminating the sample using a Sun simulator and

preparing samples having lower albedo, closer to that of cometary components.
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Videos can be found on http://dx.doi.org/10.1016/j.icarus.2015.12.017 or can be obtained

directly from the author by email (olivier.poch@csh.unibe.ch). The Supplementary Figures

are provided in the “Appendix A’ below.
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Supplementary Figure 1 : Temperature (green curves) and pressure (black curves) measured inside
the chamber during the experiments n°l (a), n°2 (b) and n°3 (c). In (c), vertical dashed blue bars
indicate the time during which an ejection event occurred on the tholins-minerals-intra-mixture-1
sample. The first two events can be correlated to a drop of the temperature measured by a sensor
positioned inside the sample (blue curve) and to a pressure spike (black curve) (see section 3.1.1).
Experiment n°1 was shorter than the others because the samples were removed from the chamber to
test the strength of the ice before it is totally sublimed. (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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Supplementary Figure 2 : Timelines of the evolution of the surface of all the samples during their
sublimation, as seen on Videos 1, 2 and 3. Overall, the temperature and pressure variations were quite
similar for all experiments (see Figure 1 and Supplementary Figure 1), allowing a simultaneous
comparison of the evolution of the surface morphology of all the samples. The data from “pure ice”,
“tholins-intra-0.1” and “tholins-inter-0.1” samples are from Poch et al., (in press).
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Supplementary Figure 3: Visible microscope images of the water-free residues collected after
sublimation of the samples in the simulation chamber. These images were taken ex situ, after the
simulation. Tholins-minerals samples of low concentration (0.1%) have not been imaged by
microscopy.
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Supplementary Figure 4 : Scanning Electron Microscope images of the water-free sublimation
residues of an intra-mixture of water ice particles and smectite (Na-montmorillonite) at a
concentration of (a) 1% (smectite-intra-mixture-1), and (b) 0.1% (smectite-intra-mixture-0.1).
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Supplementary Figure 5: Scanning Electron Microscope images of the water-free sublimation
residues of water ice particles mixed with olivine (1%), tholins (0.5%) and smectite (0.1%) as (a) an
intra-mixture (tholins-minerals-intra-mixture-1) and as (b) an inter-mixture (tholins-minerals-inter-
mixture-1).
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Supplementary Figure 6 : Scanning Electron Microscope images of (a) the particles of smectite (Na-
montmorillonite) and (b) the particles of olivine (forsterite) after grounding and sieving using an 80
um sieve. The grains of smectite are made of clusters of clay platelets (tactoids). The olivine powder is
made of compact grains having a wide size distribution; it contains more small grains than smectite.
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Supplementary Figure 7 : Optical Coherence Tomography images of the surface of the tholins-
minerals-intra-mixture-1 (left) and tholins-minerals-inter-mixture-1 (right) samples obtained in situ
during the sublimation of the samples inside the simulation chamber, att = 1.3-1.7h (a,b) and t = 15.5-
16.5h (c,d) (see also the Video 11 and 12 showing the 3D reconstruction of the surfaces). Att = 1.3-
1.7h the surface of the samples consists of water ice particles and of some layer of sublimation
residues. At t = 15.5-16.5h, the surface of the samples is completely water-free: the images show the
sublimation residue. High resolution images of the surface of the samples obtained in situ are shown in
(e) and (f). (see Table 1 for an explanation of the sample names and see Appendix B.5 for the
interpretation of the data)
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Supplementary Figure 8 : In situ spectral evolution of the samples of olivine mixed with water ice
particles as intra- or inter- mixtures and at different concentrations. Temporal evolution of (a) the
reflectance at 0.40 um where olivine absorbs, and (b) the band depth of the water absorption band at
1.51 um (see Eq. 2). These data have been obtained from spectra acquired in ROl #1 (olivine-intra-
mixture-1), ROI #3 (olivine-intra-mixture-0.1), ROI #2 (olivine-inter-mixture-1) and ROI #4 (olivine-
inter-mixture-0.1) located in Figure 2a,b,c,d and Video 4 (see Table 1 for the explanation of the
samples names). *The pure water ice data are from ROI #0 of Poch et al. (in press). (For a colour
version of this figure, the reader is referred to the web version of this article)
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Supplementary Figure 9 : In situ spectral evolution of the samples of smectite mixed with water ice
particles as intra- or inter- mixtures and at different concentrations. Temporal evolution of (a) the
reflectance at 0.40 um where smectite absorbs the most, and (b) the band depth of the water absorption
band at 1.51 um (see Eq. 2). These data have been obtained from spectra acquired in ROI #5
(smectite-intra-mixture-1), ROI #7 (smectite-intra-mixture-0.1), ROI #6 (smectite-inter-mixture-1) and
ROI #8 (smectite-inter-mixture-0.1) located in Figure 2e,f,g,h and Video 5 (see Table 1 for the
explanation of the samples names). *The pure water ice data are from ROI #0 of Poch et al. (in press).
(For a colour version of this figure, the reader is referred to the web version of this article)
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Supplementary Figure 10 : Reflectance spectra of all the ROIs of all the samples as shown in Figure
2. The reflectance spectra measured ~30 minutes after the start of the simulation (black line) can be
compared to the ones measured about 26 hours later (orange line) and at the end of the experiment (red
line) when a sublimation mantle has formed on top of the samples. To facilitate the interpretation of
these spectra, reference spectra of pure water ice and pure tholins are also shown in dotted and dashed
black lines respectively (these spectra were measured separately, during previous experiments).
*Artefact originating from the strong red slope at 0.7 um of the aluminium oxide coating the sample
holder (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article)

