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Abstract

This work is intended to be the second publication in a series of papers re-
porting on the spectro-photometric properties of cometary analogues measured
in the laboratory. Herein, we provide in-situ hyperspectral imaging data in
the 0.40 — 2.35 um range from three sublimation experiments under simulated
space conditions in thermal vacuum from samples made of water ice, carbona-
ceous compounds and complex organic molecules. The dataset is complemented
by measurements of the bidirectional reflectance in the visible (750 nm) spec-
tral range before and after sublimation. A qualitative characterization of surface
evolution processes is provided as well as a description of morphological changes

during the simulation experiment.

The aim of these experiments is to mimic the spectrum of comet 67P /Churyumov-

Gerasimenko (67P) as acquired by the Rosetta mission by applying sublima-

tion experiments on the mixtures of water ice with a complex organic mate-
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rial (tholins) and carbonaceous compounds (carbon black; activated charcoal)
studied in our companion publication (Jost et al., submitted). Sublimation
experiments are needed to develop the particular texture (high porosity), ex-
pected on the nucleus’ surface, which might have a strong influence on spectro-
photometric properties. The spectrally best matching mixtures of non volatile
organic molecules from Jost et al. (submitted) are mixed with fine grained wa-
ter ice particles and evolved in a thermal vacuum chamber, in order to monitor

the influence of the sublimation process on their spectro-photometric properties.

We demonstrate that the way the water ice and the non-volatile constituents
are mixed, plays a major role in the formation and evolution of a surface residue
mantle as well as having influence on the consolidation processes of the under-
lying ice. Additionally it results in different activity patterns under simulated
insolation cycles. Further we show that the phase curves of samples having a
porous surface mantle layer display higher coincidence with data of 67P than the
phase curves of the samples having a more compact surface layer with smooth

texture.

The analysis of spectral absorption bands of water ice in the near-infrared
(NIR) range, similar to those acquired by the VIRTIS instrument onboard
Rosetta, allows to link compositional considerations with surface activity and
texture.

Keywords: Hyperspectral imaging, water ice, organics, comets

1. Introduction

Cometary surfaces are in permanent change through sublimation processes.
The evolution of ices mixed with minerals and organic components is complex
and requires laboratory constraint. Until today only a few laboratory studies
have been performed to investigate the sublimation of ices mixed with miner-

als and organic components, prepared as analogues of cometary nuclei. In the
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1970’s simulation experiments were made at the Joffe Institute in Leningrad
(Dobrovolsky and Kaimakov, 1977), mixing ice with minerals and/or organics.
Later in 1980’s a group at JPL in Pasadena carried out sublimation experiments
of water ice samples prepared from suspensions with phyllosilicates, other sili-
cates and organic matter (Saunders et al., 1986; Storrs et al., 1988). The most
extensive and comprehensive campaign was the KOSI (KOmeten-SImulations)
experiments performed at the DLR space simulator in Kéln from 1987 to 1993
(e.g. Gruen et al., 1991; Gruen et al., 1993; Seiferlin et al., 1995). The focus
of these experiments laid, similar to our own experiments, on the surface evo-
lution and sublimation processes under simulated space conditions, but with
larger scale samples. Although 11 experimental runs were performed, there
was no systematic approach in mixing constituents. For the KOSI 3, 4 and 6
experiments, Oehler and Neukum (1991) measured the reflectance spectra be-
tween0.36 and 2.5 pm before and after the sublimation experiments under three

different illumination angles.

The benefit of our recent experiments in Bern (Pommerol et al., 2015a; Poch
et al., 2016a,b) is the possibility to acquire spectral data in-situ during the sub-
limation process through a window of the vacuum chamber. In this work a
photometric characterization before and after the sublimation is added to in-

vestigate the bidirectional reflectance quantities.

In our companion paper (Jost et al., submitted) we performed a systematic
laboratory study of potential cometary compositions in order to match the ob-
served surface properties of 67P. We measured the bidirectional reflectance of
carbon-tholin-, carbon-water ice- and tholin-water ice-mixtures. It was possible
to reproduce the individual spectrophotometric parameters (albedo, spectrum,
phase reddening, phase curve) of 67P, however no mixture was able to fit all

parameters alltogether.

