Comet 67P/Churyumov-Gerasimenko surface composition
as a playground for radiative transfer modeling
and laboratory measurements

1 Abstract

Remote sensing observations at visible-infrared (VIS-IR) wavelengths of the nucleus of comet 67P/Churyumov-Gerasi-
menko performed by the Rosetta mission have revealed a surface ubiquitously covered by low-albedo material (Ca-
paccioni et al., 2015; Ciarniello et al., 2015; Fornasier et al., 2015), characterized by the presence of refractory and
semi-volatile organics and dark opaque phases (Capaccioni et al., 2015; Quirico et al., 2016). However, a quantitative
determination of the physical properties (grain size, porosity) and composition of the surface regolith is still missing.
As comets are considered the most primitive objects in the Solar System (Weidenschilling, 2004; Mumma & Charnley,
2011; Davidsson et al., 2016), assessing these properties is of paramount importance to constrain the physical conditions
of the early solar nebula. The characterization of the regolith is also crucial to investigate the physical processes active
on the surface, such as sublimation of volatiles, dust deposition and transport, and thermal stresses. In this perspective,
the comparison of nucleus multi- and hyper-spectral data with spectra derived from radiative transfer models and spectra
measured in the laboratory is fundamental for an accurate assessment of the properties of the material. While laboratory
reflectance spectra for samples with known composition provide a direct input for comparison with remote sensing obser-
vations for a limited set of available materials and mixtures, spectral inversion based on radiative transfer models (Hapke,
2012; Shkuratov et al., 1999) allows us exploring a wide range of combinations simultaneously. However, the latter
method relies on the capability of the theoretical approach to account for and correctly describe the physical properties
of the investigated materials.
Based on this rationale the aim of the research project we propose is twofold:

o Investigation of 67P/Churyumov-Gerasimenko surface composition from the convergence of results from dedicated
laboratory measurements of cometary analogues (by means of deriving the optical constants/reflectances/absorb-
ances/ of minerals, organics and ices) and radiative transfer models (analytical and numerical), applied to Rosetta
spectrophotometric observations of the nucleus.

e Test and improvement of widely used radiative transfer models needed for spectral inversion (Hapke, 2012; Shku-
ratov et al., 1999), by comparing their output with laboratory spectrophotometric measurements of materials with
known compositions made available for 67P/Churyumov-Gerasimenko spectral unmixing. In this context, the main
objectives of the study will concern the capability of the models to constrain composition (endmember abundances
and mixing modalities) and physical properties (material grain size distribution and porosity).

Such an effort will be addressed within an international team hosted by ISSI, composed of experts on radiative transfer
models in particulate media, visible-infrared laboratory spectrophotometry and remote sensing imaging spectroscopy.
The presence within the team of members directly involved in the Rosetta mission, and/or having direct access to spec-
troscopy laboratories and measurements, represents an important asset for the maximization of the scientific outcome of
the collaboration.

2 Scientific Rationale and Goals

The Rosetta mission escorted the Jupiter family comet 67P/Churyumov-Gerasimenko (hereafter 67P/C-G) from 6 August
2014 to 30 September 2016, providing unprecedented information about a cometary nucleus composition and evolution
along its orbit around the Sun. Recent results from Davidsson et al. (2016), supported by Rosetta data, indicate that
comets are "primordial rubble piles" that did not undergo a significant collisional processing. Conversely, alternative
studies by Jutzi et al. (2017); Jutzi & Benz (2017) suggest that comets may have experienced several low-energy colli-
sions. Such sub-catastrophic impacts, although producing a re-shaping of the nuclei, should not have led to major heating
and compaction, preserving the pristine composition and porosity of comets (Jutzi & Benz, 2017). These results imply
that the composition of cometary nuclei is representative of the composition of the outer regions of the early solar nebula,
where volatiles (H,O, CO;, CO and minor species) and refractory materials (organics and minerals) condensed into solid
grains that, along with presolar materials, grew by accretion or gravitational instability to form comets (Ehrenfreund
et al., 2004; Johansen et al., 2007). In this perspective, the surface rejuvenation processes driven by cometary activity
contribute to preserve the pristine composition of the refractory component of the nucleus, limiting the modifications
induced by space weathering (Quirico et al., 2016). The surface composition of cometary nuclei is then a direct proxy to
constrain the physical conditions of the early phases of the Solar System.