A.2. Videos:

Frame #: 4 Time [hours]: 0.24
T=2314K ( -41.6°C)
P = 1000.0000 mbar

Video 1 : This black and white video shows the evolution of the samples during the experiment n°1:
water ice mixed with olivine. From left to right are the samples: olivine-intra-mixture-1, olivine-
intra-mixture-0.1, olivine-inter-mixture-0.1 and olivine-inter-mixture-1 (see Table 1). Both
monochromatic images at 0.60 um and visible images taken with the ambient light on have been put
together in this video. The temperature of the sample holder and the pressure inside the chamber are
indicated on each frame (see also Supplementary Figure 1a). A detailed analysis of the events
occurring during this video is provided in section 3.1.
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Frame #: 4 Time [hours]: 0.05
T=1973K ( -75.7°C)
P = 1000.0000 mbar

Video 2 : This black and white video shows the evolution of the samples during the experiment n°2:
water ice mixed with smectite. From left to right are the samples: smectite-intra-mixture-1, smectite-
intra-mixture-0.1, smectite-inter-mixture-0.1 and smectite-inter-mixture-1 (see Table 1). Both
monochromatic images at 0.60 um and visible images taken with the ambient light on have been put
together in this video. The temperature of the sample holder and the pressure inside the chamber are
indicated on each frame (see also Supplementary Figure 1b). A detailed analysis of the events
occurring during this video is provided in section 3.1.

Frame #. 5 Time [hours]. 0.04
T=1341K ( -138.9°C)
P = 1000.0000 mbar

Video 3 : This black and white video shows the evolution of the samples during the experiment n°3:
water ice mixed with olivine, tholins and smectite. From left to right are the samples: tholins-
minerals-intra-mixture-1, tholins-minerals-intra-mixture-0.1, tholins-minerals-inter-mixture-0.1 and
tholins-minerals-inter-mixture-1 (see Table 1). Both monochromatic images at 0.60 um and visible
images under ambient light have been put together in this video. The temperature of the sample holder
and the pressure inside the chamber are indicated on each frame (see also Figure 1 or Supplementary
Figure 1c). A detailed analysis of the events occurring during this video is provided in section 3.1.
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Cube #: 1 Time [hours]: 1.11
T=1826 K ( -90.4°C)
P = 2.86000e-005 mbar

