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Strong heterogeneities in the composition of the volatile species have been detected in the coma of comet 67P/
Churyumov-Gerasimenko (67P/C-G) by the ROSINA instrument onboard the ESA’s Rosetta spacecraft. However,
it is not clear if these heterogeneities are indicative of heterogeneities in the near-surface nucleus composition or
if the coma composition is mainly insolation-driven. In order to clarify the link between the composition of the
nucleus and the composition of the coma we have performed numerical simulations and compare our results with
measurements acquired by ROSINA/DFMS for three major volatile species namely, H2O, CO2, and CO. We use a
previously published thermo-physical numerical model designed to study cometary nucleus evolution, including
volatile outgassing and internal stratigraphy, as the comet orbits the Sun. The model follows schemes used for
much of the past three decades to model cometary outgassing. Our results match well the experimental volatiles
density measurements of ROSINA/DFMS for most of the Rosetta mission. They suggest that the outgassing pattern
is mainly insolation-driven and the variations are caused by the tilt of rotation axis and eccentricity of the nucleus.
The nucleus shows to 1st order a homogeneous composition and therefore we can provide constraints on the bulk
volatiles composition of 67P/C-G nucleus which is dominated by H2O (91.4%  4.5%), then CO2 (6.7%  3.5%)
and CO in small amount (1.9%  1.2%). However, in details, a dichotomy in composition between the northern
and southern hemispheres of the comet is revealed. A CO/CO2 bulk composition ratio of about 0.6  0.1 is
required to reproduce the measurements from the northern hemisphere and about 0.2  0.1 for the southern
hemisphere. To match the data, the thermal properties of the nucleus surface must be modiﬁed by adding a thin
desiccated dust mantle (~5 mm) for northern latitudes while this appears not to be necessary for southern latitudes. This may be related to the observed dichotomy in putative airfall deposits. We suspect that, because of
thermal inertia, seasonally non-illuminated areas continue to outgas and inﬂuence the ROSINA measurements.
This effect cannot be reproduced with the model. Therefore during some periods of the mission, the ﬁts are not
ideal. Finally, the outgassing of the different ices leads to a layered internal structure deﬁned by the sublimation
front of each ice and formation of harder layers close to the surface due to sublimation/condensation processes.
However, the thermo-physical model overestimates the absolute volatiles production (mainly in the southern
hemisphere) leading to an overestimation of the erosion rates. Further investigations will be performed to
improve the thermo-physical model and the sensitivity analysis.

1. Introduction
Comets are thought to have retained a pristine internal structure since
the formation of the Solar System. Therefore studying their composition
and internal structure may provide constraints on conditions present in

the protoplanetary disk. But determining their composition and internal
structure is challenging because, following the problems with the Philae
lander (Boehnhardt et al., 2017), our main sources of information were
acquired remotely. We can get an idea of the species present in cometary
nuclei by analysing the gas emitted from the surface into the coma.
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complementary instruments dedicated to monitor the composition, gas
speed, and temperature of the neutral gas coma. Among this suite of
instruments, we used the data acquired by the DFMS (Double Focusing
Mass Spectrometer) which is a high resolution mass spectrometer. It
acquired a mass spectrum during ~50 min from mass/charge 13–100 u/e
in steps of 1 u/e providing the relative bulk composition (relative
abundance) of the coma at the time of the measurement at the location of
Rosetta. Using the pressure sensor COPS (COmetary Pressure Sensor)
then allows obtaining absolute densities of the different species (Gasc
et al., 2017; Rubin et al., 2019). The orbiting spacecraft explored
different sub-spacecraft latitudes and longitudes of the comet throughout
the measurement periods (Section 2.d, Fig. 4), however, it must be
pointed out that gas may originate from any location within the ﬁeld of
view of ROSINA.
In this study we focus on three of the major species detected in the
coma: H2O, CO2 and CO (Fig. 1) (Le Roy et al., 2015; H€assig et al., 2015).
Temporal and spatial variabilities of the coma composition have been
detected (H€assig et al., 2015). It appears that sometimes the production
of CO2 and CO exceeds that of H2O and that CO2 and CO vary with
respect to H2O (Fig. 1, before equinox, Fougere et al., 2016). Errors in the
ROSINA number density are dependent upon the combination of the two
instruments COPS and DFMS. The error in the absolute density provided
by COPS is <15% (Kramer et al., 2017) and the error in the relative
abundances provided by DFMS is <30% (Rubin et al., 2019; L€auter et al.,
2020).

