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Abstract We review our current knowledge of comet 67P/Churyumov–Gerasimenko nu-
cleus composition as inferred from measurements made by remote sensing and in-situ in-
struments aboard Rosetta orbiter and Philae lander. Spectrophotometric properties (albedos,
color indexes and Hapke parameters) of 67P/CG derived by Rosetta are discussed in the
context of other comets previously explored by space missions. Composed of an assem-
blage made of ices, organic materials and minerals, cometary nuclei exhibit very dark and
red surfaces which can be described by means of spectrophotometric quantities and repro-
duced with laboratory measurements. The presence of surface water and carbon dioxide
ices was found by Rosetta to occur at localized sites where the activity driven by solar in-
put, gaseous condensation or exposure of pristine inner layers can maintain these species on
the surface. Apart from these specific areas, 67P/CG’s surface appears remarkably uniform
in composition with a predominance of organic materials and minerals. The organic com-
pounds contain abundant hydroxyl group and a refractory macromolecular material bearing
aliphatic and aromatic hydrocarbons. The mineral components are compatible with a mix-
ture of silicates and fine-grained opaques, including Fe-sulfides, like troilite and pyrrhotite,
and ammoniated salts. In the vicinity of the perihelion several active phenomena, including
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the erosion of surface layers, the localized activity in cliffs, fractures and pits, the collapse
of overhangs and walls, the transfer and redeposition of dust, cause the evolution of the
different regions of the nucleus by inducing color, composition and texture changes.

Keywords Comets · Composition · Ices · Organic matter · Minerals

1 Introduction

At the dawn of our solar system, ≈4.5 billion years ago, in the cold outer regions of the
solar nebula, the first anhydrous dust grains started to aggregate with volatile ices and or-
ganics. Driven by accretion, these grains formed comets and planetesimals (Skorov and
Blum 2012), the building blocks of the solid bodies of our solar system. Although processed
by impacts, comets have not experienced a significant heating and alteration of their solid
materials (de Niem et al. 2018). Differently from asteroids and larger bodies, on comets the
imprint of pre-solar materials has been preserved (Mumma and Charnley 2011). The study
of cometary nuclei is therefore the one of the best way to assess the synthesis of volatiles
and organic materials. There is convincing evidence that comets played a key role in the
evolution of the planets, because cometary impacts are known to have been much more
common in the early solar system than today (Gomes et al. 2005). Comet flux is supposed
to be one of the major sources of the water present in Earth’s oceans and to have pro-
vided the organic material necessary for the life evolution on Earth (Delsemme 1984; Mayo
Greenberg and Mendoza-Gómez 1992). So far, before Rosetta only few cometary missions
were able to reach the proximity of comets and to infer locally their composition: Giotto
at comet 1P/Halley (Reinhard 1982), Stardust at 81P/Wild 2 (Brownlee et al. 2003), Deep
Space 1 at 19P/Borrelly (Nelson et al. 2004), Deep Impact at 9P/Tempel 1 and then EPOXI
at 103P/Hartley 2 (A’Hearn et al. 2005a).

In this review we mainly focus on summarizing the current knowledge of the 67P/Chury-
umov–Gerasimenko (hereafter 67P/CG) nucleus composition which was one the major sci-
entific objectives of ESA’s Rosetta mission (Glassmeier et al. 2007) in the context of the
results returned by previous space missions at others comets.

By orbiting around comet 67P/CG from August 2014 to September 2016, the Rosetta
mission has provided unprecedented spatial, spectral and temporal coverage of the changes
occurring on a cometary surface and surrounding inner coma before, during and after peri-
helion passage (Taylor et al. 2017). The remote sensing instruments aboard the orbiter have
returned a comprehensive dataset about the nucleus composition while the in-situ payloads
have analyzed the gas and dust environment in the surrounding coma. This wealth of in-
formation allows to constrain the nucleus composition from different prospectives: OSIRIS,
the Optical, Spectroscopic, and Infrared Remote Imaging System (Keller et al. 2007) Wide
and Narrow Angle Cameras have imaged the comet’s nucleus through different UV, visible
and near infrared color filters aiming to determine its volume, shape, bulk density, surface
properties, morphology and activity. Three spectrometers operating at different wavelengths,
ALICE, the Ultraviolet Imaging Spectrometer (Stern et al. 2007), VIRTIS, the Visible, In-
fraRed and Thermal Imaging Spectrometer (Coradini et al. 2007) and MIRO, the Microwave
Instrument for the Rosetta Orbiter (Gulkis et al. 2007) have mapped the composition and
temperature of the nucleus, analyzed the gases in the near-nucleus region, measured and
monitored the comet’s production rates of water, carbon dioxide and other gaseous species.
Additional clues are given by the composition instruments aboard the Philae lander (Bib-
ring et al. 2007) which were designed to infer elemental, isotopic, molecular and miner-
alogical composition. Unfortunately, due to the non-nominal landing of Philae, only gas
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chromatography and time-of-flight mass-spectrometry by COSAC (Goesmann et al. 2007)
and PTOLEMY (Wright et al. 2007) have provided useful data on those fields. The coma
environment, including dust particles and gaseous species, has been analyzed by the in-situ
and remote sensing instruments aboard Rosetta. These species are naturally linked to the
composition of the surface and subsurface layers from which they are released by active
processes. A review of the compositional properties of cometary nuclei, and in particular for
67P/CG, as inferred from remote sensing and surface instruments, is given in Sect. 2. The
surface composition appears dominated by three endmembers groups, including volatile
species condensed as ices, organic material and minerals (Sect. 3). Moving along the orbit
of the comet around the Sun, the surface composition of 67P/CG shows temporal changes
caused by diurnal and seasonal effects which are discussed in Sect. 4. Conclusions are dis-
cussed in Sect. 5.

2 Comets Nuclei Properties

2.1 VIS-IR Albedo and Photometry

Cometary nuclei are characterized by very low geometric albedo (Ageo) at visible wave-
lengths: average value of Ageo = 0.04 was measured on 1P/Halley (Keller 1987), 81P/Wild 2
(Brownlee et al. 2003) and 9P/Tempel 1 (A’Hearn et al. 2005b). At Ageo = 0.03 (Soderblom
et al. 2002; Buratti et al. 2004) the surface of 19P/Borrelly appears darker while
103P/Hartley 2 at Ageo = 0.046 (Li et al. 2013) is a little more brighter. On 67P/CG both
OSIRIS (Fornasier et al. 2015) and VIRTIS (Ciarniello et al. 2015) have measured a geo-
metric albedo of Ageo = 0.06 making this comet the brightest among the ones explored so
far by spacecraft. Photometrically-corrected images and maps of the nucleus are shown in
Fig. 1 where the illumination and viewing effects have been removed to better study the
surface’s physical properties and composition. VIRTIS measurements of the surface show a
significant phase reddening (the surface becomes redder when the solar phase increases) at
both VIS (0.44%/deg) and IR (0.73%/deg) wavelengths (Ciarniello et al. 2015). A similar
reddening effect (0.95%/deg) has been reported by OSIRIS on visible images (Fornasier
et al. 2015). Once the phase-dependence has been corrected, the surface spectral slope can
be determined: VIRTIS has measured a spectral slope of 0.20/kÅ between 0.55–0.8 µm and
0.033/kÅ between 1–2 µm. The surface albedo increases in presence of water ice. In fact,
the active areas in the Hapi and Seth regions appear brighter on both photometric-corrected
OSIRIS images (Fornasier et al. 2015) and on VIRTIS albedo map (Filacchione et al. 2016b)
shown in Fig. 1. These results were obtained during the inbound orbit at heliocentric distance
of about 3.6 AU.

For this low-albedo surface where multiple scattering has a small contribution relative to
single-scattering, the phase reddening is interpreted to be caused by a wavelength-dependent
single-scattering phase function that might be related to the roughness of the regolith particle
surfaces (Schröder et al. 2014; Ciarniello et al. 2015). A summary of the Hapke model
(Hapke 1993) photometric parameters of 67P/CG compared with others comets is given in
Table 1. Following Longobardo et al. (2017), the Phase Curve Slope (PCS) and the I/F at
0.75 µm retrieved at 30◦ phase angle (R30) parameters are given in Table 2 for 67P/CG and
compared with values for other comets in Table 3.

Reddening in the visible is characterizing 67P/CG surface also at local scales and in
many studies the color changes have been correlated with surface composition inhomo-
geneities and activity sources. Local water ice enrichments show higher albedo and a flat
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Fig. 1 Photometrically corrected albedo images of 67P/CG’s nucleus from August–September 2014 obser-
vations. Top panel: OSIRIS color images (filters B: 480 nm, G: 649 nm, R: 882 nm). Spatial resolution is
about 2.5 m/px. From Fornasier et al. (2015). Bottom left panel: cylindrical map of single scattering albedo
by VIRTIS (channels B: 440 nm, G: 550 nm, R: 700 nm). Spatial resolution is about 15 m/bin. From Fi-
lacchione et al. (2016c). Bottom right panel: boundaries of 67P/CG’s nineteen geomorphological regions in
cylindrical projection. From El-Maarry et al. (2015), Thomas et al. (2015). Missing data (light blue bottom
left and black bottom right panels) represents the un-illuminated southern hemisphere at the given epochs

to blue spectral response in contrast to the more dark and red reflectance of the anhydrous
terrains. Following these properties, water ice-rich areas have been recognized and stud-
ied on OSIRIS images by mapping the albedo and the bluening of the VIS slope (Oklay
et al. 2016b) or by using multivariate analysis methods (Perna et al. 2017). By adopting
this method the spatial inhomogeneities and temporal variations occurring on very different
landforms of the nucleus have been traced, including: the grained deposits and outcrops of
more consolidated materials on cuestas and steep walls in the Agilkia landing site (La Forgia
et al. 2015); the water ice patches in the Khonsu (Deshapriya et al. 2016) and Anhur-Bes
regions (Fornasier et al. 2016) in the south hemisphere; the fresh icy material visible on the
exposed wall formed after the collapse of the Aswan cliff (Pajola et al. 2017), on Abydos
(Lucchetti et al. 2016) and on the circular niches located in the Seth region (Lucchetti et al.
2017); the large water ice-rich clusters (BAP1 and BAP2 in Filacchione et al. 2016a) and
isolated water ice features on Imhotep (Oklay et al. 2017), Hapi and its surrounding (Oklay
et al. 2016b).