Video 4 : This colour video shows the evolution of the samples during the experiment n°1: water ice
mixed with olivine. From left to right are the samples: olivine-intra-mixture-1, olivine-intra-mixture-
0.1, olivine-inter-mixture-0.1 and olivine-inter-mixture-1 (see Table 1). Each image of this video is a
colour composite of three monochrome images acquired at 0.40, 0.52, and 0.60 pum, for the blue,
green, and red channel, respectively. The temperature of the sample holder and the pressure inside the
chamber are indicated on each frame (see also Supplementary Figure 1a). The Regions Of Interest
(ROI) indicated in each frame have been used to retrieve the spectro-photometric data presented in
Figure 5a,b and Supplementary Figure 8 (red = ROI #1, green = ROI #3, blue = ROI #4, orange = ROI
#2).

Cube #: 1 Time [hours]: 1.18
T=1734K ( -99.6°C)
P = 2.18000e-005 mbar

Video 5 : This colour video shows the evolution of the samples during the experiment n°2: water ice
mixed with smectite. From left to right are the samples: smectite-intra-mixture-1, smectite-intra-
mixture-0.1, smectite-inter-mixture-0.1 and smectite-inter-mixture-1 (see Table 1). Each image of this
video is a colour composite of three monochrome images acquired at 0.40, 0.52, and 0.60 pum, for the
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blue, green, and red channel, respectively. The temperature of the sample holder and the pressure
inside the chamber are indicated on each frame (see also Supplementary Figure 1b). The Regions Of
Interest (ROI) indicated in each frame have been used to retrieve the spectro-photometric data
presented in Figure 5c,d and Supplementary Figure 9 (red = ROI #5, green = ROI #6, blue = ROI #8,
orange = ROI #7).

ube #: 1 Time [hours]; 1.48
T=160.7K ( -103.3°C)
P = 2.3600000e-005 mbar

Video 6 : This colour video shows the evolution of the samples during the experiment n°3: water ice
mixed with olivine, tholins and smectite. From left to right are the samples: tholins-minerals-intra-
mixture-1, tholins-minerals-intra-mixture-0.1, tholins-minerals-inter-mixture-0.1 and tholins-minerals-
inter-mixture-1 (see Table 1). Each image of this video is a colour composite of three monochrome
images acquired at 0.40, 0.52, and 0.60 um, for the blue, green, and red channel, respectively. The
temperature of the sample holder and the pressure inside the chamber are indicated on each frame (see
also Figure 1 or Supplementary Figure 1c). The Regions Of Interest (ROI) indicated in each frame
have been used to retrieve the spectro-photometric data presented in Figure 5e,f and Figure 6 (red =
ROI #9a, green = ROI #9b, blue = ROI #11, orange = ROI #12, grey = ROl #10).
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Frame #: 3 Time [hours]: 0.91
T=1187K ( -96.2°C)
P = 1000.0000 mbar

Video 7 : This black and white video shows the evolution of the samples during the supplementary
experiment performed with samples of water ice mixed with tholins, olivine and smectite: on top of
the frame is the “tholins-minerals-intra-mixture-1" sample and at the bottom is the “tholins-minerals-
inter-mixture-1” (see Table 1). The temperature of the sample holder and the pressure inside the
chamber are indicated on each frame. From t=8h to t=15h, several ejection events occur on the intra-
mixture sample, forming quasi-circular depressions which deepen after multiple events. During the
simulation, the sample holder has been moved vertically in order to scan the surface of the samples
using the OCT instrument (see Supplementary Figure 7, Video 11 and Video 12). During one of the
moves, at t=22.2h, the surface of the inter-mixture sample is disrupted and some fragments (<1 mm)
of residue are ejected, followed by others, later in the simulation.
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Video 8 : Slow motion capture (200 fps) of an ejection event occurring on the sublimation residue of
the sample of water ice intra-mixed with tholins, olivine and smectite seen on Video 7 (tholins-
minerals-intra-mixture-1 sample, cf. Table 1). A around t=3s, one can clearly see the local
deformation of the mantle, followed by the ejection of several fragments of several millimeters. The
speed of the ejected particles has been estimated to be about 0.4+0.1 m s™. The video was recorded
with a rate of 200 frames per second. So the time separating each frame of this video is 5 ms. The
sample holder is 6 cm wide.

