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 33!
ABSTRACT 34!
 35!
The VIRTIS (Visible, Infrared and Thermal Imaging Spectrometer) instrument onboard the 36!
Rosetta spacecraft has provided extensive spectral mapping of the surface of comet 37!
67P/Churyumov-Gerasimenko, in the range 0.3-5 µm. The reflectance spectra collected 38!
across the surface display a low reflectance factor through the whole spectral range, two 39!
spectral slopes in the visible and the near-infrared ranges, and a broad band centered at 3.2 40!
µm. The first two of these characteristics are typical of dark small bodies of the Solar System, 41!
and in this respect their interpretation in terms of composition is difficult. Solar wind 42!
irradiation may modify the structure and composition of surface materials, and there is no 43!
univocal assignment for those spectra devoid of vibrational bands. In order to circumvent 44!
these problems, we developed an analysis by constraining the nature of cometary materials 45!
from the study of cometary grains analyzed in the laboratory and by considering results on 46!
surface rejuvenation and solar wind processing provided by the OSIRIS and ROSINA 47!
instruments, respectively. Our results show that (1) The low albedo of comet 67P/CG is 48!
accounted for by a dark refractory polyaromatic carbonaceous component mixed up with 49!
opaque minerals. VIRTIS data do not provide direct insights into the nature of these opaque 50!
minerals. However, according to the composition of cometary grains analyzed in the 51!
laboratory, we infer they consist of Fe-Ni alloys and ~FeS sulfides. (2) A semi-volatile 52!
component, consisting of a complex mix of low weight molecular species not volatilized at 53!
T~220 K, is likely a major carrier of the 3.2 µm band. Water ice has a significant contribution 54!
to this feature in the neck region, but not in other regions of the comet. COOH in carboxylic 55!
acids is the only chemical group that encompasses the broad width of this feature. It appears 56!
as a highly plausible candidate, along with the NH4

+ ion. (3) Photolytic/thermal residues, 57!
produced in the laboratory from interstellar ice analogs, appear as potential interesting 58!
spectral analogs. (4) No hydrated minerals were identified and our data support the lack of 59!
generic links with the CI, CR and CM primitive chondrites. This concerns in particular the 60!
Orgueil chondrite, which had been suspected to have a cometary origin. (5) The comparison 61!
between fresh and aged terrains revealed no effect of solar wind irradiation on the 3.2 µm 62!
band. This is consistent with the presence of efficient resurfacing processes, such as dust 63!
transport from the interior to the surface as revealed by the OSIRIS camera. 64!
  65!
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1. INTRODUCTION 66!
The surfaces of comets and other small bodies of our Solar System are at the 67!

convergence of several key issues. Systematic observational surveys of small bodies focus on 68!
their surfaces, which constitute the only way to infer their bulk composition. They provide as 69!
well a statistical view of compositional diversity and help explore the dynamical evolution of 70!
the early Solar System and the so-called asteroid-comet continuum (Hughes and Armitage, 71!
2010; Walsh et al., 2011). Cometary surfaces are also exposed to solar wind irradiation, but 72!
are efficiently shielded by their dusty coma when they approach the Sun, and they are 73!
subjected to resurfacing processes that can partly or fully rejuvenate them. In this respect, 74!
they might be more primitive (i.e. not altered by space weather) than other minor bodies 75!
devoid of surface rejuvenation and might help understand the effect of space weathering on 76!
dark surfaces. Comets also spread dust in the interplanetary medium that is eventually 77!
accreted by Earth as stratospheric interplanetary dust particles (IDPs) and Antarctic 78!
micrometeorites (AMMs). The analysis in the laboratory of these particles provides insightful 79!
clues on the refractory component of comets, and makes it possible to investigate the 80!
connection with astronomical objects. 81!

The Rosetta mission opens unprecedented perspectives on these issues. Comet 82!
67P/Churyumov-Gerasimenko has been escorted since August 2014 by the Rosetta spacecraft 83!
and its lander Philae, which touched down onto its surface on November 14 2014. In situ 84!
measurements from the orbiter have been operated when the comet was weakly active at 4 85!
AU, and have been pursued after perihelion. The evolution of surface composition and 86!
morphology are thus being studied, and thus should provide the spectral properties of pristine 87!
cometary material (pristine defined as “unprocessed by space weathering”). 88!

The spectral properties of comet 67P/CG surface have been investigated by means of 89!
the VIRTIS instrument aboard the Rosetta orbiter (Visible InfraRed Thermal Imaging 90!
Spectrometer). This instrument comprises two channels: (i) a high spectral resolution single-91!
pixel spectrometer, mainly devoted to the study of the coma properties in the 1.88-5.03 µm 92!
spectral range (channel H), and (ii) an imaging spectrometer producing hyperspectral images 93!
of the target in the 0.3-5.1 µm spectral range with an angular resolution of 250 µrad x 250 94!
µrad (channel M) (Coradini et al., 2007). 67P/CG spectra are characterized by (1) a red slope 95!
in the visible, (2) a weaker reddish slope in the near-infrared (0.8-2.7 µm), and (3) a 96!
reflectance factor that does not exceed 6% over the whole spectral range.  They thus reveal a 97!
dark surface in both the visible and near-infrared ranges (normal albedo ~6 % at 0.55 µm). 98!
Extracted Hapke parameters (single scattering albedo, scattering parameter) are basically 99!
similar to those collected on comets Tempel 1, Hartley 2 and Borelly (Ciarnello et al., 2015; 100!
Fornasier et al., 2015). However, a broad absorption band centered at 3.2 µm has been 101!
detected for the first time (Capaccioni et al. 2015). The surface has also been extensively 102!
characterized by the OSIRIS camera (Sierks et al., 2015) in terms of morphology from 4 AU 103!
to perihelion, evidencing two main types of terrains as (1) rocky consolidated terrains, which 104!
often display evidence of thermal fatigue, and (2) fine-grained regions, with fresh deposits 105!
(Thomas et al., 2015; El-Maarry et al., 2015). 106!
 The interpretation of the reflectance spectra of 67P/CG in terms of surface 107!
composition is the subject of this article. Generally speaking, the interpretation of featureless 108!
reflectance spectra of dark surfaces of the Solar System is a challenging task, because it relies 109!
mostly on spectral slopes and absolute reflectance, which do not bear unequivocal 110!
information. As different materials may display similar absorption properties, it is necessary 111!
to circumvent this bias by inferring the most plausible analogs. In this study, we present an 112!
interpretation constrained by knowledge of the composition of primitive meteorites, IDPs and 113!
AMMs. We found that fair analogs of cometary refractory carbon are samples of terrestrial 114!
sedimentary organic matter, as coals and bitumens. Laboratory reflectance measurements of 115!
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these analogs and of primitive carbonaceous chondrites of the CI, CM and CR classes were 116!
collected and compared to 67P/CG spectra, under similar observation geometry. These data 117!
provided new insights on the interpretation of the low reflectance in the visible and near-118!
infrared ranges, and on the link with carbonaceous chondrites. The interpretation of the 3.2 119!
µm band, which is observed neither in IDPs and AMMs nor in carbonaceous chondrites, has 120!
been thoroughly investigated through spectral mappings of five regions of the comets well 121!
characterized in terms of morphology. This made it possible to discuss the effect of solar wind 122!
irradiation on the spectral characteristics of this band. 123!
 The paper is organized as follows: (i) Section 2 presents VIRTIS observations, 124!
emphasizing the mapping of the 3.2 µm band in five regions. (ii) Section 3 presents the 125!
samples that have been used as analogs of the carbon-rich surface of 67P/CG. The relevancy 126!
of coal samples is addressed in detail. (iii) Section 4 presents laboratory measurements on 127!
coal and coal tar samples and primitive meteorites. (iv) Section 5 reports discussion on the 128!
spectral properties of coals and coal tars, proposes an interpretation of the low reflectance, 129!
reports a detailed spectroscopic interpretation of the 3.2 µm band and finally discusses the 130!
impact of solar wind irradiation. 131!
 132!
 133!
2. VIRTIS-M OBSERVATIONS 134!
 135!
2.1 Data reduction 136!