During few dedicated Rosetta’s flybys designed to fly on the nucleus at low phase an-
gles it has been possible to observe the opposition surge while swiping across the Imhotep
region of 67P/CG (Hasselmann et al. 2017). A broad nonlinear phase curve has been mea-
sured at low phases resulting in the lack of a sharp opposition peak which is typically as-
sociated with the coherent-backscattering mechanism. A similar photometric behavior can
be caused by the low albedo of the surface which is dominated by opaque, dehydrated and
larger-than-wavelength irregular grains. The similarity between the 67P/CG surface phase
function with carbon soot samples observed at extremely small angles has been recognized
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Table 2 Spectrophotometric parameters of 67P/CG at visible and near infrared wavelengths. The Phase
Curve Slope (PCS) is defined as 1-R60/R20, where R60 and R20 are the reflectances (I/F) at 60◦ and 20◦
phase angles, respectively. The R30 (I/F at phase 30◦) error is 0.001 up to 1.2 µm and 0.002 from 1.7 µm. An
absolute error of 5% is affecting the PCS data. From Longobardo et al. (2017)

λ (µm) 0.55 0.75 1.2 1.7 2.0 2.8 4.0

R30 0.013 0.017 0.031 0.035 0.036 0.041 0.041

PCS 0.61 0.60 0.61 0.60 0.60 0.57 0.55

Table 3 Spectrophotometric parameters R30 and PCS for 67P/CG compared to other comets

Comet λ (µm) R30 PCS Reference

19P/Borrelly 0.66 0.018 0.65 Li et al. (2007b)

103P/Hartley 2 0.62 0.013 0.67 Li et al. (2013)

9P/Tempel 1 0.67 0.015 0.71 Li et al. (2007a)

81P/Wild 2 0.7 0.014 0.78 Li et al. (2009)

67P/CG 0.75 0.017 0.60 Longobardo et al. (2017)

by Masoumzadeh et al. (2017) who reported that the areas placed on the boundary of the
Imhotep-Ash regions are made by a very dark and fluffy layer.

2.2 VIS-IR Spectroscopy from Remote Sensing

During Rosetta’s initial observations taken during the pre-perihelion period, 67P/CG surface
composition appeared quite homogeneous across the different regions illuminated by the
Sun. A notable feature of the majority of the spectra is the absence of water–ice absorption
bands (at 1.5, 2.0 µm). This indicates that water ice-rich patches are absent across the nucleus
surface, at a scale larger than ≈10 m with an upper limit on the water–ice abundance of
≈1% (Capaccioni et al. 2015). Moreover, reflectance spectra acquired on different regions
of the surface (Fig. 2, top panel) show very low visible albedo, equal to 0.06 at 0.55 µm
(Fornasier et al. 2015; Ciarniello et al. 2015), a steep red color at visible wavelengths with
a slope change around 1.0 µm and continuing more gently up to 2.7 µm Filacchione et al.
(2016c), a broad absorption band in the range between 2.9 to 3.6 µm encompassing smaller
structures compatible with aromatic and aliphatic signatures (Fig. 2, bottom panel), a wide
thermal emission starting from 3.5 to 5.0 µm. After modelling the thermal emission on the
radiance data (Groussin et al. 2019, this issue), a surface temperature in the range between
180 and 230 K during daytime (August–September 2014, heliocentric distance 3.6 AU,
inbound orbit) is derived (Capaccioni et al. 2015).

After having derived and applied a photometric correction (Ciarniello et al. 2015), surface
properties have been studied by means of Cometary Spectral Indicators (CSI) suitable to
trace color and compositional units across the nucleus (Filacchione et al. 2016c). The more
active areas in Hapi, appear brighter and bluer on maps of both 0.5–0.8 µm visible and
1.0–2.5 µm infrared spectral slopes than the rest of the surface (Fig. 3, top row panels).

The wide 3.2 µm absorption band observed by VIRTIS is compatible with a broad class
of organic materials, detailed later in Sect. 3. In presence of water ice, the short-wavelength-
wing of the band is affected by the strong fundamental symmetric and anti-symmetric
stretching modes which causes a broadening of the band and a spectral shift towards shorter
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Fig. 2 Top panel: Average
visible and infrared reflectance
spectra of 67P/CG from VIRTIS
taken from different
macroregions. Gray box indicates
calibration residuals. Bottom
panel: Bidirectional reflectance
of the average dark terrain in the
2.2–4.5 µm spectral range.
Within the wide 3.2 µm band are
visible fainter bands associated to
aromatic and aliphatic organic
materials discussed in Sect. 3.
Features at 4.4 µm are calibration
artifacts. Thermal emission is
removed from reflectance data.
From Ciarniello et al. (2015),
Quirico et al. (2016)

wavelengths. Thermal emission influences the long-wavelength-wing of the band with a
contribution increasing with the surface temperature and emissivity. The 3.2 µm absorption
band appears ubiquitous across the entire 67P/CG surface (Capaccioni et al. 2015) and has
been extensively mapped during the pre-perihelion phases (Filacchione et al. 2016c; Cia-
rniello et al. 2016). As shown in Fig. 3-bottom left panel, the band is deeper in the Hapi
region and some parts of Imhotep (see Fig. 1 for the locations of these named regions).
These areas correspond to surface regions that have been shown to exhibit water ice, i.e.
in Imhotep the bright area patches (Filacchione et al. 2016a) and roundish features (Auger
et al. 2015), or that have been inferred from the deeper band to contain water ice (de Sanctis
et al. 2015). The presence of water ice on these areas is confirmed by the corresponding shift
of the band center towards shorter wavelengths (Fig. 3-bottom right map).

2.3 Surface Composition from Philae

One of the major achievements of the Rosetta mission has been the first landing on a
cometary nucleus performed by the Philae lander. The landing occurred on 12th Novem-
ber 2014 when 67P/CG was at heliocentric distance of 2.99 AU. While the descent of the
lander was nominal allowing to reach the planned touchdown site (called Agilkia), the suc-
cessive part of the mission has not followed the planned schedule (Biele et al. 2015). This
was caused by the failure of the cold gas thruster and harpoon systems necessary to an-
chor the lander on the nucleus’ surface. Images returned by the lander’s camera ROLIS
have shown that the Agilkia site is characterized by grains and blocks with size distribution
ranging between centimeters to 5 meters (Mottola et al. 2015). The presence of aeolian-like
features, similar to wind-tails, suggests the mobilization of the regolith grains and erosion of
the surface. The analysis of Agilkia data indicates a soft granular surface, with a compres-
sive strength estimated of the order of 1 kPa, with a thickness of the order of 20 cm displaced
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Fig. 3 Cometary Spectral Indicators for the north and equatorial regions of 67P/CG surface measured by
VIRTIS in August–September 2014. Top left panel: 0.5–0.8 µm visible spectral slope. Top right: 1.0–2.5 µm
infrared spectral slope. Bottom left: 3.2 µm band depth. Bottom right: 3.2 µm band center. Adapted from
Filacchione et al. (2016c)

above a more rigid layer (Biele et al. 2015). The failure of Philae’s landing subsystem has
caused three successive rebounds of the lander which finally stopped on the rim of the large
Hatmehit depression. The final landing site, called Abydos, shows an exposed and hard sur-
face (Biele et al. 2015) with the presence of fractured boulders, elongated cliffs and terrain
composed by a texture of small agglomerates of dark granular material and bright (up to
10% reflectance) pebbles of larger dimensions (Bibring et al. 2015). A review of the ma-
jor results based on measurements recorded by Philae is given in Boehnhardt et al. (2017).
Here we focus on the measurements performed by the two gas analyzers on board the lander.
COSAC, the Cometary Sampling and Composition experiment (Goesmann et al. 2007) and
PTOLEMY, the gas chromatograph and mass spectrometer (Wright et al. 2007), have both
operated during the landing phases according to the nominal schedule and therefore their
results must be interpreted considering the real lander’s trajectory and timing. COSAC has
detected the presence of 16 organic compounds, including nitrogen-bearing species but no
sulfur-bearing molecules. Among the organic materials, a total of four compounds (methyl
isocyanate, acetone, propionaldehyde, and acetamide) never reported on other comets, have
been identified (Goesmann et al. 2015). However, isocyanomethane, 2-hydroxyethanal, and
propanal could not be confirmed on ROSINA data (Altwegg et al. 2017). A list of com-
pounds observed by COSAC and their possible formation pathways are shown in Fig. 4.

PTOLEMY has reported a wealth of additional information about the nucleus compo-
sition (Wright et al. 2015), including: the presence of compounds with −CH2− and −O−
groups having a mass/charge ratios equal to 14 and 16, respectively; the possible presence of
polyoxymethylene chains, a radiation-formed polymer, which, however, has not been con-
firmed by ROSINA (Altwegg et al. 2017); the depletion of aromatic compounds (like ben-
zene) and of sulfur-bearing species; the aromatic molecule toluene found in both PTOLEMY
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Fig. 4 Organic compounds detected by COSAC and possible formation pathways. Species marked in red are
not confidently identified; species in green were observed for the first time in comets by COSAC. Modified
from Goesmann et al. (2015)

and ROSINA-DFMS spectra; very low concentrations of nitrogenous material. Philae lander
was successful in detecting volatile species, including water, carbon monoxide and carbon
dioxide measured directly at the surface of the comet (Wright et al. 2017). Thanks to the
un-nominal Philae’s operation it was possible to measure the ratios of the volatiles species
sniffed by PTOLEMY on the two landing sites (Agilkia and Abydos). From this analysis
results that the two sites have very different ratios which seems to indicate heterogeneity
in nucleus composition (albeit measurements could be biased by the different surface mor-
phology of the landing sites and different local times and illumination conditions occurring
during Philae operations). Temporal evolution of the mass spectra have been analyzed by
Krüger et al. (2017) who has reported that COSAC and PTOLEMY counts decay over time.
The first spectra with the highest intensities were recorded by both instruments about 20–
30 min after Philae’s first touchdown at Agilkia. On the six consecutive measurements taken
at Abydos the counts decay. Due to the instruments’ designs and vent tubes configurations,
the two experiments were preferentially sniffing in two different directions with COSAC
collecting regolith samples from the surface while PTOLEMY measured gas species from
the ambient coma. As a consequence of this configuration, the diagnostic m/z peak at 44
measured by both instruments has a different origin: for COSAC it is the signature of or-
ganic material embedded in surface regolith grains while for PTOLEMY it corresponds to
gaseous CO2 in the coma.

2.4 Coma as a Pathway to Constrain Surface Composition

As they have spent long time far from the Sun, comets are expected to have preserved their
initial composition and be one of the most primitive object of the Solar System (Mumma and
Charnley 2011). Therefore determining the composition of the nucleus provides precious
information on the prevalent thermo-chemical and physical properties of the nebula in which
comets have formed. One possibility to determine the composition of the nucleus is the
direct sampling of cometary material. For the first time, the Rosetta mission has succeeded
to reach the surface of a comet by landing Philae at the surface of 67P/CG. Initial plan
was to drill the upper centimeters of the comet and to analyze the samples with the mass
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spectrometer PTOLEMY but unfortunately these steps could not be performed (Wright et al.
2015).