Video 9 : Slow motion capture (100 fps) of an ejection event occurring on the sublimation residue of
the sample of water ice intra-mixed with tholins, olivine and smectite seen on Video 7 (tholins-
minerals-intra-mixture-1 sample, cf. Table 1). The surface of the mantle is seen to vibrate more and
more strongly until the ejection of several millimeters to centimeters-sized fragments at around t=5s.
The video was recorded with a rate of 100 frames per second. So the time separating each frame of
this video is 10 ms. The sample holder is 12 cm long and 6 cm wide.

64



Video 10 : Slow motion capture (200 fps) of an ejection event occurring on the sublimation residue of
a sample of water ice inter-mixed with tholins, olivine and smectite seen on Video 7 (tholins-
minerals-inter-mixture-1 sample, cf. Table 1). The speed of the ejected particles has been estimated to
be around 1.0£0.1 m s™. The video was recorded with a rate of 200 frames per second. So the time
separating each frame of this video is 5 ms. The sample holder is 6 cm wide.

Video 11 : 3D OCT reconstruction of the sublimation residue formed at the surface of the tholins-
minerals-intra-mixture-1 sample after 15.5h of sublimation inside SCITEAS. The OCT scan was
performed in situ, through the window of the simulation chamber. It shows the porous structure of the
residue. The volume mapped is 1.4x2.6x4 mm.

65



Video 12 : 3D OCT reconstruction of the sublimation residue formed at the surface of the tholins-
minerals-inter-mixture-1 sample after 15.5h of sublimation inside SCITEAS. The OCT scan was
performed in situ, through the window of the simulation chamber. Compared to the residue of the
intra-mixture shown in Video 11, this residue has a more compact structure. The volume mapped is
1.4%2.6%3.2 mm.
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Appendix B:

Detailed description of the evolution of the surface morphology of the samples

Videos 1, 2 and 3 depict the detailed evolution of the samples during experiment n°1,
2 and 3 respectively. A detailed analysis of these videos is provided below. To facilitate the
interpretation of the videos by the reader, the time values given in the text below referred to
the time shown on each frame of the videos. Supplementary Figure 2 shows the schematic
timelines of all the major events occurring during the videos. It allows a simultaneous

comparison of the evolution of the surface morphology of all the samples.
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Supplementary Figure 2 : Timelines of the evolution of the surface of all the samples during their
sublimation, as seen on Videos 1, 2 and 3. Overall, the temperature and pressure variations were quite
similar for all experiments (see Figure 1 and Supplementary Figure 1), allowing a simultaneous
comparison of the evolution of the surface morphology of all the samples. The data from “pure ice”,
“tholins-intra-0.1” and “tholins-inter-0.1” samples are from Poch et al., (in press).
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Supplementary Figure 3: Visible microscope images of the water-free residues collected after
sublimation of the samples in the simulation chamber. These images were taken ex situ, after the
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simulation. Tholins-minerals samples of low concentration (0.1%) have not been imaged by
microscopy.

B.1. Evolution of the morphology of samples made of a 1% intra-mixture

The sublimation of the intra-mixture 1% samples results in a very specific evolution

dependent upon composition, as seen on Figure 2.

The sublimation mantle formed over the olivine-intra-1 sample appears clearly on
Video 1 after 15.22 h. This mantle, not clearly distinguishable from the ice before 14.87 h,
appears to have subsided between 14.87 h and 15.22 h. The mantle structure resembles a veil
over the ice (see Figure 2a and Figure 3a). A local break of the mantle probably causes a
release of water vapour accumulated below the mantle during the sublimation of the ice,
explaining the subsidence of the mantle. No ejection of mantle fragment is observed. Several
events of subsidence occurred during the sublimation, until the gentle deposition of the veil-
like mantle at the bottom of the sample holder when most of the ice had sublimed after about
58h.