VIRTIS-M provided for each pixel the radiance factor I/F as a function of wavelength 137!
(λ) under geometrical conditions characterized by the i, e and g angles (incidence, emergence 138!
and phase angles, respectively). I and πF are here the nucleus radiance and the solar 139!
irradiance at normal incidence, respectively. Radiance factor data were corrected for thermal 140!
emission using the surface temperature maps derived by Tosi et al. (in preparation) for each 141!
data cube. For this purpose, a constant emissivity ε=0.95 over the wavelength range <4.5 µm 142!
(for T<220 K) was used, and the Kirrchhoff’s law was applied iteratively. Calculations show 143!
that the resulting reflected radiance spectra below 4.5 µm are weakly sensitive to surface 144!
temperature. At longer wavelengths, the higher sensitivity to temperature leads to large 145!
variations of the continuum slope. In this publication, we mostly restrict the analysis to the 146!
spectrum at wavelengths <4.5 µm. Different instrumental artifacts were fixed in order to 147!
avoid spectral distortions in specific area, e.g. limb, high albedo contrast or shadowed areas. 148!
The REFF reflectance factor as defined by Hapke (1993) was obtained through the following 149!
equation: 150!
 151!

REFF(i, e, g, λ) = I(i, e, g, λ)!
1

cos!(i) 
 152!
2.2 Photometry 153!

Typical reflectance spectra are displayed in Figure 1a. Mean reflectance spectra for 154!
i=0 and e=30° have been calculated with the procedure defined by Ciarnello et al. (2015), for 155!
four macro-regions defined as “head”, “neck”, “body” and “bottom”. The spectra exhibit the 156!
visible and infrared slope, the 3.2 µm band and are very close to each other with a reflectance 157!
factor that does not exceed 0.06 throughout the 0.4-4.7 µm range. Figure 1a also displays 158!
representative reflectance spectra for the brightest and darkest area in the same geometrical 159!
conditions. The variation range of REFF remains narrow (0.046 ± 0.008 at ~2.7µm), 160!
confirming that the surface is homogeneously very dark (except in a few localized icy 161!
patches, Pommerol et al., 2015; Filacchione!et!al.,!2015). 162!
 163!
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 164!
Figure 1: (a): Mean reflectance spectra of four macro-regions as defined by Ciarnello et al. (2015), and two end-165!
members spectra of high and low reflectance. Spectra are given for i=0°, e=g=30°. The feature at 0.95 µm (in 166!
dark grey rectangles) is not an absorption band, but an instrumental artifact due to the presence of two bumps: 167!
one at 0.9 µm and the other at 1 µm (junction of the two Visible and Infrared channel spectra). Note the slightly 168!
higher and bluish reflectance in the neck region, along with the deeper 3.2 µm band. (b) Representative set of 169!
REFF spectra normalized to 1 at 2.71 µm. The 3.2 µm band displays variations uncorrelated with the continuum 170!
shape. 171!
 172!

Infrared spectra normalized at 2.718 µm are very similar from 1 to 2.8 µm across the 173!
nucleus (Fig. 1b). On the other hand, the normalized 3.2 µm band depth varies, and does not 174!
correlate with the near-infrared slope. These features have therefore distinct carriers. The 175!
slope in the visible range displays two main families: a strong red one for most of the regions 176!
located in the bottom, body and head, and a low bluish one in the neck. All these features 177!
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suggest the presence of at least two different carriers that control the visible slope, the near-178!
infrared slope and the relative depth of the 3.2µm band. 179!

 180!
2.3 The 3.2 µm band 181!

The spectral characteristics of the 3.2 µm band and their variations across the nucleus 182!
surface were studied on data collected on August 25 (MTP006 STP014 00367589075). Five 183!
regions devoid of pixels with shadowed landscape were selected and numbered from 1 to 5 184!
(Fig. 2).  Each of them has been related to morphological regions defined by the OSIRIS 185!
instrument  (Tab. 1; Sierks et al., 2015). 186!
 187!

Region Longitude/Latitude Region name Morphology 
(1) 34/37 Ma’at Smooth 
(2) 25/19 Ma’at + Hathor Regolith + Rocky 
(3) 53/5 Babi + Aker Regolith + Rocky 
(4) 88/30 Babi + Aten Regolith + Big depression 
(5) 137/45 Ash Regolith + Big depression 

Table 1: Description of the five regions presented in Figure 2. For each the mean longitude and latitude are 188!
indicated. Region name and morphology from El-Maarry et al. (2015). 189!
 190!

 191!
  192!
Figure 2: Spatial variations of the depth of the 3.2 µm band in the five regions described in Table 1. Depth is 193!
here defined as the intensity of the Gaussian profile that fits the 3.2 µm, after removal of a linear continuum 194!
between 3.765 and 2.718 µm. 195!
  196!

The 3.2 µm band was extracted from the reflectance spectra (REFF normalized at 197!
2.718 µm) by subtracting a linear continuum between 3.765 and 2.718 µm. Each spectrum 198!
was converted into wavenumbers (to get spectral band depth versus photon energy), and fitted 199!
with a Gaussian profile: 200!
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 201!
!(!) = !!!(

!!!!
!"#$)

!
 

where σ=1/λ, A is the band depth, FWHM the bandwidth and σ0 is the peak position. 202!
These parameters were calculated for each pixel of the five regions, providing averaged 203!
values (Tab 2), averaged spectra (Fig. 3) and spatial variations of the spectral parameters (Fig. 204!
2). The statistical distributions of the three parameters were calculated by fitting histograms 205!
constructed with the values of each spectral image (Fig. 4). They were fitted with Gaussian 206!
profiles, except the band depth of the region 3 that was best fitted with a double Gaussian. 207!
 208!

 Region 1 Region 2 Region 3 Region 4 Region 5 

A 0.17 ± 0.01 0.21 ± 0.01 0.18 ± 0.02 0.16 ± 0.02 0.14 ± 0.01 

σ0 (cm-1) 3060 ± 13 3085 ± 8 3075 ± 11 3073 ± 13 3073 ± 26 

λ0 (µm) 3.268 ±0.014 3.241 ± 0.008 3.252 ± 0.011 3.254 ± 0.014 3.254 ± 0.028 

FWHM (cm-1) 302 ± 16 308 ± 8 306 ± 14 293 ± 12 308 ± 24 

Table 2: Mean spectral characteristics of the 3.2 µm band in the five regions showed in Figure 2. 209!

The analysis of the spectral properties of those five regions provides several insights 210!
into surface heterogeneity. First, the 3.2 µm band is ubiquitous at the surface of 67P/CG, 211!
whatever the morphology and age of the terrains. Second, the band depth varies across the 212!
surface, and between the five regions as: (2) (neck) >> (3) > (1) > (4) > (5) (Figs. 2&4; Tab. 213!
2). The band is much deeper in the neck region and, interestingly, the density probability is 214!
bimodal in the yellow region that samples both the neck and the body. The correlation 215!
between FWHM and σ0 is less clear, but we observe that the bandwidth is larger and the peak 216!
position higher (in wavenumber) in the (neck) region 2. The neck region is known to be the 217!
brightest and the bluest and this spectral behavior has been interpreted as a larger abundance 218!
of water ice in the surface layers, thanks to shadowing due to local landform (De Sanctis et 219!
al., 2015). This region also shows bright spots containing water ice (Pommerol et al., 2015; 220!
Fornasier et al., 2015; Fillachione et al., in press). Our spectral analysis does not allow the 221!
unambiguous detection of water ice, because its signature merges with that of other broad 222!
components. Nevertheless, the spectral evolution between the neck and the body regions is 223!
consistent with this interpretation. 224!

Finally two main conclusions emerge from this discussion. (1) The 3.2 µm band is 225!
present in presumed icy, but also in more refractory terrains. In this respect, most of the 226!
carrier of this band is of refractory or semi-volatile nature. (2) The 3.2 µm band is present in 227!
both fresh deposits and older consolidated morphologies. This last observation points out a 228!
limited impact of solar wind irradiation, and will be used below to discuss thoroughly the 229!
endogenous versus exogenous nature of this feature. 230!
 231!
 232!
 233!
 234!
 235!
 236!
 237!
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 238!
Figure 3: Mean spectra of the five regions depicted in Figure 2 (shifted along vertical axis for clarity). The 239!
spectra above 3.7 µm are perturbed by the imperfect thermal correction. The feature centered at ~ 4.6 µm is an 240!
artifact induced by the thermal correction. 241!
 242!
 243!

 244!
Figure 4: Gaussian fits (probability density) of the spectral parameters distribution of the 3.2 µm band in the 245!
five regions. 246!
 247!
 248!
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3. MATERIALS AND METHODS 249!
 250!
3.1 Samples 251!