Another way to get information on the composition of the volatile species in the nucleus
is to study the gaseous species and their outgassing evolution in the coma. Indeed, as the nu-
cleus orbits around the Sun it experiences sublimation and gas release. Thus by measuring
the composition in the coma we indirectly sample the nucleus composition. However, rela-
tionships between the coma and nucleus composition are complex (de Almeida et al. 1996;
Huebner and Benkhoff 1999) because volatiles can be present as condensed and/or gaseous
phase in the nucleus. Among volatiles, pure ices have their own thermodynamical proper-
ties and will sublimate at different temperature, pressure and depth (Huebner et al. 2006;
Fray and Schmitt 2009; Marboeuf and Schmitt 2014). In addition, the structure of ices, i.e.
amorphous, crystalline and clathrate hydrate, influence the outgassing pattern according to
the way volatiles are trapped (Espinasse et al. 1991; de Sanctis et al. 2005; Huebner et al.
2006; Marboeuf and Schmitt 2014). Also the presence of a dust mantle at the surface of the
nucleus will affect the intensity of the outgassing (Marboeuf and Schmitt 2014). Finally, gas
release is strongly dependent on orbital parameters such as heliocentric distance, obliquity
of the object, period of rotation and shape of the nucleus (Huebner and Benkhoff 1999; Fulle
et al. 2016b). As a result of the combined effects of all these parameters, the mixing ratio
measured in the coma often do not reflect directly the abundances of volatiles in the nucleus
(Espinasse et al. 1991; Benkhoff 1995; de Almeida et al. 1996; Huebner 2008; Marboeuf
and Schmitt 2014), and interpretation of the outgassing data should be done very carefully.
For example, the fact that coma composition presents heterogeneities does not necessary
imply similar compositional heterogeneities in the nucleus (Huebner and Benkhoff 1999;
Hässig et al. 2015). Studies based on coma composition either interpreted it as a result of a
homogeneous or either heterogeneous nucleus composition. Analyses of a fragment of the
comet 73P/Schwassmann–Wachmann 3 revealed that the composition was rather homoge-
neous (Dello Russo et al. 2007). In contrast, observations of freshly exposed material of
comet 9P/Tempel 1 during the Deep Impact mission rather suggest a heterogeneous compo-
sition (Feaga et al. 2007). Comet 103P/Hartley 2, which presents a bi-lobate shape compa-
rable to the one of 67P/CG, exhibited a heterogeneous coma which has been interpreted to
reflect variations of composition within the nucleus (A’Hearn et al. 2011). However, so far
most of the observations of explored comets were sparse and cannot provide an insightful
comprehension of the nuclei compositions and properties.

For the first time the Rosetta mission has extensively investigated the coma evolution of
a comet during a long period spanning around the perihelion passage with a comprehensive
set of instruments. Abundances of molecules in the coma of 67P/CG have been measured in
detail by the ROSINA instrument (Balsiger et al. 2007) revealing a CO- and CO2-rich nu-
cleus (compared to other Jupiter Family Comets), the presence of highly volatile molecules
and organic molecules (Le Roy et al. 2015). The coma monitoring at different heliocentric
distances and above different latitudes on the surface of the nucleus (see Fig. 5) has revealed
large fluctuations in the outgassing pattern (Hässig et al. 2015; Luspay-Kuti et al. 2015). The
major species detected, H2O, CO and CO2 do not always evolve with the same periodicity
and intensity. Conversely, minor species seem to follow either the H2O or the CO2 emis-
sions (Luspay-Kuti et al. 2015). Apart from in situ measurements, the spatial and temporal
distributions of gaseous species in the 67P/CG coma have been measured also by remote
sensing payloads, e.g. in the infrared by VIRTIS (Coradini et al. 2007) and at microwaves
by MIRO (Gulkis et al. 2007). The fluorescences of water vapor (at 2.67 µm) and CO2 (at
4.27 µm) measured by VIRTIS between November 2014 and January 2015 when the helio-
centric distance was decreasing from 2.91 to 2.47 AU were analyzed by Bockelée-Morvan
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Fig. 5 Left panel: H2O, CO and CO2 molecular densities from in-situ measurements by ROSINA/DFM
within the coma of 67P/CG (upper panel) on August 4th–8th 2014. The spacecraft explored different lon-
gitude and latitude ranges during that time (lower panel). Right panel: ROSINA/DFMS molecules density
measurements of H2O, CO and CO2 in-situ in the coma of 67P/CG for September 18th 2014 correlated to
the spacecraft view of the nucleus. From Hässig et al. (2015)

et al. (2015). This study has shown a constant water production rate during this period of
time, with higher column abundance detected above the active areas in Hapi. A similar dis-
tribution has been observed in the sub-mm domain by MIRO (Biver et al. 2015; Lee et al.
2015). While the water emission is correlated with solar illumination, CO2 appears not to
be influenced by this as it was observed on both illuminated and non-illuminated areas, in-
cluding on the south hemisphere (Fink et al. 2016). The derived CO2/H2O column density
ratio varies from 2% (on illuminated areas) to 60%. The study of the fluorescence emissions
of H2O, CO2, CH4 and OCS species in the coma around the perihelion passage indicates an
abrupt increase of the water production about six days after perihelion while the abundances
of CO2, CH4 and OCS relative to H2O increase by a factor 2 (Bockelée-Morvan et al. 2016).
This behavior can be explained by the erosion of the dust layer on the surface occurring at
perihelion which exposes subsurface volatile-rich layers.

The heterogeneity of the gaseous species observed in the 67P/CG coma has been inter-
preted in terms of:

1. Homogeneous nucleus composition. The fluctuation of gas density in the coma shows
strong correlation to the rotation period and the latitude of observation which suggests
that the outgassing is mainly solar insolation-driven (Hässig et al. 2015). Variations of
composition in the coma are enhanced by seasonal and diurnal effects due to the combi-
nation of the large spin obliquity and the complex shape of the nucleus (Preusker et al.
2015). Therefore, if 67P/CG nucleus is homogeneous in composition, the heterogeneities
observed in the coma must be controlled by the illumination (Hässig et al. 2015; Bieler
et al. 2015; Fougere et al. 2016; Fulle et al. 2016b; Hoang et al. 2017).

2. Heterogeneous nucleus composition. The lack of correlation suggests that CO and CO2

are not embedded by H2O (Hässig et al. 2015). Therefore, H2O can be present at the
surface while CO and CO2, which are more volatile, will sublimate from deeper layers.
Variation of composition will be generated in the sub-surface of the comet as the nu-
cleus orbits around the Sun and receives different amount of solar energy. The complex
shape of the nucleus will strongly enhance the variation of illumination and therefore
sub-surface heterogeneities from one area to another (Hässig et al. 2015; Luspay-Kuti
et al. 2015; Fink et al. 2016; Hoang et al. 2017). Some asymmetries detected in the H2O
and CO2 outgassing between the northern and southern regions could be attributed to dif-
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ferent characteristics of the nucleus (Hässig et al. 2015; Le Roy et al. 2015; Luspay-Kuti
et al. 2015). They can result from heterogeneities in the nucleus with somehow more
CO2 compared to H2O in the southern plains (Luspay-Kuti et al. 2015). An alternative
hypothesis is that these variations are induced by local heterogeneities of the surface
properties such as ice sintering or dust coverage due to local morphology (Keller et al.
2015; Luspay-Kuti et al. 2015; Hoang et al. 2017). The presence of a dust mantle in the
northern plains of 67P/CG was observed by Thomas et al. (2015). Potential presence of
condensed H2O in this layer (de Almeida et al. 1996; Rubin et al. 2014) can enhance the
H2O outgassing while it inhibits the CO2 release (Hoang et al. 2017). The presence of
a dust mantle could influence the outgassing pattern by shifting the maximum of gas re-
lease in dependence on local time related to the mantle thickness (Marboeuf and Schmitt
2014). Another evidence of heterogeneities in the coma is the singular behavior of CH4

which shows a poor correlation with other species (Luspay-Kuti et al. 2015). Numerical
simulations suggest that CH4, and possibly C2H6, can potentially be trapped in clathrates
at shallow depths (Mousis et al. 2015; Luspay-Kuti et al. 2016). However, observations
and numerical simulations seem to preclude the presence of amorphous phase (Luspay-
Kuti et al. 2016) as it has been proposed by Vincent et al. (2015) and Mousis et al. (2015).

A consensus seems to emerge from different studies that the 67P/CG outgassing pattern is
driven mainly by illumination. Heterogeneities detected in the coma are, at global scale,
induced by the combination of the tilt of the rotation axis and the complex shape of the
nucleus. The strong variation of illumination between different areas of the nucleus’s surface
is thought to produce heterogeneities in the sub-surface composition. However, insolation
variations do not succeed to explain completely the behavior of the species’ outgassing.
Heterogeneities of the surface-subsurface properties of the nucleus such as the presence of
a dust mantle or of clathrates could explain some of the gas behavior.

While gaseous emissions in the coma trace the volatile/ice species on the nucleus from
which they have been released, dust grains maintain the minerals and organic materials
present on the surface. Dust grains were measured by a dedicated suite of in-situ instru-
ments onboard Rosetta: GIADA, the Grain Impact Analyser and Dust Accumulator (Colan-
geli et al. 2007), has measured the dust flux from grains larger than 100 µm and has inferred
a dust-to-water ice mass ratio of six from a heliocentric distance of 3.6 AU to perihelion
(Rotundi et al. 2015; Fulle et al. 2016a). The same authors state that the mass of dust par-
ticles is mainly contained within compact grains having a density of about 2000 kg m−3

and sizes larger than 1 mm. As reported by Della Corte et al. (2015), coma dust grains ap-
pear in two distinct families: compact particles and fluffy porous aggregates having masses
from 10−10 to 10−7 kg. COSIMA, the Cometary Secondary Ion Mass Analyser (Kissel et al.
2007) is a time-of-flight secondary-ion mass spectrometer (TOF-SIMS) instrument able to
resolve particles with sizes from tens of microns to millimeters and to capture microscopic
images of the grains after their impact on exposed targets (Langevin et al. 2016). By means
of secondary ion mass spectroscopy, Bardyn et al. (2017) have modeled grains composition
with organic matter for 45% of the mass and anhydrous mineral phases for the remaining
55% (see Fig. 6). The loss of volatiles in the dust is a consequence of the heating of the
grains in the coma. The average atomic composition of the grains is modeled with H (30%),
C (30%), O (30%) with Si, Fe, Mg and other species accounting for the remaining 10%.
All these results were derived with certain assumptions on the H/C and O/C ratios which
cannot be measured by the instrument. Noteworthily, within the dust size range (from 50
to 1000 µm) investigated by COSIMA, any particle that would consist of a single mineral
or pure organic has never been seen. This means that all the single grains contained both
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Fig. 6 Averaged composition of 67P/CG’s dust particles as deduced from COSIMA measurements: panel
(A) by atomic fraction; panel (B) by atomic mass fraction. Panel (C) is the mineral and organic content
estimated in mass fraction. Figure from Bardyn et al. (2017)

organics and minerals, which means that the non-icy components are very well-mixed at the
intimate level up to a relatively small scale.