The mantle formed over the smectite-intra-mixture-1 sample has a completely
different structure. It has the morphology of a foam with the shape of the initial ice surface
(see Figure 2e and Figure 3e). The mantle is seen to inflate from t = 3 to t = 67 h, developing
a dome shape traversed by a fracture that gets larger and larger. These deformations are
caused by the gas produced from the sublimation of the ice, inflating the mantle structure.
From 67 h to the end of the experiment, the mantle deflates and vibrates as the remaining ice
completes sublimation below the mantle. No mantle fragment is ejected during the

sublimation of this sample.

Finally, the mantle formed over the tholins-minerals-intra-mixture-1 sample (Figure
2i) resembles a foam similar to that formed from the smectite-intra-mixture-1 sample. From t
=0tot=21.13 h, the surface of the sample is not receding, and no inflation is seen. Between
21.13 and 21.15 h, an ejection event occurs, releasing foam-like fragments of the mantle and
exposing ice at the surface. Several other ejection events occur between 28.42-28.44 h, 40.34-
40.36 h and 42.33-42.34 h. Also, from 36.43 to 37.7 h, the mantle is seen to vibrate as a result
of the flow of water vapour produced from the ice sublimation. Immediately after the ejection

events at 21.13 h and 28.42 h, the temperature measured by a sensor located inside the
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tholins-minerals-intra-mixture-1 sample dropped by 3.8 and 2.5 K respectively in less than 10
minutes (see Figure 1). Pressure spikes can also be correlated to these ejection events. We
hypothesize that the breakage of the surface mantle produced a sharp decrease of pressure in
the ice sample, resulting in a quick increase of the sublimation rate and therefore of an
absorption of heat by the sample (latent heat of sublimation). After this event, a surface
mantle is built again on the ice, increasing the pressure in the sample and reducing its
sublimation rate. This may explain why the temperature measured inside the sample increased

slowly during the hours following the ejection events (see Figure 1).

A supplementary experiment was conducted to gather more details on the dynamics of
the ejection events. Video 7 shows the evolution of a larger tholins-minerals-intra-mixture-1
sample (seen in the upper part of the video frame) during its sublimation. A first ejection
event occurred between 8.70-8.72 h, a second between 10.27-10.29 h, a third between 10.44-
10.45 h and a fourth between 10.58-10.60 h. Each of these ejection events produced a quasi-
circular feature on the surface of the sample. Until t=15 h, all the next ejection events
occurred again in the same areas, resulting in their deepening. Using a high-speed camera, we
monitored several ejection events. Video 8 shows the local deformation of the mantle
(because of development of a bubble of gas below it), followed by ejection of several
fragments of this mantle. From this video, the speed of this ejection event has been estimated
to be about 0.4+0.1 m s™. Video 9 shows another ejection event occurring later, after the
production of a thicker mantle. The surface of the mantle is seen to vibrate more and more

strongly until the ejection of several millimetre- to centimetre-sized fragments.

The fact that such ejection events are only observed in presence of tholins indicates that
tholins build a mantle more impervious to the water vapour than the mantles of pure olivine or
smectites. The over-pressure, caused by the accumulation below the mantles of water vapour
produced from the sublimation, is more efficiently dissipated through the olivine and smectite
mantles than through a tholins mantle. The higher over-pressure eventually results in

catastrophic breakup and ejection of this mantle.

B.2 Evolution of the morphology of samples made of a 0.1% intra-mixture
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From all the mixture types, the intra-mixture 0.1% samples were the most active ones,
exhibiting numerous ejections of mantle during their sublimation, irrespective of their

composition (see Videos 1, 2, 3 and Supplementary Figure 1).

