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Abstract This chapter reviews the estimates of the dust-to-gas and refractory-to-ice
mass ratios derived from Rosetta measurements in the lost materials and the nucleus of
67P/Churyumov-Gerasimenko, respectively. First, the measurements by Rosetta instruments
are described, as well as relevant characteristics of 67P. The complex picture of the activity
of 67P, with its extreme North-South seasonal asymmetry, is presented. Individual estimates
of the dust-to-gas and refractory-to-ice mass ratios are then presented and compared, show-
ing wide ranges of plausible values. Rosetta’s wealth of information suggests that estimates
of the dust-to-gas mass ratio made in cometary comae at a single point in time may not
be fully representative of the refractory-to-ice mass ratio within the cometary nuclei being
observed.
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1 Introduction

Comets are believed to be the least processed remnants of the early days of the outer Solar
System because their low gravity prevented high internal pressure, and their birth place in
the outer protosolar disk (with low mass densities and moderate Kepler velocities) only led
to moderate modifications by collisions after their formation. Comets consist of a mixture
of refractory materials in the classical sense (minerals), an organic “soup” that ranges from
simple molecules more volatile than water ice, such as methane and methanol, to heavy and
refractory molecules such as kerogen-like insoluble organic matter (IOM), and a number
of frozen volatiles (ices) like H,O, CO,, CO, H,S, NH3, and multiple other minor species
(Bockelée-Morvan et al. 2004; Mumma and Charnley 2011; Bockelée-Morvan and Biver
2017). Comet nuclei have a very low density/high porosity (Weissman et al. 2004; Weissman
and Lowry 2008; Preusker et al. 2017), and the few samples available on Earth that likely
originate from comets (chondritic-porous interplanetary dust particles, ultra-carbonaceous
Antarctica micro-meteorites), as well as grains collected in the coma of 81P/Wild by the
Stardust mission, all exhibit a very fine-grained texture (Joswiak et al. 2017). These com-
positional and physical characteristics point to a rather slow and gentle accretion under cold
conditions <« 100 K, i.e. at large heliocentric distances within the protosolar disk.

The relative proportions of ices and refractory materials within comet nuclei (the
refractory-to-ice mass ratio) is important to trace how and where these objects formed and
evolved early on. So far it is unclear if ice and refractories are mixed on a microscopic scale,
where ice forms an ice mantle around um-sized dust grains as suggested for the conden-
sation sequence in a molecular cloud or the interstellar medium, or if mixing takes place
at a “macroscopic” scale, i.e. independent ice grains and refractory grains mixed together,
most likely in the outer disk, or a combination of both. The refractory-to-ice ratio is one
indirect clue to address this, in combination with the composition of outgassed materials
and refractories. It may help discriminate between comet formation models (Weissman and
Lowry 2008).

Comet formation processes are still a subject of intensive research and no fully self-
consistent model is available yet. Dust delivered to the protosolar nebula from the interstellar
medium was sub- um to pm-sized. To form comet parent bodies (planetesimals), cometary
dust had to accrete over many orders in magnitude in size. Dust coagulation models are
based on collisional properties derived from laboratory experiments, which have been re-
cently summarized by Blum (2018). Most of these experiments have been performed using
silicate dust aggregates, which bounce at collision speeds of Av ~ 1 cm/s and fragment at
Av ~ 1 m/s. This would suggest that no silicate aggregates larger than mm-sized were able
to grow via this process (Zsom et al. 2010). Experiments including water ice suggested that
it is considerably stickier, as the icy aggregates only fragment at Av ~ 10 m/s (Aumatell
and Wurm 2014; Gundlach and Blum 2014) consistent with earlier predictions of numerical
models (Wada et al. 2011). However, more recent work suggests that the tensile strength
of icy aggregates is lower than expected at low temperatures (Gundlach et al. 2018; Mu-
siolik and Wurm 2019). Nevertheless, the potential impact of the refractory-to-ice ratio on
the sticking properties of mixtures between ices and refractories has not been addressed by
laboratory experiments to date.

Numerical experiments focused on global redistribution of dust in the protosolar disk
showed that if the aggregate fragmentation threshold indeed depends on the refractory-to-ice
ratio, a pile-up of solids inside of the water snow line could be triggered and planetesimals
may preferentially form just outside of the snow line, where icy aggregates can grow and
accumulate (Drazkowska and Alibert 2017; Schoonenberg and Ormel 2017). However, even
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if the icy dust sticks very efficiently, its direct growth to km-sized bodies seems unlikely, as
the growing aggregates are removed from the outer parts of the disk by inward drift (Krijt
et al. 2016; Homma and Nakamoto 2018). The most widely accepted scenario of planetes-
imal formation is a multifaceted process, in which the um-sized dust first grows to mm-
to cm-sized aggregates that subsequently undergo so-called streaming instability, forming
overdense filaments that collapse to km-sized, gravitationally bound objects (Drazkowska
and Dullemond 2014; Johansen et al. 2014; Lorek et al. 2018). The refractory-to-ice ratio
of comets formed in this scenario would reflect that of dust aggregates participating in the
streaming instability, expected from one model in the range 3-9 (Lorek et al. 2016).

The refractory-to-ice ratio has a most direct impact on the thermal properties and ac-
tivity of comet nuclei. Outgassing of cometary materials is driven by sublimation of ices
(H,0 and CO/CO, mainly), mostly from subsurface layers, which in turn accelerates par-
ticles (“dust”) as they leave the nucleus. These “dust” particles may be only composed of
refractory materials, or may also contain ice. In the remainder of the manuscript, we refer to
ice-free particles as “dry dust”. The relative proportions of ice and dust in the near-surface
of the nucleus directly impact its thermal properties, as the filling of pores by water ice,
either primordial or due to recondensation of sublimated ice from below, would increase the
thermal conductivity of this environment, easing propagation of heat from the Sun to greater
depths and mobilization of ices (Prialnik et al. 2004, 2008).

For comets observed to date, the dust-to-gas ratio that can be measured in the coma was
assumed to be directly representative of the refractory-to-ice ratio within the nucleus. The
dust-to-gas ratio in the coma of 1P/Halley was first determined as 1.3-3 (McDonnell et al.
1991), although a re-evaluation of the dust size distribution (Levasseur-Regourd et al. 1999)
suggests much larger dust-to-gas ratio values (Fulle et al. 2000). The dust-to-gas ratio of
9P/Tempel is greater than 1 (Kiippers et al. 2005). However, these estimates were derived
from observations acquired at a single time along their orbit. ESA’s Rosetta mission (Glass-
meier et al. 2007) escorted comet 67P/Churyumov-Gerasimenko (hereafter 67P) through
2014-2016, and was equipped with a comprehensive suite of instruments to survey the comet
surface, its interior, its activity, and evolution over time. Thus, Rosetta provided the first op-
portunity to investigate dust-to-gas and refractory-to-ice mass ratios from up close, with
multiple measurements, over an extended period of time. This review summarizes perti-
nent results obtained to date, their uncertainties, and potential ways to investigate this in the
future.

2 67P as Seen by Rosetta
2.1 General Characteristics

67P/Churyumov-Gerasimenko, named after the two astronomers who discovered it in 1969,
is a Jupiter-Family Comet (JFC). As such, its elliptical orbit around the Sun (current orbital
period 6.44 years, perihelion distance 1.24 AU, aphelion distance 5.68 AU) is controlled
by gravitational interactions with the largest planet of our Solar System. Dynamical models
retracing the history of 67P’s orbit have shown that a close encounter with Jupiter in 1959
injected it into its current orbit, only 9 revolutions before the arrival of Rosetta (Krolikowska
2003; Groussin et al. 2007; Maquet 2015). However, these dynamical history computations
also showed that the evolution of 67P’s orbit is highly chaotic. This stochastic source of
uncertainty prevents from determining whether 67P was injected into the inner Solar System
for the first time after the 1959 encounter with Jupiter, or if it could have further evolved
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as a JFC in the inner Solar System before that, possibly with an even closer perihelion
distance than now. Nevertheless, all dynamical models agree that 67P’s orbit must have
been controlled by Jupiter for thousands of years, hence suggesting that it is a relatively
evolved comet.

Despite 67P having likely passed through the inner Solar System multiple times in its ge-
ologically recent past, the volatiles emitted by its nucleus are consistent with their original
ices being formed from outer protosolar disk and perhaps presolar materials, see hereafter
and the review by Hoppe et al. (2018). Indeed, 67P exhibits the highest D/H ratio measured
to date in cometary water (Altwegg et al. 2015), suggesting significant incorporation of outer
protosolar disk materials. The abundances of highly volatile molecules like N, (Rubin et al.
2015) and O, (Bieler et al. 2015a, 2015b), and noble gases like Ar (Balsiger et al. 2015), are
consistent with formation at extremely low temperatures found in the Kuiper Belt and be-
yond. The presence of sulfur allotropes and other sulfur-bearing molecules (Calmonte et al.
2016) is consistent with their formation via radiolytic processes in the presolar cloud and/or
the outer protosolar disk, as shown in laboratory experiments (Mahjoub et al. 2017), prior to
their incorporation in 67P. The isotopic composition of sulfur-bearing molecules (Calmonte
et al. 2017) furthermore suggests a significant contribution of materials extraneous to the so-
lar nebula. Thus, 67P appears to still retain at present-day the primordial presolar/protosolar
materials from which it formed.

The 67P nucleus, revealed by the Rosetta mission’s Optical, Spectroscopic, Infrared Re-
mote Imaging System, OSIRIS (Keller et al. 2007), has a striking bilobate structure (Sierks
et al. 2015) with a stable spin axis and strong seasonal characteristics. The high obliquity of
67P results in significant differences in insolation between the northern and southern “hemi-
spheres” (Keller et al. 2015; Jorda et al. 2016; Keller et al. 2017). The southern regions
experienced a relatively short summer around perihelion in August 2015 (with equinoxes
on May 2015 and March 2016). Although the 67P spin orientation is stable, its rotation pe-
riod changes over time owing to sublimation-induced torques (Kramer et al. 2018; Kramer
and Lauter 2019). Hirabayashi et al. (2016) computed the stresses required to propagate a
hundred-meters-long crack between the two lobes to the extent of splitting the nucleus, and
found that the rotation period would need to reach values as low as ~ 7 hrs. If the rotation
period maintains its linear decrease with every orbit, it would take ~ 15 orbits, almost 100
years, for 67P to reach the point where it may split into two (provided that no catastrophic
events occur before that).

67P exhibits a low surface albedo ~ 4% (Sierks et al. 2015), is dominated by organic
materials (Capaccioni et al. 2015; Quirico et al. 2016; Bardyn et al. 2017; Fray et al. 2017)
and has an extremely high porosity (Ciarletti et al. 2015; Kofman et al. 2015; Hérique et al.
2016; Pitzold et al. 2016, 2019). These compositional and structural characteristics result
in a low thermal inertia (Capaccioni et al. 2015; Choukroun et al. 2015; Gulkis et al. 2015;
Schloerb et al. 2015; Marshall et al. 2018), which promotes large temperature gradients over
a few cm and extreme temperature swings following rapid changes in illumination. Little to
no ice is directly detected on the surface, except: 1) in specific shadowed areas where ice
can remain stable for extended periods of time (Filacchione et al. 2016a), 2) as surface frost
associated to a diurnal cycle where ice is mobilized from the subsurface during the day and
then is recondensed on the surface during the night (De Sanctis et al. 2015), and 3) when
the activity level increased enough towards perihelion for nucleus erosion to expose fresher
materials (Fornasier et al. 2016).

The Philae lander was deployed on November 12, 2014, and bounced off its initial land-
ing site Agilkia on a hard subsurface layer beneath ~10-20 cm of loose regolith (Biele
et al. 2015), which was imaged at high resolution by the ROLIS camera (Mottola et al.
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Fig. 1 Schematic overview of measurements by Rosetta instruments that inform the parameters needed to
derive the dust-to-gas and refractory-to-ice mass ratios of 67P

2015). At Abydos, Philae’s final resting place on 67P, the SESAME package (Seidensticker
et al. 2007) made observations compatible with a meter-scale layer of compact materials in
the subsurface via SESAME-PP (Lethuillier et al. 2016) and SESAME-CASSE (Knapmeyer
etal. 2018). The locally high thermal inertia of 85 4 35 Jm~2 K~! s7%3 (“high” by cometary
standards only) measured around Abydos by the MUPUS-TM sensors (Spohn et al. 2015)
suggests that this layer could be formed by sublimation and recondensation of water ice at
depth within the pores, similarly to observations made in the KOmet-SImulationen (KOSI)
laboratory experiments (Kochan et al. 1989; Griin et al. 1991).

2.2 Rosetta Measurements Relevant to Dust-to-Gas (Lost Materials) and
Refractory-to-Ice (Nucleus) Mass Ratios

Rosetta was the first mission to Rendezvous with a Jupiter Family Comet and escort it from
3.6 AU pre-perihelion to 3.6 AU post-perihelion. It carried 11 instruments on its orbiter and
deployed a fully instrumented lander on the surface of 67P. It was thus ideally equipped to
study the surface, interior, and activity of 67P and their evolution through the active portion
of this comet’s orbit (Fig. 1).

The Radio Science Investigation, RSI (Pétzold et al. 2007), measured total mass and mass
loss during the perihelion passage from radio tracking of the Rosetta spacecraft. OSIRIS
(Keller et al. 2007) constrained the total volume of the nucleus, from which the nucleus den-
sity could be derived, and surveyed activity and mass transport processes. The Comet Nu-
cleus Sounding Experiment by Radiowave Transmission, CONSERT (Kofman et al. 2007),
used electromagnetic waves to sound the interior and derive dielectric properties of the nu-
cleus. The Microwave Instrument on the Rosetta Orbiter, MIRO (Gulkis et al. 2007), the
Visual InfraRed Thermal Imaging Spectrometer, VIRTIS (Coradini et al. 2007), and the Al-
ice UV spectrograph (Stern et al. 2007) determined remotely the production rates of water
and other volatiles, and their integration over the course of the mission. The Rosetta Orbiter
Spectrometer for Ion and Neutral Analysis, ROSINA (Balsiger et al. 2007), monitored gas

@ Springer



44 Page 6 of 38 M. Choukroun et al.

density and volatile abundances at the location of the spacecraft throughout the mission.
The Grain Impact Analyzer and Dust Accumulator, GIADA (Colangeli et al. 2007), sensed
dust grains and measured their velocity, cross-section, and mass. The COmetary Secondary
Ton Mass Analyzer, COSIMA (Kissel et al. 2007), collected dust particles, imaged them and
measured their composition using secondary ion mass spectrometry. The Micro-Imaging
Dust Analysis System for the Rosetta Mission, MIDAS (Riedler et al. 2007), used atomic
force microscopy to image the dust particles to sub-micron scale.

All these complementary measurements, illustrated in Fig. 1, provide various pieces
of information needed to determine the dust-to-gas épg mass ratio in the coma and the
refractory-to-ice §g; mass ratio within the 67P nucleus. In the subsequent sections, we
present the results and discuss sources of uncertainties related to the measurements them-
selves (calibration over long-term mission, potential sources of instrument bias) and the
models that need to be used to derive these parameters from the data. Furthermore, Rosetta
found that 67P’s activity involves nucleus-scale mass transfer processes, see next section.
These processes contribute to materials being emitted and redistributed around the nucleus.
All these issues may affect the determination of the §pg and §g; mass ratios if they were not
adequately considered.

2.3 Mass Transport Processes on 67P

The irregular shape and very high obliquity of 55° of 67P, combined with its highly ellipti-
cal orbit, are responsible for an asymmetric distribution of illumination from the Sun. This
results in extreme seasonal variations between the Northern and Southern regions, with the
Northern regions being subject to a long but mild summer around aphelion, while the South-
ern regions conversely undergo a brief but extremely intense summer around perihelion, e.g.
Choukroun et al. (2015). Smooth plains observed mainly in the northern 67P hemisphere are
evidence of dust redistribution on the nucleus, referred to as “airfall” (Thomas et al. 2015)
and explained as a dominant mass transfer from South to North occurring mainly around
perihelion (Keller et al. 2015, 2017).

Keller et al. (2015) investigated the complex shape of the nucleus and predicted the im-
pact of insolation over the period of the mission, providing inferences of potential water
production rates and surface erosion. Fougere et al. (2016a) used a Direct Simulation Monte
Carlo (DSMC) model to invert the activity distribution from ROSINA data, shape model,
and illumination, and found that H,O seemed to originate predominantly from the Northern
regions, in particular Hapi, in the early phases of the mission (pre-perihelion).

As 67P approached perihelion, subsequent OSIRIS observations of the nucleus at vis-
ible wavelengths suggested a general increase in water ice content, likely associated with
67P shedding off its dust mantle and exposing fresher materials in particular in the South-
ern regions (Fornasier et al. 2016). This inference is consistent with previous comparisons
between OSIRIS spectrophotometry data and VIRTIS-M IR spectra of exposed water ice
(Filacchione et al. 2016a). These observations confirm strong erosion in the South during
the perihelion passage.

The analysis of ROSINA/DFMS (Liuter et al. 2019) and MIRO (Biver et al. 2019) data
throughout the Rosetta mission shows how the source locations of gases in the coma varied
with seasons and insolation. The long-term monitoring of dust jets and their source location
over the course of the mission (Shi et al. 2016; Vincent et al. 2016a; Schmitt et al. 2017;
Shi et al. 2018) confirm that these features are driven by local illumination, and further
supports the derivation of gas sources locations and their evolution. Violent outbursts have
also been observed (Griin et al. 2016; Vincent et al. 2016b; Agarwal et al. 2017), however
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Fig. 2 Schematic evolution in activity of 67P along its orbit. Top: evolution in sub-solar latitude of a sphere
with the same orbital parameters and spin pole orientation as 67P to illustrate the extreme seasonal variabil-
ity. Modified after (Choukroun et al. 2015). Bottom: Images of 67P’s activity at locations along the orbit
representative of the three periods mentioned (Credit: ESA/NAVCAM/OSIRIS). Note that the re-deposition
of dm-size particles may occur within the perihelion window (1) and up to several months after perihelion
(Bertini et al. 2018) within period (2). Period (3) consists of the Northern summer around aphelion and early
during 67P’s next approach to the Sun for particles deposited in the Hapi region. The period for reactivation
of these large particles deposited elsewhere would depend on local illumination and their ice content

these features likely originate from other processes, such as thermal cracking, rupture of a
pressurized gas reservoir, and/or large-scale collapse as observed by Pajola et al. (2017).