MIDAS, the Micro-Imaging Dust Analysis System (Riedler et al. 2007), used atomic-
force microscopy techniques to characterize grains from nanometers to micron sizes which
appear as hierarchical agglomerates of fractal and compact particles (Mannel et al. 2016;
Bentley et al. 2016).

3 Compositional Endmembers

Following the ‘dirty snowball’ model of Whipple (1950) in which the cometary nuclei are
described as a mixture of ices, CHON (carbon, hydrogen, oxygen, and nitrogen) organic
material and rocky particles, in the following sections we review the current knowledge of
these endmembers in the context of the aforementioned Rosetta’s results.

3.1 Volatiles/Ices

So far, only two ice species have been identified on the surfaces of cometari nuclei by means
of infrared spectroscopy: crystalline water ice and carbon dioxide ice. Water and carbon
dioxide ices have been detected by Rosetta/VIRTIS-M on the surface of 67P/CG during
the pre-perihelion time. Deep Impact/HRI has observed water ice deposits on 9P/Tempel 1.
A summary of the properties of the ices is given in Table 4.

During the pre-perihelion phase, crystalline water ice has been spectroscopically identi-
fied at near infrared wavelengths in three distinct modalities on 67P/CG nucleus:

1. On the active areas of Hapi region where water ice changes its abundance with local time
and illumination conditions, condensing during the night hours and sublimating during
daytime (de Sanctis et al. 2015). During each rotation, when the surface is illuminated by
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Table 4 Infrared spectroscopic identification of ice species, abundances and distributions on the surfaces of
cometary nuclei

Comet Region Dimensions Ice Abundance Grain size
(Mixinga)

Reference

67P/CG Hapi ≤100 mb H2O
(cryst.)

1–14% 1–3 µm (I) de Sanctis et al.
(2015)

67P/CG Imhotepc 100 × 100 m H2O
(cryst.)

6% 33–72 µm (I),
1.4–2.6 mm (A)

Filacchione
et al. (2016a)

67P/CG Variousd 1–60 m H2O
(cryst.)

0.3–4% 10 µm (I),
6.5 mm (A)

Barucci et al.
(2016)

67P/CG Anhure 60 × 80 m CO2 0.1% 50 µm (A) Filacchione
et al. (2016b)

9P/Tempel 1 Various 0.55 km2 H2O 3–6% 30 ± 20 µm (I) Sunshine et al.
(2006)

Note: aA = Areal mixing, I = Intimate mixing; bfrom shadow line. Labels c, d, e indicate similar areas in
Table 5 for comparison

the Sun, the water ice sublimates mainly from the inner layers reached by the propagation
of the thermal wave. As soon as the same surface goes into shadow (or moves into the
night side) surface temperature rapidly drops. Since Hapi is a region with a gravitational
minimum, the surface here is preferentially blanketed by a many meters-thick layer of
dust (Keller et al. 2017). In these conditions a temperature inversion occurs between the
colder surface layer and the interior which remains at higher temperature for a longer
time. The entire process is driven by the illumination conditions by means of the dura-
tion of the shadow/night and daytime periods, and by the surface properties, e.g. surface
thermal inertia and thermal skin depth. Because the shadow is cast onto Hapi alternating
by 67P/CG’s head and body at the time of the observation, and due to the short rotation
period, equal to 12.4 hours (Mottola et al. 2014; Jorda et al. 2016), the sublimation and
condensation process occurred two times at each rotation. As a consequence of this, very
small water ice grains in intimate mixture with the dark terrain condense on the surface.
The water ice particles have diameters of 1–3 µm and abundances up to 14% for the areas
close to the shadow line where the measured temperature is 165–170 K (see Fig. 7). The
condensation–sublimation process seems to be common among comets. It has been also
proposed to explain the surge of outbursts observed on comet 9P/Tempel 1 from areas
near sunrise (Prialnik et al. 2008).

2. On recent debris fields collapsed from two elevated structures in the Imhotep region
where more fresh and pristine material is exposed (Filacchione et al. 2016a). These areas
are named BAPs, i.e. Bright Area Patches (Fig. 8). The gravitational displacement of
the surface caused by overhang falls and the disruption of elevated structures (Groussin
et al. 2015a) allows the exposure of more pristine material from the interior. The best-
modeling of the VIRTIS spectra of the BAPs (panel g in Fig. 8) corresponds with a
solution in which 1.2% of the pixel area is occupied by patches of water ice particles
with a diameter around 2 mm while the remaining 98.8% of the pixel area consists of
an intimate mixture of water ice (3.4%, 56 µm grain diameter) and average dark terrain
(95.4%). Therefore the average total amount of surface water ice detected on the BAPs
corresponds to about 4.6% for a 2.5×2.5 m pixel footprint. The measured BAPs’ surface
temperature (T < 160–180 K) is about 20–25 K colder than in the surrounding areas but
still warm enough to allow the presence of crystalline ice.
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Fig. 7 Panel (a): Ice abundance (by volume) maps on the Hapi active area; (b): Temperature images; (c): Best
spectral fit to VIRTIS data corresponding to a mixture of average dark terrain and water ice grains. From de
Sanctis et al. (2015)

Fig. 8 Panel (a): color image showing BAP1 and BAP2 (white and yellow arrows, respectively). (b): Wa-
ter–ice-rich waste terrain on BAP1 is visible (blue) on the right side of the circular elevated structure.
(c): Close-up image acquisition of BAP1 reveals the bluish color of the water–ice-rich unit. (d): Temperature
map showing the water–ice-rich terrain at T < 160 K. (e): Hillside image showing BAP2. (f): Temperature
map showing the water–ice-rich terrain at T < 180 K. All color images are obtained from the B = 1.3 µm,
G = 2.0 µm and R = 2.9 µm channels. (g): BAP1 water–ice-rich VIRTIS spectrum (black curve with error
bars in red) and best-fit synthetic model (blue curve). aH2O is the percentage of crystalline water ice and
dH2O is the water–ice grain size. ‘Scet’ is the spacecraft time used to identify the observation; ‘sample’ and
‘line’ correspond to the position of the pixel on the image. The grayed-out spectral ranges are affected by
instrumental order sorting filters. From Filacchione et al. (2016a)

3. On eight bright spots located in the Khonsu, Imhotep, Anhur, Atum and Khepry regions
where single or multiple grouped icy patches are observed (Barucci et al. 2016). Some
of those areas were first detected on high resolution OSIRIS images (Pommerol et al.
2015) and form a plethora of small bright spots, or much larger individual or twin bright
patches spanning from few meters to about 60 m in size. The spots are characterized
by high albedo and blue visible colors in striking contrast with the dark-red color of the
average terrain. OSIRIS images and visible spectra are shown in Fig. 9 for one of the
eight spots discussed by Barucci et al. (2016). The spots are preferentially located in
various morphological terrains within the equatorial regions, including freshly exposed
cliffs, alcoves, flat terraces, layers, accumulation deposits, ancient outgassing conduits
and rocky terrains. In general these spots appear on consolidated and dust-free areas
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Fig. 9 Optical identification of a water ice bright spot in the Imhotep region by OSIRIS with F22 filter (at
649.2 nm). First column: context image. Second column: zoomed image. Third column: I/F of the bright
spots (red plot) shows higher reflectance than the surrounding non-icy area (black). Fourth column: relative
reflectance (normalized to F23 filter at 535 nm) of the bright spot (red) is spectrally flat while the surrounding
area (black) is very red. From Barucci et al. (2016), spot#5

and in some cases correspond to the sources of active processes (outbursts). On many of
them the surface water ice continued to be visible for weeks and months, while others are
more variable and correlated with the diurnal variation (Raponi et al. 2016). Co-located
infrared spectroscopy by VIRTIS shows very variable water ice grain properties from
spot to spot but within the limits given by the two aforementioned cases: water ice areal
abundances are ranging between 0.3 to 4% with the presence of both small 10 µm grains
in intimate mixing with the dark terrain or very large mm-sized grains in areal mixing.
Additionally, another debris field (CF3) enriched in water ice has been detected in the
OSIRIS images in Imhotep region and confirmed by the presence of the 2 µm absorption
band on infrared spectra (Oklay et al. 2017).

A summary of the infrared spectroscopic identification of water ice, abundances and distri-
butions on the surface of 67P/CG is given in Table 4). Using spectroscopy, visible photom-
etry, and imagery many of those water ice-rich areas are observed for prolonged period of
time during the entire duration of the Rosetta mission on OSIRIS images. The large clusters
(BAP 1, 2 and CF1, 2, 3) close to the cliffs survived on well-illuminated surface locations
for about 10 months, and several boulders enriched in water ice were still existing after 1.5
years of the first detection (Oklay et al. 2017). The isolated water ice-rich area coded IF2
(Oklay et al. 2017), which survived the entire mission, was also spectrally confirmed using
early IR spectra.

Despite carbon dioxide being the second most abundant gaseous species detected on
cometary comae after water vapor (Bockelée-Morvan and Biver 2017), the presence in the
form of ice on nuclei surfaces has been always elusive due to its high volatility. Before
Rosetta, in fact, it has never been observed on cometary nuclei. So far, carbon dioxide ice
has been detected by VIRTIS only in a 60 × 80 m area in the Anhur region while it was
exiting from a four year-long winter-night season (Filacchione et al. 2016b). The spectro-
scopic identification has been possible by means of the diagnostic 2.0 µm triplet and the
2.6–2.75 µm bands (Fig. 10). This ice deposit underwent rapid sublimation, disappearing
within about one month after its initial detection in March 21 2015 (Fig. 10). A heat bal-
ance calculation for this specific area shows that an erosion of a 9 cm thick layer of carbon
dioxide ice, for a total of 56 kg, has occurred. The ice patch was presumably formed after
the comet’s previous perihelion passage, in 2009, when the carbon dioxide outgassing from
the nucleus’ deeper layers condensed on the cold surface. The Anhur region is in fact lo-
cated in the southern hemisphere which experienced a four year-long winter-night season
during which the surface temperatures have dropped to sufficiently low values to allow the
carbon dioxide to condense as ice. Moving towards perihelion, with the increase of the solar
illumination, the carbon dioxide ice has rapidly disappeared.
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Fig. 10 Spectroscopic identification of transient CO2 ice in the Anhur region. Left panel: March 21 2015
spectra showing the detection of CO2 ice and spectral modeling results. Note that the modeling with water
ice (top plot) fails to match the observed data. Right panel: the CO2 ice features are no more visible on April
12–13 2015 observations taken on the same area. The grayed-out spectral ranges are affected by instrumental
order sorting filters. From Filacchione et al. (2016b)

The OSIRIS camera has observed two unusually large patches of water ice in the south-
ern regions of Anhur and Bes (Fig. 11) resulting in 20–30% of water ice mixed with the
dark material in a layer up to 30 cm thick (Fornasier et al. 2016). One of these patches has
been located in the same area where the carbon dioxide ice sheet has been revealed by VIR-
TIS about one month before. Also the water ice patches have completely disappeared within
about ten days after their initial detection. This indicates the presence of a dual layer, with
superficial carbon dioxide ice overlayed above water ice, as result of the different condensa-
tion temperatures of the two species (CO2 needs lower temperature than H2O to condense as
ice) occurring during the winter-night season at aphelion. The double detection by VIRTIS
and OSIRIS reveals the seasonal cycles of carbon dioxide and water ices, which unfolds
during the 6.5-year orbit of 67P/CG, as opposed to the daily cycle of water ice occurring on
Hapi (de Sanctis et al. 2015).