The expulsion of a fragment of mantle occurred first on the smectite-intra-mixture-0.1
sample between 3.87 and 4.22 h. This type of event occurred later for the tholins-minerals-
intra-mixture-0.1 and the olivine-intra-mixture-0.1 samples (between 7.90-8.26 h and 8.42 -
8.43 h respectively). The mantle formed after the sublimation of these samples resembles a
thin veil, having a consistency like a dense spider’s web (see Figure 3c, g, k). Videos 1, 2, and
3 show that fragments of the mantle still attached to the ice are continuously shaking because
of the drag force of the water vapour flow produced by the sublimation of the ice. The surface
area of these fragments of mantle is larger for the smectite-intra-mixture-0.1 sample, and
smaller for the tholins-minerals-intra-mixture-0.1 and olivine-intra-mixture-0.1 samples (see
Videos 1, 2, 3). Moreover, the smectite-intra-0.1 sample accumulates some remains of mantle
adhering all around the borders of the sample holder, while it is less the case for the tholins-
minerals-intra-mixture-0.1 sample and not at all for the olivine-intra-mixture-0.1 sample (see

Figure 2c, g, k).

Taken together, all these observations clearly show a difference of cohesion between
these mantles. The rankings reported above indicate that the mantle built from 0.1% smectite
appears to have a greater cohesion than the mantle of 0.1% olivine, with or without 0.05%
tholins. From these observations, it also clear that tholins play a role in producing a more
cohesive mantle: the addition of 0.05% tholins (and 0.01% smectite) to the 0.1% olivine ice

mixture significantly changes the mechanical properties of the mantle.

From a photometric point of view, the continuous release of mantle fragments on
samples containing tholins results in high albedo contrasts between the active areas (water ice
exposed) and the surrounding water-free mantle. This contrast is higher when the ice contains
0.05% tholins (tholins-minerals-intra-mixture-0.1) compared to when it contains 0.5% tholins
(tholins-minerals-intra-mixture-1) (see Video 3 between 21.13 and 21.15h). The photometry

of the surface is discussed in detail in section 3.2.3.

The dark bottom of the sample holder becomes visible at the centre of the samples

after about 30h for the olivine-intra-mixture-0.1 sample and after 34h for the smectite-intra-
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mixture-0.1 sample. All the ice constituting the samples seems to have sublimated after
around 41h for the olivine-intra-mixture-0.1 sample and after 45h for the smectite-intra-
mixture-0.1 sample. The tholins-minerals-intra-mixture-0.1 sample still contains some ice
after more than 43h of sublimation. This ranking suggests that the build-up of a more

cohesive sublimation mantle above the ice results in a lower sublimation rate of this ice.

B.3 Evolution of the morphology of samples made of a 1% inter-mixture

At a macroscopic scale, the sublimation of the tholins-minerals-inter-mixture-1 and
smectite-inter-mixture-1 samples did not produce any particular feature at the surface of the
samples (see Figure 2j, f). Smectite grains, apparently randomly deposited at the surface of
the sample after the sublimation of the ice, are visible after around 10 hours (see Video 2,
Figure 3f). Then they deposit at the bottom of the sample holder as the water ice completely
sublimates after about 60 hours (see Video 2, Figure 2f). The tholins-minerals-inter-mixture-1
sample did not exhibit any ejection event or surface change (see Video 3, Figure 2j).
However, the supplementary experiment, performed on a similar “tholins-minerals-inter-
mixture-1” sample but with a higher irradiation flux (sample positioned closer to the chamber
window), did show ejection events on this type of sample (triggered by an external stress,
namely the movement of the sample holder), as seen on the Video 7 (the tholins-minerals-
inter-mixture-1 is the sample located in the bottom part of the video frame). The speed of the
millimetre sized particles ejected during this event has been estimated to be around 1.0£0.1 m
st two to three times faster than the fragments of the tholins-minerals-intra-mixture-1

sample.