Although instruments detect heterogeneity in the abundances of species
in the coma of different comets (Krankowsky et al., 1986; Feaga et al.,
2007; A’Hearn et al., 2011; H€assig et al., 2015; Hoang et al., 2017, 2019),
it is not clear that this indicates compositional heterogeneity of the nucleus itself (H€
assig et al., 2015; Fink et al., 2016). The ROSINA/DFMS
mass spectrometer (Balsiger et al., 2007) on board the European Space
Agency’s Rosetta spacecraft has measured the density of various species
at the location of the spacecraft inside the coma of comet 67P/Churyumov-Gerasimenko (hereafter 67P/C-G). Results display strong variations of the relative abundances of major volatiles in the coma (H€assig
et al., 2015). Several studies proposed that the complex shape of the
nucleus and the large tilt of the rotation axis of 67P/C-G of 52 (Sierks
et al., 2015; Brugger et al., 2016) would imply large daily and seasonal
effects driving the species outgassing (De Sanctis et al., 2010; Fougere
et al., 2016; Fink et al., 2016; Fulle et al., 2016b) while others suggest
that the diversity of surface morphologies of 67P/C-G results from
non-uniform sub-surface composition (Vincent et al., 2015; Mousis et al.,
2015; Keller et al., 2017). While previous studies of comets from ﬂy-bys
and ground-based observations have been thorough, even the detailed
observations of 67P/C-G by the Rosetta spacecraft have failed to provide
a clear answer to the question of whether comets are predominantly
homogeneous in composition or not (H€assig et al., 2015).
The present study attempts to address this complicated issue by
comparing the volatiles density measurements provided by the ROSINA/
DFMS instrument with a thermo-physical numerical model based on the
work of Marboeuf (2008) and Marboeuf et al. (2012) designed to follow
the evolution of a nucleus as it outgasses. Previous studies have provided
estimates of the bulk composition of 67P/C-G using indirect methods
(Rubin et al., 2019; Combi et al., 2020; L€auter et al., 2019; Bockelee-Morvan et al., 2016; Biver et al., 2019). With this direct approach,
we can combine, for the ﬁrst time, both the inﬂuence of the chemical
composition and the physical properties of the nucleus to understand the
complex relation between the outgassing nucleus and its resulting coma.
In the following section, we shall discuss the dataset to be modelled,
the model itself and the applied boundary conditions. In Section 3, we
shall present detailed comparisons of the model results with the data. In
Section 4 we present insight on surface evolution and internal structure.
Sections 5 and 6 provide the usual discussion and conclusions.

2.2. The comet nucleus numerical model
The production rates of species coming out from the nucleus have
been investigated via a numerical model. The model is based upon work
carried out by Klinger in the 1990s (e.g. Klinger et al., 1996; Klinger,
1999) but the speciﬁc implementation is that of Marboeuf (2008), Marboeuf et al. (2012), Marboeuf and Schmitt (2014). We note that several
other models of the evolution of cometary nuclei have been published
and used in the past. A summary of many of these can be found in
Huebner (2002).
The model was designed to compute the thermal and chemical evolution of the (sub)-surface of a single point at a given cometary latitude, λ,
of the nucleus along the comet’s orbit around the Sun (Fig. 2). The nucleus is considered to be a porous sphere made of a mixture of ices and
dust grains deﬁned in speciﬁed proportions. At the beginning of the
simulation, ices and dust grains are homogeneously mixed in the porous
matrix, up to the nucleus surface. The cometary grains are deﬁned as
spherical and compact refractory dust grains encased by volatile ices
(Marboeuf et al., 2012). This assumption is consistent with one of the

2. Data and method
2.1. Mass spectrometry measurements
The ROSINA (Rosetta Orbiter Spectrometer for Ion and Neutral
Analysis) experiment (Balsiger et al., 2007) comprises three

Fig. 1. (a) Local gas number density evolution of H2O (blue crosses), CO2 (red crosses), and CO (green crosses) measured by ROSINA on board Rosetta for the period
of December 2014. (b) Detail from 20th December highlighted by the black box in (a).
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Fig. 2. Principle of the numerical model. The comet is considered to be a spherical object with radius, R. Outputs of the model are computed in 1D along the ur vector
for a given latitude λ while the comet is rotating around its spin axis Ω and on its orbit around the Sun. The two points, A and P, correspond to the aphelion and
perihelion positions respectively.