The extensive observation campaign performed by the two imaging experiments VIRTIS - Visible and Infrared Thermal
Imaging Spectrometer, operating in the 0.2-5.2 um range (Coradini et al., 2007) - and OSIRIS - Optical, Spectroscopic,
and Infrared Remote Imaging System, 0.2-1 um (Keller et al., 2007) - onboard Rosetta provided fundamental clues on



the spectrophotometric properties of 67P/C-G. Apart from few areas where the presence of water and carbon dioxide ices
has been detected (De Sanctis et al., 2015; Filacchione et al., 2016a,b), pre-perihelion observations of the two instru-
ments revealed a dark de-hydrated surface - geometric albedo of 0.06 at 0.55 um (Ciarniello et al., 2015; Fornasier et al.,
2015) - characterized by a reddish spectrum across the VIS-IR wavelength range (0.4-3.6 um) and a broad absorption
feature centered at 3.2 wm (Capaccioni et al., 2015; Quirico et al., 2016) (Fig. 1a,1b). In situ measurements obtained by
CIVA - Comet Infrared and Visible Analyser, Bibring et al. (2007) - confirmed the low albedo of the surface down to the
centimeter scale, though some heterogeneity could be observed (Bibring et al. 2015).
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Figure 1: a) Average radiance factor (//F) of 67P/C-G referred to the standard observation geometry (incidence angle
= 30°, emission angle = 0° and phase angle = 30°) as derived from VIRTIS (Ciarniello et al., 2015, black curve)
and OSIRIS observations (Fornasier et al., 2015, blue symbols). Missing parts in the VIRTIS curve correspond to
instrumental order sorting filters. OSIRIS data are scaled to match VIRTIS observations at 0.55 um. b) VIRTIS spectrum
of the small lobe ("head") of comet 67P/C-G in the spectral range 2.5 to 4.5 um, compared to spectra of different organic
compounds: ethanol and ethanoic (acetic) acid spectra (from AIST-SDBS spectral database, http://sdbs.db.aist.
go.jp/sdbs/cgi-bin/cre_index.cgi), a cometary tholin (McDonald et al., 1996), and a refractory residue (Exp
Orl) obtained after UV irradiation of a mixture of HoO:CH30OH:NH3:CO:CO;, (Muiioz Caro & Schutte, 2003). Figure
from Capaccioni et al. (2015).

These spectrophotometric properties have been interpreted in terms of composition by Capaccioni et al. (2015) and
Quirico et al. (2016) as a mixture of refractory polyaromatic and aliphatic organic materials, fine-grained opaque materi-
als (Fe-sulfides, Fe-Ni alloys) and a semivolatile component (ammonium-bearing species and carboxylic acids). Comple-
mentary compositional information of the surface has been determined from in situ measurements of the coma. While the
GIADA (Colangeli et al., 2007) experiment has inferred different grain compositions (ices, silicates, hydrocarbons and
Fe-sulfides) (Fulle et al., 2016), ROSINA (Balsiger et al., 2007) has provided an inventory of many volatile species (Le
Roy et al., 2015), including prebiotic glycine and phosphorus (Altwegg et al., 2016). However, a precise identification
of these endmembers and a quantitative characterization of their relative abundances as well as the physical properties
of the regolith covering the surface of 67P/C-G (grain size and porosity), from spectrophotometric data analysis, are still
open points.

In order to address these questions we propose an ISSI international team, that will investigate the detailed
composition of 67P/C-G, taking advantage of the collaboration of experts on radiative transfer modeling in partic-
ulate media, laboratory spectroscopy and remote sensing imaging spectroscopy. The recent conclusion of the Rosetta
mission (30 September 2016) and the intense ongoing work within the scientific community for the interpretation of the
large amount of data produced, provide an optimal context for pursuing this study.