In this study we collected reflectance measurements on coals, coal tars, and we have 252!
used data collected on bitumens, published by Moroz et al. (1998). Firstly, we discuss the 253!
relevancy of these materials for simulating a carbon-rich cometary surface. 254!

Coals have been recognized for a long time as potential analogs of meteoritic organics. 255!
Berthelot (1868) identified series of alkanes from the hydrogenation of the fresh fall Orgueil 256!
(CI) and concluded that a coal-like substance of extraterrestrial origin was present in this 257!
chondrite. Since then chemical and structural similarities between coals and meteoritic 258!
organics have been extensively described. Organic matter (OM) in primitive meteorites has 259!
been operationally described in two distinct components as the soluble organic matter (SOM) 260!
that is soluble in usual organic solvents, and the insoluble organic matter (IOM) that is not. 261!
SOM can be described as a complex mixture of free molecules (~106 different species 262!
estimated in Murchison methanol extract, e.g., Schmitt-Kopplin et al. 2010), which does not 263!
account for more than 10% of the whole organic content. IOM is a black organic solid that 264!
accounts for > 90% of the total organic fraction, and largely controls the optical properties of 265!
meteoritic organics (Kerridge, 1999). Chemical composition of IOM in primitive chondrites is 266!
fairly similar to that of type III kerogens and coals. Their elemental composition and relative 267!
abundances of major chemical groups as methylene and methyl –CH2- and –CH3, carbonyl 268!
C=O and aromatic C=C are fairly similar, and their chemical structures are polyaromatic, with 269!
a rather high aromaticity (Gardinier et al., 2000; Alexander et al., 2007; Quirico et al., 2009). 270!
In this respect, the mid-IR spectra of chondritic IOM and coals are very similar (Kebukawa et 271!
al., 2011; Orthous-Daunay et al., 2013). Nonetheless, the polyaromatic structure of IOM is 272!
more cross-linked (e.g. less protonated), and its polyaromatic units may have smaller sizes in 273!
average (Remusat et al., 2005; Derenne et al., 2005; Quirico et al., 2009). However, we do not 274!
expect a significant effect of these differences on optical properties in both the visible and 275!
infrared ranges. 276!

Refractory organic matter in stratospheric IDPs and AMMs of cometary origin shares 277!
similarities with chondritic IOM. Raman spectroscopy analyses revealed that those particles 278!
also contain a disordered polyaromatic structure (Wopenka, 1998; Quirico et al., 2005; Bonal 279!
et al., 2006; Busemann et al., 2009; Starkey et al., 2013; Merouane et al., 2014). 280!
Compositional differences have also been reported by micro-IR spectroscopy, X-ray 281!
Absorption Near Edge Spectroscopy (XANES) at the C,N,O K-edges and Secondary Ions 282!
Mass Spectrometry (SIMS) (Aléon et al., 2001; Flynn et al., 2003; Keller et al., 2004; Matrajt 283!
et al., 2005; Merouane et al., 2014). H/C values reported in stratospheric IDPs display a larger 284!
range of values than reported in chondritic IOM (Aléon et al., 2001). Aliphatic linkages 285!
bridging polyaromatic units in IDPs are less reticulated than in chondritic IOM, and the 286!
aliphatic abundance is often lower. Therefore, a large range of H/C ratio was selected for the 287!
series of coal samples, and we also used the bitumen series studied by Moroz et al. (1998), 288!
which covers a range of elemental composition that encompasses the H/C values reported for 289!
stratospheric IDPs. 290!

Finally, a series of six ligno-cellulosic coals from the Penn State Data Bank was 291!
selected for this study (http://www.energy.psu.edu/copl/index.html). The series covers a broad 292!
range of composition and structure, which is mostly controlled by the extent of thermal 293!
history in the sedimentary basin. Each coal is assigned a maturity indicator as the vitrinite 294!
reflectance (VR %), which is the mean optical reflectance of vitrinite macerals at 546 nm 295!
(Tab. 3). Samples were manually ground in an agate mortar, and the lignite PSOC 1532 was 296!
sieved into various size fractions: 560-400, 400-280, 280-200, 200-100, 100-50, 50-25 and < 297!
25 µm. Note that coals are not strictly pure carbonaceous materials, and contain a low 298!
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abundance of minerals (Tab. 3). The elemental composition of coal samples, solid bitumens 299!
(Moroz et al., 1998), IOM from carbonaceous chondrites (Alexander et al., 2007) and the H/C 300!
ratio measured in stratospheric IDPs are displayed in Figure 5. The composition of analogs 301!
encompasses fairly that of cosmomaterial. Finally, a coal tar spectrum from Cloutis et al. 302!
(2013) was found to fit well the spectra of 67P/CG. Therefore, we studied two coal tars 303!
produced from the pyrolysis of oxygen-poor bituminous coals (Table 3). 304!

Three carbonaceous chondrites were used for comparison with 67P/CG spectra: 305!
Orgueil (CI), Murchison (CM) and GRO 95577 (CR), in order to sample the three main 306!
chemical classes of primitive carbonaceous chondrites. These chondrites did not experience 307!
thermal metamorphism in their parent body and are considered primitive objects. Samples 308!
were also ground in an agate mortar. Other classes of carbonaceous chondrites (CO, CV, CK) 309!
were not considered as they experienced intensive thermal metamorphism in their parent 310!
body. The factors controlling the reflectance spectra of CI, CM and CR carbonaceous 311!
chondrites have been investigating by Garenne et al., (2015). Grain size was not found as a 312!
critical parameter, while the chondrule/matrix ratio may have a significant effect. 313!
 314!

 315!
Figure 5: H/C vs. O/C diagram of coal samples used in this study (provided by Penn State University Data 316!
Bank), of bitumens studied in Moroz et al. (1998) and of Insoluble Organic Matter extracted from 3 primitive 317!
carbonaceous chondrites (Alexander et al., 2007). The grey arrow draws the thermal evolution of the coal 318!
samples, from lignite to anthracite. 319!
 320!
3.2 Experimental techniques 321!

Reflectance measurements were collected with a spectro-gonio-radiometer designed 322!
and built at IPAG (Brissaud et al., 2004). This instrument operated over the spectral range 323!
0.4-4.8 µm with a spectral sampling of 20 nm, and a spectral resolution varying from 5 to 40 324!
nm. The measurements were collected at normal incidence (i=0°) and emergence e=30° 325!
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within the incidence plane (g=30°). These measurements were unaffected by the narrow 326!
opposition effect that is present only a few degrees around opposition geometry. The 327!
reflectance factor was calculated as the ratio of the sample radiance Isample(i,e,λ) divided by 328!
the radiance of commercial diffuse reflectance reference surfaces Ireference(i,e,λ)! from 329!
Labsphere company (Spectralon SR-99 for 0.4-2.5 µm;  Infragold, for 2.5-4.8 µm) and 330!
multiplied by the calibrated reflectance factor of the reference surface (Bonnefoy, 2001): 331!

 332!

!"## !, !, ! = !!"#$%& i, e, λ
!!"#"!"$%" i, e, λ

!"##!"#(!, !, !)!
 333!