Fig. 3. Production rate (kg s1) of H2O, CO2
and CO as function of the heliocentric distance rh (au) and normalized orbital phase.
The production rates have been integrated
over the spherical surface for latitudes of the
northern hemisphere (December 2014 bulk
composition, Table 2) and of the southern
hemisphere (November 2015 bulk composition, Table 2), corresponding to solid and
dotted lines, respectively. The EAF is 20%.
The sum of the two hemispheres corresponds
to the bold lines. The perihelion is highlighted by vertical black dashed line and
equinoxes by vertical pointed black lines.

computational times beyond what we can reasonably be achieved. A 3D
model taking into account of the physical and chemical aspects of the
presented 1D numerical model (Marboeuf et al. 2012, (Marboeuf and
Schmitt, 2014)) has not been developed so far. We can say, however, that
this simpliﬁcation leads to an overestimation of the outgassing, a point
that will be addressed in section 2.d. The numerical domain takes into
account the whole comet radius with the nucleus centre placed at z ¼
0 and surface at z ¼ R. The surface temperature is computed with an
energy balance equation and the centre temperature is set as a Neumann
condition. The model uses a spatial discretization in a grid in which
equations are computed for every numerical layer. The discretization
comprises (1) a ﬁxed number of layers with a minimum thickness, placed
just below the surface to ensure good spatial resolution as most of the
driving processes occur close to the surface (solar heating, sublimation of
volatiles, evolution of the radius, dust mantle) because of the low thermal
conductivity (Section 2.c) and then (2) an exponential increase of the
layer thickness, for a given number of layers, from the sub-surface to the
centre of the nucleus. The number of layers, and therefore their thicknesses, evolve as the sublimation/condensation of ices occurs. In effect,
the code is solving Stefan’s problem. The temporal discretization follows
the corrector-predictor scheme developed by Espinasse et al. (1991) with
the complementary use of an implicit scheme and a semi-implicit scheme
avoiding instabilities and improving accuracy. Numerical tests have

theory proposed to explain the aggregation of material in protoplanetary
disks and comets (Greenberg et al., 1998; Huebner et al., 2006;
Schoonenberg and Ormel, 2017; Mousis et al., 2018). The nucleus has an
initially deﬁned radius, R, and rotation period, T, around its rotation axis,
Ω. The model computes, amongst other quantities, the heat conduction
and evolution at different depths, the sublimation/condensation of volatiles within the nucleus, the gas diffusion through a porous medium and
the sublimation front of different ices along the comet’s orbit around the
Sun. The model can also take into account the presence of a dust mantle
at the surface.
The model solves the linked equations for conservation of energy and
mass, described in detail in Marboeuf et al. (2012). They are solved by
the ﬁnite volume method, in spherical coordinates and in one dimension,
along the radial vector ur (Fig. 2). Lateral processes are neglected. The
gas diffuses through the pores by a ﬂow mechanism deﬁned by the
Knudsen number. Even if the comet is far from a sphere (Preusker et al.,
2015), the spherical approximation is suitable to study a single point that
is not subject to shadowing by other surface facets. We note that areas on
the surface of 67P/C-G’s nucleus experience signiﬁcant shadowing
affecting the energy input and therefore the outgassing (Keller et al.,
2015b). However, we aim to focus on the chemical composition and not
bring additional complexity to the already sophisticated thermo-physical
model with a 3D complex shape and illumination that will increase the
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Fig. 4. Latitudes sampled by the numerical model (red crosses) compared to the Rosetta sub-spacecraft latitudes projection onto the surface (blue crosses) of the
comet. Some sampled values were excluded (dark blue crosses) as numerical results are obtained for incidence angles above 90 . The subsolar latitude (yellow crosses)
of the comet 67P/C-G is also indicated. The northern hemisphere is illuminated before the 1st equinox and after the 2nd equinox. Between the equinoxes and trough
perihelion passage, the southern hemisphere is illuminated. The perihelion is highlighted by the vertical black dashed line and equinoxes by vertical pointed
black lines.