We have indicated that the samples with the highest porosities best match
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the phase curve of 67P. Spectral considerations show that the particle size of
the darkening agent has a lower limit of a few hundred nanometres to several
micrometres and cannot be dominated by particles in the range of some tens
of nanometres. This finding is based on the blue spectral slope observed on
nanometre-sized carbon black and the arch-shaped spectral curve when mixing

carbon black with tholins.

Further our findings from Jost et al. (submitted) support the idea that the
bright ice patches observed by OSIRIS and VIRTIS should be relatively dust
free at small scale as already small dust contaminations are able to decrease the

albedo dramatically.

In this study we have selected the mixtures with closest spectral fit to 67P
from the companion work and added fine grained water ice particles to investi-
gate sublimation processes. The integrated VIS-NIR reflectance spectra of both
carbon types (carbon black, activated charcoal) as well their mixtures with
tholins from Jost et al. (submitted) are shown in Fig. 1. These two mixtures
are the basis for the current work where a series of three individual sublimation
experiments was performed using the same production protocol, but different
compositions. Mixtures of fine grained spherical ice particles with carbonaceous
compounds and complex organic matter were sublimed and spectroscopically
investigated. We report on the acquired spectra in the 0.40 — 2.35 pm range,
resulting in a disappearance of water absorption bands as the ice sublimes and
a residue layer accumulates. Further we characterise the spectral slopes and the

visible reflectance during the sublimation process.

2. Methods

2.1. SCITEAS

All sublimation experiments were performed with the SCITEAS setup (Simulation

Chamber for Imaging the Temporal Evolution of Analogue Samples). In this
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Figure 1: Integrated reflectance spectra of the non-volatile components as used for sublimation

experiments in this work. The selection is based on the findings of Jost et al. (submitted).

paragraph only a short description is provided, more detailed information of
this simulation chamber and its imaging system can be found in Pommerol

et al. (2015a).

The SCITEAS thermal-vacuum chamber accommodates a cylindrical sample
holder of 160 mm diameter that can be equipped with up to 4 small sample con-
tainers. A hyperspectral imaging system characterizes the reflected light from
the sample in the 0.40 to 2.50 um spectral range through a 15 mm-thick fused
quartz window. The sample is illuminated from a monochromatic light source
(halogen lamp coupled to a monochromator) through the window by an optical
fibre. Two broadband cameras, VIS and NIR, placed at 200 and 300 mm above
the window collect the scattered light at an angle of about 13° with respect of
nadir direction. The visible camera covers a spectral range of 0.38 — 1.08 um,
the near-infrared camera 0.85 — 2.50 pum. To create hyperspectral cubes the
monochromatic light source shifts the wavelength through the spectral range

(with a sampling of 6 — 20 nm). At each wavelength an image is acquired.

The sample holder is radiatively cooled from a cylindrical shroud with contin-
uous liquid nitrogen circulation. The chamber is evacuated using two membrane

primary pumps and one turbomolecular pump. The long term sample holder
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temperatures achieved with this cooling system lie in the —90 to —75 °C range,
depending on the vertical distance from the window. The minimum pressure

lies between 10~° mbar and 10~% mbar, depending on the content of volatiles.

A solar simulator (L.O.T. Quantum Design, product # LS0308) with a
300 W Xe arc lamp yielding an intensity of 1 solar constant on a 40 mm di-
ameter spot is placed above the window of the vacuum chamber to illuminate

the samples.

During all three experiments the NIR data quality was strongly influenced by
temperature fluctuations in the laboratory. The cycling operation mode of the
ventilation and cooling system lead to variations of dark current of the sensor.
This effect could be directly observed in the spectra as temporal fluctuations
in reflectance, as the spectra are acquired as a time sequence, scanning the
spectral range. We were able to compensate for this problem to some extent by
analysing the signal within a non-illuminated area beside the sample holder, and
correcting the dark level in the calibration. But some wave-like artefacts can
still be seen on the spectra. Due to a very low albedo of our sample materials
in these experiments, the signal to noise ratio was critically low during the first
two experiments, especially in the NIR range. By optimising the exposure times
and performing multiple acquisitions at each wavelength, which are averaged,

it was possible to reduce spectral noise.