One of the major advancements of the Rosetta observations is the retrieval of the dis-
tribution of the superficial crystalline water ice grains which appear distributed in three
populations: (1) small micron-sized grains are frequent on the active areas where the rapidly
changing diurnal variations (de Sanctis et al. 2015) do not allow the formation of larger
grains. These grains can be constrained only by means of the H2O stretch band superim-
posed on the deep 3.2 µm organic band and by the absence of the other diagnostic bands at
1.05, 1.25, 1.5, 1.65, 2.05 µm (see Fig. 7, panel c) which characterize larger grains; micron-
sized grains are also candidates to constrain the average 1% amount of water ice visible on
the dark dehydrated terrains (Capaccioni et al. 2015). (2) intermediate grains, e.g. tens of
microns, appear preferentially in intimate mixing with the dark material in the water ice-
rich patches (see Fig. 8, panel g). (3) large mm-size grains are built from the growth of
secondary ice crystals from vapour diffusion in ice-rich colder layers and/or by ice grain
sintering caused by thermal waves. Due to their dimensions, these grains are dispersed in
areal mixing with the average dark terrain.
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Fig. 11 Composite OSIRIS images (882 nm, 649 nm and 480 nm filters) showing the appearance of the
bright patches in the Anhur/Bes regions (panels E, F, G, H). Red and Yellow arrows indicate two common
boulders. The reflectance relative to 535 nm and the normal albedo are represented in the (I) and (J) panels:
black line is the average spectrum of the nucleus from a region outside the bright patches; dashed and dotted
lines show the best fit spectral models for the patches (in gray the associated uncertainty) as given by a linear
mixture of the cometary dark terrain enriched with 21 ± 3% of water ice (dashed line), or 23 ± 3% of water
ice (dotted line) for patch B, and with 29 ± 3% of water ice (dashed line), or 32 ± 3% of water frost (dotted
line) for patch A. Simulations are performed by assuming a water ice grain size of 30 µm. From Fornasier
et al. (2016)

Spectral modeling allows to quantitatively correlate the amount of water ice on the
surface with VIRTIS comet spectral indicators (CSI) as introduced by Filacchione et al.
(2016c). The CSI method is capable to infer the abundance of the water ice from the mea-
sured VIS-IR spectra as well as to reduce the data set dimension. The standard CSI are:

– SVIS is the spectral slope in the VIS range, calculated by best fitting the reflectance in the
0.55–0.8 µm range by a linear function after normalization to 1 at 0.55 µm;

– SIR is the spectral slope in the IR range, calculated by best fitting the reflectance in the
1.0–2.35 µm range by a linear function after normalization to 1 at 1.0 µm;

– BA is the band area of the absorption at 3.2 µm computed after removal of the 2.7–3.6 µm
continuum;

– BC is the band centre of the absorption at 3.2 µm computed after continuum removal as
the position of the minimum of a third-degree polynomial fit in the 2.7–3.6 µm range.

The variability of these indicators as a function of the water ice abundance (up to 5%) is
shown in the left panel of Fig. 12. Concurrent spectral modeling in the visible and infrared
ranges allows to study the visible spectral slope value as a function of the water ice abun-
dance determined by infrared absorption bands once the mixing modality (areal or intimate)
and dark terrain properties have been defined (Raponi et al. 2016). In Fig. 12 are shown
the water ice superficial abundances for different mixing modalities. The models allow a
quantitative derivation of the amount of surface water ice by the measurement of the visible
color: a completely anhydrous surface has an average spectral slope of 2.2 µm−1. Slopes
lower than 1.2 µm−1 correspond to water ice abundance higher than 5% in intimate mix-
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Fig. 12 Left panel: Simulated VIRTIS comet spectral indicators (CSI) normalized at their value computed
on 67P/CG average dark terrain (shown in Fig. 2) as a function of water ice abundance: SVIS (diamonds),
SIR (asterisks), 3.2 µm BA (crosses) and single scattering albedo (triangles). The 3.2 µm BC (squares) is not
normalized, and its scale is reported on the right axis. From Ciarniello et al. (2016). Right panel: theoretical
abundance of water ice as a function of the slope in the VIS channel, as calculated by means of the Hapke
(1993) radiative transfer model. The red and black lines correspond to water ice entirely in intimate or in
areal mixture with the dark terrain, respectively. The blue and green lines correspond to the ratio between
the amount of water ice in intimate and areal mixture equal to 1 and 10, respectively. Dots: water ice total
abundance as a function of the measured slope in the VIRTIS VIS channel (for single acquisitions). Dashed
grey line: average slope of the dots. The width of the dashed line is equal to the error on the average slope.
From Raponi et al. (2016)

ing or 1% in areal mixing at 95◦ phase angle. To scale the result for different phase angles
one should account for the phase function which produces slope variations of the order of
+0.007 µm−1 deg−1, according to Ciarniello et al. (2015).

Operating at visible wavelengths, OSIRIS is not capable like VIRTIS to detect the diag-
nostic absorption features of the water ice and therefore cannot derive its physical properties
(abundance, grain size, temperature). However, regions enriched in water ice are easily de-
tectable due to their blue color on RGB composites generated by using the images taken at
NIR, visible, blue wavelengths. Conversely, OSIRIS images allow to observe the nucleus
at much higher spatial resolution than VIRTIS and to better correlate the color variations
with local morphology. On OSIRIS decorrelated-stretch color images is possible to derive
the visible spectral slope which can be used as a proxy for the presence of water ice (Oklay
et al. 2016a):

slope

(
%

100 nm

)
= (RNIR − Rgreen) · 10.000

(λNIR − λgreen) · Rgreen
(1)

where R(λ) are the radiance factors at a given filter wavelength λ. Oklay et al. (2016a) have
identified three surface classes on 67P/CG nucleus by means of OSIRIS spectral slopes
values:

1. 8 to 13%/100 nm corresponds to the surfaces where activity is observed: Hapi, active
pits, alcoves, and bright water ice-rich features in Imhotep;

2. 13 to 15%/100 nm characterizes either surfaces partially covered by material ejected
from active spots or inactive areas peppered with small bright features;

3. >15%/100 nm is typical red color of the inactive surfaces where the dehydrated dust
dominates.

In Fig. 13 is shown a sequence of color images and corresponding spectral slopes showing
long-lasting (several months up to the entire mission) clusters and isolated icy features in
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Fig. 13 Top panel: sequence of images showing several cluster features (CF) and isolated features (IF) on
three epochs of 2014, 2015 and 2016 (from left to right column). A 100 m scale-bar is shown in the right
corner of each image. All images are projected onto a 3D shape model and displayed in a common frame
to show the features in the same orientation. Images taken at 882.1 and 649.2 nm are used in the R and G
channels, while 360.0 or 480.7 nm images are used for the B channel. Bottom panel: spectral slope images,
showing the reduction of the ice on the surface. Retrieved water ice abundances for CF-IF features are given
in Table 5. From Oklay et al. (2017)

Imhotep. All these regions enriched in water ice were existing on the surface when Rosetta
reached the comet. The initial bluish color observed in 2014 on these features became much
less evident in 2015 and finally disappeared in 2016 (top panel). However, the large isolated
water icy feature (labeled IF) was existing on the surface since the first imaging to the last
imaging of the area (Oklay et al. 2017). At the same time the spectral slopes from neutral
become more and more red, similar to the non icy terrain, indicating that the ice fraction
on the surface has sublimated (bottom panel). A further discussion about compositional
changes caused by diurnal and seasonal effects is given in Sect. 4.

The properties of the water ice rich areas on several locations as derived from OSIRIS
images are reported in Table 5. The spectral modeling in the visible spectral range per-
formed by Fornasier et al. (2016) and Oklay et al. (2017) is based on the same assumption
of areal mixing between 30 µm water ice grains and dark terrain. The thermal modeling per-
formed in both studies gave more information about the water ice content, including the ice
thickness estimations from several tens of centimeters up to several meters according to the
lifetime of different water ice rich features. The locations for which retrievals from infrared
observations are available are marked for comparison with Table 4. On average, water ice
abundances derived from OSIRIS images are up to a factor 4 higher than those derived from
VIRTIS data. This difference can be ascribed to three concurrent effects that need to be con-
sidered when comparing the results: (1) the spatial resolution between the two instruments
is very different with OSIRIS NAC resolution about 7 times better than VIRTIS. As a con-
sequence of this, OSIRIS can detect more pure areas within one VIRTIS pixel resulting in
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Table 5 Visible filters identification of water ice species, abundances and distributions on the surface of
67P/CG. Water ice abundance is computed assuming areal mixing and 30 µm water ice grain size

Comet Region Area size Ice Abundance Reference

67P/CG Imhotep CF1c 8373.8 m2 H2O 6 to 25% Oklay et al. (2017)

67P/CG Imhotep CF2c 14652.8 m2 H2O 6 to 20% Oklay et al. (2017)

67P/CG Imhotep CF3 4652.2 m2 H2O 15 to 10% Oklay et al. (2017)

67P/CG Imhotep IF1d 126.5 m2 H2O 6% Oklay et al. (2017)

67P/CG Imhotep IF2 74.5 m2 H2O 48% Oklay et al. (2017)

67P/CG Anhur-Bes patch Ae ≈1500 m2 H2O 21% (ice) or 23% (frost) Fornasier et al. (2016)

67P/CG Anhur-Bes patch Be ≈1500 m2 H2O 29% (ice) or 32% (frost) Fornasier et al. (2016)

Labels c, d, e indicate similar areas in Table 4 for comparison

locally higher abundances; (2) the a-priori choice to use only areal mixing and fixed grain
size to model OSIRIS data; (3) the different timing of OSIRIS and VIRTIS observations.