shown that results from the model have a high degree of conﬁdence
because the error in the mass conservation does not exceed 0.1% for the
global error and 1% for the local error at a given time, t (Marboeuf,
2008).

Table 1
Modelling parameters for the nucleus 67P/C-G.

2.3. Input parameters
Characteristic properties of 67P/C-G are used as inputs to the model
and are presented in Table 1. The comet has an orbital period of 6.44
years with an aphelion at 5.68 AU and perihelion at 1.24 AU. The last
perihelion occurred on August 13, 2015 (1.24 AU), the 1st equinox on
May 11, 2015 (1.67 AU) and the 2nd equinox on March 20, 2016 (2.62
AU). At the time of the rendezvous of the Rosetta spacecraft with 67P/CG, the period of rotation of the comet was about 12.40 h (Mottola et al.,
2014). We acknowledge that the observed spin-up of the nucleus (Keller
et al., 2015a; Accomazzo et al., 2017) could not be implemented in the
model at this stage. The orientation of the spin axis with respect to the
orbit is deﬁned by (1) the obliquity Ω, which is about 52.25 (Jorda et al.,
2016) and (2) the argument of the subsolar meridian at perihelion set at
110.50 (Brugger et al., 2016).
The initial temperature of the nucleus is set to 30 K (plausible temperature in the protoplanetary disk during comet formation (Yamamoto,
1985) and temperature derived from ortho-para ratio of water vapour in
comets (Mumma et al., 1987)) and the radius of the comet is initially set
to 2 km. This evolves as the comet approaches the Sun. The nucleus has a
porosity of ~75% (Kofman et al., 2015; P€atzold et al., 2016; Taylor et al.,
2017) with an averaged pore radius assumed to be of 104 m (Huebner,
2006). The dust-to-ice mass ratio (D/I), is uncertain (Choukroun et al.,
2020), but we choose a value of 4 (Rotundi et al., 2015) and photometric
measurements revealed that the comet has a low albedo of about 0.05
(Feaga et al., 2015; Ciarniello et al., 2015; Fornasier et al., 2016). The
dust properties were set for a silicate composition (Ellsworth and Schubert, 1983; Krause et al., 2011). The solid dust density is set to 2600 kg
m3 (P€
atzold et al. 2016, 2019; Herique et al., 2016; Fulle et al., 2017).
The dust grain radius has been chosen to vary from 106 to 102 m

Parameter

Value

Reference

Semi-major axis (AU)
Eccentricity
Orbital period (yr)
Aphelion position (AU)
Aphelion date

3.46
0.64
6.44
5.68
May 21,
2012
1.67
May 11,
2015
1.24
August 13,
2015
2.62
March 20,
2016
12.4043
52.25

Maquet (2015)
Maquet (2015)
Maquet (2015)

1st Equinox position (AU)
1st Equinox date
Perihelion position (AU)
Perihelion date
2nd Equinox position (AU)
2nd Equinox date
Rotation period (hr)
Obliquity (deg)
Argument of subsolar meridian at
perihelion (deg)
Comet radius (km)
Initial porosity
Pore radius (m)
Dust to ice mass ratio
Bolometric albedo
Emissivity
Initial temperature (K)
Dust density (kg m¡3)
Heat capacity of dust (J kg¡1 K¡1)
Dust thermal conductivity (W m¡1
K¡1)
Range size of dust grains (m)

110.50
2.00
75%
10–4
4.00
0.05
0.95
30
2600
770
4.00
106 to 102

Mottola et al. (2014)
Sierk et al. (2015), Brugger
et al. (2016)
Brugger et al. (2016)