2.2. PHIRE-2

The bidirectional reflectance measurements presented in this work were ac-
quired using the PHIRE-2 radio-goniometer. Details about the instrument and
its calibration can be found in Pommerol et al. (2011) and Jost et al. (2016),
therefore only basic specifications are summarized here. The goniometer is lo-
cated inside a freezer, operated at —35 °C for ice-bearing samples. Non-ice sam-
ples were measured at room temperature. A collimated light source is equipped

with six bandpass filters (450/550/650/750/905/1064 nm) and illuminates the
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samples under an incidence angle of 0° to 60°. The scattered light is measured
with a silicon photovoltaic sensor on another mobile arm, the —80° to +80°
emission angle range. The phase angle « is the angle between incidence and
emission direction. In this work only the 750 nm-filter was used in order to

reduce the acquisition time to a minimum and prevent sublimation effects.

PHIRE-2 can be equipped with either a mirror head or a beam splitting
system (Jost et al., 2016). The advantage of the beamsplitter is the possibility
of measuring very low phase angles (down the 0°) compared to a mirror, which
blocks the incoming light at phase angles smaller than 4°. However the signal
is by a factor 4 lower with the beamsplitter than with the mirror. This plays
no role for bright samples as studied in Jost et al. (2016), but is a serious issue

in case of very dark samples as in this study.

2.83. Sample material

The sample compositions were selected in order to act as cometary analogues
after significant sublimation. The basic constituent is fine grained ice produced
by spraying water into liquid nitrogen. As composition of non-volatiles a com-
bination of complex organic material and carbonaceous compounds was used.
The mixtures were selected along the results from Jost et al. (2016), having
highest coincidence in spectrum and albedo with comet 67P (Fornasier et al.,
2015). The amount of non-volatiles in our experiments (0.3 — 2.0 %) are by one
to two orders of magnitude lower than in a comet’s nucleus, but as we sub-
lime the ice in the uppermost layers, the (photometrically relevant) ratio may
be comparable. To see effects of different spatial distributions of non-volatiles

inside the ice matrix, two different mixing types were adopted.

All characteristics concerning sample composition and measurement config-
urations are listed up in Table 1. Experiment #1 was performed using carbon
black as dark compound, experiments #2 and #3 were prepared using activated

charcoal. The mixing ratio of charcoal and tholins was defined by the closest
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match of this mixture compared to the visible spectrum of 67P (Jost et al.,
submitted). Experiment #3 has a higher initial concentration of non-volatiles
compared to #2 (2 % instead of 0.3 %). The sublimation duration was chosen

to have a relatively ice free residue layer with low surface irregularities.

Table 1: Characteristics of sublimation experiments.

Experiment #1 Experiment #2 Experiment #3
Initial water ice content 99.7 wt % (67 31 pm) 99.7 wt % (67 £ 31 pm) 98.0 wt % (67 = 31 pm)
Initial carbonaceous compound content 0.2 wt % carbon black (42 nm) 0.27 wt % activated charcoal (17.6 +11.3 pm) 1.8 wt % activated charcoal (17.6 4 11.3 pm)
Initial organics content 0.1 wt % titan tholins (3154185 nm) 0.03 wt % titan tholins (315 + 185 nm) 0.2 wt % titan tholins (315 4 185 nm)
Sample types intra + inter-mixture intra 4 inter-mixture intra + inter-mixture
pure charcoal /tholins powder coarse fraction (> 800 pwm) of intra-mixture

from sieving pure ice

Bulk density 04 - 0.5 g/em? 0.4 - 0.5 g/em® 0.4 - 0.5 g/em®
Sublimation duration before 6.45h 1425 h 620 h

2nd goniometer measurement

Continuation after o o 7.5 h normal sublimation

2nd goniometer measurement afterwards day-night cycles

with solar simulator

2.3.1. Ice particles
The spherical water ice particles used in this study have a diameter of 67 um
with a standard deviation of 31 um. For production details see Yoldi et al.