Apart from 67P/CG, water ice deposits have been observed on the surface of the
9P/Tempel 1 nucleus by Deep Impact (Sunshine et al. 2006) and identified by means of
their blue colors at visible wavelengths and by absorption bands at 1.5, 2.0, 3.0 µm (Fig. 14).
Spectral modeling indicates that the deposits are 3–6% enriched in water ice with grain sizes
of 30 ± 20 µm. Nucleus morphology and illumination conditions limit the surface tempera-
ture between 285 and 295 K on the deposits, much colder than the maximum 330 K observed
on the more illuminated areas. Moreover, the rapid appearance of large amounts of volatiles
in the earliest ejecta after the impact of the projectile probe implies that water ice is quite
near the surface (A’Hearn et al. 2005b). While detected on expelled chunks in the coma, wa-
ter ice has not been directly detected by the EPOXI mission on the surface of 103P/Hartley 2
(A’Hearn et al. 2011). Also Deep Space 1 has not found spectral evidence of absorptions due
to water ice in the 1.3–2.6 µm spectral interval when observing the 9P/Borrelly nucleus with
a spatial resolution of 160 m (Soderblom et al. 2002).

3.2 Organic Materials

While cometary ice species are easily identifiable on VIS-IR reflectance data by means
of their high albedo and numerous and well-known absorption bands, a much more chal-
lenging effort is to determine the composition of complex organic materials which can be
grouped in the ‘CHON’ (Carbon, Hydrogen, Oxygen, Nitrogen) families (Whipple 1950;
Clark et al. 1987). The emission features caused by the stretching and bending modes of or-
ganic (aliphatic and aromatic) compounds observed in the circumstellar envelope of evolved
stars and in the interstellar medium (Kwok 2007) clearly indicate that plentiful C is available
in the Universe (Pendleton and Allamandola 2002) and in the early solar system (Kerridge
1999). A large fraction of the carbon in the Universe is assembled in Polycyclic Aromatics
(PAHs) resulting in the third most abundant molecular species after H2 and CO (Wooden
et al. 2004). PAH were identified by means of their UV-visible (Moreels et al. 1994) and
3.2–3.6 µm infrared emissions (Bockelée-Morvan et al. 1995) for many cometary comae. In
Pizzarello et al. (2006) is given a thorough review of the chemical properties of the organic
materials found in meteorites and interplanetary dust particles (IDPs).

Apart from their intrinsic low albedo, which implies lower signal, and red slopes at vis-
ible wavelengths, the majority of the organic materials in the ‘CHON’ inventory are char-
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Fig. 14 Optical and spectral identification of ice-rich areas relative to non-ice regions on the 9P/Tempel 1
nucleus by Deep Impact. Panels A–B: HRI visible data and filters spectra at 16 m/pixel. Panels C–D: MRI
visible data and filters spectra at 82 m/pixel. Panels E–F: strength of the 2.0 µm water ice absorption and
relative reflectance at 120 m/pixel. Note that the IR scan at the highest resolution only covers the upper
half of the nucleus, as shown. The ice-rich areas are mapped in the visible images as combinations of high
450 nm/750 nm relative reflectance (387 nm/750 nm for MRI) and low 950 nm/750 nm relative reflectance.
From Sunshine et al. (2006)

acterized by vibrational modes carried by hydrocarbons, oxygen/nitrogen-bonds and acids
chemical groups within the 3.0–3.6 µm spectral range (see Table 6).

The wide 3.2 µm band visible on the average spectral reflectance of 67P/CG dark ter-
rain (Fig. 2) has been attributed to a complex organic material with a variety of contributing
species (Capaccioni et al. 2015). The broadness of the band may be explained by the contri-
bution from carboxylic O–H with plausible contributions from aliphatic and aromatic C–H,
as well as alcoholic/phenolic O–H (Capaccioni et al. 2015; Quirico et al. 2016). The 3.2 µm
band appears distorted by two concurring effects, namely the presence of OH stretch which
causes the broadening of absorption in the 2.7–3.0 µm range, and the surface thermal emis-
sion which influences the infrared spectral range starting from 3.5 µm range (Filacchione
et al. 2016c). For this reason the best VIRTIS data to study the 3.2 µm band are those col-
lected during Rosetta’s prelanding phase when the surface was still relatively dehydrated
and cold (T < 230 K). Approaching perihelion, the superficial water ice fraction increases
(see discussion in Sect. 4) and the thermal emission becomes dominant with respect to the
absorption bands exhibited by the reflectance spectra. In the following paragraphs we give a
summary of the different organic materials which best-match the observed infrared spectral
features.

The C–H bonds in methylene (CH2), methyl (CH3) aliphatic groups and in aromatic hy-
drocarbons can be identified by means of their symmetric and antisymmetric stretch vibra-
tion modes (Table 6). Some of these features are compatible with the secondary absorptions
shown in Fig. 2—bottom panel (Raponi et al. 2018). Similar aliphatic features have been
identified on other solar system objects, including Ceres (De Sanctis et al. 2017), Saturn’s
rings (Filacchione et al. 2014) and Iapetus (Cruikshank et al. 2014).
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Table 6 Diagnostic absorption bands of functional groups containing ‘CHON’ in the near infrared spectral
range (Socrates 2001)

Chemical
group

Functional group Vibration type Absorption
wavelength (µm)

Intensity

Alcohol O–H stretch H-bonded 2.78–3.12 strong-broad

Alcohol O–H stretch-free 2-70–2.86 strong-sharp

Alkanea C–H stretch 3.33–3.51 strong

Alkenea =C–H stretch 3.23–3.32 medium

Alkynea C–H stretch 3.03 strong-sharp

Alkynea −C≡C− stretch 4.42–4.76 variable

Aliphatic
hydrocarbon

CH2 stretch 3.42 (asym),
3.51 (sym.)

sharp

Aliphatic
hydrocarbon

CH3 stretch 3.38 (asym),
3.48 (sym.)

sharp

Aromatic
hydrocarbon

C–H stretch 3.22–3.33 medium

Amine N–H stretch 2.86–3.03 medium

Nitrile C≡N stretch 4.35–4.55 medium

IsoNitrile C≡N stretch 4.59–4.67 medium

Carboxylic
acid

−COOH stretch 3.03–4.00 strong-very broad

Aldehyde =C–H stretch 3.63–3.68 medium

Aldehyde =C–H stretch 3.51–3.55 medium

Amide N–H stretch 2.85–3.22 medium

Note: aAliphatic compounds can be saturated, joined by single bonds (alkanes), or unsaturated, with double
bonds (alkenes) or triple bonds (alkynes)

Within the instrument limitations (calibration residual at 4.6 µm and removal of the ther-
mal emission), VIRTIS data seems to indicate little to null contribution of the amine and
nitrile groups (Capaccioni et al. 2015) confirming that 67P/CG is depleted in N with respect
to other comets. A similar indication is in agreement with ROSINA which has measured an
average ratio of N2/CO = (5.70 ± 0.66) · 10−3 corresponding to a depletion by a factor of
≈25.4±8.9 as compared to the protosolar value (Rubin et al. 2015). These data indicate that
67P/CG must have formed at very low temperatures (<30 K) within the protosolar nebula
resulting in a common origin with other Kuiper Belt objects.

Among the vast inventory of organic materials, coals, bitumens (Moroz et al. 1998;
Quirico et al. 2016) and aliphatic-rich tholins (Quirico et al. 2008) share similar spec-
tral features which make them a first class of analogs candidates for the identification of
the hydrocarbon part of cometary organics. These compounds are characterized by a low
reflectance and a neutral to red color at visible and near infrared wavelengths. Solid oil
bitumens are complex macromolecular materials mostly consisting of polyaromatic and
aliphatic hydrocarbons, that depending on their compositions and chemical structures are
classified as asphaltites, kerites and anthraxolites (Moroz et al. 1998 and references therein).
The fraction of kerogen relative to the fraction of solvent-soluble bitumen, carbon aromatic-
ity, and C/H ratio increase in this series from low-temperature asphaltites through kerites
to the most thermally evolved high antraxolites (Moroz et al. 1998 and references therein).
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Fig. 15 Left panel: representative reflectance spectra of 67P/CG regions compared with reflectance spec-
tra of low-anthraxolite (Moroz et al. 1998), transmission spectra of tholins (Quirico et al. 2008) and HCN
polymer (Bonnet et al. 2015) (data with offset for clarity). The spectral shift in the position of the aliphatic
modes in the low anthraxolite with respect to those of the tholin SA90 (vertical dash-dotted lines) is due to
the nitrogen content. The dashed line indicates the position of the 4.6 µm artifact on VIRTIS data which also
fits the position of the OCN-anion in laboratory experiments. Right panel: further comparisons with trans-
mission spectra of ammonium salt (from NIST database) and of photolytic residues produced under varying
conditions (Muñoz Caro and Schutte 2003). From Quirico et al. (2016)

These changes are accompanied by a reduction of the spectral slope in the VNIR spectral
range. High-kerites and low-anthraxolites show compositional and structural similarities to
organic matter from CM2 and CI1 chondrites, while high-anthraxolites (shungites) resemble
more carbonized organics in CV3 and CO3 chondrites (Moroz et al. 1998; de Bergh et al.
2008).

Tholins are synthesized by irradiation of simple C- and N-bearing compounds with solar
UV radiation or energetic cosmic rays (Sagan and Khare 1979). The resulting compounds
include amines, nitriles, and alkyne groups resulting in a prominent band around 3.2 µm and
various NIR overtone and combination bands. The VIS-NIR spectra of these polymer-like
materials are characterized by a steep red slopes controlled by their carbon structure. An-
hydrous tholins can be distinguished from ice tholins by the presence of the C≡N stretches
at 4.4–4.65 µm (Khare et al. 1994). In presence of methylene (CH2)- and methyl (CH3)-
bonds, the aliphatic tholins are formed (Quirico et al. 2008). These are recognizable by
means of their C–H stretches between 3.38–3.51 µm (see Fig. 15, left panel). The results of
PTOLEMY and COSAC onboard Philae lander are compatible with the presence of poly-
oxymethylene (POM) chains in semi-volatile compounds (Wright et al. 2015; Goesmann
et al. 2015). The possible POM (long debated as a possible parent molecule of formalde-
hyde in comets) detection by PTOLEMY and COSAC is, however, a controversial issue.
While the teams have interpreted their data as fragments of POM, later on Altwegg et al.
(2017) concluded that a similar interpretation of the results is not unique because other
CHO-bearing molecules can be compatible with the measurements.
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Phenolic and alcoholic OH groups (Pizzarello et al. 2006; Kolb and Liesch 2008) can
contribute to the VIRTIS spectra of the 67P surface in the 2.7–3.1 µm spectral range (see
Fig. 15, right panel).

Carboxylic Acids (R-COOH) are the main component in the soluble organic fraction in
primitive meteorites, with several tens of carboxylic, dicarboxylic and hydroxylated acids
identified so far (Sephton et al. 2002). Infrared spectra of these acids show a wide absorption
in the 3.0–4.0 µm spectral range (see Fig. 15, right panel). Phenols and carboxylic acids can
coexist in the same macromolecular structure, e.g., in solid bitumens and coals, but their
contents are too low to show the intense absorption bands typical of the VIRTIS spectra.
Quirico et al. (2016) suggested O–H in carboxylic acids as a highly plausible carrier of the
broad absorption band in the VIRTIS spectra of the 67P/CG nucleus surface.