Taylor et al. (2017)
Huebner et al. (2006)
Rotundi et al. (2015)
Taylor et al. (2017)
Spohn et al. (2015)
P€atzold et al. (2016, 2019)
Prialnik et al. (2004)
Ellsworth and Schubert
(1983)
Marboeuf and Schmitt
(2014)

following a power law size distribution with exponent 3.5 (e.g. Huebner et al., 2006, e.g. Marboeuf et al., 2012). These values are in
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heliocentric distance varying between 15 s and 7.5 min. All the presented
results have converged both with time step and space step. For all the
simulations the initial parameters presented in Table 1 were kept
constant.
The initial bulk composition of the nucleus and the dust mantle
thickness are also required as input parameters. These were treated as
free parameters in order to observe their inﬂuence on the outgassing
pattern and to ﬁt the observations.

agreement with results and uncertainties obtained during the Rosetta
mission (Fulle et al., 2016a; Langevin et al., 2016; Merouane et al., 2017;
Choukroun et al., 2020; Marschall et al., 2020a) and imply a limited
amount of particles greater than 1 cm (Marschall et al., 2020a). However,
a single power law may not ﬁt properly the data over the whole dust size
range and it should be noticed that while large particles are not abundant, they might represent most of the dust mass (Fulle et al., 2016a). For
the given parameters the bulk density of the nucleus computed with the
numerical model ranged between 475 and 510 kg m3, according to
volatile content, which is close to the pre-perihelion bulk density evaluated to 537.8  0.6 kg m3 (P€atzold et al., 2019). Similarly, the thermal
inertia evolved between 60 and 90 J K1 m2 s1/2 which is in the range
of the estimated thermal inertia from 10 to 150 J K1 m2 s1/2 (Groussin
et al., 2019). Due to the low thermal inertia, the thermal conductivity of
the nucleus layers is computed with the Hertz factor formula. The choice
of thermodynamic properties and laws for ices are extensively detailed in
Marboeuf et al. (2012). The model is also able to handle the different ice
phases and transitions (crystalline, amorphous and clathrates). Some
studies proposed the presence of different ice phases in the nucleus
(Mousis et al., 2015), however, for simplicity, we only consider crystalline ices in this study.
The initial number of numerical layers was set to 500 including 50
layers with a minimum thickness of 1 mm (without dust mantle) or 5 mm
(with dust mantle) immediately below the surface. These thicknesses are
comparable to or thicker than the dust grains considered in our size
distribution but do not properly represent the potential case in which
most of the dust is contained in large particles. The thicknesses of the
layers increase exponentially to the nucleus centre. The simulations were
performed over several orbits with a variable time step depending on the

2.4. Global production rates
The thermo-physical model and input parameters provide the evolution of the absolute production rate of volatiles at the surface of the
spherical comet (Fig. 3). Outgassing rates obtained at different latitudes
(Section 2.e, Fig. 5) have also been integrated separately over the
northern hemisphere and over the southern hemisphere for one comet
orbit. The results are scaled with a free parameter referred to as the
Effective Active Fraction (EAF) translating the fact that the surface of the
comet is not fully active. An EAF of 20% is applied to our volatiles outgassing to match the observed total volatiles loss and maximum production peak (Marschall et al., 2017, 2020a; L€auter et al., 2019, 2020;
Combi et al., 2020). This value is higher than the typical evaluated value
of about 1% used by other groups (Gulkis et al., 2015; Marschall et al.,
2020b), which is a consequence of the subsurface sublimation processes
included in the model.
With an EAF of 20%, we obtained a total H2O loss over the entire orbit
of 7.3  109 kg which is the same order of magnitude as previous estimates from measurements (6.4 109 kg Hansen et al. (2016), 4.9  109
kg, Combi et al. (2020), 6.1  109 Marshall et al. (2020a), 4.0  109 kg,

Fig. 5. Evolution of the CO/CO2 (a) and CO2/H2O and CO/H2O (b) density ratios with incidence angle of ROSINA and results from numerical modelling. Evolution of
the CO/CO2 (c), CO2/H2O and CO/H2O (d) density ratios with latitude of ROSINA and results from numerical modelling. The grey areas highlight, respectively, the
incidence angles (right areas on panels a and b) and latitudes (left areas on panels c and d) for which computed values diverge and are excluded for the study. Model
results above 90 incidence angle (a and b left) and below latitude 50 (c and d right), respectively, are out of scale. The results are presented for December 2014.
5
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nucleus for the northern plains inhibiting the outgassing while ices are
present up to the nucleus surface in the southern hemisphere (Section 2.e
and Table 2). But there are perhaps alternative structural models that
could be deﬁned that would provide better ﬁts. Nonetheless, it is
encouraging that the model essentially derived from ﬁrst principles can
approach observed values.