Hapi is also suggested as a location where sublimation from airfall particles (Thomas
et al. 2015) emitted near perihelion would contribute significantly to the activity in the
Northern regions around aphelion, during the northern summer (Keller et al. 2015). Large
dm-size “chunks” of 67P materials could be emitted from the Southern regions near peri-
helion (Ott et al. 2017). These boulders could be transported and redeposited in Hapi and
elsewhere, retain a significant portion of their ice content, and be later on activated once the
northern regions exit polar night and are illuminated during the next approach towards the
Sun (Fulle et al. 2017; Keller et al. 2017; Fulle et al. 2019). The enhanced backscattering
ratio observed in dust particles in the inner coma of 67P during the post-perihelion phase by
Bertini et al. (2018) is interpreted as consistent with this scenario.

Thus, 67P offers a picture of the complex processes playing a role in cometary activity,
with a heterogeneity that is both spatial and temporal in nature. Figure 2 illustrates the
evolution in subsolar latitude with heliocentric distance (in the approximation where 67P is
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a sphere, thus should not be taken literally), and evolution of activity and history of mass
transport in this scenario. Potential sources of uncertainty and their impact on this scenario
are discussed in Sect. 4.2.

3 Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P
3.1 Derivation of the Dust-to-Gas and Refractory-to-Ice Mass Ratios

The dust-to-gas mass ratio in the lost materials of 67P, §pg, can be derived from the total
mass lost by the nucleus (M) over the course of the Rosetta mission, (10.54+3.4) x 10° kg
(Pitzold et al. 2019) and the integrated amounts of volatiles that left the nucleus (Mg,,) over
the same timespan:

dpg = (MTot - Mgas)/Mgas (1)

Or, if considering measurements conducted at specific points in time ¢ (from instruments
onboard Rosetta or ground- or space-based observations), then in the absence of any fallback
materials §pg(#) would be related to the volatile and dust loss rates Qv and Qp at that time:

dpa(r) = Qp(1)/ Qv (1) (@)

The latter approach has been most commonly used to derive the §pg (assumed constant)
of comets to date from production rates at specific times, due to the observations available
(Fulle et al. 2004; Sykes et al. 2004). However, the production rate approach is likely subject
to large uncertainties at comets that exhibit strong seasonal variations in insolation, as §pg
could change over time.

In addition, one must note that most of these previous measurements at other comets con-
sidered that the gas phase was only composed of water vapor. Rosetta enabled detailed mea-
surements of the composition of several additional volatiles in the coma. For an appropriate
comparison with previous measurements, the dust-to-water 8;%0 and dust-to-all-volatiles
8y ratios are treated separately hereafter.

In an ideal case where all dust particles in a given volume of the nucleus can be lifted
by the sublimation of ices within that volume, and all these materials are lost, g1 = épg =
(Mo — Mgas) /Mgas. However, deriving the refractory-to-ice mass ratio of the 67P nucleus,
Sri, is more difficult and prone to assumptions in the framework of a spatially and temporally
varying activity. Rosetta showed that a substantial amount of materials emitted from the
nucleus actually fall back onto the surface of 67P (Sect. 2.3).

The mass transfer processes observed by Rosetta at 67P strongly suggest a much more
complex scenario, which is depicted in Fig. 3. We define the following sources of mass
transfer (loss to space or fallback) around 67P: MgaspE is the mass of gas primarily emitted
directly from the nucleus and lost; Mg FE is the mass of dust (potentially still containing
frozen volatiles) emitted directly then lost, which would after sublimation of those volatiles
equate to a mass of refractory dust My"E and a mass of gas in extended sources My 'F;
Mq41 " is the mass of dust (and possibly ices) that falls back on the nucleus; Me, ™ is
the amount of gas emitted from large (~dm) particles that fall back onto the nucleus but
sublimate a portion of their internal ices during their journey in the inner coma; Mg, R is
the mass of gas re-emitted subsequently from the sublimation of ices within the particles
that have fallen back on the nucleus; MgRE is the mass of refractory materials subsequently
emitted upon reactivation.
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Fig.3 Sketch of the quantities involved in mass transfer processes around 67P along its orbit. All these quan-
tities contribute to the dust-to-gas §pg and refractory-to-ice gy mass ratios determined in the lost materials
and the nucleus, respectively. Depending on times in the mission and activity, the Rosetta spacecraft may be
located inward or outward of the location where ice embedded in decimeter-size particles (coma boulders)
would be completely sublimated, i.e. where dust particles (perhaps with ice) M(44,) turn into dry dust Mg
and possible extended sources Mext, whether these particles are lost to space at primary emission (superscript
“PE”) or fall back on the nucleus and may be reactivated later (superscripts fallback “FB” and re-emitted
“RE”). See text for details

None of these individual parameters are directly accessible from measurements made
by Rosetta. What can be assessed, albeit with rather large uncertainties, is the sum of all
material lost during the mission from the comet:

Mo = ngasPE + MdPE + MextPE + MexlFB + MgasRE + MdRE 3)

by considering the measured change in nucleus mass over the mission. In addition, the ex-
tent of fallback materials M, ;)™ can be estimated from the observed transport of dm-size
particles around perihelion (Fulle et al. 2017; Ott et al. 2017; Fulle et al. 2019). The to-
tal mass loss and reasonable ranges of dust-to-gas and refractory-to-ice mass ratios suggest
that fallback materials onto the nucleus may amount to multiple times the lost mass, see
Sect. 3.2 (Pitzold et al. 2019). The total loss of volatiles (M,s from Eq. (1)) can also be
determined by integrating the in-situ and remote sensing measurements made throughout
the 2015 apparition of 67P, see Sect. 3.4.
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Using production rates measured at discrete times in the mission to derive the refractory-
to-ice mass ratios in the nucleus might be tempting, as suggested above for coma measure-
ments, but this approach has the significant drawback that the respective mass contributions
of fallback and re-emitted dust may take place at different times along the orbit of 67P. Thus,
integrated mass losses in Eq. (3) cannot be simply replaced by production rates. However,
as suggested in Fulle et al. (2019), one may do so near perihelion where most of the activity
takes place, and then derive the amount of fallback materials to retrieve their refractory-to-
ice mass fraction at that time.

3.2 Total Mass and Mass Loss Due to 2015 Perihelion Passage

67P’s gravity field was measured from close distances in August-November 2014 by RSI,
allowing to determine the total mass of the 67P nucleus: (9.982 + 0.003) x 10" kg (Pit-
zold et al. 2016). Assuming a uniform nucleus, this mass and the 67P nucleus volume, first
estimated by Preusker et al. (2015) and (Jorda et al. 2016), then refined by (Preusker et al.
2017) to 18.56 £0.02 km?, yield a bulk density of 537.8 0.6 kg m~ (Pitzold et al. 2019).

Additional RSI measurements have been conducted in July-September 2016 (after the
August 2015 perihelion passage), which allow to constrain the total mass lost by the 67P
nucleus over the course of the Rosetta mission: (10.5 & 3.4) x 10° kg (Pitzold et al. 2019),
i.e. 0.1% of the nucleus mass. The bulk density of the nucleus post-perihelion, 537.3 +
0.6 kgm ™3, remains within errors consistent with the value determined from pre-perihelion
measurements.

Pitzold et al. (2019) discuss ranges of porosity and ice contents compatible with the
bulk mass and density values from RSI data. For a range of compact dust material density
from 2000 to 3500 kg/m3, the porosity varies between 65%—79% when the refractory-to-ice
mass ratio dgy for the nucleus lies in the range 3-7 (Pitzold et al. 2019). Values as low as
1 cannot be excluded but are not favored in their analysis. The nucleus is interpreted as a
highly porous dusty body with low ice content.

By comparing the total mass loss with water production rate from ROSINA and MIRO
(Sect. 3.4), Pitzold et al. (2019) suggested a dust-to-gas mass ratio of 0.5 to 1. From this
dust-to-gas mass ratio and the range of refractory-to-ice mass ratios, they derived a range
of plausible mass of fallback materials of 1.8 to 4.8 times the mass lost by 67P around the
2015 perihelion passage.

3.3 Dielectric Properties of the 67P Nucleus

CONSERT probed 67P’s small lobe (“head”) in the vicinity of Abydos up to a propagation
length (along the line-of-sight Philae-Rosetta) of about 1 km and a penetration depth of
about 100 m. The measured average dielectric permittivity ¢ = 1.27 &£ 0.05 shows a highly
porous nucleus (Kofman et al. 2015).

The composition of the nucleus interior deduced from this low permittivity (Hérique
et al. 2016) suggests an organic-rich refractory part of the comet, consisting of at least 75%
volume fraction of organics (66% mass fraction) and of less than 25% silicates, which is
consistent with surface observations from other Rosetta instruments (Sect. 2.1). This leads
to a nucleus with an ice volume fraction ranging from 6% to 11%, a refractory volume
fraction from 16% to 21% and a porosity from 73% to 76%. It is however worth noting a
discrepancy between the organic matter abundance from CONSERT data and that measured
in dust grains collected in the coma by COSIMA, which is around 45% by mass (Bardyn
et al. 2017; Fray et al. 2017), see Sect. 3.5.
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Table 1 Summary of water mass loss estimates derived from instrument measurements

Reference Total water Peak production rate
mass loss (kg) (molecules/s) Method Period
(Hansen et al. 2016) 6.4 x 10° (3.5 +0.5) x 1028 Interpolation of 18-22 days
COPS data after perihelion
(Léuter et al. 2019) (4.8+15)x10° (2.1+0.1) x 1028 Analysis of 17-28 days
DEMS data after perihelion
(Marshall etal. 2017) (24 £ 1.1) x 10°  (1.42+£0.51) x 102 Analysis of MIRO ~ 29/8/2015
data
(Biver et al. 2019) (24+02) x 10°  (0.8-1.1) x 10%8 Analysis of MIRO  14-20 days
data after perihelion
(Shinnaka et al. 2017) N/A (146 £ 0.47) x 1028 Lyman « data 7/9/2015
(Fougere et al. 2016a) N/A 5.5 x 107 DSMC calcula- 9/8/2015
tions and

VIRTIS-H data

CONSERT measurements suggest that the refractory-to-ice mass ratio of 67P, dgy, is
larger than 3. This is an average value within the portion of the 67P nucleus probed by CON-
SERT and cannot constrain local variation of the ratio (Hérique et al. 2019). It constitutes a
lower limit, with all uncertainties included, and results from modelling. Large refractory-to-
ice mass ratios are required to explain the low average permittivity measured by CONSERT:
the constitutive materials must fit the 1.27 value and have a high enough density for small
volume fractions to fit the 67P average density as derived from RSI. It is the case for some
organics (¢ X2, p ~2), less for silicates (¢ &5~7, p x3.5), and definitively not the case for
ices (¢ 3.1, p &1 for H,O ice; ¢ 2.7, p ~0.94 for a mixture of 71% H,0, 14% CO, and
15% CO in mass), as discussed in Fulle et al. (2019).

3.4 Mass Loss of Major Volatiles

3.4.1 H,O

Water was directly observed throughout the mission by the MIRO, VIRTIS and ROSINA
instruments. ROSINA measured local water number densities at the spacecraft, while the
remote sensing instruments provided line-of-sight integrated information of the water distri-
bution. The interpretation of these measurements is complex and the determination of water
sources and total production rate requires extensive modelling (Sect. 4.1.3). We summarize
in Table 1 estimates of the peak water production rate and total water mass loss obtained by
these instruments.

Hansen et al. (2016) analyzed ROSINA measurements from June 2014 to May 2016
using an empirical model of the water coma derived from the Direct Simulation Monte
Carlo model (DMSC) of Fougere et al. (2016b), which was constrained by a restricted set
of ROSINA data. Most recently, analyses of ROSINA data identified surface location of gas
sources and derived production rates from August 2014 to September 2016, encompassing
the entire comet close proximity operations phase of Rosetta (Lauter et al. 2019; Combi
et al. 2020).

Marshall et al. (2017) used MIRO observations of H}°0O and H}®O acquired in nadir
viewing from August 2014 to April 2016. The H1°O line and, to a lesser extent, the H1*O
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line observed by MIRO, are optically thick and require radiative transfer calculations. Mar-
shall et al. (2017) relied on the H}*O/H}®O line ratio as the key variable to infer the water
production rate. The analysis of MIRO observations by Biver et al. (2019) uses a differ-
ent approach. The ~ 100 inner coma maps obtained from July 2014 to June 2016 were
analyzed using a radiative transfer model, describing the outgassing pattern by a Gaussian
shape. Both the line intensity and spectral shape were combined to derive the latitude of the
water emitting region and total water production rate. Water production rates derived from
VIRTIS observations are still sparse and published values rely on DSMC calculations using
activity maps constrained by ROSINA data (Bockelée-Morvan et al. 2015; Fougere et al.
2016a; Fougere et al. 2016b).

Remote observations from spacecraft far from the comet also constrained water mass loss
rates from 67P at various points in time. SOHO (SOlar Heliospheric Observatory) SWAN
(Solar Wind ANisotropies) Lyman « observations were presented in Bertaux (2015), and
by Shinnaka et al. (2017) using PROCYON/LAICA (PRoximate Object Close flYby with
Optical Navigation/Lyman Alpha Imaging Camera) (Funase et al. 2015).

Table 1 illustrates a disparity in water mass loss estimates, with results that appear in-
compatible when considering their error bars. These measurements are used to constrain
the dust-to-water ratio in materials emitted by 67P in Sect. 3.4.3, after considering other
volatiles, see next section. Further discussion of the approaches used to derive these values
and their respective sources of uncertainties is provided in Sect. 4.1.3.

3.4.2 Other Volatiles

The analysis of ROSINA/DFMS data by Liuter et al. (2019) retrieved mission-integrated
total mass losses for CO,, CO, and O, amounting altogether to (10.143.7) x 108 kg. These
results are comparable to relative abundances to H>O determined previously at fixed points
in time (Bieler et al. 2015a, 2015b; Gasc et al. 2017). The measured relative abundances to
water of sulfur-bearing molecules, 5% (Calmonte et al. 2016), hydrocarbon molecules, 5%
(Schuhmann et al. 2019), CH4, NH3 and CH30H together ~2%, amount to (5.8 £ 1.8) x
10® kg, where the uncertainty is primarily driven by that on water production. Adding the
integrated masses of CO,, CO, and O, (Liduter et al. 2019) yields a mass loss of volatiles
other than water of (15.945.5) x 10® kg. Hence, the total mass loss of volatiles from in-situ
measurements is (6.4 & 1.9) x 10° kg.

The recent analysis of MIRO data throughout the 67P rendezvous phase (Biver et al.
2019) included all compounds accessible at the fixed-tuned frequencies of the MIRO Chirp
Transform Spectrometer: H,O, CH;OH, NHj3, and CO. In addition, VIRTIS-H data allowed
to determine the relative abundances to water of CO,, CHy, and OCS around perihelion
and their variations (Bockelée-Morvan et al. 2016). CH4 and OCS have very low abun-
dances relative to H,O, thus would not contribute significantly to the total volatile losses.
Conversely, the CO, abundance relative to H,O of ~ 15%, with a large distinction be-
tween pre-perihelion and post-perihelion, makes it the second most abundant volatile at
67P (Bockelée-Morvan et al. 2016). By combining the MIRO and VIRTIS measurements,
and including relative abundances of additional species to water as done above, Biver et al.
(2019) report a total mass loss of volatiles from remote sensing and MIRO map data only
of (4.2 £ 0.2) x 10° kg, and a possible range (4.0-5.8) x 10° kg when including MIRO
nadir observations. However, greater uncertainties are associated with retrievals from nadir
observations, thus the high end of the range is deemed less likely. Biver et al. (2019) also
derived a dust-to-gas ratio for 67P of 1.5 & 0.8.

Analysis of Alice remote sensing UV data yielded much higher O, abundances relative
to water (Keeney et al. 2017) than the ROSINA/DFMS analysis (Liuter et al. 2019), up to
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60% O,/H,0. A more recent analysis of Alice stellar occultation data conversely yielded
0,/H,0 abundances comparable to those measured by ROSINA (Keeney et al. 2019). The
source of these differences is not understood yet, although high-energy electron impact not
accounted for in the original analyses has been suggested.

3.4.3 Dust-to-Water and Dust-to-Gas Ratios 8pg™© and 8pg"

We determine the dust-to-all-volatiles mass ratio Spg’ by combining the volatiles mass
losses from in-situ measurements of (6.4 & 1.9) x 10° kg, and from remote sensing of (4.2
+0.2) x 10° kg (MIRO maps) with a possible range (4.0-5.8) x 10° kg (Biver et al. 2019),
with the total nucleus mass loss of (10.5 £ 3.4) x 10° kg (Pitzold et al. 2019). From these
values, we first derive the dry dust mass loss in the two cases, Mq(in-situ) of (4.1 £ 3.9) x
10° kg and My(remote sensing) of (6.3 & 3.4) x 10° kg. Volatiles loss from remote sensing
(MIRO maps) yields a pg " (remote sensing) of 1.5 for average values and a range that spans
0.7-2.3 when accounting for 1-sigma uncertainties. Including nadir observations extends the
low end of the range and yields 0.2-2.3. Volatiles loss from in-situ measurements yields an
average 8pg " (in-situ) of 0.64 and a range 0.01-1.28.

We then determine the dust-to-water mass ratio §pg™2° by combining the water mass
losses from in-situ measurements of (4.8 & 1.5) x 10° kg (Liuter et al. 2019) and remote
sensing of (2.4 £ 0.2) x 10° kg (Biver et al. 2019) with the dust mass loss as calculated
above for in-situ and remote sensing measurements. Water mass loss from in-situ yields a

M0 (in-situ) of 0.85 for average values and a range that spans 0.01-1.71 accounting
H,O0

e
for 1-sigma uncertainties. Similarly, water mass loss from remote sensing yields a épg
(remote sensing) of 2.6 for average values and a range that spans 1.2-4.0 when accounting
for 1-sigma uncertainties.

3.5 Dust Particles: Properties and Fallback
3.5.1 Dust Particles Characteristics

Observations of dust particles by GIADA, COSIMA, and OSIRIS yield overlapping dust
size distributions up to m-sizes (Fulle et al. 2016a, 2016b; Merouane et al. 2016; Ott et al.
2017). The reader is referred to Giittler et al. (2019) for a synthesis of dust particle types,
substructures, characteristics, and nomenclature.