The synergy of radiative transfer modeling and laboratory spectroscopy applied to remote sensing data analysis
maximizes the number of explored compositional scenarios providing a more thorough characterization of the 67P/C-G
surface. In particular, Rosetta hyper-spectral (VIRTIS) and multi-spectral (OSIRIS) data can be directly compared with
laboratory spectral reflectance measurements of cometary analogue materials and their mixtures. At the same time, these
measurements provide the input for radiative transfer models - both analytical (Hapke, 2012; Shkuratov et al., 1999) and
Monte Carlo ray-tracing (Pilorget et al., 2013; Ciarniello et al., 2014) - that allow us to simulate reflectance spectra of
mixtures for any combination of physical and compositional properties (endmembers abundances, grain sizes, porosity).
In addition, radiative transfer simulations are able to predict the spectral behavior of a given material, helping to select
the compounds to be investigated in laboratory.

The interplay among remote sensing measurements, radiative transfer simulations and laboratory measure-
ments, as shown in Fig. 2, is essential for surface composition interpretation. In fact, laboratory measurements of
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analogue materials with known physical properties will be crucial to improve our understanding of the physical processes
acting within the regolith layer and treated by the radiative transfer models. The accurate description of those physical
processes will be one of the goals of this ISSI International Team.

This approach, however, partly relies on the capability
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to few-micron sizes) can develop diffraction and scattering

effects, e.g. Rayleigh scattering (Clark et al., 2012), which

are neglected for materials made of large grains in close contact (Hapke et al., 2009) and are not generally considered in
many of the radiative transfer modeling applications.

These issues can be naturally investigated by comparing the theoretical simulations with laboratory measurements made
already available for the unmixing of 67P/C-G spectral data, where the physical properties of the investigated samples
are known. For these reasons, we include as an aim of this ISSI international team the testing and possible improve-
ment of widely used models for radiative transfer in regoliths, focusing in particular on Hapke’s (Hapke, 2012) and
Shkuratov’s theories (Shkuratov et al., 1999). We stress that, apart from the specific application to the case of 67P/C-G’s
surface, these aspects are of general interest for the interpretation of remote sensing reflectance measurements in
planetary science. The results and the methodology of this study will be shared among the community and should
significantly contribute to a better characterization of any planetary surface.

3 Planned program

Below we synthetically describe the program to achieve the aims of this project, that can be divided in two main topics: a)
Retrieval of 67P/C-G surface composition and b) Test and improvement of radiative transfer models in particulate
media.

3.1 Retrieval of 67P/C-G surface composition

e Retrieval of typical 67P/C-G surface VIS-IR reflectance spectra over specific regions of interest across the surface.
Preprocessing of the data (calibration, photometric-thermal correction) for comparison with theoretical models.

e Collection of existing spectral reflectance measurements of cometary analogue materials already available from
team members and public spectral libraries.

e Measurements of spectral reflectance and optical constants of single endmembers of cometary analogue materials
such as relevant minerals, refractory and semi-volatile organic compounds and H,O and CO, ices with various
grain sizes (from sub-micron to hundred-of-microns particles) and porosities.

e Measurements of spectral reflectance of mixtures of cometary analogue materials with controlled grain size distri-
bution, endmembers abundances and porosities.

e Spectral simulation of mixtures by means of radiative transfer models. (Hapke, 2012; Shkuratov et al., 1999): end-
members optical properties will be computed from available optical constants and/or determined from laboratory
measurements (Carli et al., 2014; Hiroi & Pieters, 1994; Lucey, 1998).

e Best-fitting of 67P/C-G nucleus spectra with those of laboratory mixtures and/or from radiative transfer simula-
tions.

3.2 Test and improvement of radiative transfer models in particulate media

e Compare the measured spectral reflectance of single endmembers and mixtures with known composition, grain
size distribution and porosity (Sec. 3.1), with simulated spectral reflectance. Validate models results by checking



their capability to infer grain size, endmember abundances, optical properties and porosities.

e Model the contribution from small particles (sub-micron and micron-sized grains) in materials with multidisperse
size distributions. Compare simulated reflectances with laboratory measurements of samples with known size
distribution.