For the olivine-inter-mixture-1 sample, the deposit of olivine produced after
sublimation is a very uniform and flat layer, resembling a crust (see Figure 3b and central part
of Figure 2b), which appears to lead to a characteristic evolution of this sample (see Video 1).
Starting around 25h, one can clearly see that the sublimation is faster on the periphery of this
sample rather than at its centre. On the other hand, for all the other samples analysed here, the
sublimation preferentially occurred from the centre to the periphery of the sample. The
opposite behaviour observed for the olivine-inter-mixture-1 sample appears to be caused by

the “crusty” consistency of the mantle of olivine, which is de facto reducing the sublimation
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rate of the ice located beneath the mantle. At around 29h, a temperature sensor initially buried
in the olivine-inter-mixture-1 sample emerges from this crust (see Video 1). The ice continues
to sublimate from the periphery of the sample and all around the temperature sensor and its
cable, until 58h. While sublimating, the ice causes the fall of the upper crust of olivine,
exposing fresh ice which consequently sublimates (see Video 1 and Figure 3b). This sample
shows a mechanism of mass wasting induced by the sublimation process.

B.4 Evolution of the morphology of samples made of a 0.1% inter-mixture

From t = Oh to around 10h, the olivine-inter-mixture-0.1 and smectite-inter-mixture-
0.1 samples get covered by numerous dark dots smaller than 1mm (see Videos 1 and 2) which
are aggregates of olivine and smectite, respectively, formed after the sublimation of the water
ice. After around 10h, these dots progressively increase in size and connect to each other,
forming a network of filaments over the ice. As the sublimation continues, the thickness and
the length of these filaments increase (see Figure 3d, h). They slightly move toward the centre
of the sample because of the concave shape of the surface. This movement is due to dragging
force of the gas flow coming from the ice located at the border of the sample holder. The
initially flat sample surface gets excavated in a bowl-shape as the ice sublimes, the
sublimation rate being slower at the border of the sample holder. After about 39h, the dark
bottom of the sample holder becomes visible at the centre of the olivine-inter-mixture-0.1 and
smectite-inter-mixture-0.1 samples and all the ice constituting these samples seems to have
sublimated after 45h (see Figure 2d, h).

In the presence of tholins, the evolution is significantly different and no millimetre-
sized dots or filaments are seen (see Video 3, Figure 2l and Figure 3l). Instead, a
homogeneous darkening of the whole surface is observed at the surface of the tholins-
minerals-inter-mixture-0.1 sample from t = Oh to around 9h. Between 8.97 and 11.5h,
ejections of localised fragments of mantle are observed, whereas no such ejection event was
spotted on the olivine-inter-mixture-0.1 and smectite-inter-mixture-0.1 samples. After the
ejections, the areas from where the fragments of mantle were released appear brighter on the
visible images (see Figure 2lI). 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
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sample. After about 5 hours, these areas become dark again as the ice sublimates, rebuild-up
the tholins mantle at the surface (see Video 3).

B.5 Evolution of the light scattering properties of the surfaces monitored by in situ
optical coherence tomography (OCT)

Supplementary Figure 7 shows in situ optical coherence tomography (OCT) images of
intra- and inter- mixtures of tholins and minerals. These data reveal that the optical properties
of the surfaces of these mixtures differ very early in the simulation (t = 1.3-1.7h). As soon as
the sublimation starts: at the surface of the intra-mixture the light appears to diffuse in larger
and rounder scatterers than in the surface of the inter-mixture. At this time, only a very
limited thickness of mantle has been produced and the reflection due to the icy grains might
still be visible below the sublimation mantle (white arrows in Supplementary Figure 7a,b).
After t = 15h the difference between the two surfaces is even more pronounced: the intra-
mixture surface exhibits a residue having the rounded shape of the initial ice particles and a
high roughness (see Supplementary Figure 7c and also Video 11). On the opposite, the inter-
mixture surface did not retain the shape of the ice particles and is much more compact than
the intra-mixture (see Supplementary Figure 7d and also Video 12). In the inter-mixture
surface, the light is reflected more strongly by the very first microns of the surface (brighter
pixels), whereas in the intra-mixture, the light is reflected equally from the top as well from
deeper in the thickness of the deposit (equal intensity of the pixels within the whole optical
thickness). These OCT observations are consistent with the difference of densities and

porosity discussed above for intra- and inter- mixtures.