GIADA measured directly the momentum and the speed of individual dust particles with
particle sizes ranging from about 50 pm up to about 1 mm. Combining these two mea-
surements, the mass of each particle was derived. The cross-section of each particle was
derived from calibrated optical measurements (Della Corte et al. 2016), and together with
the mass measurement, the particle density was derived (Rotundi et al. 2015; Fulle et al.
2016a, 2016b; Fulle et al. 2017). In addition, the GIADA microbalance system measured
the integrated mass (1 reading every 300s) of particles <5 pm (Della Corte et al. 2019).

GIADA observations have revealed two distinct dust populations: a ‘fluffy’ one with size
range 0.2-2.5 mm and of density <1 kgm™3, and more compact particles 80-800 um of
density (1.9 4 1.1) x 10* kgm~3 (Della Corte et al. 2015; Rotundi et al. 2015). Following
acquisition of data throughout the Rosetta comet operations at 67P, the bulk density of dust
particles collected by GIADA was subsequently updated to 785%52°_;;5 kgm™> by Fulle
et al. (2017), from which a volumetric nucleus composition of 54 &+ 5% hydrocarbons, 22 £+
2% silicates, 4 &+ 1% sulfides and 20 & 8% ices was deduced.
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COSIMA measured directly the composition of dust particles via secondary ion mass
spectrometry (SIMS) and found average relative proportions by weight of 45% for organic
and 55% for inorganic matter, or 55% and 45% by volume, respectively, with about 30%
variation between individual particles (Bardyn et al. 2017). Thus, the interpretations of GI-
ADA data and the measurements made by COSIMA are compatible within their uncertain-
ties.

Langevin et al. (2016) report a detailed typology of dust particles, enabled by COSIMA/
COSISCOPE, identifying a variety of clusters or aggregates of particles in the range 10 —
several 100 um constituting 85% of their collected particles, while the remaining 15% are
made up of >100 um compact particles that did not fragment on impact with the collection
targets. Some of these compact particles subsequently fragmented during SIMS analyses,
owing to Lorentz forces caused by particle charging (Hilchenbach et al. 2017), while others
were lifted and could not be analyzed.

A set of recent numerical simulations also suggested that part of the COSIMA collection
is compatible with “fluffy” particle simulations, with either two populations with fractal
dimensions <2 and about 2.6 and one impact velocity or one particle population with a
fractal dimension of 2.6 and a spread of impact velocities on collection (Lasue et al. 2019).

The particles collected by COSIMA were assumed ice-free, as the instrument was kept
at about 10 °C within the sample storage portion, and particles were analyzed days to weeks
after their collection. The particles were illuminated in sequence with a red LED (640 nm) at
phase angles between 72 and 84 degrees from two opposite directions. The particles showed
a surprisingly diverse reflectance factor in the range 3-22% (Langevin et al. 2016, 2017).
The measured reflectance, in particular the comparison between left and right illumination,
was explained by scattering centers inside the agglomerate volume and an optical mean free
path in the 20-25 um range. The required porosity depends on the size of the scattering
centers and is estimated to be in the 50-90% range (Langevin et al. 2017).

The aggregate nature of the particles from 67P extends below 10 pum size range accord-
ing to measurements by MIDAS (Riedler et al. 2007; Bentley et al. 2016), and indicates
a fractal-like structure in some particles (Mannel et al. 2016). COSIMA and MIDAS dust
observations suggest similarities with IDPs (Schulz et al. 2015; Bentley et al. 2016).

3.5.2 8pg and SRy from Dust Particles

GIADA data and the derived density of dust particles have enabled several determinations of
dust-to-gas and refractory-to-ice mass ratios of 67P while considering various time periods
over the course of the Rosetta mission. Early estimates of the dust-to-water §pg™2° of 6
+ 2 and dust-to-all-volatiles §pg" of 4 + 2 were first derived from GIADA and MIRO
measurements around 3.6 AU pre-perihelion in late 2014 (Rotundi et al. 2015). Updated dust
and gas mass loss estimates from that time through perihelion suggested an average §pgH2°
of 6, and a minimum value of 5 and maximum of 10 or greater (Fulle et al. 2016a, 2016b).
Considering GIADA data obtained throughout the comet operations phase of Rosetta, Fulle
et al. (2017) then derived an average refractory-to-ice mass ratio §gy of 7.5 and within the
range of 3 or greater.

COSIMA measurements also enabled estimating the density of dust particles (Hornung
et al. 2016), from which the potential original ice content after collection and sublimation,
assumed to be representative of the refractory-to-ice mass ratio within the nucleus, can be
derived. The following analysis could not be made in that publication because the density of
the 67P nucleus was only constrained later in the mission (Pitzold et al. 2016, 2019).

In the COSIMA dust particle collection, all particles can be broken up by impact or
electrostatic forces into elements, and can be considered as agglomerates of smaller elements
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shaped by hierarchical growth. The particles show sub-structures down to the instrument
optical resolution limit of 14 um/pixel. This indicates that the sub-structures, possibly again
agglomerates, stick together with higher forces than the larger-scale agglomerates. To infer
mechanical properties from the impact fragmentation, Hornung et al. (2016) used this model
of agglomerates and inferred the strength limits for the fragmented and non-fragmented
particles. The strength limits are determined by the binding force between sub-agglomerate
structures or elements, and are around 1000 Pa for elements in the 10-40 pum size range.

A macroscopic porosity of 0.5 £ 0.1 is derived from observations of sub-structures (or
elements of non-fragmented agglomerates) in the 60-300 um size range. These elements
are then assumed to be porous with the smallest solid unit of ~ 0.2 um diameter (Greenberg
and Li 1999). This is formally described by their size-dependent filling factor ¢ o< =04,
as implied by a hierarchical cascade on scales down to the solid grain. The fragmentation
model constrains strength boundaries rather than void spaces.

Evaluating impact dynamics, size distribution of the fragments, and underlying hierar-
chical cascade of sub-structures and porosities, the density of the ice-free dust particles pp
collected by COSIMA is in the range 100400 kg m~> (Hornung et al. 2016). This value is
lower than the mean nucleus density, pg7p = 537.8 & 0.6 kg m~ (Pitzold et al. 2019).

Modeling the filling of the COSIMA dry dust particles with ice and deriving the puta-
tive refractory-to-ice mass ratio of these particles, assumed to be representative of the 67P
nucleus, is relatively straightforward in that context. Assuming an average density of the
monomers within dry dust particles p,s, which are mixtures of silicates, sulfides, and or-
ganic materials as described above, the COSIMA-scale (microscopic) porosity of the dry
particles is ¢p =1 — p”/py, and the volume fraction (not to be confused with the filling
factor) of compact dry dust monomers is fiy = pp/pu. Given the density of compact water
ice p; and the density of the nucleus pg; p, the volumetric fraction of porous ice f; that needs
to be added to the pores to match the density of the 67P nucleus is: f; = W.

The refractory-to-ice ratio of the particles can then be derived in the scenario of ice
filling porosity within dust particles. Indeed, the relative volumetric fractions of solid ice
f1 and of dust monomers fj, that match the bulk density of the 67P nucleus are known:
017 = fupu~+ fipr = pp+ fror. So are their approximate densities, of pp ~ 2500 kg m~3
and p; ~ 920 kgm™3. In this scenario where ice fills the porosity within dust particles,
themselves consisting of aggregates of compact monomers up to the size of the nucleus (i.e.
not considering any macroporosity), the refractory-to-ice mass ratio dg; is:

Ju pw __ pr

= =— 4)
St pr perp — pp

SRI

Adding ice to the ice-free porous dust particles, of density in the range 100400 kg m—3

(Hornung et al. 2016), results in a porosity of the icy particles in the range of 0.43 to 0.7,
see Fig. 4. A direct transposition of these results to the 67P nucleus implies a refractory-
to-ice mass ratio dgy in the range 0.2 to 3, in stark contrast with the estimates derived with
dust densities in the mm size range larger than the mean nucleus density (Fulle et al. 2016a,
2016b; Fulle et al. 2017). The latter would then require further macroscopic porosity con-
siderations to sizes much larger than the dust collected by COSIMA, in which case the ice
content of the nucleus may not be reliably constrained from the ice-free dust particle density
shown above.

The difference between the refractory-to-ice estimates from dust particles based on GI-
ADA and COSIMA arises from the density of dust particles. GIADA data suggest dust
particles denser than the nucleus itself (which then requires a substantial macroporosity),
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Fig. 4 Porosity of icy particles as derived from the ice-free particle density and the mean nucleus density
(left), and refractory-to-ice mass ratio as function of the dry dust particle density and the mean nucleus
density (right). The potential parameter ranges based on the COSIMA dust collection are indicated by the
shaded areas

while COSIMA data suggest dry dust particles less dense than the nucleus. In the latter
case, ice is added until the density of dust particles prior to collection is equal to that of
the 67P nucleus. Possible reasons for the discrepancy between GIADA and COSIMA dust
density estimates are briefly mentioned in Levasseur-Regourd et al. (2018) and Giittler et al.
(2019). Further discussion on potential collection biases and uncertainties associated to the
density derivation principles can be found in Sect. 4.1.4.

3.5.3 Fallback Materials and Impact on Refractory-to-Ice Mass Ratio

Early estimates of dust mass loss were around 15 kgs~! at 2.9 AU (Moreno et al. 2016),
rising by a few orders of magnitude during perihelion, where dust mass loss rates of (1.7
+0.9) x 10° kgs™! (Fulle et al. 2016a, 2016b) have been reported for boulders not all on
radial trajectories. Subsequently, an estimate of up to 8.3 x 10° kgs~! is found for boulders
that are on radial trajectories (Ott et al. 2017). These high dust production rates are such that
the total nucleus mass loss measured by RSI corresponds to 71.5 and 14.6 days of activity at
the Fulle et al. (2016a, 2016b) and Ott et al. (2017) rates, respectively. The above estimates
neglect any ice or water vapor emission, thus are upper bounds on the duration of the activity
peak that would be commensurate with these data.

Given the commonly accepted overall activity scenario for 67P, see Fig. 2, and the
OSIRIS coma dust data from Bertini et al. (2018), a significant fallback deposition that
is still rich in volatiles seems needed to sustain the cometary activity of 67P (Fulle et al.
2019). One might expect the materials contained in this fallback to be partially depleted in
the more volatile species, given the lower CO,/H,O ratio emitted from the Northern regions
as seen from early parts of the mission (Bockelée-Morvan et al. 2015; Hissig et al. 2015)
through perihelion (Bockelée-Morvan et al. 2016).

However, the abundances of the super volatile CO and the volatile CO, relative to water
derived from the South pre-perihelion in May 2015 (Rubin et al. 2019), probably represen-
tative for the overall nucleus composition, are not higher than in the northern regions when
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Table 2 Summary of estimates of BDGHZO, SDGV, and SRy for comet 67P. Values in parentheses are lower
bound estimates that cannot be excluded but are not preferred in the original analyses. A “+” indicates that a
higher upper bound cannot be excluded. “N/A” = not applicable. “inf.” = results could be compatible with
an infinitely high value, although a minimal fraction of ice is needed

Reference Average Min Max Method Period

Dust-to-Water mass ratio in the coma

Rotundi et al. (2015) 6 4 8  GIADA dust + MIRO gas 3.6 AU pre-perihelion
Fulle etal. (2016) 6 5] 10+ GIADA dust densities 3.6 AU through perihelion
Remote sensing 2.6 1.2 4  Biveretal.(2019), Section 3.4 Mission-integrated

In-situ 0.85 0.01  1.71 Section 3.4 Mission-integrated
Dust-to-Volatiles mass ratio in the coma

Rotundi et al. (2015) 4 2 6  GIADA dust + MIRO gas 3.6 AU pre-perihelion
Remote sensing 15 0.7(0.2) 2.3 Biveretal. (2019), Section 3.4 Mission-integrated

In-situ 0.64 0.01  1.28 Section 3.4 Mission-integrated
Refractory-to-Ice(s) mass ratio in the nucleus

Hérique et al. (2016) N/A  3(22) 6+ Nucleusdielectric permittivity Philae lander (Nov.2014)
Fulle etal. (2017) 7.5 3.1 inf.  GIADA dust densities Mission-integrated

Fulle etal. (2019) N/A 3 N/A  "Chunks" fallback estimates Perihelion + fallback
Péatzold et al. (2019) N/A 3(1) 7  Nucleus and gas mass loss Mission-integrated
Alternate determination N/A 0.2 3 COSIMA particles, Section 3.5 Mission-integrated

far from the Sun (Le Roy et al. 2015). This suggests that either ices more volatile than water
have been retained in the fallback material, or the fallback layer in the north is not thick
enough to dampen the release of CO and other volatiles from below. The high CO/H,0O and
CO,/H,0 in the South early in the mission could then be explained by low water emission
due to frigid polar night temperatures, as suggested from MIRO observations (Biver et al.
2015; Choukroun et al. 2015).

Fallback materials are likely dominated in mass by dm-size particles, observed in the
inner coma of 67P (Rotundi et al. 2015) and suggested to settle slowly during the post-
perihelion portion of the orbit (Bertini et al. 2018). This large size would allow them to
preserve ices within their interior, and enable their reactivation later on (Fulle et al. 2019).
Fulle et al. (2019) suggest that the inferred original composition of these “chunks” may be
representative of the interior of the 67P nucleus and indicates a refractory-to-ice mass ratio
of 3 or more.

3.6 67P’s Dust-to-Gas and Refractory-to-Ice Mass Ratio Estimates

Table 2 summarizes published values of the dust-to-water, dust-to-gas, and refractory-to-
ice(s) mass ratios, and adds new determinations for these parameters based on recent liter-
ature data considered in this article (see previous sections). It describes the methods used
to determine these parameters and the period at which they have been conducted. The wide
ranges of values of individual determinations, as well as the very restricted regions where
independent determinations overlap, are quite striking. Figure 5 is a graphical representa-
tion of the data shown in Table 2, in an attempt to tease out further information from these
estimates.

The top portion of Fig. 5a presents dust-to-water mass ratios in the lost materials, while
its bottom portion includes all volatiles. The total mass losses, integrated over the 2015
apparition of 67P, of H,O, other volatiles, and nucleus as a whole (Sect. 3.4), yield the
lowest dust-to-water and dust-to-volatiles mass ratios.

Figure 5b shows published values of the refractory-to-ice mass ratio within 67P, based
on the analyses of GIADA and OSIRIS dust data (Fulle et al. 2017, 2019), of RSI data
(Pitzold et al. 2019), CONSERT data (Hérique et al. 2016), and the analysis of dry dust
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density from COSIMA data based on the morphology of collected particles (Hornung et al.

2016), see Sect. 3.

substantially.
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The dust-to-all-volatiles mass ratio 8pg " is the mass ratio that would actually be expected
to correspond most directly to the refractory-to-ices mass ratio within the nucleus of 67P,
except if ice is largely incorporated in coma boulders that might act as extended sources
of water. Indeed, it includes all the volatile species that contribute to both dielectric prop-
erties as determined by CONSERT and total mass loss around the 2015 perihelion passage
measured by RSIL.

Furthermore, an additional complication arises from the timing of the derived values.
The 4 =+ 2 value of §pg"¥ (Rotundi et al. 2015) was obtained early in the mission, and differs
from the mission-integrated pg" determinations. The dust-to-gas ratio may have changed
over the course of the mission (Fulle et al. 2016a, 2016b). And/or the activity of 67P and
volatile-bearing fallback materials could result in different values/ranges for Spg¥ and gy
(Fulle et al. 2019).

Presently, there are two opposed interpretations of the refractory-to-ice mass ratio es-
timates shown in Table 2 and Fig. 5 within the community. One interpretation is that the
uncertainties in the measurements themselves and in the steps needed to derive estimates
of the refractory-to-ice mass ratio of Rosetta data analyzed to date are too large to draw
a firm conclusion. Another interpretation is that a potential bias associated to the collec-
tion principle of COSIMA (see Sect. 4.1.4) justifies discarding those results and accepting
a refractory-to-ice mass ratio of 3 or greater as consistent with all other Rosetta analyses to
date. Such a minimum value would then be consistent with model predictions of 67P for-
mation by gravitational collapse of pebbles driven by streaming instability in the protosolar
disk (Lorek et al. 2016; Blum et al. 2017), albeit with the potential caveat that no predictions
of refractory-to-ice mass ratios for alternate formation models have been published to date,
to the best of our knowledge.

4 Discussion
4.1 Uncertainties on Instrument Measurements and Derived Parameters

Each and every parameter involved in the estimation of dpg and Jg; is derived from instru-
ment measurements with their own individual statistical and systematic errors that may not
be completely known. Furthermore, a significant a posteriori modeling effort is often re-
quired to derive the parameters needed to constrain the mass ratios. Therefore, uncertainties
and approximations in the models used to analyze the data should be considered, as well as
potential biases associated to the nature and origin of materials being measured. This trans-
lates into the wide ranges of plausible dust-to-gas and refractory-to-ice mass ratios reported
in Table 2 and Fig. 5.

4.1.1 Total Mass and Mass Loss

The nucleus mass of 67P is amongst the best constrained values used in this work, because
of the very low spacecraft velocity relative to 67P, high-precision X-band tracking, and
extended stay at close distances that maximized spacecraft trajectory perturbations by the
interactions of the gravity field of the comet with the spacecraft. The nucleus mass was de-
termined both before and after the 2015 perihelion passage to a precision of 0.03% (Pitzold
et al. 2016) and 0.01% (Pitzold et al. 2019), respectively. The mass loss due to the 2015
perihelion passage is 10.5 x 10° kg, or around 0.1% of the total nucleus mass (Pitzold et al.
2019), at an uncertainty of 32%. The total mass loss places constraints on the mass loss of
volatiles determined by the other instruments.
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Fig. 6 Ternary diagram of the dust permittivity as a function of the volume percentages of ice, dust (i.e.
carbon with silicates), and porosity, with the constraints on the average density (green lines), on the refractory
to ice ratio (blues lines) and from CONSERT measurements (red lines). Refractory-Ice-Porosity volume
fractions that meet the three constraints are located within the triangle defined by the upper green line, the
right blue line, and the red line. Modified after Hérique et al. (2016)

4.1.2 Dielectric Properties

The composition estimation by CONSERT and, consequently, the dg; of the nucleus, are
based on the modeling of the effective permittivity from models of ice and dust fractions
(Hérique et al. 2016). This model uses the following physical quantities as inputs.

Density: The modelled cometary material (ice, refractory and porosity) has to be com-
pliant with both the average permittivity and the average density which is assumed to be
p =533+ 6 kgm~3, derived from mass measurements obtained by the Rosetta Radio Sci-
ence Investigation (Pétzold et al. 2016) and the observed volume of 67P nucleus based on
the 67P shape model (Preusker et al. 2015). In the retrieval process, the lower limit of dg;
comes from the upper limit of the density (upper green line in Fig. 6).