Measurements were run under ambient atmosphere for coals and coal tars, and within 334!
an environmental cell for carbonaceous chondrites. This cell allowed the removal of the 335!
signature of terrestrial adsorbed water, as the sample was placed under secondary vacuum 336!
(<10-5 mbar) at 80°C during at least one hour. The elemental compositions H/C and O/C of 337!
the coal tars CT1 and CT2 were measured at Laboratoire Génie des Procédés et des Matériaux 338!
(Ecole Centrale de Paris) with a CE Instruments NC 2500 series elemental analyzer linked to 339!
a gas chromatographic column. Raman spectra were collected at Laboratoire de Sciences de la 340!
Terre with a Horiba LabRam spectrometer coupled with a microscope equipped with a x100 341!
objective, leading to a circular spot with a 1-2 µm diameter. We used a 600 gr/mm grating 342!
and a 514 nm radiation delivered by an Ar+ Spectra Physics laser. The power on the sample 343!
was ~ 50 µW. Coal tar samples were found very sensitive to laser irradiation, therefore we 344!
used a very low laser power. 345!
 346!
 347!
 H/C O/C VR (%) Moisture Ash (wt%) 
PSOC 1532 0.90 0.25 0.33 25.76 9.46 
DECS 09 0.82 0.17 0.38 39.35 6.37 
DECS 15 0.81 0.07 0.8 3.15 10.13 
PSOC 1521 0.63 0.02 1.61 5.29 11.16 
PSOC 379 0.48 0.01 2.8 4.92 16.06 
PSOC 1468 0.17 0.01 5.45 5.92 6.83 
CT1 0.57 1.09 --- ---  
CT2 0.55 1.78 --- ---  
Orgueil (IOM) 0.67 0.18 --- ---  
Murchison (IOM) 0.59 0.18 --- ---  
GRO 95577 (IOM) 0.79 0.11 --- ---  
Table 3: H/C and O/C elemental composition of the samples studied. For the coals from Penn State Data Bank, 348!
the vitrinite reflectance (i.e. maturity), moisture abundance and ash content are indicated. Elemental 349!
compositions measured at Ecole Centrale de Paris for the coal tars CT1 and CT2 (courtesy of A. Buch), and by 350!
Alexander et al. (2007) for the IOM of the three chondrites. 351!
 352!
  353!
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4. LABORATORY MEASUREMENTS 354!
 355!
4.1 Coals 356!
 Reflectance spectra of coals (ground but not sieved) are reported in Figure 6. All 357!
spectra have a low reflectance in the visible range, consistent with the vitrinite reflectance 358!
values provided by the Penn State Data Bank (Tab. 3). They cover a broad range of 359!
photometric variations in the near infrared between 1 and 2.7 µm. PSOC 1532 and DECS 09 360!
have the highest NIR reflectance (REFF ~ 0.35-0.45) that peaks at ~ 2.2 µm. The NIR 361!
reflectance level decreases upon increasing coal maturity, and the most mature coal – the 362!
anthracite PSOC 1468 - shows a very flat and low reflectance factor at ~0.05 over the whole 363!
visible and infrared ranges. The band at 2.3 µm is assigned to overtone/combination of the 364!
stretching modes of methylene (CH2) and methyl (CH3) chemical groups. The band at ~2.5 365!
µm may be due to a combination of C-H stretch with C-C stretch. They are observed in the 366!
spectra of the less mature coals, but not in the other in agreement with alkyl loss during late 367!
diagenesis and catagenesis. The feature centered at 1.9 µm (yellow ribbon in Fig. 6) is due to 368!
molecular water adsorbed on the samples or interlayer water in clays, as measurements were 369!
not collected under a controlled atmosphere. The strength of this band is in good agreement 370!
with moisture measurements provided by Penn State Data Bank (Tab. 3). The sharp drop at 371!
~2.7 µm, which appears as a narrow band (e.g. in PSOC 379), is assigned to the OH 372!
stretching of structural hydroxyl in clays. 373!

Above 2.7 µm, the reflectance spectra display different absorptions: (i) molecular 374!
water, mostly due to moisture, that results in a broad band at ~ 3.1 µm whose strength 375!
decreases with maturity; (ii) a band due to aromatic C-H at 3.28 µm. The strength of the 376!
aromatic C-H band increases upon increasing maturity; (iii) a band centered at ~ 3.44 µm, 377!
with a substructure whose shape is controlled by the symmetric and antisymmetric stretching 378!
vibration modes of the CH2 and CH3 chemical groups. 379!

 380!
Figure 6: REFF spectra of ground coals of different maturities. Spectra were collected under ambient 381!
atmosphere. The yellow ribbon points to the presence of adsorbed water on the samples. The red mixed line 382!
points to the OH vibration in clays. VR: vitrinite reflectance. Grey mixed lines indicate the position of the alkyl 383!
and aromatic C-H vibrations (3.44 and 3.28 µm, respectively), an overtone/combination of alkyl and C-C 384!
vibrations at 2.3 and 2.52 µm. 385!
 386!
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Spectra of PSOC 1532 have been collected for different grain size fractions (Fig. 7). 387!
There is little or negligible effect of grain size on the visible reflectance, but a very significant 388!
effect in the range 1-2.7 µm. The maximum reflectance (at ~ 1.9 µm) varies greatly with grain 389!
size, and increases upon decreasing grain size. Even for the larger grain sizes, the reflectance 390!
at 2.2 µm does not drop below 0.08. A similar spectral behavior as a function of particle size 391!
has earlier been reported by Moroz et al. (1998) for asphaltite separates. 392!

 393!
Figure 7: Reflectance factor of coal PSOC1532 collected for various grain size ranges. The maximum 394!
reflectance factor decreases upon increasing grain size in the near-infrared range, while the reflectance in the 395!
visible remains at values below 0.04. The reflectance factors of 67P/CG and Orgueil chondrite are plotted for 396!
comparison. The yellow ribbon points to the presence of adsorbed water on the samples. 397!
 398!
4.2 Coal tars 399!
 The spectra of coal tar samples CT1 and CT2 (grain size < 50 µm) are similar to each 400!
other and resemble that of the anthracite coal PSOC 1468 (Fig. 8). They are dark both in the 401!
visible and in the near-infrared, and also show a steep reddish slope in the visible, in 402!
agreement with the coal tar measurements of Cloutis et al. (1994). A deep 3.28 µm feature is 403!
present, along with a weak alkyl band at 3.44 µm. CT1 and CT2 are aromatic-rich samples, 404!
and the strong absorption throughout the infrared range points to the presence of large 405!
polycyclic aromatic species. Coal tars are however chemically and structurally dissimilar to 406!
anthracite. The respective Raman spectra (514 nm excitation) of CT1 and coal PSOC 1468 407!
(Fig. 9) appear significantly different, though their reflectance spectra are rather similar (Fig. 408!
8). The Raman spectrum of CT1 consists in a fluorescence background onto which the so-409!
called G and D bands are superimposed. These G and D bands are usually used to determine 410!
the degree of structural order of carbonaceous materials, with D pointing to disorder (Ferrari 411!
and Robertson, 2001). Here they are rather broad, and in this respect this spectrum resembles 412!
that of immature coals. In contrast, the spectrum of PSOC 1468 is devoid of fluorescence and 413!
show narrow G and D bands, consistent with the high maturity. Two different carbonaceous 414!
materials thus give rise to almost similar reflectance spectra. 415!

In fact, the coal tar samples contain a large fraction of soluble molecules. The shape 416!
and broadness of the G and D bands are controlled by the size of free Polycyclic Aromatic 417!
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Hydrocarbons (PAHs) (Castiglioni et al., 2001). Based on these parameters, our Raman data 418!
are consistent with a dominant population of small PAHs. However, our coal tar samples also 419!
contain larger PAHs that account for the strong electronic absorption in the near-infrared 420!
range. Finally, coal tars are less refractory than coals, chondritic IOM and refractory organics 421!
in IDPs and AMMs, and the size distribution of their aromatic species is much broader, 422!
encompassing very small to large PAHs. Note that the poor resistance to thermal stress under 423!
laser irradiation observed during Raman measurements fully supports this view. 424!

425!
Figure 8: The spectrum of the coal tar CT1 plotted along with the spectra of coals PSOC 1521 and PSOC 1468. 426!
The band centered at ~3 µm results from the combination of moisture, hydroxyl in clays and possibly organic 427!
OH groups. 428!
 429!

 430!
Figure 9: Raman spectra of coal tar CT1 and anthracite PSOC 1468. Spectra recorded with a 514 nm 431!
wavelength excitation. 432!
 433!
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4.3 Carbonaceous chondrites 434!
 The reflectance spectra of the three powders of carbonaceous chondrites Orgueil (CI), 435!
Murchison (CM) and GRO 95577 (CR1) are displayed in Figure 10 (see Garenne et al., 2015 436!
for extensive details on measurements). The reflectance spectra are dark in the visible and the 437!
infrared ranges (0.4-4 µm). Below 2.5 µm, the spectrum of Orgueil is flat, that of Murchison 438!
has a weak broad absorption feature centered at ~ 0.9 µm, while that of GRO 95577 is flat in 439!
the visible, but has a slight reddish slope in the near-infrared. The (slight) differences in the 440!
reflectance level between the three samples are consistent with their modal abundances of 441!
chondrules that increase from Orgueil to GRO95577. The spectra all show a broad absorption 442!
band centered around 2.7-2.9 µm that is due to structural OH trapped in serpentine or smectite 443!
(Orgueil), with some contribution from chemically bound (smectite) and/or physisorbed water 444!
at longer wavelengths. The position of this band is controlled by the Mg/Fe ratio in 445!
phyllosilicates (Beck et al., 2010; Garenne et al., 2015). 446!
 447!