(2015).

2.3.2. Tholins

We used tholins as analogues of the complex organic matter, because they
exhibit a strong red spectral slope from 0.2 to 1.0 um, allowing us to vary
the reddness and albedo of our samples by mixing it with darker and spec-
trally different carbonaceous compounds. The word “tholins” was first used
by Sagan and Khare (1979) to describe the complex macromolecular organics
formed after the irradiation of a gas mixture composed of simple molecules,
displaying a orange-brownish colour. The yellowish to dark organic residues
obtained after the irradiation of simple ices have also been named tholins or
“ice tholins” (see e.g. McDonald et al., 1996). The tholins used in this work
were previously utilised by Poch et al. (2016a) and Poch et al. (2016b). The
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material was produced in a plasma of 95 % Ny and 5 % CHy, using the PAM-
PRE setup (Sciamma-O’Brien et al., 2010; Szopa et al., 2006). Tholins are
made of a complex mixture of molecular and macromolecular material com-
posed 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; Gautier et al., 2014; Gautier et al., 2016). The complex
organic molecules are arranged in high porosity spherical grains with a mean
diameter of 315+ 185 nm (Carrasco et al., 2009). Their optical indices have
been characterised by Mahjoub et al. (2012) and the reflectance spectra by de
Bergh et al. (2008).

2.8.8. Carbon powders

We used carbon powders as analogues of the darkening agent(s) of cometary
surfaces. Amorphous carbon inherited from interstellar dust could represent up
to 10 % of cometary materials (Wooden, 2008) and could partly contribute to the
low albedo of cometary nuclei. However such a high amount of pure carbon in
cometary refactory material is questionable, since by date only complex organic
materials rather than pure carbons have been found in natural extraterrestrial
samples like porous interplanetary dust particles (IDP) or STARDUST samples
(e.g. Sandford et al., 2006; Brownlee, 2014).

Carbon black

The carbon black used in this work was purchased from Alfa-Aesar (product
3972). Tt is the solid residue obtained by acetylene combustion and consists
of amorphous carbon shaped in spherical particles with an average diameter of

42 nm. The structure of the individual particles cannot be resolved in Fig. 2a.

Activated charcoal

The activated charcoal used in this study was purchased from Sigma-Aldrich
(Product C3345). This granular carbon has been prepared from wood particles
which have been impregnated with a chemical agent and pyrolysed to produce

very porous particles of pure carbon. The particles are smaller than 75 pm
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according to the manufacturer. Our own microscope image analysis resulted
in an average diameter of 17.6 um with a standard deviation of 11.3 um. The
particle shape is irregular with sharp edges (see Fig. 2b). There is very little

formation of agglomerates.

Figure 2: Environmental scanning electron microscope images of of carbon black (a) and

activated charcoal (b) acquired at Institute of Geography at University of Bern.

2.3.4. Mixing types
We developed two different mixing procedures for producing two types of

laboratory analogues:

1. Intra-mixture, tholins and carbon particles are suspended in water prior
to the freezing process. The non-volatiles are present as inclusions within
the icy grains. The suspension is prepared by ultrasonication, performed
with a Hielscher 200Ht ultrasonic unit equipped with a 7 mm diameter
sonotrode. The duration of ultrasonication was limited to about 1 min to
keep the suspension temperature below 30 °C, to avoid thermal changes.

2. Inter-mixture, non-volatiles are mixed intimately with the pure water ice
particles at the grain level. The mixture was prepared in an aluminium
bottle cooled to nitrogen temperature, by adding freshly produced ice and
precooled non-volatiles. The bottle was then agitated using a Vortex-
Genie2 mixer at full speed for about 1 min, interrupted by re-cooling the

bottle in liquid nitrogen.
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