L€
auter et al. (2020)). The peak of H2O production occurs about 6 days
after perihelion with a production rate of about 4.9  102 kg s1 (~1.6 
1028 molecules s1) for the southern hemisphere and about 60 days
before perihelion with a production rate of about 3.0  101 kg s1 (~1.0
 1027 molecules s1) for the northern hemisphere. The production rate
obtained for the southern hemisphere (and the global production) is
consistent with previously estimated H2O peak production based on
measurements analysis with values on the order of 5.0  102 kg s1 (3.5
 0.5  1028 molecules s1, Hansen et al., 2016 (total H2O production),
1.4  0.5  1028 molecules s1, Marshall et al., 2017 (total production),
2.0  0.1  1028 molecules s1, L€auter et al., 2019 (total production and
southern hemisphere production), 2.8  1028 molecules s1, Combi et al.,
2020 (total production), 2.7  1028 molecules s1, Marschall et al.,
2020a, 1.8  1028 molecules s1, L€auter et al., 2020 (total production)).
However, the value obtained for the northern hemisphere appears to be
underestimated (by a factor of about 5) by the thermo-physical model
compared to DFMS/COPS measurements analyse (H2O peak of production rate for northern hemisphere is about 1.8  102 kg s1, L€auter et al.
(2019)). In addition, our thermo-physical model does not reproduce well
the time shift of peak production that is observed to be about 20 days
after perihelion (Hansen et al., 2016).
With an EAF of 20%, we obtained over the entire orbit a total CO2 loss
of 2.0  109 kg and a total CO loss of 2.5  108 kg which is on the same
order of magnitude as previous estimates (8.8 108 kg and 2.1  108 kg
respectively, Combi et al. (2020) and 7.2  108 kg and 1.9  108 kg
respectively, L€
auter et al. (2020)). The peak of CO2 production occurs
about 6 days after perihelion and gives a production rate of about 1.3 
102 kg s1 (~1.8  1027 molecules s1) for the southern hemisphere and
about 27 days before perihelion and gives a production rate of about 3.6
kg s1 (~5.0  1025 molecules s1) for the northern hemisphere. Finally,
the peak of CO production occurs at perihelion and gives a production
rate of about 3.4  101 kg s1 (~7.4  1026 molecules s1) for the
southern hemisphere and about 3 days before perihelion and gives production rate of about 1.7  101 kg s1 (~3.6  1024 molecules s1) for
the northern hemisphere. Note the difference in the time at which the
maxima are reached here when compared to H2O. As for H2O production
rates, the results obtained for the southern hemisphere match the
observation for an EAF of 20% (1.6  1027 molecules s1 and 5.9  1026
molecules s1 for the maximum production of CO2 and CO respectively,
L€
auter et al., 2020) while for the northern hemisphere the value are
underestimated by a factor of about 5 relative to other calculations.
The total production rates are dominated by the southern hemisphere
contribution within about 3.5 au in our results (Fig. 3). The slopes of the
integrated volatiles production as function of the heliocentric distance
(rh) have been calculated with a power law (~rαh) for a chosen range
between 3.5 and 3.5 au corresponding to the Rosetta mission range. For
H2O, we obtained a steeper slope before perihelion than after with α
values of 4.2 and 3.6 respectively. The value before perihelion is
consistent with previous studies based on measurements analyses (values
between 3.8 and 7.0) while our results after perihelion is lower
(values between 4.3 and 7.1) (Hansen et al., 2016; Marshall et al.,
2017, 2020a; Shinnaka et al., 2017; L€auter et al., 2019). Our slopes match
the observations better than the signiﬁcantly lower slope (about 2.8 for
the model A) provided by the thermal model of Keller et al. (2015b). For
CO2, we obtained α value of 3.5 after perihelion, and for CO, we obtained α values of 3.3 after perihelion (the slope values before perihelion are not satisfactory (asymptotic standard error > 5%) ﬁt with the
power law), corresponding to slightly lower slopes obtained for the H2O
production rate after perihelion. Slopes obtained for CO2 and CO,
respectively, are lower than the slopes obtained by L€auter et al. (2019)
(4.5 and 6.0 for CO2 and CO respectively).
The thermo-physical model provides a reasonable approximation to
the volatile production rates but clearly the existing model does not
produce a perfect ﬁt. For example, the different EAF require to ﬁt the
production rates in the northern and southern hemisphere are likely
caused by the presence of a desiccated dust mantle at the surface of the