Refractory-to-Ice ratio: The data retrieval approach developed in Hérique et al. (2016)
takes a dg; =4 = 2 (blue lines in Fig. 6) as input (Rotundi et al. 2015). Model calculations
providing a good fit to the CONSERT data fall in the range of §g; 3—6, which implies that
for pure water ice, 3 is a lower limit. Values greater than 6 cannot be excluded as they have
not been included in this analysis.

Ice fraction: The ice fraction considered consists of H,O, CO, and CO ices, with a max-
imum of 14% mass fraction of CO, (8% molecular abundance) and 15% CO (13% mol.),
with permittivity ranging from 2.7 to 3.3 for density values of 931 to 1171 kgm~>. Consid-
ering the ice fraction, the main uncertainties on the retrieved gy is from the CO, and CO
contents: a larger fraction of CO, and CO, up to 30% each, would decrease the permittivity
of the ice fraction, and consequently may be consistent with SRI values as low as ~2.2.
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The dielectric constant of such an ice-dust-porosity mixture remains compatible with that
derived from CONSERT measurements.

The portion of the 67P nucleus probed by CONSERT appears absent of heterogeneities
at the few-meters scale or more (Hérique et al. 2019). The measurement approach is not
sensitive to local variability in 6RI. CONSERT measurements only allow for estimating the
average SRI value within the probed volume.

It must be noted that the analyses presented in this article assume that the whole 67P
nucleus is homogeneous and that its fraction probed by CONSERT at the southern border of
the Hatmehit region is truly representative of the nucleus. The composition of the nucleus
surface and its interior appear homogeneous at large scales, however no Rosetta data can
fully validate this assumption.

4.1.3 Volatiles: Production Rates, Mass Loss, Extended Sources

Uncertainties on Production Rates and Mass Loss Derivation

Deriving production rates and mass loss from measurements involves multiple model-
ing steps, typically with simplifying assumptions in order to keep the computation times
manageable, and also calibration steps that will not be described here. Remote sensing in-
struments are sensitive to the molecular absorption or emission of photons at specific wave-
lengths (rotational modes of H,O, NH3, CH3OH, and CO for MIRO, and vibrational modes
excited by fluorescence for VIRTIS) along their line of sight, thus the determination of pro-
duction rates relies on both coma models and excitation models. ROSINA measured in-situ,
at the location of the spacecraft, the total gas density directly using its COma Pressure Sen-
sor (COPS), and the nature and relative proportions of coma constituents ionized within the
instrument for detection and counting.

Coma models are used to predict the entire outgassing pattern from the nucleus and de-
termine the local density, temperature, and velocity of the gas within the portions of the
coma probed along the line of sight for remote sensing instruments (Biver et al. 2019),
or at the spacecraft for ROSINA (Bieler et al. 2015a, 2015b; Kramer et al. 2017; Lauter
et al. 2019). These models typically use as basis either the physical interactions between
gas molecules, such as the Direct Simulation Monte Carlo approach (Fougere et al. 2016a;
Zakharov et al. 2018) or a simplified collosionless coma as used to invert source location
from ROSINA/COPS (Kramer et al. 2017) and ROSINA/DFMS data (Liuter et al. 2019), or
the geometric characteristics of the coma as observed (Biver et al. 2015, 2019). For all ap-
proaches, the 67P coma is found to be extremely asymmetric, with water activity originating
primarily from the illuminated portions of the nucleus at any point in time, and additionally
with latitudinal variability for some species (Hissig et al. 2015). The asymmetry of the
coma is three dimensional, and although 1D simulations can mimic some of this complexity
by adding plume contributions with very good performance (Biver et al. 2019), the actual
structure of the coma may add unforeseen uncertainties.

The analysis of remote sensing spectral data requires excitation models, as well as radia-
tive transfer models. Combined, they enable the retrieval of the column density along the
line of sight of the molecule(s) of interest. When lines are optically thick, the retrievals are
highly dependent on assumptions on the gas local density, temperature and velocity field.
These parameters have been evaluated at best when interpreting MIRO observations (Biver
et al. 2019). As far as possible, optically thin lines have been used to infer column densi-
ties and production rates from MIRO and VIRTIS data (Bockelée-Morvan et al. 2016; Biver
et al. 2019).

In-situ volatile data acquired by ROSINA is also dependent on coma models and labora-
tory measurements. Coma models are needed to extrapolate the density of the molecule(s) of
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interest throughout the coma from measurements made locally (Fougere et al. 2016a) to de-
rive production rates. Laboratory measurements are used to constrain the fragmentation pat-
tern and ionization efficiency of these molecules (and/or their fragments) in ROSINA/DFMS
and ROSINA/RTOF, and thus their individual contribution to specific peaks observed within
the mass spectra obtained. Note that the analysis of ROSINA/COPS data does not require
such laboratory efforts, as the COPS sensor solely measures gas density.

Lastly, all the individual sets of measurements need to be integrated over time to derive
total volatile mass losses (Biver et al. 2019; Lauter et al. 2019), as was done in the initial
empirical estimate by Hansen et al. (2016). This step adds further uncertainty to the results
despite the high cadence of mapping measurements by MIRO and the regular acquisition of
ROSINA data that have been planned throughout the comet operations phase (Taylor et al.
2017; Vallat et al. 2017).

Extended Water Sources: Hidden Ice in Escaping Boulders?

Extended sources may be associated to ice-bearing grains that start sublimating in the
coma once they are beyond Rosetta’s position (within the first few tens — hundreds of
km around the nucleus). Such sources of gas could explain some OSIRIS dust observa-
tions (Agarwal et al. 2016; Gicquel et al. 2016). Extended sources of water are abundant at
103P/Hartley, a hyperactive comet (A’Hearn et al. 2011), and have been suggested on other
comets such as 1P/Halley where distant sources of specific compounds (not water) were
identified (Eberhardt 1999).

In the particular case of 67P, Odin (Frisk et al. 2003) conducted space-based observations
of the 557 GHz rotational line of H, O at 67P, which is amongst the lines measured by MIRO,
in November 2015. The line was not detected after 40 hrs of integration time and the 3-sigma
noise yields an upper limit in production rate of <3.3 x 10’ molecules/s (Biver et al. 2019).
From the MIRO measurements at the same time, the water production rate was (2.2 £ 0.1)
x 10?” molecules/s (Biver et al. 2019). Furthermore, the peak water production rate derived
from PROCYON Lyman o measurements (Shinnaka et al. 2017) is also about 50% higher
than determined by MIRO, see Table 1.

Even though extended sources are not required to explain the measurements, due to the
measurement uncertainties it cannot be excluded that up to ~ 50% of the water production
(and presumably other volatiles) could originate from coma boulders that are escaping and
do not have time to fully release their volatiles while in the vicinity of the comet explored by
Rosetta. Since these volatiles would be undetected by Rosetta, this contribution of volatiles
would be part of the dry dust mass loss calculated in Sect. 3.4.3. As a consequence, the dust-
to-water 8pg2° and dust-to-all-volatiles 8pg ¥ mass ratios determined in the inner coma by
Rosetta (Table 2 and Fig. 5) could be somewhat overestimated.

4.1.4 Production Rates and Mass Loss of Dust

Determining the production rate and mass loss of dust requires several elements: a good
knowledge of the grain size distribution, composition and/or density, overall distribution
around the nucleus to expand from local measurements to spatially-integrated production
rates, and their evolution over time. The latter includes fallback materials and their uncer-
tainties, which are discussed separately in Sect. 4.2.2.

GIADA and COSIMA used different approaches to constrain the density of dust parti-
cles. GIADA measured directly scattered light, velocity, and momentum of dust particles
of a few pm to mm diameter. Particle mass and density was then derived from these mea-
surements. COSIMA/COSISCOPE relied on optical observations to infer the properties of
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the particles. The density of particles collected by GIADA is on order of 800 kg m~* (Fulle
et al. 2017), while the density of dust particles after fragmentation within COSIMA is sig-
nificantly lower, in the range 100—400 kg m~3 (Hornung et al. 2016).

COSIMA might have collected particles from one or two potential families, one with a
fractal dimension of 2.5-3 and a spread in impact velocity, and the other <2 if all particles
impacts with the same velocity (Lasue et al. 2019). A large fraction of the dust entering
COSIMA is reflected, owing to a mass transfer efficiency estimated to 1 to 10% depending
on size and velocity of incoming particles (Ellerbroek et al. 2019). This potential collection
bias of COSIMA based on a collection or detection area suggests that a fractionation of the
dust populations might be applicable. The GIADA measurement principle, which catches
dust particles as they fly into the instrument, is not affected by this type of bias.

A coma model is then needed to extrapolate to the scale of the entire coma. Dust is
lifted by gas drag, therefore all uncertainties on outgassing of volatiles propagate to the
dust lifting, while additional sources of uncertainties exist due to the size, shape, density
of the dust, potential ice content that is not measurable optically nor by any in-situ method
conducted near room temperature, and processes through which it is lifted (see Vincent et al.
2019, this book).

For instance, this approach was used by Ott et al. (2017) to derive the total mass loss over
53 days around perihelion from parallax imaging of ~1-30 cm dust particles. The latter ob-
servations were restricted to 6 km from the Rosetta spacecraft in the few occurrences where
such particles were imaged, implying that these dm-scale dust particles were on escape tra-
jectories (radial velocity >1 m/s, 200 km distance from the nucleus). The extrapolation of
the individual measurements over the 53-day period of observation yields a greater inte-
grated amount of ejected (and lost) materials than the total 67P mass loss determined by
RSI. Two lines of interpretation can explain this discrepancy. A fraction of these dm-scale
coma particles, outside of the terminator plane where Rosetta was located, could fall back
on the nucleus (Fulle et al. 2019). Or the sources of uncertainties associated to the derivation
of volume, or subsequent extrapolation to particle mass then total mass, may be poorly con-
strained. These sources of uncertainties include distance/size from the parallax measurement
(Drolshagen et al. 2017), density (a very high value of 1000 kg m~* was used), albedo, and
statistical uncertainties. Note that the density does not affect the subsequent study by Fulle
et al. (2019), and the assumed albedo of these particles is consistent with that measured by
Bertini et al. (2018).

4.2 Uncertainties on Materials Observed, Fallback Extent, and Activity Scenario
4.2.1 Thermal Processing, Erosion, and Water Outgassing

Often the dust-to-volatile ratio of a comet is measured in its coma, e.g. Fulle et al. (2019)
and therein. But how representative is it of the refractory-to-ice ratio in the nucleus? In
other words, what can we learn from coma measurements for the nucleus composition when
accepting that:

1) The amount of hidden ice in the dm-scale escaping or falling back dust particles is widely
unknown (Sect. 4.1.3). It is mostly inaccessible for remote sensing instruments and diffi-
cult to model because of the lack of detailed information on parameters needed.

2) The escaping materials may have been altered by thermal processing and may not repre-
sent the original bulk properties.
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Table 3 Thermal properties and corresponding thermal skin depths of the 67P surface

Parameter Units Low inertia High inertia
Thermal inertia® Jm 2K~ 1§05 10 170
Density? kgm™3 538 538
Specific heat® JkgK~! 540 540
Thermal conductivity Wm~! K1 34 %1074 0.1

Diurnal skin depth (12.4 hours period) m 4 %1073 7 x 1072
Seasonal skin depth (6.44 years period) m 0.28 4.7

2Groussin et al. (2019, this issue)

bpreusker et al. (2017)

€Corresponding to a dust/ice mass ratio of 2 at 120 K (Winter and Saari 1969; Herman and Weissman 1987)
(Groussin et al. 2019, this issue). Higher dust/ice ratios would yield lower specific heat values and hence
higher conductivity, resulting in larger skin depth values

Thermal Properties

Thermal and mechanical models can evaluate both the loss of volatiles in the escaping
materials and the consequences of activity for the refractory-ice-ratio at the surface of the
nucleus. For modeling such heat transfer processes, one has to know the thermal and me-
chanical properties of the materials involved. Rosetta instruments (MIRO, VIRTIS, OSIRIS,
RSI, MUPUS, and SESAME) provided some physical characteristics that are related to the
thermal inertia: density, strength, diurnal period, and thermal conductivity (for a review, see
Marshall et al. (2018) and Groussin et al. (2019), this issue). The thermal inertia was de-
rived from Rosetta measurements with considerable error bars. It controls the temperature
profile at the surface and the thermal skin depth that characterizes the penetration depth of
the diurnal and seasonal heat waves, respectively, e.g. Prialnik et al. (2004).

Table 3 offers simple calculations of the thermal conductivity of the nucleus material and
the corresponding thermal skin depths for lower and upper limits of the most plausible range
of thermal inertias (Groussin et al. 2019 this issue). The diurnal skin depth is extremely low,
no more than a few cm, as shown from MIRO continuum observations (Schloerb et al. 2015),
while the seasonal skin depth can be up to a few meters. Typically, the heat wave propagates
to ~2-3 skin depths, as the skin depth only corresponds to a 1/e attenuation of the amplitude
of temperature variations as compared to the surface.

Nucleus Erosion

These estimates of thermal processing length scale can then be compared to the length
scale of nucleus erosion. Neglecting uncertainties on reported values for simplicity, the total
mass loss of 67P around the 2015 perihelion passage is 10.5 x 10° kg (Pitzold et al. 2019),
the nucleus volume is 18.56 km? and its surface area is 51.7 km? (Preusker et al. 2017). If
we assume the erosion to be the same everywhere on the surface, the thickness of eroded
materials is 37.7 cm. Non-uniform erosion due to the extreme seasonal asymmetry may fur-
ther increase the thickness of this layer in the southern regions. Since a considerable amount
of material that is lifted off later falls back to the surface, a near-surface eroded/redistributed
layer is likely on order of ~ a meter thick, and perhaps more in the Southern regions (about
4 m suggested by Fulle et al. 2019).

Figure 7 compares the skin depths with the thickness of the erosion layer for several
values of thermal inertia and percentage of fallback materials. The higher the inertia and the
lower the fallback are, the more seasonal processing of the nucleus affects the near-surface
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Fig. 7 Comparison of the skin depth of thermal processing for diurnal and seasonal periods of 67P with the
thickness of materials eroded and redistributed by the 2015 perihelion passage

materials that are later on measured in the coma. Seasonal processing is of the same order
as nucleus erosion. Therefore, even the dm-size particles found in the coma have likely
been already processed to some extent, perhaps even prior to their ejection. This eventuality
has been incorporated in the recent analysis of coma boulders ejection timescale and re-
deposition, and their implications for a possibly high (> 3) refractory-to-ice mass ratio (Fulle
et al. 2019).

Refractory-to-Ice Mass Ratio, Dust Mantle Thickness, and Outgassing

As illustrated in Table 2 and Fig. 5, and previously suggested (Fulle et al. 2019), the dust-
to-gas ratio measured in the lost materials could differ substantially from the refractory-to-
ice ratio within the 67P nucleus. If indeed the dust-to-gas ratio of the escaping materials is
continuously lower than the refractory-to-ice in the nucleus, refractories would become pro-
gressively enriched at the surface of the nucleus either by losing volatiles or by re-deposition
of fallback materials processed in the coma. This would lead to the formation of a dry lag
deposit that could dampen activity, at least in some regions. Then, counter processes such as
outbursts excavating deep-seated fresh materials, or extreme heterogeneities in distribution
of the erosion and re-deposition of fallback materials, or mass wasting processes, would be
necessary to sustain the activity over geologic timescales.

Detailed thermophysical modeling efforts further investigated the joint influence of the
refractory-to-ice mass ratio and the thickness of a dry surface mantle on predicted erosion
and water outgassing. A study assuming mm-size pebbles, comprised of a top dehydrated
single layer over a dust-ice mixture with a §gy of 7.5, found that such a near-surface structure
is compatible with multiple Rosetta and Philae measurements, and supports the interpreta-
tion that 67P formed through streaming instability (Blum et al. 2017). Model calculations
with dust mantle thicknesses of 5 and 10 mm over a dust-ice mixture with dg; of 10 and
100 suggest that the water activity of 67P early on, well before perihelion, can be matched
with very high &gy values (Hu et al. 2017a). In a follow-on study, the analysis of OSIRIS im-
ages for erosion rates in specific regions and dust cover re-deposition suggest that extremely
high §g; values up to 100 cannot be excluded, and that much lower dg; as low as 4 may
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also be consistent with the results (Hu et al. 2017b). Computations using the complex Rome
thermophysical model (Capria et al. 2017), which couples orbital evolution, starting com-
position, thermal properties, and mass balance for loss of volatiles and gas drag for loss of
refractories, were run for two example locations that received intense insolation around the
2015 perihelion and §g;y values of 4 and 10, including in the Anhur region where VIRTIS-M
IR data suggested the temporary exposure of carbon dioxide ice (Filacchione et al. 2016b).
These calculations suggest that a multi-decimeter erosion could occur around perihelion and
preserve almost unaltered materials at relatively shallow depths <1 m after erosion (Capria
et al. 2017).

Two aspects of the studies listed above are noteworthy. First, the refractory-to-ice mass
ratio is an input parameter to the models, thus cannot be fully constrained by them unless
inversion schemes were used to estimate sensitivity to, and uncertainties on, input parame-
ters (which these studies did not investigate). Second, these works relied on published gy
values available at the time (Rotundi et al. 2015; Fulle et al. 2017), all of which were of 3
and above.

A recent study (Attree et al. 2019) constrains the activity of 67P by using both the
ROSINA data of the water production and the non-gravitational forces derived from the
spin change. They found that a complex pattern of the ice surface fraction that changes with
time and surface region explains the measurements best. Further studies are needed to in-
vestigate the sensitivity of thermophysical models to their input parameters, to determine
whether they could be used to reliably constrain gy, and to investigate if low gy values
commensurate with the mission-integrated dpg can be excluded.

4.2.2 Contribution of Re-Activation of Deposited Materials to Activity

The evidence for North-South asymmetry in morphology and dust cover seems naturally
related to seasonal variability in activity, as discussed in Sect. 2.3. It is an unexpected feature
of 67P, with high obliquity of its spin axis together with its elliptic orbit and the specific
positions of the nodes between its orbital and equatorial planes. There are however several
aspects that need confirmation to validate the proposed scenario, and its implication of a
possibly extremely high §g; suggested by Fulle et al. (2019).