Among amines-bearing compounds, HCN polymers (Bonnet et al. 2015) have some simi-
larities with 67P/CG spectra even if the high-abundance N species seems to be incompatible
with the Rosina results (Altwegg et al. 2017). HCN polymers are characterized by the pres-
ence of an amine absorption band which extends from 2.7 to 3.7 µm and is much broader
than the 3.2 µm band observed by VIRTIS towards shorter wavelengths (Fig. 15, left panel).
Moreover, the strong nitrile absorption at 4.5 µm shown in the polymer spectrum cannot be
safely identified in VIRTIS data.

Other viable candidates are ammonium and cyanide salts. Ammonium salts contain the
ammonium ion NH+

4 which absorbs between 2.94 and 3.34 µm. In the residues formed
by irradiation or heating of ice mixtures, the ammonium ion is often associated with the
OCH− group (Quirico et al. 2016). The cyanide salts form by annealing NH3 + HCN ices
(Gerakines et al. 2004). Prolonged heating or irradiation of the ice mixtures by UV pho-
tons or energetic particles form refractory organic residues which include a variety of car-
boxylic acids and ammoniated salts, esters and amides (Muñoz Caro and Schutte 2003).
The ammonium ion spectrum shown in Fig. 15, right panel, appears as a viable candi-
date, while photolytic residues may display a broad feature that encompasses the 3.2 µm
band.

Apart form 67P/CG, organic materials have been detected in infrared spectra of other
comets. For 19P/Borrelly Soderblom et al. (2002) reported about the presence of a spectral
band at 2.39 µm about 0.02 µm wide. The origin of the absorption feature is unknown but it
could be compatible with various hydrocarbons such as polyoxymethylene. Infrared emis-
sion features at 3.3–3.4 µm of organics have been detected in the coma of 103P/Hartley 2
(A’Hearn et al. 2011) where are mainly associated with CO2-rich jets.

3.3 Inorganic Refractories

From the compositional analysis of 67P/CG dust grains (Bardyn et al. 2017) and from the
inventory of mineral species detected on Stardust grains (Keller et al. 2006; Dobricǎ and
Brearley 2011), interplanetary dust particles or IDPs (Engrand et al. 2016) and micromete-
orites (Dobricǎ et al. 2011, 2012), we know that cometary inorganic refractories are domi-
nated by a mixture of minerals including anhydrous Mg-rich silicates, Ni-bearing iron, Fe
sulfides and glassy phases with embedded metals and sulphides or GEMS (Leroux et al.
2015). Other plausible refractory endmembers are amorphous and graphitic carbon present
in the interstellar medium dust particles (Papoular 2001).

The presence of fine-grained opaques (including Fe-sulphides) is responsible for the re-
duction of the visible-near infrared albedo and of the reduced spectral contrast within the
3.2 µm absorption band (Moroz et al. 2017). A thorough spectral investigation of cometary
refractories analogs in the laboratory within the 0.45–2.7 µm interval has shown that 67P/CG
spectral properties in this range can be reproduced by a mixture of coal, pyrrhotite and dunite
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Fig. 16 Left: Optical binocular images of different mixtures sieved to grains <25 µm after a colloidal grind-
ing with a planetary grinder. (A) Areal mixture of coal PSOC 1532 and dunite mixed with grinder MM200
without milling balls. (B) Intimate mixture of PSOC 1532 and dunite hand-mixed into a mortar with a pestle.
(C) PSOC 1532, dunite and pyrrhotite are mixed with the grinder MM200 as sample A. Pyrrhotite coats
unbroken aggregates of dunite and organics (yellow arrows). Boxes in the upper right corner show bro-
ken aggregates of PSOC 1532 and dunite. (D) Intimate mixture of PSOC 1532, dunite and pyrrhotite, hand
mixed into a mortar. Right: Reflectance spectra of mechanically mixed ternary mixtures of coal PSOC 1532,
pyrrhotite and dunite. This protocol preserves clumps of organics and silicate which are coated by pyrrhotite
grains (solid lines). The resulting spectra are similar to the ones of the intimate mixtures (dashed lines) in the
visible while they are redder and brighter in the infrared range. The fraction of dunite varies from 5 wt% to
30 wt% but does not lead to strong variations of the spectral shape. From Rousseau et al. (2018)

grains (Rousseau et al. 2018). Noteworthy, the mixing state among these endmembers can
drastically change the spectral properties of the sample (Fig. 16, left panel). This effect is
mainly due to the coating of fine pyrrhotite particles occurring on the surfaces of larger
clumps of coal and silicate grains. To date, the best spectral match to VIRTIS data in this
range (Fig. 16, right panel) is achieved with a mixture of coal and pyrrhotite (in propor-
tion 67:33 wt%) with a variable amount of dunite (between 5 to 30%). The sample fails
to completely reproduce correctly the visible-near infrared spectral slope but this could be
compensated by adding few percent of H-rich organic material which typically introduce a
reddening at visible-near infrared wavelengths.

The spectral properties of mixtures of organic material with opaque phases have been
investigated by Moroz et al. (2017). Pyrrhotites and troilites are sulphides characterized
by a decrease in reflectance with decreasing grain size, which is typical for opaque phases
(Hunt et al. 1971). Mixtures containing sub-micron sulfides grains have the capability to
drastically reduce the visible and near infrared albedo. Coarse size sulfides grains are much
less effective in reducing the albedo than fine-grained ones. This could help in explaining the
low albedo of 67P/CG’s nucleus, as discussed in Sect. 2.1. The presence of a small amount
of fine-grained opaque phase can effectively reduce the overall albedo of a bright material.
In a similar way, the spectral reflectance of the ubiquitous dark terrain observed by VIRTIS
on the surface of 67P/CG could be explained by the presence of fine-grained opaques and
organic refractories, while the presence of silicate is much less significant (Moroz et al.
2017; Rousseau et al. 2018). The analysis of reflectance spectra of kerite-troilite and kerite-
pyrrhotite mixtures in different percentages made by Moroz et al. (2017) shows that Fe-
sulfides intimately mixed with organic material significantly influence shapes and relative
contrasts of absorption bands within the wide 3.2 µm band. The authors showed that the
positions of individual aromatic C–H and aliphatic CH2 and CH3 absorption bands coincide
with the fine structure observed within the average spectrum of the 67P/CG’s surface shown
in Fig. 2—bottom panel.
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3.4 Spectrophotometry of Ice-Containing Cometary Analogs

It is commonly thought that while cometary nuclei are ice-rich in bulk, the low albedo of
their surfaces is due to the presence of an optically thick desiccated layer, either a conse-
quence of the sublimation of ice from the surface or rediposition of dry dust emitted by the
cometary activity. Various laboratory experiments have reproduced the darkening of analogs
for cometary matter, as the ice initially mixed with dark refractory dust sublimates, resulting
in the formation and thickening of a porous sublimation lag (Oehler and Neukum 1991).
The red spectral slope of these analogs also increases as the albedo decreases, resulting in
the negative correlation between these parameters systematically observed at the surface of
the nucleus of 67P (Pommerol et al. 2015; Poch et al. 2016a,b; Jost et al. 2017a).

However, many experiments show that it is actually possible to hide large amounts of
water ice when intimately mixed with fine-grained dust which acts like a coating on larger
grains. In these cases fine absorbing grains mixed with water ice have a darkening effect
disproportional to their abundance. Measurements of the bidirectional visible reflectance of
binary mixtures of calibrated water ice particles and reference lunar regolith simulant JSC1-
AF (Fig. 17) have shown that it is possible to mix up to 75% of ice by weight within the dust
without increasing its reflectance notably, therefore making this ice hardly detectable for
visible imagers (Yoldi et al. 2015). Similar measurements with dust analogs more relevant
to cometary matter show even more pronounced effects, with as little as 2 wt. % of fine-
grained charcoal required to decrease the albedo of 70 µm diameter ice particles to the value
measured at the surface the nucleus of comet 67P (Jost et al. 2017b).

The first consequence of these results is that the bright patches and regions observed
at the surface of the nucleus must be very ice-rich if the ice is mixed intimately with the
refractory dust. Depending on the size of the ice particles and both the size and compo-
sition of the dust particles, the measured reflectance factors of the bright patches that are
several times higher than the average of the nucleus surface could indicate nearly pure ice.
Alternative scenarios that would lead to lower inferred ice contents are areal mixtures at
scales smaller than the resolution of OSIRIS NAC, i.e. centimeters to tens of centimeters,
or the presence of frost at the surface of the dust grains. Both scenarios are plausible with
ample evidence for frost deposition and sublimation at diurnal timescales (de Sanctis et al.
2015; Fornasier et al. 2016) and evidence for the formation of large particles of ice by re-
condensation or sintering (Filacchione et al. 2016a). The second important implication of
these experimental result is that the low albedo of the vast majority of the surface of the
nucleus alone doesn’t preclude the presence of large amounts of ice at the surface if it is
intimately mixed with the dust, as expected for primordial ices that have condensed as lay-
ers around the surfaces of the dust grains. Therefore, the nucleus might be constituted of an
ice-rich interior coated by a desiccated layer but punctuated by bright icy patches that form
by re-condensation of sublimated water vapour and/or sintering of the ice and segregation
from the dust.

The infrared spectral range contains more sensitive and diagnostic features for the pres-
ence and properties of water ice. Recent experiments by Yoldi et al. (2015) have been con-
ducted to verify if the masking of the ice by dark dust seen in the visible spectral range is
also efficient in the infrared. Binary mixtures between water ice and lunar regolith simulant
(Fig. 17) show that the spectral signatures of water ice can be identified for lower ice con-
tents, of about 1/3 by weight and possibly less. These infrared spectral signatures are thus
significantly more sensitive to the presence of water ice than the visible albedo in the case of
intimate mixtures. It still seems possible, however, to resolve at least 10 or 20 wt. % of ice
in the regolith depending on the properties of the ice and dust components. Unfortunately,
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Fig. 17 Measured VIS (750 nm) phase curves (top: incidence = 20◦ and middle: incidence = 70◦) and
VIS-NIR (0.4–2.4 µm) reflectance spectra (bottom) of binary mixtures of the JSC1-AF simulant for fine lunar
dust (McKay et al. 1993) with fine-grained ice (SPIPA-A, left) and coarser-grained ice (SPIPA-B, right) in
variable concentrations. The fine-grained ice (SPIPA-A) has a mean particle diameter of about 5 µm whereas
the coarser-grained ice (SPIPA-B) has a mean particle diameter of about 70 µm. These well-calibrated ice
samples have been produced using dedicated Setups for the Production of Icy Planetary Analogs (SPIPA)
developed at the University of Bern. From Yoldi et al. (2015)

the 3 µm region, the most sensitive to the presence of water, was not investigated by Yoldi
et al. (2015).