2.5. Strategy of data comparison
ROSINA collected data at different latitudes and distances from the
nucleus following the spacecraft orbit (Fig. 4). However, the exact
location in the coma is not implemented in the numerical model.
Therefore we choose to study the dimensionless volatiles density ratios
measured in the coma by ROSINA/DFMS (CO/CO2, CO2/H2O and CO/
H2O) to avoid gas density extrapolation corrections caused by the
spacecraft-comet distance. We also assume that the three species have the
same equal acceleration proﬁles and so the measurement of the ratios at a
distance from the surface would be unchanged from the surface. In
addition, we ran numerical simulations for different sub-spacecraft latitudes explored by Rosetta. The sub-spacecraft latitude corresponds to the
angle between the spacecraft projection at the nucleus surface and the
equator. It is independent of the nucleus shape. We consider that the
projected latitude of the spacecraft on the nucleus corresponds to the
latitude of gas release. This approach does not capture any lateral ﬂow
that might occur as a result of the gas ﬂow dynamics (e.g. Kitamura,
1985). It should be noted that this effect can strongly inﬂuence the gas
densities close to the terminator and might inﬂuence ratios of species
because of the different molecular masses and initial velocities.
We performed numerical simulations for latitudes between 90 S and

90 N with a 10 increment. If a ROSINA measurement was available for
the given latitude (within bounds of 2 ), we extracted the numerical
result at the corresponding time (Fig. 4). Numerical results obtained for
an incidence angle above 90 are excluded (Fig. 5 a and b). The calculated gas density drops drastically on the night side (Fig. 6), especially for
H2O, which might not be the case in reality because of lateral gas ﬂow
and/or non-insolation driven emission and hence comparisons at incidence angles greater than 90 are likely to be misleading. This selection
excluded mostly southern latitudes results for periods before and after
the 1st and 2nd equinox, respectively, and mostly northern latitudes for
period in-between the equinoxes (Fig. 5 c and d).
To compare our results efﬁciently with the measurements we averaged the computed results of density ratios. As mentioned above, H2O
exhibits large outgassing variation over many orders of magnitude
(Fig. 6) induced by its presence at or close to the surface (Section 4) and
consequently is highly sensitive to illumination variations. Therefore,
differences with respect to the time of the sampled data with the instrument lead to large errors in the production rate of H2O compared to
experimental measurements. In addition, the outgassing of H2O is highly
dependent on the complex shape of the comet and it has been shown that
some areas are more active than others (Marschall et al., 2017). Finally,
the instrument receives contributions from adjacent latitudes/longitudes
resulting from the gas expansion process. This tends to smooth the signal
recorded. By averaging the modelling data over one comet rotation
(12h40) we signiﬁcantly improved the coherence of our results for the
comparison with ROSINA measurements (Fig. 7a). The averaging of the
CO/CO2 density ratio is less affected because these species are mostly
located below the surface (Section 4, Fig. 13) and are therefore less
sensitive to the day-night cycle. The production rate of CO2 varies by less
than 3 orders of magnitude in the southern hemisphere in-between
equinoxes, while it is almost constant in the northern hemisphere
before the 1st equinox (Fig. 6). CO outgassing is almost constant in both
periods.
To reproduce the volatiles density measured in the coma by ROSINA/
DFMS, the initial bulk composition of the three studied species in the
nucleus were modiﬁed until we found the best combination to ﬁt the
volatiles density ratios measurements in the coma with the given ﬁxed
6
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Table 2
Volatiles (H2O, CO2 and CO) bulk composition of the nucleus used for the numerical modelling to ﬁt the ROSINA/DFMS measurements for each month of the measurements campaign. Molar bulk compositions are expressed in percentage. The thickness (and so its presence or not) of the dust mantle is speciﬁed. The likeness
between the modelling results and the measurements are evaluated by the calculated density ratio over the measured density ratios (the best match is close to 1)
averaged over the respective months and with the root mean square error. Simulation for which the calculated density ratio is different by more than 50% of the
measured density ratio and/or with a RMSE above 1 are considered non reliable and excluded from averaging calculations. Results are plotted in Fig. 12. Black horizontal lines separate the months containing inbound or outbound equinoxes and the bold black horizontal lines mark August 2015, the month of perihelion passage.
Month