The main line of evidence for the scenario illustrated in Fig. 2 is a combination of factors:
morphology consistent with fallback of material (originating from the Southern regions at
perihelion) in the Northern regions, as well as predicted fallback in the North greater than
mass loss of volatiles and dust associated to native activity, and lastly activity during the
Northern summer originating presumably from Hapi where this fallback may dominate.
However, this combination of factors could be at least in part circumstantial.

It must be noted that the coma models used to invert ROSINA DFMS data into activity
maps (Fougere et al. 2016a) do not have unique solutions (in particular because each mea-
surement is at one specific location within the coma at a time, and coverage can only be
partial due to spacecraft trajectories). Zakharov et al. (2018) have shown that multiple other
solutions to the activity distribution can yield the results obtained by ROSINA, some of
these solutions having little to no H,O originating from the Hapi region itself. Furthermore,
the surface activity maps recently derived from ROSINA/DFMS data (Léauter et al. 2019)
show a widely varying distribution of activity, with Hapi and potential fallback materials
only partially contributing to the activity in the North.

In addition, Vincent et al. (2016a) have suggested that jets observed in the northern re-
gions during their summer are mostly consistent with activity occurring along cliffs and
walls, where mass wasting would expose fresher materials and their ice content get subli-
mated fairly rapidly to form dust jets. A similar scenario has also been put forth to explain
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the large Ashwan cliff collapse (El-Maarry et al. 2017; Pajola et al. 2017). Nevertheless,
some dust jets in the Northern regions clearly originate from the smooth areas within Hapi
(Shi et al. 2018). Thus, the proposed re-activation of fallback material as a key contribu-
tor to the Northern activity is consistent with some observations, but may not be the only
mechanism involved.

Lastly, the longevity of different ices within dm-scale particles that would be transported
from the South to the North is advocated for (Fulle et al. 2019). Nevertheless, it remains to
be fully evaluated, as function of the thermal and mechanical properties of these materials,
the volatility of the ice species, how long their transport requires, how they rotate in the
coma and are illuminated, how they lose their ices, and what conditions they experience
following re-deposition.

4.3 Future Research, Instruments, and Missions
4.3.1 Future Research Using Rosetta Data

Despite more than two years spent in orbit around 67P, the analysis of Rosetta data to date
only allows to determine the dust-to-gas and refractory-to-ice mass ratios with very low
precision, see Fig. 5. Further analysis of Rosetta data may help better constrain some of the
parameters involved in these estimates. A few examples follow.

1) A quantification of the distribution of erosion and the possible extent of fallback ma-
terials from OSIRIS data could shed a new light on lateral transport processes on 67P. First
erosion estimates have been conducted in selected areas from shadows cast by boulders
and cliffs to estimate height, and from excavation of cavities (Fornasier et al. 2019; Has-
selmann et al. 2019). In addition, high-resolution local Digital Terrain Models pre- and
post-perihelion can help measure surface changes. The combination of Multi-resolution
StereoPhotoClinometry by Deformation MSPCD (Capanna et al. 2015) with stereopho-
togrammetry shape modeling (Preusker et al. 2017), can achieve much higher resolution
than currently available. These new approaches will likely improve the quantification of the
mass transport processes in the near future.

2) Improving our knowledge of the history and thermal properties of the dm-scale parti-
cles before ejection/during flight/after re-deposition, as well as the relative contributions of
fallback materials and fresher materials exposed by mass wasting to the 67P activity, may
provide additional constraints on the original §g; of these materials.

3) An extensive set of thermophysical calculations that encompasses the entire surface of
67P, and uses inversion to constrain the dust mantle thickness and the refractory-to-ice ratio
over extreme ranges of possible input values, would be a necessary step towards understand-
ing how sensitive these models are to their input parameters. They could in particular test
the hypothesis that pg and gy differ largely, whether at single points in time and/or over
extended periods of time.

4.3.2 Potential Future Instruments and Missions

Another factor that likely contributes to the low precision of the dust-to-gas and refractory-
to-ice mass ratio estimates is the lack of direct observations of the deep interior and shallow
subsurface of the nucleus. Onboard Rosetta, CONSERT probed a limited part of 67P’s small
lobe, while RSI did not conclusively find density differences between the two lobes. Direct
observation of materials from the deep interior would be crucial to characterize the com-
position of pristine material and then to access directly dg;. The direct observation of the
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shallow subsurface is also crucial to better understand comet activity processes including
re-deposition and re-condensation.

Radar is the most mature technique to probe both the pristine interior and the shallow
subsurface. Two different instruments or channels can achieve these objectives: 1) A low
frequency radar to probe the deep interior, which could be a monostatic radar like MARSIS
onboard Mars Express (Picardi et al. 2005) or bistatic radar with a Lander like CONSERT
onboard Rosetta (Kofman et al. 1998). 2) A higher frequency radar to probe the first few
tens of meters of the nucleus with decimeter resolution, in order to detect layers and under-
grounds structures like HFR developed in the frame of AIDA mission (Michel et al. 2016;
Hérique et al. 2018).

For example, two monostatic radars have been proposed to instrument the Castalia mis-
sion concept to Main Belt comet 133P/Elst-Pizzaro, proposed to ESA for the recent M5
cosmic vision round (Snodgrass et al. 2018).

Future comet missions carrying such radar instruments could better understand the verti-
cal structure of the first ten to tens of meters of the subsurface with high vertical resolution.
This would help better constrain the composition of the nucleus and its gradients over the
thickness most affected by cometary activity (Fig. 7), which is necessary to fully address the
Sg1 issue of 67P and other comets. In addition, better knowledge of the fine-scale structure of
the most active layer of comet nuclei would likely enhance our understanding of cometary
activity.

Lastly, the ideal way to determine the refractory-to-ice ratio within the nucleus of 67P
and other comets would obviously be to analyze directly representative materials sampled at
depth within the nucleus. Rosetta was intended to be a sample return mission at its inception
(following the 1986 flyby of 1P/Halley by Giotto), but the concept was modified into bring-
ing a laboratory to 67P because of the technological challenges associated with sampling,
returning, and curating cryogenic samples.

The NRC Planetary Decadal survey report “Visions and Voyages” for the decade 2013-
2022 advocated that a cryogenic comet sample return mission would have by far the highest
scientific return for the Small Bodies community. That report also acknowledged the lack of
maturity for the acquisition, return and curation of a cryogenic comet sample, then advocated
for the present decade for a non-cryogenic comet surface sample return mission.

Cryogenic sampling and containment systems are being developed as part of other tech-
nology development efforts, for example as suggested for the Triple-F mission concept
(Kiippers et al. 2009). A cryogenic comet sample return mission equipped with instru-
ments capable of assessing heterogeneities within the nucleus may be able to identify a
most volatile-rich and porous, least processed region at depth. If the deep interior is homo-
geneous, a sample may be representative and inform the refractory-to-ice mass ratio. If the
deep interios is heterogeneous at the scale of the sample, this may not enable a determina-
tion of the refractory-to-ice ratio of the nucleus to a precision better than Rosetta, however
the sample would retain the textural information that holds the clues as to processes through
which it formed in the outer protosolar disk. More than 30 years after the flyby of 1P/Halley
by Giotto (Reinhard 1986), further efforts by space agencies around the world are needed to
turn a cryogenic comet sample return mission concept into a reality.

5 Conclusions
Rosetta data obtained at 67P enabled multiple estimates of the dust-to-gas mass ratio in

the coma and the refractory-to-ice mass ratio within the nucleus. These estimates are over-
all of low precision, because of the uncertainties associated to individual measurements,
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the numerous models that need to be used to derive global production rates and mass loss
from measurements made at one location and one point in time (hence large extrapolations
both spatially and over time), and complications arising from the redistribution of materials
around the nucleus and the poor knowledge of their composition and ice content.

The mission-integrated dust-to-gas ratio pg, based on total mass loss of the nucleus and
the total mass loss of volatiles, is probably the best constrained parameter to date. A §pg
value of 2.3 or lower encompasses both remote sensing and in-situ determinations (consid-
ering the 1-sigma upper limit from the 1.5 & 0.8 remote sensing determination, and although
one cannot discard at this time the potential for systematic errors to affect this result).

However, it appears difficult to place firm lower or upper limits on the refractory-to-
ice mass ratio. Opposing views are expressed to date on this topic within the community.
Some argue that the data and analyses presently available have reached the level of maturity
necessary to draw conclusions, while others caution that the numerous sources of uncer-
tainties associated to the derivation of the refractory-to-ice mass ratio (retrievals, activity
scenario, extent and composition of fallback materials, along with putative heterogeneities
in composition within the nucleus and variability in comet activity through time) may not
be understood and quantified well enough yet to support such conclusions.

It has been previously suggested that the dust-to-gas mass ratio measured in the coma
may deviate significantly from the refractory-to-ice mass ratio in the nucleus, at least at a
single point in time. One would expect that the integrated mass losses of dust and ice would
help bound the refractory-to-ice mass ratio in the nucleus, but that is not the case at present.

Upcoming analyses of Rosetta data may shed a new light on the extent of fallback ma-
terials and erosion, and bring new quantified information on lateral transport processes. In
turn, these new pieces of information may provide new constraints on the refractory-to-ice
mass ratio within the 67P nucleus.

The most important lesson from Rosetta on the topic of dust-to-gas and refractory-to-ice
mass ratios is probably that dust-to-gas mass ratio estimates from observations of cometary
comae at limited points in time may not be representative of the refractory-to-ice mass ratio
within the observed nuclei. This emphasizes the need for instrumentation tailored to in-
vestigating the interior and near-surface of comet nuclei and their contribution to cometary
activity, and for future space missions to comets.

Acknowledgements Rosetta is an ESA mission with contributions from its Member States and NASA.
Rosetta’s Philae lander is provided by a consortium led by DLR, MPS, CNES and ASI. The authors are
grateful to two anonymous reviewers for comments that helped improve on this manuscript, to Vincenzo
Della Corte for valuable discussions of the GIADA collection and measurement principles, and to Marco
Fulle for numerous discussions on determinations of the dust-to-gas and refractory-to-ice mass ratios, meth-
ods, and uncertainties. The Rosetta RSI experiment was funded by the Bundesministerium fiir Wirtschaft
BMWi, Berlin, via the German Space Agency DLR, Bonn, under grants 5S0QM1401 and 50QM 1802 for RIU
Cologne, 50QM1302 for Max Planck Institute for Solar System Research, Gottingen, and 5S0QM 1002 and
50QM1704 for UniBw Miinchen. The RSI team expresses deep appreciation for the critical support pro-
vided the ESTRACK and DSN ground station networks during the data acquisition periods. This project has
received funding from the European Union’s Horizon 2020 research and innovation program under grant
agreement No 686709. This work was supported by the Swiss State Secretariat for Education, Research and
Innovation (SERI) under contract number 16.0008-2. The opinions expressed and arguments employed herein
do not necessarily reflect the official view of the Swiss Government. This work was supported in part by the
H2020 MiARD project. Part of this work has been conducted at the Jet Propulsion Laboratory, California
Institute of Technology, under contract to NASA. MC acknowledges support from the US Rosetta Project,
which manages the NASA contributions to Rosetta. Government sponsorship acknowledged.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



44 Page 30 of 38 M. Choukroun et al.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party material in this article are in-
cluded in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

J. Agarwal, M. A’Hearn, J.-B. Vincent, C. Giittler, S. Hofner, H. Sierks, C. Tubiana, C. Barbieri, P.
Lamy, R. Rodrigo, Acceleration of individual, decimetre-sized aggregates in the lower coma of comet
67P/Churyumov—Gerasimenko. Mon. Not. R. Astron. Soc. 462(Suppl 1), S78-S88 (2016)

J. Agarwal, V. Della Corte, P. Feldman, B. Geiger, S. Merouane, 1. Bertini, D. Bodewits, S. Fornasier, E.
Griin, P. Hasselmann, Evidence of sub-surface energy storage in comet 67P from the outburst of 2016
July 03. Mon. Not. R. Astron. Soc. 469(Suppl 2), s606—s625 (2017)

M.F. A’'Hearn, M.J. Belton, W.A. Delamere, L.M. Feaga, D. Hampton, J. Kissel, K.P. Klaasen, L.A. McFad-
den, K.J. Meech, H.J. Melosh, EPOXI at comet Hartley 2. Science 332(6036), 1396-1400 (2011)

K. Altwegg, H. Balsiger, A. Bar-Nun, J.-J. Berthelier, A. Bieler, P. Bochsler, C. Briois, U. Calmonte, M.
Combi, J. De Keyser, 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio.
Science 347(6220), 1261952 (2015)

N. Attree, L. Jorda, O. Groussin, S. Mottola, N. Thomas, Y. Brouet, E. Kiihrt, M. Knapmeyer, F. Preusker,
F. Scholten, J. Knollenberg, S. Hviid, P. Hartogh, R. Rodrigo, Constraining models of activity on comet
67P/Churyumov-Gerasimenko with Rosetta trajectory, rotation, and water production measurements
(2019). ArXiv:e-prints

G. Aumatell, G. Wurm, Ice aggregate contacts at the nm-scale. Mon. Not. R. Astron. Soc. 437(1), 690-702
(2014)

H. Balsiger, K. Altwegg, P. Bochsler, P. Eberhardt, J. Fischer, S. Graf, A. Jéickel, E. Kopp, U. Langer, M.
Mildner, Rosina—Rosetta orbiter spectrometer for ion and neutral analysis. Space Sci. Rev. 128(1-4),
745-801 (2007)

H. Balsiger, K. Altwegg, A. Bar-Nun, J.-J. Berthelier, A. Bieler, P. Bochsler, C. Briois, U. Calmonte, M.
Combi, J. De Keyser, Detection of argon in the coma of comet 67P/Churyumov-Gerasimenko. Sci.
Adv. 1(8), e1500377 (2015)

A. Bardyn, D. Baklouti, H. Cottin, N. Fray, C. Briois, J. Paquette, O. Stenzel, C. Engrand, H. Fischer, K. Hor-
nung, Carbon-rich dust in comet 67P/Churyumov-Gerasimenko measured by COSIMA/Rosetta. Mon.
Not. R. Astron. Soc. 469(Suppl 2), S712-S722 (2017)

M.S. Bentley, R. Schmied, T. Mannel, K. Torkar, H. Jeszenszky, J. Romstedt, A.-C. Levasseur-Regourd,
I. Weber, E.K. Jessberger, P. Ehrenfreund, Aggregate dust particles at comet 67P/Churyumov—
Gerasimenko. Nature 537(7618), 73 (2016)

J.-L. Bertaux, Estimate of the erosion rate from HyO mass-loss measurements from SWAN/SOHO in pre-
vious perihelions of comet 67P/Churyumov-Gerasimenko and connection with observed rotation rate
variations. Astron. Astrophys. 583, A38 (2015)

I. Bertini, F. La Forgia, M. Fulle, C. Tubiana, C. Giittler, F. Moreno, J. Agarwal, O. Mufioz, S. Mottola,
S. Ivanovsky, The backscattering ratio of comet 67P/Churyumov—Gerasimenko dust coma as seen by
OSIRIS onboard Rosetta. Mon. Not. R. Astron. Soc. 482(3), 2924-2933 (2018)

J. Biele, S. Ulamec, M. Maibaum, R. Roll, L. Witte, E. Jurado, P. Mufioz, W. Arnold, H.-U. Auster, C. Casas,
The landing (s) of Philae and inferences about comet surface mechanical properties. Science 349(6247),
2aa9816 (2015)

A. Bieler, K. Altwegg, H. Balsiger, A. Bar-Nun, J.-J. Berthelier, P. Bochsler, C. Briois, U. Calmonte, M.
Combi, J. De Keyser, Abundant molecular oxygen in the coma of comet 67P/Churyumov—Gerasimenko.
Nature 526(7575), 678 (2015a)

A. Bieler, K. Altwegg, H. Balsiger, J.-J. Berthelier, U. Calmonte, M. Combi, J. De Keyser, B. Fiethe, N.
Fougere, S. Fuselier, Comparison of 3D kinetic and hydrodynamic models to ROSINA-COPS measure-
ments of the neutral coma of 67P/Churyumov-Gerasimenko. Astron. Astrophys. 583, A7 (2015b)

N. Biver, M. Hofstadter, S. Gulkis, D. Bockelee-Morvan, M. Choukroun, F. Lellouch, F.P. Schloerb, L. Rezac,
W.H. Ip, C. Jarchow, P. Hartogh, S. Lee, P. von Allmen, J. Crovisier, C. Leyrat, P. Encrenaz, Distribution
of water around the nucleus of comet 67P/Churyumov-Gerasimenko at 3.4 AU from the Sun as seen by
the MIRO instrument on Rosetta. Astron. Astrophys. 583, A3 (2015)

@ Springer



Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P... Page 31 of 38 44

N. Biver, D. Bockelée-Morvan, M. Hofstadter, E. Lellouch, M. Choukroun, S. Gulkis, J. Crovisier, F. Schlo-
erb, L. Rezac, P. Von Allmen, Long-term monitoring of the outgassing and composition of comet
67P/Churyumov-Gerasimenko with the Rosetta/MIRO instrument. Astron. Astrophys. 630, A19 (2019)

J. Blum, Dust evolution in protoplanetary discs and the formation of planetesimals. Space Sci. Rev. 214(2),
52 (2018)

J. Blum, B. Gundlach, M. Krause, M. Fulle, A. Johansen, J. Agarwal, I. von Borstel, X. Shi, X. Hu, M.S.
Bentley, F. Capaccioni, L. Colangeli, V. Della Corte, N. Fougere, S.F. Green, S. Ivanovski, T. Mannel,
S. Merouane, A. Migliorini, A. Rotundi, R. Schmied, C. Snodgrass, Evidence for the formation of comet
67P/Churyumov-Gerasimenko through gravitational collapse of a bound clump of pebbles. Mon. Not.
R. Astron. Soc. 469, S755-S773 (2017)

D. Bockelée-Morvan, N. Biver, The composition of cometary ices. Philos. Trans. R. Soc., Math. Phys. Eng.
Sci. 375(2097), 20160252 (2017)

D. Bockelée-Morvan, J. Crovisier, M. Mumma, H. Weaver, The composition of cometary volatiles, in Comets
11, ed. by H.U. Keller, H.A. Weaver (2004), pp. 391424

D. Bockelée-Morvan, V. Debout, S. Erard, C. Leyrat, F. Capaccioni, G. Filacchione, N. Fougere, P.
Drossart, G. Arnold, M. Combi, First observations of HyO and CO, vapor in comet 67P/Churyumov-
Gerasimenko made by VIRTIS onboard Rosetta. Astron. Astrophys. 583, A6 (2015)