The intensity of the infrared signatures has been used to estimate both the ice content
and the size of the ice particles by inverting the Hapke (1993) spectro-photometric model.
However, this leads to contradicting implications between relatively low amounts of ice (a
few wt. %) inferred from the infrared spectral features and much higher water ice contents
required to explain the bright features in the visible range in the hypothesized case of purely
intimate mixtures. This possibly means that the mode of association between ice and dust
is generally not dominated by intimate mixtures at the grain scale and that re-condensation
and sintering leading to segregation of the ice and the dust are active in the surface layers
of the nucleus probed by optical remote-sensing. New controlled experiments using more
realistic low-albedo cometary dust analogs and reflectance measurements spanning both the
visible and infrared spectral ranges up to 4 µm need to be performed to better understand the
amount and state of water ice compatible with Rosetta observations of 67P/CG’s nucleus
surface.
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4 Compositional Changes Driven by Seasonal Cycle and Activity

By orbiting in the vicinity of 67P/CG for more than two years around the perihelion passage,
from July 2014 to September 2016, Rosetta’s remote sensing instruments had the opportu-
nity to observe the nucleus with unprecedented spatial and temporal resolutions allowing to
trace morphologic and compositional changes occurring on the surface at different heliocen-
tric distances and local times. Thanks to these characteristics it was possible to follow the
compositional variations caused by activity and seasonal cycles for different regions of the
nucleus. 67P/CG surface composition changes are driven by the following mechanisms:

1. Erosion of the surface due to the sublimation of water ice and other volatile species in
the subsurface layers. This is the case for the roundish features formed in the Imhotep
flat area in June–July 2015 (Groussin et al. 2015b) as a consequence of the deflating of
the surface. The largest of these features developed with a lateral velocity of the order
of 5.6 · 10−5–8.1 · 10−5 m/s reaching diameters of ≈140–220 m with rims of about 5 m
height (Fig. 18). The features’ rim contours appear distinctively neutral to blue colored
compared to the rest of surface where the visible spectral slope is 16% per 100 nm.
However, no unusual activity was observed during the formation or evolution of these
large round features.

2. Localized activity in cliffs, fractures, pits, bright features areas appears correlated with the
sources of dust jets (Vincent et al. 2016a). The jet activity was stable between successive
nucleus rotations and is tuned by the local illumination conditions (Vincent et al. 2016b).
As discussed in Sect. 3.1, the areas of local activity are enriched in water ice and are
recognizable by means of their higher albedo and more neutral (8–13%/100 nm) visible
spectral slope (Oklay et al. 2016a). This class encompasses the diurnal condensation and
sublimation cycle of the water ice in Hapi discussed in Sect. 3.1.

3. Collapse of elevated structures, overhangs and cliffs resulting in the mechanical disrup-
tion of old terrains (Groussin et al. 2015a; Pommerol et al. 2015; Pajola et al. 2017) with
consequent appearance of bright water ice-rich material in the exposed walls and nearby
debris fields (Filacchione et al. 2016a; Vincent et al. 2016a; Oklay et al. 2016b, 2017).

4. Transfer and redeposition of the dust driven by the activity and local topography (Thomas
et al. 2015; Keller et al. 2017; Hu et al. 2017). The material eroded and ejected from the
south hemisphere is partially transferred to the northern regions during southern summer
season (at perihelion). According to Lai et al. (2016), Hapi gains up to 0.4 m while Wosret
loses up to 1.8 m of dust mantle per orbit. Some models indicate that about 20% of the
eroded material in the south is deposited on the north hemisphere and that this airfall
material is wet (Keller et al. 2017). This water ice rich airfall material was reported by
Oklay et al. (2016b).

All these phenomena, occurring at different spatial and temporal scales, are affecting the
surface composition: while the surface’s disruption mechanisms give access to subsurface
volatiles, and nocturnal condensation are able to enrich the outer layers with icy species,
the transfer and consequent deposition of dust is responsible for the observed spatial ho-
mogeneity of the ubiquitous dark terrain composed of organic material and mineral dust
grains (Capaccioni et al. 2015; Filacchione et al. 2016c; Ciarniello et al. 2016). However,
the amount of water ice bound to dust grains is variable, depending on seasonal/diurnal cycle
and local morphology. The major spectral changes were observed when 67P/CG was near
perihelion. At this time VIRTIS has measured an increase of the average albedo (up to 30%
on average), the progressive bluening and flattening of the visible slope, the increase of the
3.2 µm absorption band area caused by the OH absorption (Fig. 19) with the resulting shift
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Fig. 18 The evolution of the roundish features developed in a flat area of the Imhotep. Blue (481 nm) over
orange (649 nm) or red (701 nm) color ratios of the evolving region on 18 June 2015 (upper row), 2 July 2015
(middle row), and 11 July 2015 (lower row). The first column shows a context image of the region, the second
column shows the color ratio (blue-to-orange for 18 June and 2 July, blue-to-red for 11 July), and the third
column shows a color-composite image made of the first two columns. The yellow arrows indicate where
erosion features started with a material bluer than average (value above 1 in the color ratio). The images were
acquired by OSIRIS/NAC. From Groussin et al. (2015b)

of the band center towards shorter wavelengths (Filacchione et al. 2016c; Ciarniello et al.
2016). In the visible spectral range, also OSIRIS observed a decrease of the spectral slopes
around the perihelion passage (Fornasier et al. 2016). All these effects are the consequence
of the exposure of more icy and pristine terrains caused by the removal of the surface dust.

Spectral analysis conducted by Longobardo et al. (2017) shows that the 3.2 µm band
depth is independent from phase angle but the band centre is slightly shifting towards longer
wavelengths when the incidence angle increases. This effect is probably due to the exposure
of water ice fraction on the surface by weak cometary activity at increasing temperatures.
The fact that the 3.2 µm band depth is uncorrelated to phase angle marks a substantial dif-
ference with the usual photometric responses of common materials which instead show an
increase of the band depth at increasing phase angle. A similar effect is the consequence
of the predominance of the multiple scattering on the band wings with respect to the single
scattering on the band center occurring at high phases (Hapke 1993). This spectral behavior
is interpreted by Longobardo et al. (2017) as the result of high abundance of fine-grained
opaque species able to suppress not only the band itself, but also its dependence from the
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Fig. 19 Temporal evolution of 67P/CG composition maps by VIRTIS. Left column: visible spectral
slope. Center: 3.2 µm band area. Right: 3.2 µm band center. From top to bottom are shown maps
built from data acquired during MTP006 period (2014 Aug. 8–2014 Sept. 2, rh = 3.62–3.44 AU),
MTP007–MTP008 (2014 Sept. 2–2014 Oct. 24, rh = 3.44–3.12 AU), MTP009–MTP010 (2014 Oct. 24–2014
Dec. 19, rh = 3.11–2.75 AU), MTP011–MTP012 (2014 Dec. 19–2015 Feb. 10, rh = 2.73–2.35 AU) and
MTP014–MTP015 (2015 Mar. 10–2015 May 5, rh = 2.13–1.72 AU). For each MTP period the surface cov-
erage changes according to VIRTIS observation schedule along the Rosetta’s orbital phases. All data are
photometrically corrected and mapped with a resolution of 0.5 × 0.5◦ . Figure from Ciarniello et al. (2016)

viewing geometry or by a different phase reddening able to change the band depth properties
with phase.

The temporal evolution of three large water ice rich areas, BAP1-2 (Filacchione et al.
2016a) and SPOT6 (Barucci et al. 2016), is analyzed by Raponi et al. (2016) on IR spec-
tra along a period of time of about 180 days during which the heliocentric distance was
decreasing from 3.6 to 2.2 AU. The three regions show similar life cycles: the patches in-
crease their dimensions and surface ice abundance, reach a maximum and then rapidly de-
crease until, eventually, the ice completely disappears from the surface. Since these three
areas are located very close to the equator they share similar thermal history and evolution.
However, the local topography drives the timing of the maximum dimension and water ice
abundance. A similar trend is interpreted by means of the exposure of deeper water ice-rich
layers which is consistent with the local morphology of these areas where overhang falls
or landslides have caused the exposure of fresh material. After the initial exposure of the
ice, the local activity increases removing more and more surface dust thank to the ice sub-
limation giving a positive feedback on the exposure itself. The process continues while the
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nucleus approaches the Sun and it reaches a turning point when the sublimation rate prevails
on the exposure rate, until the complete sublimation of the patch occurs (Raponi et al. 2016).

5 Conclusions

We have reviewed the principal results achieved by in situ and remote sensing payloads
aboard the Rosetta orbiter and Philae lander aiming to determine the composition of comet
67P/CG and, where possible, to compare these results with data of other known comets. The
determination of surface composition is a difficult task given the cometary active environ-
ment and the rough surface morphology. Moreover, the measurements were limited by the
constraints given by Rosetta’s orbit and Philae’s not-nominal landing. In general the assess-
ment of the volatile species, e.g. water and carbon dioxide, is more obvious than for the other
materials: in gaseous phases they have been measured by mass spectrometers (Hässig et al.
2015), infrared spectrometer (Bockelée-Morvan et al. 2015; Fink et al. 2016) and microwave
instruments (Biver et al. 2015; Lee et al. 2015); in solid phase at infrared wavelengths (de
Sanctis et al. 2015; Filacchione et al. 2016a,b) with further evidence from the visible (For-
nasier et al. 2016; Barucci et al. 2016; Oklay et al. 2017). The non-volatile fraction, which
includes both mineral and organic materials, is much more difficult to characterize. While an
infrared spectroscopic identification of the organic material (Capaccioni et al. 2015) present
on the 67P/CG surface is still far from being fully achieved for the reasons previously de-
scribed in Sect. 3, we can certainly assess that among the materials we have reviewed the
most probable endmembers are included.

The nucleus particles consist of an assemblage of various organic components, minerals
and water ice. The suggested organic compounds contain COOH and OH-groups and a re-
fractory macromolecular material bearing aliphatic (CH2 and CH3) and polycyclic aromatic
hydrocarbons which are the most plausible organic materials able to contribute to the re-
flectance spectra of 67P/CG’s nucleus. The organic material appears mixed with minerals,
including silicates, Fe-sulfides (pyrrhotite and/or troilite) and possibly ammoniated salt.

In the field of visible and infrared spectroscopy, the availability of optical constants mea-
sured on laboratory analogs is of the utmost importance. Spectral modeling efforts are in
fact currently limited by the availability of these data which are known for only a rela-
tively small number of the compounds that are likely to be present on the 67P/CG’s nucleus
surface. We must be aware that apart of composition also grain size distribution, mixing
modalities among different endmembers and thermal evolution play fundamental roles in
the interpretation of remotely-sensed data. Due to unexpected landing conditions of Philae,
in-situ compositional studies could not be completed as planned. Therefore, a future sample
return mission is strongly envisaged for the characterization of cometary nucleus composi-
tion.
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