 448!
Figure 10: Reflectance spectra of ground Orgueil, Murchison and GRO 95577 chondrites, plotted along with the 449!
spectrum of 67P/CG. 450!
  451!
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5. DISCUSSION 452!
 453!
5.1 Spectral reflectance properties of cometary analogs 454!

As discussed in section 4.1, the reflectance spectra of coal samples display variations 455!
that are controlled at first order by maturity (rated by the vitrinite reflectance) (Fig. 6). Coal 456!
darkness is physically related to the electronic gap Eg, which is itself controlled to a large 457!
extent by the size of the aromatic units composing the polyaromatic structure (Eg ~ 6M-0.5, M 458!
number of rings; Robertson, 1995). As maturity increases, the size of the aromatic units 459!
increases and Eg decreases, resulting in a stronger visible absorption and the extension of 460!
absorption towards lower energy in the near-infrared. In this respect, as any carbonization 461!
process is accompanied by the condensation of aromatic units, the spectral behavior of this 462!
series of coals is consistent with that of any series of carbonaceous materials produced from a 463!
thermal process, either in natural or artificial conditions. A similar trend was observed for a 464!
series of natural bitumens spanning a broader range of elemental compositions and chemical 465!
structures (Moroz et al., 1998). As for coals, bitumen maturity (as rated by H/C and carbon 466!
aromaticity) was found to control the reflectance spectra, in a way similar to coals (Fig. 11). 467!

 468!
Figure 11: Reflectance spectra of bitumen samples (<25 µm) from Moroz et al. (1998) plotted along with 469!
spectra of coal PSOC 1532 and 67P/CG. The yellow ribbon points to the presence of adsorbed water in the coal 470!
sample. 471!
 472!

Along with generally similar optical trends, described above, there are some near-473!
infrared spectral differences between coals and solid oil bitumens, which are caused by their 474!
dissimilarities in composition and chemical structures. Bitumen spectra do not show NIR 475!
features caused by high moisture content and mineral impurities typical of immature (low 476!
rank) coals (Fig. 11). Compared to coals with similar (H+O+N+S)/C ratios, solid oil bitumens 477!
are characterized by a lower degree of carbon aromaticity and are depleted in oxygen 478!
functionalities. As a result, red bitumens show pronounced aliphatic absorption bands near 479!
1.7, 2.3 and 3.4 µm, while in the spectra of coals such features are much weaker or absent 480!
(Figs. 6, 11). Reflectance spectra of solid oil bitumen samples shown in Fig. 11 were 481!
measured at somewhat different geometry (i=e=20°; biconical reflectance) than the samples 482!
from this study (i=0°; e=30°; bidirectional reflectance). However, interlaboratory 483!
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comparisons showed negligible differences between biconical measurements performed at 484!
i=e=20° and bidirectional measurements at i=0°; e=30°. Therefore, we do not expect 485!
significant spectral discrepancies, introduced by viewing geometry, between the spectra 486!
shown in Fig. 11.  487!

Coal tar samples appear as fair optical analogs of comet 67P/CG (Fig. 8). They have 488!
low albedo in the visible and in the near-infrared ranges, and their Raman spectra point to a 489!
disordered polyaromatic material, as observed in interplanetary dusts (Fig. 9). However, they 490!
are not relevant chemical analogs, i.e. their composition and their structure are dissimilar with 491!
those of cometary refractory organics. Indeed, coal tars are described as a mixture of free 492!
molecules with a highly aromatic character, and are chemically distinct from chondritic IOM 493!
(e.g. Remusat et al., 2005, Flynn et al., 2003; Matrajt et al., 2005; Merouane et al., 2014).  494!

 495!
 496!
5.2 Dark organics and opaque minerals in 67P/CG 497!

In this subsection we restrict the discussion to the wavelength range 0.4-2.5 µm. 498!
Figures 6,7,8 and 10 display the reflectance factor REFF of 67P/CG, coals and primitive 499!
chondrites collected under similar observational geometries (i=0, e=30°). The bulk abundance 500!
of organic matter in Orgueil is ~ 4wt%, mostly in the form of IOM (> 70%). Among the coals 501!
studied here, DECS09 and PSOC 1532 are the samples that most resemble Orgueil IOM. 502!
Hence, they have close elemental composition, close relative abundances of CH2/CH3, 503!
carbonyl and aromatic C=C groups, and they have a very disordered polyaromatic structure. 504!

The reflectance spectra of both these coal samples do not match that of the bulk 505!
Orgueil chondrite, whatever their grain size distribution. In particular, Orgueil is slightly 506!
brighter in the visible range, and above 0.8 µm DECS09 and PSOC 1532 are much brighter, 507!
reaching a reflectance factor of ~ 0.4-0.5 at 2 µm (for the < 25 µm fraction; Fig. 7). In 508!
contrast, the spectrum of Orgueil is flat in the range 0.4-2.5 µm with a reflectance value of 509!
~0.06. The higher reflectance in the visible is presumably due to refractory carbon abundance, 510!
along with the presence of bright minerals, e.g. sulfates that result from the oxidation of 511!
unstable sulfides under terrestrial atmosphere and that are widespread in Orgueil (Gounelle 512!
and Zolensky, 2001). In the infrared range, IOM reflectance (as inferred from those of 513!
DECS09/PSOC 1532) does not account for the very low reflectance of bulk Orgueil, and we 514!
infer the spectral contribution of opaque minerals as sulfides (mostly pyrrhotite and troilite) 515!
and oxides (magnetite). Fe-Ni alloys (as either kamacite or taenite) are poorly abundant in 516!
Orgueil, so we do not expect their significant contribution. Similar observations are reported 517!
for the CM chondrite Murchison (reflectance ~0.07, with a broad and moderate absorption at 518!
0.9 µm) and the CR chondrite GRO 95577 (slightly increasing reflectance from 0.85 to 0.11). 519!
As reported in the section 4.3, the reflectance level is slightly higher for Murchison and for 520!
GRO 95577 with respect to the other two meteorites. The modal abundance of chondrules 521!
within these 3 chondrites varies from ~ 0% (Orgueil), to ~20% (Murchison) up to ~50% 522!
(GRO 95577), which is consistent with this reflectance trend. The reason is that olivine and 523!
pyroxenes from chondrules are not dark and increase the reflectance level. 524!
 67P/CG is characterized by very low reflectance, reddish slope in the visible and weak 525!
slope in the near-infrared (Fig. 1). Among our samples, best spectral matches are obtained 526!
with the anthracite PSOC1468 and to a lesser extent with the coal tars. The most mature 527!
(carbonized) members of the solid oil bitumen series from Moroz et al. (1998) (high and 528!
medium anthraxolites) also spectrally resemble the 67P/CG surface in the visible and near-529!
infrared. Though providing a good optical fit, anthracite is definitely not a plausible analogue 530!
for cometary refractory organics. This very mature coal (VR=5.45 %) experienced a high 531!
temperature heating at 200-300 °C over a long duration (~ 0.1-1 Myr). It lost a large fraction 532!
of its H and O heteroatoms, and contains large aromatic units that are definitely inconsistent 533!
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with the very small units present in refractory carbonaceous materials of cometary grains. 534!
Mature carbonaceous materials in stratospheric IDPs are very unusual, and generally 535!
attributed to an asteroidal origin (Wopenka, 1988; Bonal et al., 2006; 2011; Busemann et al., 536!
2009). Similar conclusions should be drawn for anthraxolites, as well as for coal tars. Coal 537!
tars are complex mixtures of hydrogenated carbon with a large aromatic component, 538!
including very large aromatic units accordingly to the pyrolytic conditions under which they 539!
were produced. As discussed before, they should be described as a complex mix of soluble 540!
species with a strong aromatic character, at odd with the composition of refractory organics 541!
from stratospheric IDPs, which generally have a significant alkyl component and contain 542!
oxygenated chemical groups (Flynn et al., 2003; Keller et al., 2004; Matrajt et al., 2005; 543!
Merouane et al., 2014). 544!
 More suitable analogs (in terms of structure and chemical composition) are less mature 545!
coals and solid oil bitumens, whose compositions encompass those of stratospheric IDPs. In 546!
reflectance spectra of 67P/CG we do not observe the overtone and combination modes of CH2 547!
and CH3 groups (near 1.7 and 2.3 µm), while they are observed in asphaltites and kerites, and 548!
to a lesser extent in immature coals (Fig. 6, 11). The strength of the band in the near-infrared 549!
spectra of pure bitumens and coals correlates with the H/C ratio. The lack of detection of 550!
these bands in 67P/CG spectra may be due to a low H/C ratio in the surface organic material 551!
or a low content of organics, but can also be due to the faintness of the band with respect to 552!
the signal-to-noise ratio, as a consequence of the low reflectance. Finally, these weak bands 553!
can be completely suppressed in the spectra due to the presence of an absorbing material. This 554!
lack of detection is consistent with the apparent weakness of the broad 3.2 µm band, which 555!
could host vibration modes of C-H chemical groups (see discussion below). Last, the low 556!
visible reflectance in 67P/CG, with respect to chondrites, strongly suggests a higher 557!
abundance of refractory organics at the surface of the comet. This result is fully consistent 558!
with the higher abundance of these organics in stratospheric IDPs (15 wt% in average, against 559!
4-5 wt%; Thomas et al., 1993). However, the high reflectance factor of immature coals and 560!
bitumens is at odd with the low reflectance factor of 67P/CG in the near infrared range (Fig. 561!
6, 11). This leads to the conclusion that refractory organic matter alone cannot account for the 562!
low reflectance in the near-infrared range, and that other components absorb within this 563!
spectral range. 564!