D. Bockelée-Morvan, J. Crovisier, S. Erard, F. Capaccioni, C. Leyrat, G. Filacchione, P. Drossart, T. Encre-
naz, N. Biver, M.-C. de Sanctis, Evolution of CO,, CH4, and OCS abundances relative to H>O in the
coma of comet 67P around perihelion from Rosetta/VIRTIS-H observations. Mon. Not. R. Astron. Soc.
462(Suppl 1), S170-S183 (2016)

U. Calmonte, K. Altwegg, H. Balsiger, J.-J. Berthelier, A. Bieler, G. Cessateur, F. Dhooghe, E. Van Dishoeck,
B. Fiethe, S. Fuselier, Sulphur-bearing species in the coma of comet 67P/Churyumov—Gerasimenko.
Mon. Not. R. Astron. Soc. 462(Suppl 1), S253-S273 (2016)

U. Calmonte, K. Altwegg, H. Balsiger, J.-J. Berthelier, A. Bieler, J. De Keyser, B. Fiethe, S. Fuselier, S.
Gasc, T. Gombosi, Sulphur isotope mass-independent fractionation observed in comet 67P/Churyumov—
Gerasimenko by Rosetta/ROSINA. Mon. Not. R. Astron. Soc. 469(Suppl 2), S787-S803 (2017)

F.a. Capaccioni, A. Coradini, G. Filacchione, S. Erard, G. Arnold, P. Drossart, M. De Sanctis, D. Bockelee-
Morvan, M. Capria, F. Tosi, The organic-rich surface of comet 67P/Churyumov-Gerasimenko as seen
by VIRTIS/Rosetta. Science 347(6220), aaa0628 (2015)

C. Capanna, L. Jorda, G. Gesquiere, O. Groussin, P. Gutiérrez, S. Hviid, P. Lamy, S. Rodionov, D. Vibert,
A new 3D shape reconstruction method for celestial bodies: multi-resolution stereophotoclinometry by
deformation, in EGU General Assembly Conference Abstracts (2015)

M.T. Capria, F. Capaccioni, G. Filacchione, F. Tosi, M.C. De Sanctis, S. Mottola, M. Ciarniello, M.
Formisano, A. Longobardo, A. Migliorini, E. Palomba, A. Raponi, E. Kiihrt, D. Bockelée-Morvan,
S. Erard, C. Leyrat, A. Zinzi, How pristine is the interior of the comet 67P/Churyumov-Gerasimenko?
Mon. Not. R. Astron. Soc. 469, S685-S694 (2017)

M. Choukroun, S. Keihm, EP. Schloerb, S. Gulkis, E. Lellouch, C. Leyrat, P. von Allmen, N. Biver, D.
Bockelee-Morvan, J. Crovisier, P. Encrenaz, P. Hartogh, M. Hofstadter, W.-H. Ip, C. Jarchow, M.
Janssen, S. Lee, L. Rezac, G. Beaudin, B. Gaskell, L. Jorda, H.U. Keller, H. Sierks, Dark side of comet
67P/Churyumov-Gerasimenko in Aug.-Oct. 2014 MIRO/Rosetta continuum observations of polar night
in the southern regions. Astron. Astrophys. 583, A28 (2015)

V. Ciarletti, A.C. Levasseur-Regourd, J. Lasue, C. Statz, D. Plettemeier, A. Hérique, Y. Rogez, W. Kofman,
CONSERT suggests a change in local properties of 67P/Churyumov-Gerasimenko’s nucleus at depth.
Astron. Astrophys. 583, A40 (2015)

L. Colangeli, J. Lopez-Moreno, P. Palumbo, J. Rodriguez, M. Cosi, V. Della Corte, F. Esposito, M. Fulle,
M. Herranz, J. Jeronimo, The grain impact analyser and dust accumulator (GIADA) experiment for the
Rosetta mission: design, performances and first results. Space Sci. Rev. 128(1-4), 803-821 (2007)

M. Combi, Y. Shou, N. Fougere, V. Tenishev, K. Altwegg, M. Rubin, D. Bockelée-Morvan, F. Capaccioni, Y.-
C. Cheng, U. Fink, The surface distributions of the production of the major volatile species, HyO, CO»,
CO and O,, from the nucleus of comet 67P/Churyumov-Gerasimenko throughout the Rosetta Mission
as measured by the ROSINA double focusing mass spectrometer. Icarus 335, 113421 (2020)

A. Coradini, F. Capaccioni, P. Drossart, G. Arnold, E. Ammannito, F. Angrilli, A. Barucci, G. Bellucci, J.
Benkhoff, G. Bianchini, VIRTIS: an imaging spectrometer for the Rosetta mission. Space Sci. Rev.
128(1-4), 529-559 (2007)

M. De Sanctis, F. Capaccioni, M. Ciarniello, G. Filacchione, M. Formisano, S. Mottola, A. Raponi, F. Tosi,
D. Bockelée-Morvan, S. Erard, The diurnal cycle of water ice on comet 67P/Churyumov—Gerasimenko.
Nature 525(7570), 500 (2015)

V. Della Corte, A. Rotundi, M. Fulle, E. Gruen, P. Weissman, R. Sordini, M. Ferrari, S. Ivanovski, F. Lucarelli,
M. Accolla, GIADA: shining a light on the monitoring of the comet dust production from the nucleus
of 67P/Churyumov-Gerasimenko. Astron. Astrophys. 583, A13 (2015)

@ Springer



44 Page 32 of 38 M. Choukroun et al.

V. Della Corte, R. Sordini, M. Accolla, M. Ferrari, S. Ivanovski, A. Rotundi, FJ.M. Rietmeijer, M. Fulle,
E. Mazzotta-Epifani, P. Palumbo, L. Colangeli, J.J. Lopez-Moreno, J. Rodriguez, R. Morales, M. Cosi,
GIADA - Grain Impact Analyzer and Dust Accumulator—onboard Rosetta spacecraft: extended cali-
brations. Acta Astronaut. 126, 205-214 (2016)

V. Della Corte, A. Rotundi, V. Zakharov, S. Ivanovski, P. Palumbo, M. Fulle, A. Longobardo, Z. Dionnet,
V. Liuzzi, GIADA microbalance measurements on board Rosetta: submicrometer- to micrometer-sized
dust particle flux in the coma of comet 67P/Churyumov-Gerasimenko. Astron. Astrophys. 630, A25
(2019)

J. Drazkowska, Y. Alibert, Planetesimal formation starts at the snow line. Astron. Astrophys. 608, A92 (2017)

J. Drazkowska, C.P. Dullemond, Can dust coagulation trigger streaming instability? Astron. Astrophys. 572,
A78 (2014)

E. Drolshagen, T. Ott, D. Koschny, C. Giittler, C. Tubiana, J. Agarwal, H. Sierks, C. Barbieri, P.I. Lamy,
R. Rodrigo, H. Rickman, M.F. A’Hearn, M.A. Barucci, J.-L. Bertaux, I. Bertini, G. Cremonese, V. da
Deppo, B. Davidsson, S. Debei, M. de Cecco, J. Deller, C. Feller, S. Fornasier, M. Fulle, A. Gicquel,
O. Groussin, PJ. Gutiérrez, M. Hofmann, S.F. Hviid, W.-H. Ip, L. Jorda, H.U. Keller, J. Knollenberg,
J.R. Kramm, E. Kiihrt, M. Kiippers, L.M. Lara, M. Lazzarin, J.J. Lopez Moreno, F. Marzari, G. Naletto,
N. Oklay, X. Shi, N. Thomas, B. Poppe, Distance determination method of dust particles using Rosetta
OSIRIS NAC and WAC data. Planet. Space Sci. 143, 256-264 (2017)

P. Eberhardt, Comet Halley’s gas composition and extended sources: results from the neutral mass spectrom-
eter on Giotto, in Composition and Origin of Cometary Materials, (Springer, Berlin, 1999), pp. 45-52

M.R. El-Maarry, O. Groussin, N. Thomas, M. Pajola, A.-T. Auger, B. Davidsson, X. Hu, S.F. Hviid, J.
Knollenberg, C. Giittler, Surface changes on comet 67P/Churyumov-Gerasimenko suggest a more active
past. Science 355(6332), 1392-1395 (2017)

L.E. Ellerbroek, B. Gundlach, A. Landeck, C. Dominik, J. Blum, S. Merouane, M. Hilchenbach, H. John,
H.A. van Veen, The footprint of cometary dust analogues — II. Morphology as a tracer of tensile strength
and application to dust collection by the Rosetta spacecraft. Mon. Not. R. Astron. Soc. 486(3), 3755—
3765 (2019)

G. Filacchione, M. De Sanctis, F. Capaccioni, A. Raponi, F. Tosi, M. Ciarniello, P. Cerroni, G. Piccioni, M.
Capria, E. Palomba, Exposed water ice on the nucleus of comet 67P/Churyumov—Gerasimenko. Nature
529(7586), 368 (2016a)

G. Filacchione, A. Raponi, F. Capaccioni, M. Ciarniello, F. Tosi, M. Capria, M. De Sanctis, A. Migliorini, G.
Piccioni, P. Cerroni, Seasonal exposure of carbon dioxide ice on the nucleus of comet 67P/Churyumov-
Gerasimenko. Science 354(6319), 1563-1566 (2016b)

S. Fornasier, S. Mottola, H.U. Keller, M. Barucci, B. Davidsson, C. Feller, J. Deshapriya, H. Sierks, C.
Barbieri, P. Lamy, Rosetta’s comet 67P/Churyumov-Gerasimenko sheds its dusty mantle to reveal its
icy nature. Science 354, aag2671 (2016)

S. Fornasier, C. Feller, P.H. Hasselmann, M.A. Barucci, J. Sunshine, J.-B. Vincent, X. Shi, H. Sierks, G.
Naletto, PL. Lamy, R. Rodrigo, D. Koschny, B. Davidsson, J.-L. Bertaux, I. Bertini, D. Bodewits, G.
Cremonese, V. Da Deppo, S. Debei, M. De Cecco, J. Deller, S. Ferrari, M. Fulle, PJ. Gutierrez, C.
Giittler, W.-H. Ip, L. Jorda, H.U. Keller, M.L. Lara, M. Lazzarin, J.J. Lopez Moreno, A. Lucchetti, F.
Marzari, S. Mottola, M. Pajola, I. Toth, C. Tubiana, Surface evolution of the Anhur region on comet 67P
from high-resolution OSIRIS images (2019). arXiv:e-prints

N. Fougere, K. Altwegg, J.-J. Berthelier, A. Bieler, D. Bockelee-Morvan, U. Calmonte, F. Capaccioni, M.R.
Combi, J. De Keyser, V. Debout, Three-dimensional direct simulation Monte-Carlo modeling of the
coma of comet 67P/Churyumov-Gerasimenko observed by the VIRTIS and ROSINA instruments on
board Rosetta. Astron. Astrophys. 588, A134 (2016a)

N. Fougere, K. Altwegg, J.-J. Berthelier, A. Bieler, D. Bockelée-Morvan, U. Calmonte, F. Capaccioni, M.R.
Combi, J. De Keyser, V. Debout, et al., Direct simulation Monte Carlo modelling of the major species
in the coma of comet 67P/Churyumov-Gerasimenko. Mon. Not. R. Astron. Soc. 462(1), S156-S169
(2016b)

N. Fray, A. Bardyn, H. Cottin, D. Baklouti, C. Briois, C. Engrand, H. Fischer, K. Hornung, R. Is-
nard, Y. Langevin, Nitrogen-to-carbon atomic ratio measured by COSIMA in the particles of comet
67P/Churyumov—Gerasimenko. Mon. Not. R. Astron. Soc. 469(Suppl 2), S506-S516 (2017)

U. Frisk, M. Hagstrom, J. Ala-Laurinaho, S. Andersson, J.-C. Berges, J.-P. Chabaud, M. Dahlgren, A. Emrich,
H.-G. Florén, G. Florin, The Odin satellite-I. Radiometer design and test. Astron. Astrophys. 402(3),
L27-L34 (2003)

M. Fulle, A.C. Levasseur-Regourd, N. McBride, E. Hadamcik, In situ dust measurements from within the
coma of 1P/Halley: first-order approximation with a dust dynamical model. Astron. J. 119, 1968-1977
(2000)

M. Fulle, C. Barbieri, G. Cremonese, H. Rauer, M. Weiler, G. Milani, R. Ligustri, The dust environment of
comet 67P/Churyumov-Gerasimenko. Astron. Astrophys. 422(1), 357-368 (2004)

@ Springer



Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P... Page 33 of 38 44

M. Fulle, N. Altobelli, B. Buratti, M. Choukroun, M. Fulchignoni, E. Griin, M. Taylor, P. Weissman, Unex-
pected and significant findings in comet 67P/Churyumov—Gerasimenko: an interdisciplinary view. Mon.
Not. R. Astron. Soc. 462(Suppl 1), S2-S8 (2016a)

M. Fulle, F. Marzari, V. Della Corte, S. Fornasier, H. Sierks, A. Rotundi, C. Barbieri, P.L. Lamy, R. Rodrigo,
D. Koschny, Evolution of the dust size distribution of comet 67P/Churyumov—Gerasimenko from 2.2
AU to perihelion. Astrophys. J. 821(1), 19 (2016b)

M. Fulle, V. Della Corte, A. Rotundi, S. Green, M. Accolla, L. Colangeli, M. Ferrari, S. Ivanovski, R. Sor-
dini, V. Zakharov, The dust-to-ices ratio in comets and Kuiper belt objects. Mon. Not. R. Astron. Soc.
469(Suppl 2), S45-S49 (2017)

M. Fulle, J. Blum, S. Green, B. Gundlach, A. Herique, F. Moreno, S. Mottola, A. Rotundi, C. Snodgrass, The
refractory-to-ice mass ratio in comets. Mon. Not. R. Astron. Soc. 482(3), 3326-3340 (2019)

R. Funase, T. Inamori, S. Ikari, N. Ozaki, H. Koizumi, Initial operation results of a 50 kg-class deep space
exploration micro-spacecraft PROCYON. In: 29th Annual AIAA/USU Conference on Small Satellites
(2015)

S. Gasc, K. Altwegg, H. Balsiger, J.-J. Berthelier, A. Bieler, U. Calmonte, B. Fiethe, S. Fuselier, A. Galli,
T. Gombosi, Change of outgassing pattern of 67P/Churyumov—Gerasimenko during the March 2016
equinox as seen by ROSINA. Mon. Not. R. Astron. Soc. 469(Suppl 2), S108-S117 (2017)

A. Gicquel, J.-B. Vincent, J. Agarwal, M. A’Hearn, I. Bertini, D. Bodewits, H. Sierks, Z.-Y. Lin, C. Barbieri,
P. Lamy, Sublimation of icy aggregates in the coma of comet 67P/Churyumov—Gerasimenko detected
with the OSIRIS cameras on board Rosetta. Mon. Not. R. Astron. Soc. 462(Suppl 1), S57-S66 (2016)

K.-H. Glassmeier, H. Boehnhardt, D. Koschny, E. Kiihrt, I. Richter, The Rosetta mission: flying towards the
origin of the solar system. Space Sci. Rev. 128(1-4), 1-21 (2007)

J.M. Greenberg, A. Li, Morphological structure and chemical composition of cometary nuclei and dust. Space
Sci. Rev. 90(1-2), 149-161 (1999)

O. Groussin, G. Hahn, PL. Lamy, R. Gonczi, G.B. Valsecchi, The long-term evolution and initial size of
comets 46P/Wirtanen and 67P/Churyumov-Gerasimenko. Mon. Not. R. Astron. Soc. 376, 1399-1406
(2007)

O. Groussin, N. Attree, Y. Brouet, V. Ciarletti, B. Davidsson, G. Filacchione, H.H. Fischer, B. Gundlach,
M. Knapmeyer, J. Knollenberg, R. Kokotanekova, The thermal, mechanical, structural, and dielectric
properties of cometary nuclei after Rosetta. Space Sci. Rev. 215(4), 29 (2019)

E. Griin, H. Kochan, K. Seidensticker, Laboratory simulation, a tool for comet research. Geophys. Res. Lett.
18(2), 245-248 (1991)

E. Griin, J. Agarwal, N. Altobelli, K. Altwegg, M.S. Bentley, N. Biver, V. Della Corte, N. Edberg, P. Feldman,
M. Galand, The 2016 Feb 19 outburst of comet 67P/CG: an ESA Rosetta multi-instrument study. Mon.
Not. R. Astron. Soc. 462(Suppl 1), S220-S234 (2016)

S. Gulkis, M. Frerking, J. Crovisier, G. Beaudin, P. Hartogh, P. Encrenaz, T. Koch, C. Kahn, Y. Salinas, R.
Nowicki, MIRO: microwave instrument for Rosetta orbiter. Space Sci. Rev. 128(1-4), 561-597 (2007)

S. Gulkis, M. Allen, P. von Allmen, G. Beaudin, N. Biver, D. Bockelee-Morvan, M. Choukroun, J. Cro-
visier, B.J.R. Davidsson, P. Encrenaz, T. Encrenaz, M. Frerking, P. Hartogh, M. Hofstadter, W.-H. Ip,
M. Janssen, C. Jarchow, S. Keihm, S. Lee, E. Lellouch, C. Leyrat, L. Rezac, EP. Schloerb, T. Spilker,
Subsurface properties and early activity of comet 67P/Churyumov-Gerasimenko. Science 347(6220),
2aa0709 (2015)

B. Gundlach, J. Blum, The stickiness of micrometer-sized water-ice particles. Astrophys. J. 798(1), 34 (2014)

B. Gundlach, K.P. Schmidt, C. Kreuzig, D. Bischoff, F. Rezaei, S. Kothe, J. Blum, B. Grzesik, E. Stoll,
The tensile strength of ice and dust aggregates and its dependence on particle properties. Mon. Not. R.
Astron. Soc. 479, 1273-1277 (2018)

C. Giittler, T. Mannel, A. Rotundi, S. Merouane, M. Fulle, D. Bockelée-Morvan, J. Lasue, A.C. Levasseur-
Regourd, J. Blum, G. Naletto, Synthesis of the morphological description of cometary dust at comet
67P/Churyumov-Gerasimenko. Astron. Astrophys. 630, A24 (2019)

K.C. Hansen, K. Altwegg, J.-J. Berthelier, A. Bieler, N. Biver, D. Bockelée-Morvan, U. Calmonte, F. Ca-
paccioni, M. Combi, J. De Keyser, Evolution of water production of 67P/Churyumov—Gerasimenko:
an empirical model and a multi-instrument study. Mon. Not. R. Astron. Soc. 462(Suppl 1), S491-S506
(2016)