74



tholins-minerals-intra-mixture-1 tholins-minerals-inter-mixture-1

Supplementary Figure 7: Optical Coherence Tomography images of the surface of the tholins-
minerals-intra-mixture-1 (left) and tholins-minerals-inter-mixture-1 (right) samples obtained in situ
during the sublimation of the samples inside the simulation chamber, att = 1.3-1.7h (a,b) and t = 15.5-
16.5h (c,d) (see also the Video 11 and 12 showing the 3D reconstruction of the surfaces). Att = 1.3-
1.7h the surface of the samples consists of water ice particles and of some layer of sublimation
residues. At t = 15.5-16.5h, the surface of the samples is completely water-free: the images show the
sublimation residue. High resolution images of the surface of the samples obtained in situ are shown in
(e) and (f). (see Table 1 for an explanation of the sample names)
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Appendix C:

Long-term spectral evolution of the smectite and olivine samples (without
tholins)

The Supplementary Figure 8 and Supplementary Figure 9 show the reflectance at 0.40
um and the depth of the water absorption band at 1.51 um for the mixtures of water ice and
pure minerals (olivine or smectite). Olivine and smectite absorb at 0.40 um (charge transfer
absorption), but much less than tholins. Similarly to what is observed for tholins-minerals
samples, the reflectance at 0.40 pm appears to depend more on the mixture type (intra- or
inter- mixture) whereas the band depth of water ice is more sensitive to the concentration of
the minerals (0.1 or 1%). For a given concentration, intra-mixtures have higher reflectance at
0.40 um than inter-mixtures. This difference increases as the concentration increases. The
formation of a mantle consisting of a foam of smectite, as seen for the smectite-intra-mixture-
1 sample (see Figure 2¢), results in a very slow decrease of reflectance at 0.40 um compared
to the other mineral samples (Supplementary Figure 9a). Concerning the water absorption
band at 1.51 pum, 0.1% mixture samples exhibit a decrease close to that observed for the
sublimation of pure water. Only the 0.1% inter-mixture that includes tholins produces a strong
decrease of water bands. At the concentration of 1%, all minerals and tholins mixtures exhibit
a decrease of the water absorption bands faster by a factor of 2 to 4 than at 0.1%, until these

bands are completely masked.
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Supplementary Figure 2 : In situ spectral evolution of the samples of olivine mixed with water ice
particles as intra- or inter- mixtures and at different concentrations. Temporal evolution of (a) the
reflectance at 0.40 um where olivine absorbs, and (b) the band depth of the water absorption band at
1.51 um (see Eq. 2). These data have been obtained from spectra acquired in ROI #1 (olivine-intra-
mixture-1), ROI #3 (olivine-intra-mixture-0.1), ROI #2 (olivine-inter-mixture-1) and ROI #4 (olivine-
inter-mixture-0.1) located in Figure 2a,b,c,d and Video 4 (see Table 1 for the explanation of the

samples names). *The pure water ice data are from ROI #0 of Poch et al. (in press).
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Supplementary Figure 3 : In situ spectral evolution of the samples of smectite mixed with water ice
particles as intra- or inter- mixtures and at different concentrations. Temporal evolution of (a) the
reflectance at 0.40 um where smectite absorbs the most, and (b) the band depth of the water absorption
band at 1.51 um (see Eq. 2). These data have been obtained from spectra acquired in ROI #5
(smectite-intra-mixture-1), ROl #7 (smectite-intra-mixture-0.1), ROI #6 (smectite-inter-mixture-1) and
ROl #8 (smectite-inter-mixture-0.1) located in Figure 2e,f,g,h and Video 5 (see Table 1 for the

explanation of the samples names). *The pure water ice data are from ROl #0 of Poch et al. (in press).
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