The nature of those phases cannot be identified from VIRTIS spectra, but it can be 565!
inferred from the composition of cometary grains analyzed in the laboratory. As reported 566!
before, there is no unequivocal information carried in the spectra, and we need inputs from 567!
other sources. So far, instruments aboard the Rosetta mission dedicated to the characterization 568!
of dust – COSIMA, MIDAS, GIADA - have provided insightful information on flux, 569!
velocities and textures, but not yet on composition. In contrast, systematic mineralogical 570!
characterization of Antarctic micrometeorites, stratospheric IDPs and Wild 2 grains 571!
thoroughly determine the nature and compositions of mineral phases. Sulfides are an 572!
abundant component of those grains. Their composition in AMMs is close to troilite (FeS), 573!
while pentlandite that is widespread in some primitive carbonaceous chondrites is very scarce 574!
(Dobrica et al., 2009). Sulfides have also been detected as abundant minerals in STARDUST 575!
grains sampled from the Wild2 comet (Zolensky et al. 2006; Leroux et al., 2008). Their 576!
composition was basically devoid of Ni, but the Fe/S could not be determined accurately due 577!
to heating artifacts triggered by the slowing down in aerogel collectors. There is no systematic 578!
report of Fe-Ni alloys in AMMs, but they have been reported in stratospheric IDPs and 579!
STARDUST grains (Rietmeijer, 1998; Ogliore et al., 2010). However, in the STARDUST 580!
samples, such metallic grains could be formed due to the preferential loss of S during the 581!
capture. The mineralogy of cometary grains is basically anhydrous, in this respect we do not 582!
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expect indigenous oxides or oxihydroxides (e.g. magnetite, ferrihydrite) and opaque minerals 583!
are basically limited to anhydrous sulfides and Fe-Ni alloys. 584!

Optical constants of Fe and Ni metal available in literature reveal that the imaginary 585!
part of the refractory index (k) continuously increases from 0.4 up to 5 µm, varying from ~ 2 586!
to 12 (Lynch et al., 1971; Weaver et al., 1979; Ordal et al., 1983). From these data we infer 587!
that kamacite and taenite alloys are strongly absorbing through the visible and infrared, and, if 588!
present, should certainly significantly contribute to 67P/CG darkness. Optical properties of 589!
sulfides depend on composition and structure (Bither et al., 1969). Pyrite (FeS2) is weakly 590!
absorbing in the near-infrared. Unfortunately, no optical constants are available for troilite 591!
(FeS) and pyrrhotite (Fe1-xS) at wavelengths longer than 1 µm. Reflectance measurements of 592!
Britt et al. (1992) show that reflectance of troilite in the range 0.4-2.7 µm decreases with 593!
decreasing grain size. This spectral behavior is consistent with absorbing grains throughout 594!
this wavelength range, and we infer that, unlike pyrite, troilite is most likely opaque in the 595!
range 0.4-2.7 µm. 596!
 597!
 598!
5.3 The 3.2 µm band  599!
 The broad 3.2 µm band, extending from ~2.9 to 3.7 µm, appears in all spectra of 600!
67P/CG. Plausible candidates are –OH, -CH2/CH3 and –NH/NH2 chemical groups, as well as 601!
aromatic C-H and ions as NH4

+ (Lien-Vien et al., 1991). Below we examine the relevant 602!
possible carriers of those chemical groups or ions. Note that our discussion does not include 603!
isolated surface patches that contain water ice, which broadens and shifts the band towards 604!
shorter wavelengths (De Sanctis et al., 2015; Filacchione et al., 2015). 605!
 606!
5.3.1 C-H vibrations in aliphatic and aromatic hydrocarbons 607!
 C-H bonds in methylene (CH2)-, methyl (CH3)-groups and in aromatic structures have 608!
symmetric and antisymmetric stretching vibration modes in this spectral region. These 609!
features appear clearly in the spectra of bitumens, and of an aliphatic-rich tholin (Fig.12; 610!
Quirico et al., 2008). They form a broad complex absorption feature between 3.3 and 3.6 µm. 611!
Stretching vibrations of CH2 and CH3 groups give rise to four overlapping bands centered 612!
near 3.37-3.39, 3.4 and 3.5 µm. In reflectance spectra of asphaltite, wurzilite and low kerite 613!
bitumens, the bands are not well resolved due to saturation (Fig. 11; Moroz et al. 1998). C-H 614!
stretches in aromatic structures give rise to a complex absorption feature centered between 615!
3.27 and 3.3 µm. The latter feature is well pronounced in high kerites, medium- and low 616!
anthraxolites (Fig. 12; Moroz et al., 1998) and relatively mature coals (Fig. 6; De Bergh et al., 617!
2008). 618!
 The C-H bands may contribute to the 3.2 µm band regarding band positions, but the 619!
individual bands due to the respective vibration modes are not resolved in the spectra of 620!
67P/CG. This lack of detection may be either due to the low signal-to-noise ratio, or due to 621!
the overlapping with several vibration modes from other chemical groups. At present, there is 622!
no firm identification of specific aliphatic and/or aromatic functional groups in reflectance 623!
spectra of 67P/CG. 624!
 625!
5.3.2 Amine groups 626!
 NH and NH2 chemical groups (secondary and primary amines, respectively) have 627!
typical symmetric and antisymmetric vibration modes within the spectral region of the 3.2 µm 628!
band. Fig. 12 shows a comparison of a 67P/CG reflectance spectrum with transmittance 629!
spectra of two tholins and an HCN polymer (Quirico et al., 2008). The amine band extends 630!
from 2.7 to 3.7 µm, and is broader than the 3.2 µm band towards shorter wavelengths. The 631!
substructure with peaks at ~ 3.00 and 3.12 µm does not appear in 67P/CG spectrum, and the 632!
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band is centered at ~3.0 µm. Obviously, NH/NH2 groups cannot be the unique carriers of the 633!
3.2 µm band, and their significant contribution to this feature is unlikely. Moreover, 634!
significant contribution of N-rich functional groups is challenged in the light of 635!
cosmochemical data. Nitrogen abundance in cometary grains is known to be low in general, 636!
and amine groups have not been detected through FTIR microscopy on stratospheric IDPs 637!
(e.g. Flynn et al., 2003; Matrajt et al., 2005; Merouane et al., 2014). N-rich particles, like 638!
UltraCarbonaceous Antarctic micrometeorites (UCAMMs), are not representative of the 639!
mainstream of dust population (Dobrica et al., 2011; Dartois et al., 2013). 640!
 641!
5.3.3 Hydroxyl group 642!
 The OH group can be present in both inorganic and organic forms. A first type of 643!
possible carriers could be hydroxylated minerals: phyllosilicates, oxyhydroxides, or OH-644!
bearing sulfides. Comparison with carbonaceous chondrites shows that OH in Mg-Fe 645!
serpentines, which are the major hydrated minerals in these meteorites, give rise to an 646!
absorption band centered between 2.7 and 2.9 µm (Fig. 10). This band is assigned to the 647!
stretching vibration of structural OH groups. Its wavelength position is controlled by the 648!
Fe/Mg ratio, but does not extend above 2.9 µm (Beck et al., 2010). In this respect, its 649!
contribution to the 3.2 µm band is not significant. Similar conclusions should be drawn for 650!
oxyhydroxide minerals, as ferrihydrite and goethite, whose main band controlled by OH 651!
stretching peaks at ~ 3.1 µm and ~2.9 µm, respectively  (Lair et al., 2006; Beck et al., 2011). 652!
Another OH-bearing mineral abundant in some carbonaceous chondrites (CM-chondrites) is 653!
an OH-bearing Fe-sulfide tochilinite. Its reflectance spectra show absorption bands (Moroz et 654!
al., 2006), whose positions (2.7-2.9 µm) and shapes make tochilinite an unlikely contributor 655!
to the 3.2-µm band of 67/CG. Note that the presence of hydroxylated minerals relies on 656!
extensive aqueous circulation in the parent body, which is at odd with systematic 657!
mineralogical analysis of stratospheric IDPs and Antarctic micrometeorites. This issue is 658!
addressed in detail below. 659!
 The OH group can also be present in an organic form in either alcohols or carboxylic 660!
acids (Lin-Vien et al., 1991). Alcoholic hydroxyl generally results as a band extending from 661!
2.7 to 3.2 µm, which does not encompass the broadness of the 3.2 band. The band of 662!
carboxylic acids spans a much broader spectral region and may account for a large part of the 663!
3.2 µm band. This broadness is due to the ability of the COOH group to establish hydrogen 664!
bonds, and in this respect is controlled by the COOH concentration. The carrier of COOH and 665!
OH groups might be molecules that have a molecular weight consistent with their 666!
thermodynamic stability in the first tens of micrometer of 67P/CG surface. In this respect, 667!
they may share similarities with soluble organic matter in primitive meteorites, which is 668!
dominated by carboxylic/dicarboxylic acids (Sephton, 2002). They also could be present as 669!
part of the macromolecular structure of the polyaromatic solid that possibly controls the low 670!
reflectance of comet 67P/CG in the visible range. However the depth of the 3.2 µm band 671!
displays variations across the nucleus that are not correlated with the visible and near-infrared 672!
slopes in normalized spectra (Fig. 1). Furthermore, COOH as a chemical group branched in a 673!
polyaromatic solid skeleton has likely limited interactions with other COOH groups, or with 674!
any group with which hydrogen bonds could be established. In this respect, the spectral 675!
contribution of COOH groups over the full broadness of the 3.2 µm band appears more 676!
consistent with a complex mixture of free low molecular weight molecules and not with 677!
chemical groups inserted in the macromolecular network of a dark polyaromatic solid. This 678!
kind of mixture is less volatile than ices, and is named hereafter semi-volatile. 679!
 680!
 681!
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 682!
Figure 12: Left: Spectra of 67P/CG plotted with low anthraxolite reflectance spectrum (Moroz et al., 1998), 683!
transmission tholins spectra (Quirico et al., 2008), and a HCN polymer spectrum (Bonnet et al., 2015). Spectra 684!
are vertically shifted for clarity. The slight shift of the position of the aliphatic modes in the low anthraxolite 685!
with respect to those of the tholin SA90 (mixed lines) is due to the nitrogen content. The dotted line points to the 686!
position of the 4.6 µm artifact, which also fits with the position of the OCN- ion in laboratory experiments. 687!
Right: Spectra of 67P/CG plotted along with transmission spectra of ammonium salt (NIST database) and of 688!
photolytic residues produced under varying conditions (Munoz Caro and Schutte 2003). The ammonium ion 689!
appears as a viable candidate, while photolytic residues may display a broad feature that encompasses the 3.2 µm 690!
band. 691!
 692!
5.3.4 Ammonium ion and photolytic residues 693!
 Ammonium ion NH4