P. Hasselmann, A. Barucci, S. Fornasier, D. Bockelée-Morvan, J. Deshapriya, C. Feller, J. Sunshine, V.
Hoang, H. Sierks, G. Naletto, P. Lamy, R. Rodrigo, D. Koschny, B. Davidsson, J.-L. Bertaux, I. Bertini,
D. Bodewits, G. Cremonese, V. Da Deppo, S. Debei, M. Fulle, P. Gutierrez, C. Giittler, J. Deller, W.-H.
Ip, H.U. Keller, L. Lara, M. De Cecco, M. Lazzarin, F. Marzari, X. Shi, C. Tubiana, Pronounced morpho-
logical changes in a southern active zone on comet 67P/Churyumov-Gerasimenko. Astron. Astrophys.
630, A8 (2019). accepted

@ Springer



44 Page 34 of 38 M. Choukroun et al.

M. Hissig, K. Altwegg, H. Balsiger, A. Bar-Nun, J.-J. Berthelier, A. Bieler, P. Bochsler, C. Briois, U. Cal-
monte, M. Combi, Time variability and heterogeneity in the coma of 67P/Churyumov-Gerasimenko.
Science 347(6220), aaa0276 (2015)

A. Hérique, W. Kofman, P. Beck, L. Bonal, I. Buttarazzi, E. Heggy, J. Lasue, A.C. Levasseur-Regourd, E.
Quirico, S. Zine, Cosmochemical implications of CONSERT permittivity characterization of 67P/CG.
Mon. Not. R. Astron. Soc. 462(Suppl 1), S516-S532 (2016)

A. Hérique, B. Agnus, E. Asphaug, A. Barucci, P. Beck, J. Bellerose, J. Biele, L. Bonal, P. Bousquet, L. Bruz-
zone, Direct observations of asteroid interior and regolith structure: science measurement requirements.
Adv. Space Res. 62(8), 2141-2162 (2018)

A. Hérique, W. Kofman, S. Zine, J. Blum, J. Vincent, V. Ciarletti, Homogeneity of 67P as seen by CONSERT:
implication on composition and formation. Astron. Astrophys. 630, A6 (2019)

G. Herman, P.R. Weissman, Numerical simulation of cometary nuclei: III. Internal temperatures of cometary
nuclei. Icarus 69(2), 314-328 (1987)

M. Hilchenbach, H. Fischer, Y. Langevin, S. Merouane, J. Paquette, J. Ryno, O. Stenzel, C. Briois, J. Kissel,
A. Koch, Mechanical and electrostatic experiments with dust particles collected in the inner coma of
comet 67P by COSIMA onboard Rosetta. Philos. Trans. R. Soc., Math. Phys. Eng. Sci. 375(2097),
20160255 (2017)

M. Hirabayashi, D.J. Scheeres, S.R. Chesley, S. Marchi, J.W. McMahon, J. Steckloff, S. Mottola, S.P.
Naidu, T. Bowling, Fission and reconfiguration of bilobate comets as revealed by 67P/Churyumov—
Gerasimenko. Nature 534(7607), 352 (2016)

K. Homma, T. Nakamoto, Collisional growth of icy dust aggregates in the disk formation stage: difficulties
for planetesimal formation via direct collisional growth outside the snowline. Astrophys. J. 868(2), 118
(2018)

P. Hoppe, M. Rubin, K. Altwegg, Presolar isotopic signatures in meteorites and comets: new insights from
the Rosetta mission to comet 67P/Churyumov—Gerasimenko. Space Sci. Rev. 214(6), 106 (2018)

K. Hornung, S. Merouane, M. Hilchenbach, Y. Langevin, E.M. Mellado, V. Della Corte, J. Kissel, C. Engrand,
R. Schulz, J. Ryno, A first assessment of the strength of cometary particles collected in-situ by the
COSIMA instrument onboard ROSETTA. Planet. Space Sci. 133, 63-75 (2016)

X. Hu, X. Shi, H. Sierks, J. Blum, J. Oberst, M. Fulle, E. Kiihrt, C. Giittler, B. Gundlach, H.U. Keller,
S. Mottola, M. Pajola, C. Barbieri, P.L. Lamy, R. Rodrigo, D. Koschny, H. Rickman, J. Agarwal,
M.F. A’Hearn, M.A. Barucci, J.-L. Bertaux, 1. Bertini, S. Boudreault, I. Biittner, G. Cremonese, V.
Da Deppo, B. Davidsson, S. Debei, M. De Cecco, J. Deller, S. Fornasier, O. Groussin, P.J. Gutiérrez,
P. Gutiérrez-Marqués, 1. Hall, M. Hofmann, S.F. Hviid, W.-H. Ip, L. Jorda, J. Knollenberg, G. Kovacs,
J.R. Kramm, M. Kiippers, L.M. Lara, M. Lazzarin, J.J. Lépez-Moreno, F. Marzari, G. Naletto, N. Oklay,
M.L. Richards, J. Ripken, N. Thomas, C. Tubiana, J.-B. Vincent, Thermal modelling of water activity
on comet 67P/Churyumov-Gerasimenko with global dust mantle and plural dust-to-ice ratio. Mon. Not.
R. Astron. Soc. 469, S295-S311 (2017a)

X. Hu, X. Shi, H. Sierks, M. Fulle, J. Blum, H.U. Keller, E. Kiihrt, B. Davidsson, C. Giittler, B. Gundlach,
M. Pajola, D. Bodewits, J.-B. Vincent, N. Oklay, M. Massironi, S. Fornasier, C. Tubiana, O. Groussin,
S. Boudreault, S. Hofner, S. Mottola, C. Barbieri, P.L. Lamy, R. Rodrigo, D. Koschny, H. Rickman, M.
A’Hearn, J. Agarwal, M.A. Barucci, J.-L. Bertaux, I. Bertini, G. Cremonese, V. Da Deppo, S. Debei, M.
De Cecco, J. Deller, M.R. El-Maarry, A. Gicquel, P. Gutierrez-Marques, P.J. Gutiérrez, M. Hofmann,
S.F. Hviid, W.-H. Ip, L. Jorda, J. Knollenberg, G. Kovacs, J.-R. Kramm, M. Kiippers, L.M. Lara, M.
Lazzarin, J.J. Lopez-Moreno, F. Marzari, G. Naletto, N. Thomas, Seasonal erosion and restoration of
the dust cover on comet 67P/Churyumov-Gerasimenko as observed by OSIRIS onboard Rosetta. Astron.
Astrophys. 604, A114 (2017b)

A. Johansen, J. Blum, H. Tanaka, C. Ormel, M. Bizzarro, H. Rickman, The multifaceted planetesimal forma-
tion process (2014). ArXiv preprint. arXiv:1402.1344

L. Jorda, R. Gaskell, C. Capanna, S. Hviid, P. Lamy, J. burech, G. Faury, O. Groussin, P. Gutiérrez, C. Jack-
man, The global shape, density and rotation of comet 67P/Churyumov-Gerasimenko from preperihelion
Rosetta/OSIRIS observations. Icarus 277, 257-278 (2016)

D.J. Joswiak, D.E. Brownlee, A.N. Nguyen, S. Messenger, Refractory materials in comet samples. Meteorit.
Planet. Sci. 52, 1612-1648 (2017)

B.A. Keeney, S.A. Stern, M.E. A’hearn, J.-L. Bertaux, L.M. Feaga, P.D. Feldman, R.A. Medina, J.W.
Parker, J.P. Pineau, E. Schindhelm, H»O and O, absorption in the coma of comet 67P/Churyumov—
Gerasimenko measured by the Alice far-ultraviolet spectrograph on Rosetta. Mon. Not. R. Astron. Soc.
469(Suppl 2), S158-S177 (2017)

B.A. Keeney, S.A. Stern, P.D. Feldman, M.F. A’"Hearn, J.-L. Bertaux, L.M. Feaga, M.M. Knight, R.A. Med-
ina, J. Noonan, J.W. Parker, J.P. Pineau, R.N. Schindhelm, A.J. Steffl, M. Versteeg, R.J. Vervack Jr.,
H.A. Weaver, Stellar occultation by comet 67P/Churyumov-Gerasimenko observed with Rosetta’s Al-
ice far-ultraviolet spectrograph. Astron. J. 157, 5 (2019)

@ Springer


http://arxiv.org/abs/arXiv:1402.1344

Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P... Page 35 of 38 44

H.U. Keller, C. Barbieri, P. Lamy, H. Rickman, R. Rodrigo, K.-P. Wenzel, H. Sierks, M.F. A’'Hearn, F. An-
grilli, M. Angulo, OSIRIS-the scientific camera system onboard Rosetta. Space Sci. Rev. 128(1-4),
433-506 (2007)

H.U. Keller, S. Mottola, B. Davidsson, S. Schroder, Y. Skorov, E. Kiihrt, O. Groussin, M. Pajola, S.F. Hviid,
F. Preusker, Insolation, erosion, and morphology of comet 67P/Churyumov-Gerasimenko. Astron. As-
trophys. 583, A34 (2015)

H.U. Keller, S. Mottola, S.F. Hviid, J. Agarwal, E. Kiihrt, Y. Skorov, K. Otto, J.-B. Vincent, N. Oklay, S.E.
Schroder, Seasonal mass transfer on the nucleus of comet 67P/Chuyumov—Gerasimenko. Mon. Not. R.
Astron. Soc. 469(Suppl 2), S357-S371 (2017)

J. Kissel, K. Altwegg, B. Clark, L. Colangeli, H. Cottin, S. Czempiel, J. Eibl, C. Engrand, H. Fehringer, B.
Feuerbacher, COSIMA-high resolution time-of-flight secondary ion mass spectrometer for the analysis
of cometary dust particles onboard Rosetta. Space Sci. Rev. 128(1-4), 823-867 (2007)

M. Knapmeyer, H.-H. Fischer, J. Knollenberg, K. Seidensticker, K. Thiel, W. Arnold, C. Faber, D. Mohlmann,
Structure and elastic parameters of the near surface of Abydos site on comet 67P/Churyumov—
Gerasimenko, as obtained by SESAME/CASSE listening to the MUPUS insertion phase. Icarus 310,
165-193 (2018)

H. Kochan, K. Roessler, L. Ratke, M. Heyl, H. Hellmann, G. Schwehm, Crustal strength of different model
comet materials, in Physics and Mechanics of Cometary Materials (1989)

W. Kofman, Y. Barbin, J. Klinger, A.-C. Levasseur-Regourd, J.-P. Barriot, A. Herique, T. Hagfors, E. Nielsen,
E. Griin, P. Edenhofer, Comet nucleus sounding experiment by radiowave transmission. Adv. Space Res.
21(11), 1589-1598 (1998)

W. Kofman, A. Hérique, J.-P. Goutail, T. Hagfors, I. Williams, E. Nielsen, J.-P. Barriot, Y. Barbin, C. Elachi,
P. Edenhofer, The comet nucleus sounding experiment by radiowave transmission (CONSERT): a short
description of the instrument and of the commissioning stages. Space Sci. Rev. 128(1-4), 413432
(2007)

W. Kofman, A. Herique, Y. Barbin, J.-P. Barriot, V. Ciarletti, S. Clifford, P. Edenhofer, C. Elachi, C. Eyraud,
J.-P. Goutail, Properties of the 67P/Churyumov-Gerasimenko interior revealed by CONSERT radar.
Science 349(6247), aab0639 (2015)

T. Kramer, M. Lauter, Outgassing induced acceleration of comet 67P/Churyumov-Gerasimenko (2019).
arXiv:e-prints

T. Kramer, M. Lauter, M. Rubin, K. Altwegg, Seasonal changes of the volatile density in the coma and on
the surface of comet 67P/Churyumov—Gerasimenko. Mon. Not. R. Astron. Soc. 469(Suppl 2), S20-S28
(2017)

T. Kramer, M. Liuter, S. Hviid, L. Jorda, H.U. Keller, E. Kiihrt, Comet 67P/Churyumov-Gerasimenko rota-
tion changes derived from sublimation induced torques (2018). arXiv:e-prints

S. Krijt, C.W. Ormel, C. Dominik, A.G. Tielens, A panoptic model for planetesimal formation and pebble
delivery. Astron. Astrophys. 586, A20 (2016)

M. Krolikowska, 67P/Churyumov-Gerasimenko — potential target for the Rosetta mission. Acta Astron. 53,
195-209 (2003)

M. Kiippers, I. Bertini, S. Fornasier, PJ. Gutierrez, S.F. Hviid, L. Jorda, H.U. Keller, J. Knollenberg, D.
Koschny, R. Kramm, L.-M. Lara, H. Sierks, N. Thomas, C. Barbieri, P. Lamy, H. Rickman, R. Rodrigo,
M.F. A’Hearn, F. Angrilli, M. Bailey, P. Barthol, M.A. Barucci, J.-L. Bertaux, J.A. Burns, G. Cremonese,
W. Curdt, M. De Cecco, S. Debei, M. Fulle, F. Gliem, W.H. Ip, E. Huhrt, A. Llebaria, J.J. Lopez Moreno,
F. Marzari, G. Naletto, L. Sabau, A. Sanz Andres, J.P. Sivan, G. Tondello, K.-P. Wenzel, A large dust/ice
ratio in the nucleus of comet 9P/Tempel 1. Nature 437, 987-990 (2005)

M. Kiippers, H.U. Keller, E. Kiihrt, M.F. A’Hearn, K. Altwegg, R. Bertrand, H. Busemann, M.T. Capria, L.
Colangeli, B. Davidsson, P. Ehrenfreund, J. Knollenberg, S. Mottola, A. Rathke, P. Weiss, M. Zolensky,
E. Akim, A. Basilevsky, E. Galimov, M. Gerasimov, O. Korablev, I. Lomakin, M. Marov, M. Martynov,
M. Nazarov, A. Zakharov, L. Zelenyi, A. Aronica, A.J. Ball, C. Barbieri, A. Bar-Nun, J. Benkhoff, J.
Biele, N. Biver, J. Blum, D. Bockelée-Morvan, O. Botta, J.-H. Bredehoft, F. Capaccioni, S. Charnley, E.
Cloutis, H. Cottin, G. Cremonese, J. Crovisier, S.A. Crowther, E.M. Epifani, F. Esposito, A.C. Ferrari,
F. Ferri, M. Fulle, J. Gilmour, F. Goesmann, N. Gortsas, S.F. Green, O. Groussin, E. Griin, P.J. Gutiér-
rez, P. Hartogh, T. Henkel, M. Hilchenbach, T.-M. Ho, G. Horneck, S.F. Hviid, W.-H. Ip, A. Jickel, E.
Jessberger, R. Kallenbach, G. Kargl, N.I. Komle, A. Korth, K. Kossacki, C. Krause, H. Kriiger, Z.-Y. Li,
J. Licandro, J.J. Lopez-Moreno, S.C. Lowry, I. Lyon, G. Magni, U. Mall, I. Mann, W. Markiewicz, Z.
Martins, M. Maurette, U. Meierhenrich, V. Mennella, T.C. Ng, L.R. Nittler, P. Palumbo, M. Pitzold, D.
Prialnik, M. Rengel, H. Rickman, J. Rodriguez, R. Roll, D. Rost, A. Rotundi, S. Sandford, M. Schon-
biéchler, H. Sierks, R. Srama, R.M. Stroud, S. Szutowicz, C. Tornow, S. Ulamec, M. Wallis, W. Waniak,
P. Weissman, R. Wieler, P. Wurz, K.L. Yung, J.C. Zarnecki, Triple F—a comet nucleus sample return
mission. Exp. Astron. 23, 809-847 (2009)

@ Springer



44 Page 36 of 38 M. Choukroun et al.

Y. Langevin, M. Hilchenbach, N. Ligier, S. Merouane, K. Hornung, C. Engrand, R. Schulz, J. Kissel, J. Ryno,
P. Eng, Typology of dust particles collected by the COSIMA mass spectrometer in the inner coma of
67P/Churyumov Gerasimenko. Icarus 271, 76-97 (2016)

Y. Langevin, M. Hilchenbach, M. Vincendon, S. Merouane, K. Hornung, N. Ligier, C. Engrand, R. Schulz, J.
Kissel, J. Ryno, Optical properties of cometary particles collected by the COSIMA mass spectrometer
on-board Rosetta during the rendezvous phase around comet 67P/Churyumov—Gerasimenko. Mon. Not.
R. Astron. Soc. 469(Suppl 2), S535-S549 (2017)

J. Lasue, I. Maroger, R. Botet, P. Garnier, S. Merouane, T. Mannel, A.-C. Levasseur-Regourd, M. Bentley,
Flattened loose particles from numerical simulations compared to Rosetta collected particles (2019).
ArXiv:e-prints

M. Léauter, T. Kramer, M. Rubin, K. Altwegg, Surface localization of gas sources on comet 67P/Churyumov-
Gerasimenko based on DFMS/COPS data. Mon. Not. R. Astron. Soc. 483, 852-861 (2019)

L. Le Roy, K. Altwegg, H. Balsiger, J.-J. Berthelier, A. Bieler, C. Briois, U. Calmonte, M.R. Combi,
J. De Keyser, F. Dhooghe, Inventory of the volatiles on comet 67P/Churyumov-Gerasimenko from
Rosetta/ROSINA. Astron. Astrophys. 583, A1 (2015)

A. Lethuillier, A. Le Gall, M. Hamelin, W. Schmidt, K.J. Seidensticker, R. Grard, V. Ciarletti, S. Caujolle-
Bert, H.-H. Fischer, R. Trautner, Electrical properties and porosity of the first meter of the nucleus of
67P/Churyumov-Gerasimenko-as constrained by the permittivity probe SESAME-PP/Philae/Rosetta.
Astron. Astrophys. 591, A32 (2016)

A.C. Levasseur-Regourd, N. McBride, E. Hadamcik, M. Fulle, Similarities between in situ measurements of
local dust light scattering and dust flux impact data within the coma of 1P/Halley. Astron. Astrophys.
348, 636-641 (1999)

A.-C. Levasseur-Regourd, J. Agarwal, H. Cottin, C. Engrand, G. Flynn, M. Fulle, T. Gombosi, Y. Langevin,
J. Lasue, T. Mannel, Cometary dust. Space Sci. Rev. 214(3), 64 (2018)