3.3 Laboratories

Laboratory measurements will be performed at the following facilities: 1) PEL (IR Spectroscopy/Planetary Emissivity
Laboratory) at the DLR Institute of Planetary Research, Berlin Germany; 2) Laboratory for Outflow Studies of Sublimat-
ing icy materials (LOSSy) of the Bern University, Switzerland; 3) Laboratory for Cold Surfaces Spectrocopy , Institut de
Planétologie et d’ Astrophysique de Grenoble, France.

4 1ISSI added value

ISSI logistic and financial support is considered a very important asset for the project. It enables the team members
to interact in effective face-to-face meetings in an easily accessible venue. In particular, this speeds up the sharing of
knowledge and expertise among groups from different countries, which is a fundamental aspect, given the multidisci-
plinary nature of the proposed investigation. Along with this, ISSI sponsorship is considered an added value for the
impact of the present investigation within the scientific community.

5 Schedule

We propose the team to join for three meetings at ISSI Bern, each three days long, approximately every six months, for a
total of 90 man-days (18 man-weeks). The date of the first meeting will be scheduled between July and December 2017.
The draft agendas of the meetings are reported below.

Pre-meeting activities. 1) Selection of young scientists to be associated to the team. 2) Preparation of a spectral library
of cometary analogue materials. 3) Refinement of the roles of the team members.

First meeting

o Review talks: state of art of radiative transfer models in regoliths; state of art of 67P/C-G spectral unmixing from
laboratory measurements and radiative transfer modeling.

e Description of the laboratory facilities available to the team members for reflectance spectroscopy measurements.

e Planning of reflectance spectroscopy measurements: focus on materials composition (endmembers and mixtures),
grain size distribution and porosity.

e Discuss strategy for testing radiative transfer modeling using available and planned spectral reflectance measure-
ments.

e 67P/C-G data selection for specific regions of interest to be investigated.
o Discuss strategy for 67P/C-G spectral modeling.

Between first and second meeting: distribution of measured reflectance spectra to the team as input for spectral model-
ing activities; distribution of modeled spectra.

Second meeting

Discussion of the results from laboratory measurements.
Discussion of the results from spectral modeling tests: limits of the models and possible improvements.
Discussion of the results from spectral modeling of 67P/C-G surface.

Identification of 67P/C-G best-fit surface composition from spectral modeling and planning for reproduction in
laboratory.

Discussion of peer-review papers from the team and planning of future work.

Third meeting

e Wrap up of simulations and laboratory measurements: what we learned about 67P/C-G surface composition.

e Wrap up of simulations and laboratory measurements: spectral modeling capability to constrain physical properties
of the investigated material and theoretical improvement of the current models.

e Preparation of databases containing produced spectral data (measured and modeled).



e Discussion of peer-review papers from the team.

For each meeting we require standard ISSI support: meeting room, internet access, teleconference facilities, projector
and white board. Standard financial support (per diem for living expenses of the core team and team coordinator travel
support) are also required.

In the time lapse between the meetings, team members will work individually on the assigned tasks. Progress tele-
conferences will be organized to update the team on the members’ activity.

6 Output from the ISSI team

An overview paper about the main achievements of the ISSI team will be produced. Along with this, team members will
publish independent papers in peer-reviewed literature on specific topics. We will make every effort to make spectral
databases and codes developed within this project publicly available. A final report about the activity of the team will be
provided to ISSI.

7 Team

The team is composed of experts on radiative transfer modeling in particulate media, laboratory spectroscopy and remote
sensing spectral imaging. This ensures the coverage of the areas of expertise needed for the proposed investigation. The
majority of the team members are directly involved in experiments onboard the Rosetta mission, providing an added value
in terms of collection and analysis of 67P/C-G remote sensing data. Direct access to the laboratory facilities described in

Sec. 3.3 for some of the team members ensures the feasibility of reflectance spectroscopy measurements.

Core Team
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