+ appears also as a viable candidate to explain the presence of the 694!
3.2 µm band. This ion is strongly suspected to be present in interstellar ices as a counter-ion 695!
of isocyanide OCN-, which has been identified in different protostars environment through its 696!
narrow CN vibration at 2170 cm-1 (e.g. Grim and Greenberg, 1987; Schutte and Khanna, 697!
2003). The couple (NH4

+, OCN-) has been also identified in numerous experimental 698!
simulations that aimed at mimicking organic complexification in the conditions of interstellar 699!
molecular clouds or protostars envelopes. In these experiments, simple ices mixtures are 700!
irradiated by UV photons, energetic ions or simply evolve by thermal activation (Grim et al., 701!
1989a,b; Schutte and Khanna, 2003; Theule et al., 2013). NH4

+ and OCN- are detected in the 702!
residues formed after heating to room temperature, and so might be stable at the surface of 703!
67P/CG.  Note that in section 5.3.2, we pointed out that the N/C ratio measured in 704!
interplanetary dust is low, which points to a very low or negligible contribution of cyanides (-705!
CN) groups. This low abundance mostly concerns refractory organics, while here ions are 706!
suspected to be present as a semi-volatile component that is likely absent or extremely weak 707!
in dusts. 708!

Ammonium salts display a broad and structured band that extends from ~ 2.94 to ~ 709!
3.34 µm with peaks at 3.17, 3.26, and another peak at 3.51 µm, assigned to the 2ν2, ν1+ ν5 710!
and 2ν4 vibration modes, respectively (Fig. 12). In those experiments, NH4

+ appears early in 711!
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the irradiation process. Increasing the irradiation dose leads to more refractory organic films 712!
that contain a variety of compounds including carboxylic acid and salts, esters and amides 713!
(Munoz-Caro and Schutte, 2003). Such complex mixture causes broader bands than that of a 714!
simple ammonium salt, whose broadness fits or even encompasses that of the 3.2 µm band of 715!
67P/CG (Fig. 12). In addition, we have compared in this study laboratory transmission spectra 716!
with surface reflectance spectra (Fig. 12). In this respect, we expect a slight broadening and 717!
shape modification of the band observed in transmission spectra, because of scattering of 718!
photons within the surface particles. Nevertheless, the band structure and position in the 719!
transmission spectra can be directly compared to those of reflectance spectra. 720!

The OCN- ion has a stretching band centered at ~ 4.6 µm. This wavelength falls in the 721!
spectral range dominated by the thermal emission of 67P/CG surface. After subtraction of 722!
(most of) the thermal component an artifact feature appears at ~4.61 µm in each averaged 723!
spectrum computed across each colored area (Fig. 12). The presence of this feature precludes 724!
the seek of OCN-. 725!
 726!
5.3.5 Summary 727!

The survey of the plausible species that might account for the 3.2 µm band is 728!
summarized in Table 4. The 3.2 µm feature cannot be fitted with a single species and 729!
certainly results from the contribution of a variety of molecular and ionic species. Amino 730!
groups are minor contributors, if any, while carboxylic groups COOH, alcoholic OH, the ion 731!
NH4

+ and possibly aliphatic and/or aromatic groups CH, CH2 and CH3 are strongly suspected. 732!
The broadness of the feature suggests the presence of COOH groups tightly connected to 733!
promote hydrogen bond interaction. Therefore, COOH groups attached to macromolecular 734!
polyaromatic structures causing low reflectance of the cometary nucleus in the visible, can 735!
contribute to the 3.2-µm feature but such COOH groups are unlikely the sole COOH carriers 736!
of this broad band. Our preferred interpretation is the presence of a molecular/ionic residue as 737!
the leftover of ice mixtures exposed to energetic processing in a pre-accretion sequence. As 738!
discussed above, several experimental simulations published so far have clearly evidenced the 739!
formation of anions and counter-ions (e.g. NH4

+, OCN-, etc.) and complex array of molecular 740!
species including carboxylic acids. In this respect, VIRTIS data point to a semi-volatile 741!
organic component that is not sampled by interplanetary dust, which mostly contains 742!
refractory organics (stratospheric IDPs and Antarctic micrometeorites). 743!
 744!
 3.2 µm band 

plausible carrier 
? 

Comments 

CH2/CH3 + Plausible. 
 

NH/NH2 --- Poorly plausible. 
 

-OH in R-COOH ++ Highly plausible, sole candidate that may account for absorption over 
a broad spectral range and towards longer wavelengths. 
 

-OH in R-OH + Plausible. But low abundance if present. 
 

OH in silicates --- Poorly plausible. Main feature is centered at 2.7-2.8 µm, far outside 
the range of the 3.2 µm band. 
 

NH4
+ + Plausible. Fits nicely the short-wavelength edge of the 3.2 µm band.  