S. Lorek, B. Gundlach, P. Lacerda, J. Blum, Comet formation in collapsing pebble clouds-What cometary
bulk density implies for the cloud mass and dust-to-ice ratio. Astron. Astrophys. 587, A128 (2016)

S. Lorek, P. Lacerda, J. Blum, Local growth of dust-and ice-mixed aggregates as cometary building blocks in
the solar nebula. Astron. Astrophys. 611, A18 (2018)

A. Mahjoub, M.J. Poston, J. Blacksberg, J.M. Eiler, M.E. Brown, B.L. Ehlmann, R. Hodyss, K.P. Hand,
R. Carlson, M. Choukroun, Production of sulfur allotropes in electron irradiated Jupiter Trojans ice
analogs. Astrophys. J. 846(2), 148 (2017)

T. Mannel, M.S. Bentley, R. Schmied, H. Jeszenszky, A.C. Levasseur-Regourd, J.R.K. Torkar, Fractal
cometary dust—a window into the early Solar system. Mon. Not. R. Astron. Soc. 462, stw2898 (2016)

L. Maquet, The recent dynamical history of comet 67P/Churyumov-Gerasimenko. Astron. Astrophys. 579,
A78 (2015)

D. Marshall, P. Hartogh, L. Rezac, P. von Allmen, N. Biver, D. Bockelée-Morvan, J. Crovisier, P. Encre-
naz, S. Gulkis, M. Hofstadter, Spatially resolved evolution of the local HO production rates of comet
67P/Churyumov-Gerasimenko from the MIRO instrument on Rosetta. Astron. Astrophys. 603, A87
(2017)

D. Marshall, O. Groussin, J. Vincent, Y. Brouet, D. Kappel, G. Arnold, M. Capria, G. Filacchione, P. Har-
togh, M. Hofstadter, et al., Thermal inertia and roughness of the nucleus of comet 67P/Churyumov-
Gerasimenko from MIRO and VIRTIS observations. Astron. Astrophys. 616, A122 (2018)

J. McDonnell, P. Lamy, G. Pankiewicz, Physical Properties of Cometary Dust. International Astronomical
Union Colloguium (Cambridge University Press, Cambridge, 1991)

S. Merouane, B. Zaprudin, O. Stenzel, Y. Langevin, N. Altobelli, V. Della Corte, H. Fischer, M. Fulle, K.
Hornung, J. Silén, Dust particle flux and size distribution in the coma of 67P/Churyumov-Gerasimenko
measured in situ by the COSIMA instrument on board Rosetta. Astron. Astrophys. 596, A87 (2016)

P. Michel, A. Cheng, M. Kiippers, P. Pravec, J. Blum, M. Delbo, S. Green, P. Rosenblatt, K. Tsiganis, J.-B.
Vincent, Science case for the asteroid impact mission (AIM): a component of the asteroid impact &
deflection assessment (AIDA) mission. Adv. Space Res. 57(12), 2529-2547 (2016)

F. Moreno, C. Snodgrass, O. Hainaut, C. Tubiana, H. Sierks, C. Barbieri, PL. Lamy, R. Rodrigo, D. Koschny,
H. Rickman, The dust environment of comet 67P/Churyumov-Gerasimenko from Rosetta OSIRIS and
VLT observations in the 4.5 to 2.9 AU heliocentric distance range inbound. Astron. Astrophys. 587,
A155 (2016)

S. Mottola, G. Arnold, H.-G. Grothues, R. Jaumann, H. Michaelis, G. Neukum, J.-P. Bibring, S. Schroder,
M. Hamm, K. Otto, The structure of the regolith on 67P/Churyumov-Gerasimenko from ROLIS descent
imaging. Science 349(6247), aab0232 (2015)

M.J. Mumma, S.B. Charnley, The chemical composition of comets—emerging taxonomies and natal heritage.
Annu. Rev. Astron. Astrophys. 49, 471-524 (2011)

G. Musiolik, G. Wurm, Contacts of water ice in protoplanetary disks—Ilaboratory experiments. Astrophys. J.
873, 1 (2019)

@ Springer



Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P... Page 37 of 38 44

T. Ott, E. Drolshagen, D. Koschny, C. Giittler, C. Tubiana, E. Frattin, J. Agarwal, H. Sierks, I. Bertini, C.
Barbieri, Dust mass distribution around comet 67P/Churyumov—Gerasimenko determined via parallax
measurements using Rosetta’s OSIRIS cameras. Mon. Not. R. Astron. Soc. 469(Suppl 2), S276-S284
(2017)

M. Pajola, S. Hofner, J.-B. Vincent, N. Oklay, F. Scholten, F. Preusker, S. Mottola, G. Naletto, S. Fornasier, S.
Lowry, The pristine interior of comet 67P revealed by the combined Aswan outburst and cliff collapse.
Nat. Astron. 1(5), 0092 (2017)

M. Pitzold, B. Hiusler, K. Aksnes, J.D. Anderson, S.W. Asmar, J.-P. Barriot, M.K. Bird, H. Boehnhardt, W.
Eidel, E. Griin, Rosetta radio science investigations (RSI). Space Sci. Rev. 128(1-4), 599-627 (2007)

M. Pitzold, T. Andert, M. Hahn, S. Asmar, J.-P. Barriot, M. Bird, B. Hiusler, K. Peter, S. Tellmann, E.
Griin, A homogeneous nucleus for comet 67P/Churyumov—Gerasimenko from its gravity field. Nature
530(7588), 63 (2016)

M. Pitzold, T.P. Andert, M. Hahn, J.-P. Barriot, S.W. Asmar, B. Hiusler, M.K. Bird, S. Tellmann, J. Oschlis-
niok, K. Peter, The Nucleus of comet 67P/Churyumov—Gerasimenko—Part I: The global view—nucleus
mass, mass-loss, porosity, and implications. Mon. Not. R. Astron. Soc. 483(2), 2337-2346 (2019)

G. Picardi, J.J. Plaut, D. Biccari, O. Bombaci, D. Calabrese, M. Cartacci, A. Cicchetti, S.M. Clifford, P.
Edenhofer, W.M. Farrell, Radar soundings of the subsurface of Mars. Science 310(5756), 1925-1928
(2005)

F. Preusker, F. Scholten, K.-D. Matz, T. Roatsch, K. Willner, S. Hviid, J. Knollenberg, L. Jorda, P.J. Gutiér-
rez, E. Kiihrt, Shape model, reference system definition, and cartographic mapping standards for comet
67P/Churyumov-Gerasimenko—Stereo-photogrammetric analysis of Rosetta/OSIRIS image data. As-
tron. Astrophys. 583, A33 (2015)

F. Preusker, F. Scholten, K.-D. Matz, T. Roatsch, S. Hviid, S. Mottola, J. Knollenberg, E. Kiihrt, M. Pajola, N.
Oklay, The global meter-level shape model of comet 67P/Churyumov-Gerasimenko. Astron. Astrophys.
607, L1 (2017)

D. Prialnik, J. Benkhoff, M. Podolak, Modeling the structure and activity of comet nuclei, in Comets II (2004),
pp. 359-387

D. Prialnik, G. Sarid, E.D. Rosenberg, R. Merk, Thermal and chemical evolution of comet nuclei and Kuiper
belt objects, in Origin and Early Evolution of Comet Nuclei (Springer, Berlin, 2008), pp. 147-164

E. Quirico, L. Moroz, B. Schmitt, G. Arnold, M. Faure, P. Beck, L. Bonal, M. Ciarniello, F. Capaccioni, G. Fi-
lacchione, Refractory and semi-volatile organics at the surface of comet 67P/Churyumov-Gerasimenko:
insights from the VIRTIS/Rosetta imaging spectrometer. Icarus 272, 32-47 (2016)

R. Reinhard, The Giotto encounter with comet Halley. Nature 321(6067), 313-318 (1986)

W. Riedler, K. Torkar, H. Jeszenszky, J. Romstedt, H.S.C. Alleyne, H. Arends, W. Barth, J. Biezen, B. Butler,
P. Ehrenfreund, MIDAS—the micro-imaging dust analysis system for the Rosetta mission. Space Sci.
Rev. 128(1-4), 869-904 (2007)

A. Rotundi, H. Sierks, V. Della Corte, M. Fulle, PJ. Gutierrez, L. Lara, C. Barbieri, PL. Lamy, R. Rodrigo,
D. Koschny, Dust measurements in the coma of comet 67P/Churyumov-Gerasimenko inbound to the
Sun. Science 347(6220), aaa3905 (2015)

M. Rubin, K. Altwegg, H. Balsiger, A. Bar-Nun, J.-J. Berthelier, A. Bieler, P. Bochsler, C. Briois, U. Cal-
monte, M. Combi, Molecular nitrogen in comet 67P/Churyumov-Gerasimenko indicates a low forma-
tion temperature. Science 348, aaa6100 (2015)

M. Rubin, K. Altwegg, H. Balsiger, J.-J. Berthelier, M.R. Combi, J. De Keyser, M. Drozdovskaya, B. Fiethe,
S.A. Fuselier, S. Gasc, T.I. Gombosi, N. Hinni, K.C. Hansen, U. Mall, H. Réme, I.LR.H.G. Schroeder,
M. Schuhmann, T. Sémon, J.H. Waite, S.F. Wampfler, P. Wurz, Elemental and molecular abundances in
comet 67P/Churyumov-Gerasimenko. Mon. Not. R. Astron. Soc. 489(1), 594-607 (2019)

F.P. Schloerb, S. Keihm, P. von Allmen, M. Choukroun, E. Lellouch, C. Leyrat, G. Beaudin, N. Biver, D.
Bockelee-Morvan, J. Crovisier, P. Encrenaz, R. Gaske, S. Gulkis, P. Hartogh, M. Hofstadter, W.-H.
Ip, M. Janssen, C. Jarchow, L. Jorda, H.U. Keller, S. Lee, L. Rezac, H. Sierks, MIRO observations of
subsurface temperatures of the nucleus of 67P/Churyumov-Gerasimenko. Astron. Astrophys. 583, A29
(2015)

M. Schmitt, C. Tubiana, C. Giittler, H. Sierks, J.-B. Vincent, M.R. El-Maarry, D. Bodewits, S. Mottola,
S. Fornasier, M. Hofmann, Long-term monitoring of comet 67P/Churyumov—Gerasimenko’s jets with
OSIRIS onboard Rosetta. Mon. Not. R. Astron. Soc. 469(Suppl 2), S380-S385 (2017)

D. Schoonenberg, C.W. Ormel, Planetesimal formation near the snowline: in or out? Astron. Astrophys. 602,
A21 (2017)

M. Schuhmann, K. Altwegg, H. Balsiger, et al., Aliphatic and aromatic hydrocarbons in comet
67P/Churyumov-Gerasimenko seen by ROSINA. Astron. Astrophys. 630, A31 (2019)

R. Schulz, M. Hilchenbach, Y. Langevin, J. Kissel, J. Silen, C. Briois, C. Engrand, K. Hornung, D. Baklouti,
A. Bardyn, Comet 67P/Churyumov-Gerasimenko sheds dust coat accumulated over the past four years.
Nature 518(7538), 216 (2015)

@ Springer



44 Page 38 of 38 M. Choukroun et al.

K. Seidensticker, D. Mohlmann, 1. Apathy, W. Schmidt, K. Thiel, W. Arnold, H.-H. Fischer, M. Kretschmer,
D. Madlener, A. Péter, Sesame—an experiment of the rosetta lander philae: objectives and general design.
Space Sci. Rev. 128(1-4), 301-337 (2007)

X. Shi, X. Hu, H. Sierks, C. Giittler, M. A’hearn, J. Blum, M.R. El-Maarry, E. Kiihrt, S. Mottola, M. Pa-
jola, Sunset jets observed on comet 67P/Churyumov-Gerasimenko sustained by subsurface thermal lag.
Astron. Astrophys. 586, A7 (2016)

X. Shi, X. Hu, S. Mottola, H. Sierks, H. Keller, M. Rose, C. Giittler, M. Fulle, S. Fornasier, J. Agarwal,
Coma morphology of comet 67P controlled by insolation over irregular nucleus. Nat. Astron. 2, 562—
567 (2018)

Y. Shinnaka, N. Fougere, H. Kawakita, S. Kameda, M.R. Combi, S. Ikezawa, A. Seki, M. Kuwabara, M.
Sato, M. Taguchi, Imaging observations of the hydrogen coma of comet 67P/Churyumov—Gerasimenko
in 2015 September by the Procyon/Laica. Astron. J. 153(2), 76 (2017)

H. Sierks, C. Barbieri, PL. Lamy, R. Rodrigo, D. Koschny, H. Rickman, H.U. Keller, J. Agarwal, M.F.
A’hearn, F. Angrilli, On the nucleus structure and activity of comet 67P/Churyumov-Gerasimenko. Sci-
ence 347(6220), aaal044 (2015)

C. Snodgrass, G. Jones, H. Boehnhardt, A. Gibbings, M. Homeister, N. Andre, P. Beck, M. Bentley, I. Bertini,
N. Bowles, The Castalia mission to main belt comet 133P/Elst-Pizarro. Adv. Space Res. 62(8), 1947—
1976 (2018)

T. Spohn, J. Knollenberg, A.J. Ball, M. Banaszkiewicz, J. Benkhoff, M. Grott, J. Grygorczuk, C. Hiit-
tig, A. Hagermann, G. Kargl, Thermal and mechanical properties of the near-surface layers of comet
67P/Churyumov-Gerasimenko. Science 349(6247), aab0464 (2015)

S. Stern, D. Slater, J. Scherrer, J. Stone, M. Versteeg, M. A’hearn, J.-L. Bertaux, P. Feldman, M. Festou, J.W.
Parker, Alice: the Rosetta ultraviolet imaging spectrograph. Space Sci. Rev. 128(1-4), 507-527 (2007)

M.V. Sykes, E. Griin, W.T. Reach, P. Jenniskens, The interplanetary dust complex and comets, in Comets II
(2004), pp. 677-693

M.G.G.T. Taylor, N. Altobelli, B.J. Buratti, M. Choukroun, The Rosetta mission orbiter science overview:
the comet phase. Philos. Trans. R. Soc., Math. Phys. Eng. Sci. 375(2097), 20160262 (2017)

N. Thomas, B. Davidsson, M.R. El-Maarry, S. Fornasier, L. Giacomini, A. Gracia-Bernd, S. Hviid, W.-
H. Ip, L. Jorda, H. Keller, Redistribution of particles across the nucleus of comet 67P/Churyumov-
Gerasimenko. Astron. Astrophys. 583, A17 (2015)

C. Vallat, N. Altobelli, B. Geiger, B. Grieger, M. Kueppers, C.M. Crego, R. Moissl, M.G. Taylor, C. Alexan-
der, B. Buratti, M. Choukroun, The science planning process on the Rosetta mission. Acta Astronaut.
133, 244-257 (2017)

J.-B. Vincent, N. Oklay, M. Pajola, S. Hofner, H. Sierks, X. Hu, C. Barbieri, PL. Lamy, R. Rodrigo,
D. Koschny, Are fractured cliffs the source of cometary dust jets? Insights from OSIRIS/Rosetta at
67P/Churyumov-Gerasimenko. Astron. Astrophys. 587, A14 (2016a)

J.-B. Vincent, M.F. A’Hearn, Z.-Y. Lin, M.R. El-Maarry, M. Pajola, H. Sierks, C. Barbieri, PL. Lamy, R.
Rodrigo, D. Koschny, Summer fireworks on comet 67P. Mon. Not. R. Astron. Soc. 462(Suppl 1), S184—
S194 (2016b)

J. Vincent, T. Farnham, E. Kiihrt et al., Local manifestations of cometary activity. Space Sci. Rev. 215, 30
(2019)

K. Wada, H. Tanaka, T. Suyama, H. Kimura, T. Yamamoto, The rebound condition of dust aggregates revealed
by numerical simulation of their collisions. Astrophys. J. 737(1), 36 (2011)

P.R. Weissman, S.C. Lowry, Structure and density of cometary nuclei. Meteorit. Planet. Sci. 43(6), 1033—
1047 (2008)

P. Weissman, E. Asphaug, S. Lowry, Structure and density of cometary nuclei, in Comets II, ed. by K. Festou,
H.U. Keller, H.A. Weaver (University of Arizona Press, Tucson, 2004), pp. 337-357

D. Winter, J. Saari, A particulate thermophysical model of the lunar soil. Astrophys. J. 156, 1135 (1969)

V. Zakharov, J.-F. Crifo, A. Rodionov, M. Rubin, K. Altwegg, The near-nucleus gas coma of comet
67P/Churyumov-Gerasimenko prior to the descent of the surface lander PHILAE. Astron. Astrophys.
618, A71 (2018)

A. Zsom, C.W. Ormel, C. Giittler, J. Blum, C. Dullemond, The outcome of protoplanetary dust growth:
pebbles, boulders, or planetesimals?-1I. Introducing the bouncing barrier. Astron. Astrophys. 513, A57
(2010)

@ Springer



	Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P/Churyumov-Gerasimenko from Rosetta Observations
	Introduction
	67P as Seen by Rosetta
	General Characteristics
	Rosetta Measurements Relevant to Dust-to-Gas (Lost Materials) and Refractory-to-Ice (Nucleus) Mass Ratios
	Mass Transport Processes on 67P

	Dust-to-Gas and Refractory-to-Ice Mass Ratios of Comet 67P
	Derivation of the Dust-to-Gas and Refractory-to-Ice Mass Ratios
	Total Mass and Mass Loss Due to 2015 Perihelion Passage
	Dielectric Properties of the 67P Nucleus
	Mass Loss of Major Volatiles
	H2O
	Other Volatiles
	Dust-to-Water and Dust-to-Gas Ratios deltaDGH2O and deltaDGV

	Dust Particles: Properties and Fallback
	Dust Particles Characteristics
	deltaDG and deltaRI from Dust Particles
	Fallback Materials and Impact on Refractory-to-Ice Mass Ratio

	67P's Dust-to-Gas and Refractory-to-Ice Mass Ratio Estimates

	Discussion
	Uncertainties on Instrument Measurements and Derived Parameters
	Total Mass and Mass Loss
	Dielectric Properties
	Volatiles: Production Rates, Mass Loss, Extended Sources
	Production Rates and Mass Loss of Dust

	Uncertainties on Materials Observed, Fallback Extent, and Activity Scenario
	Thermal Processing, Erosion, and Water Outgassing
	Contribution of Re-Activation of Deposited Materials to Activity

	Future Research, Instruments, and Missions
	Future Research Using Rosetta Data
	Potential Future Instruments and Missions


	Conclusions
	Acknowledgements
	References