Table 4: Species evaluated as possible carrier of the 3.2 µm band. ++: highly plausible. +: plausible. ---: not or 745!
poorly plausible.  746!
 747!
 748!
5.4 Surface processing and rejuvenation, connection to carbonaceous chondrites 749!
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 The spectrum of 67P/CG does not fit experimental spectra of CI, CM and CR 750!
chondrites. The analysis of interplanetary dust particles, Antarctic micrometeorites and 751!
Stardust grains sampled in the coma of comet Wild 2 show that comets contain crystalline 752!
minerals that were formed in the inner Solar Nebula, and transported in the outer and cold 753!
regions through efficient inward-outward transport mechanisms (Zolensky et al., 2006). 754!
Radial transfers in the protosolar disk were also operated by planetesimals, triggered by the 755!
migration of giant planets (Walsh et al., 2011). The lack of clear distinction of a hot place 756!
formation for asteroids, and a cold place formation for comets, led to the emergence of the so-757!
called asteroid-comet continuum concept (Gounelle et al., 2008). Within this framework, the 758!
Orgueil CI chondrite has been proposed to originate from a Jupiter Family comet (Gounelle et 759!
al., 2006). This cometary origin is not supported by our data, i.e. the mismatch of the CI, CM 760!
and CR chondrites spectra (including Orgueil) with those of comet 67P/CG. However, any 761!
direct spectral comparison might be misleading due to effects of space weathering, which 762!
possibly modified the surface of 67P/CG. Low energy (0.84 keV/amu) ions of solar wind 763!
plasma from expanding solar corona continuously bombard the surfaces of solar system 764!
objects that are not protected by an atmosphere and/or a magnetic field. Below, we discuss the 765!
effect of solar wind irradiation and show that its impact is very weak or absent on comet 766!
67P/CG. 767!

The exposition duration to solar wind of 67P/CG surface controls the irradiation dose. 768!
Therefore a key issue lies in the extent, if any, of surface rejuvenation at each perihelion, 769!
which would limit this duration to the orbital period (6.44 years). 67P/CG has been selected 770!
because its perihelion decreased suddenly in 1959, enhancing chances to get a recently 771!
refreshed surface. Dynamical simulations show that the perihelion is located at q=1.2 AU 772!
since 1959, and ranged between 2.9 and 3.8 AU until ~200 years ago (Groussin et al., 2007; 773!
Maquet, 2015). However, beyond ~200 years, a probabilistic approach is required to perform 774!
calculations and some clones in those calculations have very low q. As such, no conclusions 775!
are provided by dynamical calculations. OSIRIS observations, along with the analysis of 776!
VIRTIS spectral images, provide firmer conclusions on space weathering effect (Sierks et al., 777!
2015). The terrains sampled by the five colored regions presented in section 2 (see Fig. 2) 778!
correspond to various morphologies including the (1) rocky consolidated terrains and (2) dust-779!
dominated smooth terrains, and in particular fresh deposits in the lobe (El-Maarry et al. 780!
(2015). OSIRIS data point to material mobilization at the surface through, mostly an “airfall” 781!
process controlled by dust emission in the Hapi (neck) region associated to a size-sorting 782!
process that favors large (~ cm) particles, that are eventually spread out throughout the 783!
surface (Thomas et al., 2015). Our analysis of VIRTIS data shows that the 3.2 µm band is 784!
ubiquitous in those regions, whatever their morphology and their age (Fig. 2). The spectral 785!
variations of the 3.2 µm band are mostly observed between the neck and other regions, and 786!
interpreted here as a weak contribution of water ice absorption (Fornasier et al., 2015; De 787!
Sanctis et al., 2015). In this respect, the impact of solar wind irradiation is expected to be very 788!
limited, and the characteristic irradiation duration lies around 6.44 years for those terrains that 789!
are renewed at each perihelion. 790!

However, the detection of refractory elements Na, K, Si and Ca in the coma points to 791!
sputtering processes at the surface (Wurz et al., 2015). This detection is not in contradiction 792!
with the lack of spectral variation between fresh and old terrains, if the penetration depth of 793!
solar wind ions is much smaller than the optical path of photons and/or the defects density 794!
induced by implantation within this layer is weak. The effects of solar wind irradiation, on the 795!
reflectance spectrum of the CM chondrite Murchison, were experimentally simulated by 796!
Lantz et al. (2015). These experiments did not reveal significant spectral modifications in the 797!
visible and the near-infrared ranges, for irradiation with 40 keV He+ and Ar+ ions, and 798!
equivalent doses up to ~ 7000 years at 3 AU. Interestingly, He+ irradiation with a fluence of 3 799!
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x 1016 ions cm-2 does not produce significant modifications of the 2.7 µm feature controlled 800!
by OH in serpentines, nor in the CH2/CH3 vibrations mode at 3.4 µm. Due to saturation 801!
effects, further increase of laboratory ion fluence is not expected to cause further optical 802!
alteration (Moroz et al., 2004, Brunetto et al. 2004). Solar wind flux is strongly dominated 803!
(~96%) by 1 keV protons, which due to their low mass produce less significant radiation 804!
damage to carbonaceous chondrite materials, compared to much less abundant heavier ions 805!
like 40 keV Ar+ (Moroz et al., 2004). 806!

Radiation damage due to low energy ions is limited to a very thin layer, whose 807!
thickness depends on the mass and energy per nucleon of impinging particles, and to a lesser 808!
extent on the nature of the target. This thickness lies around a few hundreds of nm for 809!
particles with an energy/nucleon of a few 10 keV, and tens of nm for particles of a few keV  810!
(Moroz et al., 2004). Within the layer, dramatic effects are observed on the structure 811!
(amorphization) and the composition (destruction of C-H and O-H bonds by 812!
dehydrogenation). The amorphisation of carbonaceous matter (and likely its dehydrogenation) 813!
is observed in this layer in the experiments of Lantz et al. (2015), but they are undetected in 814!
the reflectance spectra. 815!

Finally, the typical irradiation duration in fresh deposits is around 6 years. Rough 816!
estimates of expected timescales reported by Kanuchova et al. (2012) and Brunetto et al. 817!
(2014) suggest that the time to reach on the comet the degree of ion-induced material 818!
modifications achieved in laboratory experiments exceeds by orders of magnitude this time 819!
scale. 820!

We conclude that the effect of space weathering on the observed 3.2 µm band is 821!
negligible, and those effects would be also negligible if the cometary surface was composed 822!
of hydrated minerals that display a 2.7 µm band. The lack of connection between 67P/CG and 823!
CI, CM and CR chondrites is a firm result. Solar wind sputtering and implantation happen at 824!
the surface of 67P/CG, as testified by the presence of refractory atoms in the coma. However, 825!
this irradiation is limited to a very shallow depth (< ~100 nm), did not attain a saturation 826!
regime (low defects density) and do not lead to spectroscopic effects on the 3.2 µm band. 827!

 828!
 829!

CONCLUSION 830!
 831!
 The main conclusions of this manuscript are the following: 832!

1. The low albedo of comet 67P/CG, as well as its reddish slope in the visible, are 833!
controlled by a dark refractory polyaromatic carbonaceous component mixed up with 834!
opaque minerals. VIRTIS data do not provide direct insights into the nature of these 835!
opaque minerals. However, according to the composition of cometary grains analyzed 836!
in the laboratory, we infer the most likely candidates are ~FeS sulfides and Fe-Ni 837!
alloys. 838!

2. A semi-volatile component, consisting of a complex mixture of low weight molecules 839!
not volatilized at T < 220 K, is a carrier of the 3.2 µm band. Water ice has likely a 840!
significant contribution in the neck region, and a weak or negligible one in other 841!
regions. 842!

3. The 3.2 µm band is likely the contribution of several chemical groups. The OH group 843!
in carboxylic acids appears as a highly plausible candidate as it can encompass the full 844!
broadness of the band. The ion NH4

+ is likewise plausible. 845!
4. Photolytic/thermal residues, produced in laboratory from interstellar ice analogs, 846!

which are complex mixtures of low weight molecules and ions, can be fair spectral 847!
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analogs. In this respect, the 3.2 µm band may testify of nebular or interstellar 848!
chemistry. 849!

5. No hydrated minerals were identified and our data support the lack of genetic links 850!
with the CI, CR and CM primitive chondrites. This concerns in particular the Orgueil 851!
chondrite, which had been suspected to have a cometary origin.  852!
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