Initial volatiles bulk
composition (wt%)

Initial volatiles bulk composition
ratio

H2O

CO2

CO

CO/CO2

CO2/
H2O

CO/
H2O

Aug14
Sep-14

99.75

0.14

0.11

7.86E-01

99.60

0.24

0.16

6.67E-01

Oct-14

99.00

0.70

0.30

4.29E-01

Nov14
Dec-14

92.00

5.10

2.90

5.69E-01

93.00

4.80

2.20

4.58E-01

Jan-15

93.00

5.00

2.00

4.00E-01

Feb-15

87.00

7.80

5.20

6.67E-01

Mar15
Apr-15

89.00

6.50

4.50

6.92E-01

96.00

2.20

1.80

8.18E-01

May15
Jun-15

89.00

3.50

7.50

2.14Eþ00

89.00

3.00

8.00

2.67Eþ00

Jul-15

95.00

3.80

1.20

3.16E-01

Aug15
Sep-15

94.00

5.20

0.80

1.54E-01

92.00

6.20

1.80

2.90E-01

Oct-15
Nov15
Dec-15

–
87.00

–
11.00

–
2.00

–
1.82E-01

86.00

11.80

2.20

1.86E-01

Jan-16

82.00

16.10

1.90

1.18E-01

Feb-16

86.00

12.70

1.30

1.02E-01

Mar16
Apr-16

80.00

18.00

2.00

1.11E-01

98.50

1.30

0.20

1.54E-01

May16
Jun-16

97.00

2.60

0.40

1.54E-01

98.00

1.70

0.30

1.76E-01

Jul-16

98.00

1.70

0.30

1.76E-01

Aug16
Sep-16

99.00

0.96

0.04

4.17E-02

99.10

0.81

0.09

1.11E-01

1.40E03
2.41E03
7.07E03
5.54E02
5.16E02
5.38E02
8.97E02
7.30E02
2.29E02
3.93E02
3.37E02
4.00E02
5.53E02
6.74E02
–
1.26E01
1.37E01
1.96E01
1.48E01
2.25E01
1.32E02
2.68E02
1.73E02
1.73E02
9.70E03
8.17E03

1.10E03
1.61E03
3.03E03
3.15E02
2.37E02
2.15E02
5.98E02
5.06E02
1.88E02
8.43E02
8.99E02
1.26E02
8.51E03
1.96E02
–
2.30E02
2.56E02
2.32E02
1.51E02
2.50E02
2.03E03
4.12E03
3.06E03
3.06E03
4.04E04
9.08E04

Dust Mantle thickness
(mm)

Averaged density ratio (Model/
Measurements)

Root Mean Square

CO/
CO2

CO2/
H2O

CO/
H2O

CO/CO2

CO2/H2O

CO/H2O

5

1.00

1.01

0.97

5.33E-01

5.97E-01

9.15E-01

5

1.03

1.17

0.90

3.61E-01

7.86E-01

9.19E-01

5

1.05

0.98

0.98

2.63E-01

2.95E-01

1.96E-01

5

0.99

1.00

0.98

1.79E-01

1.08E-01

9.68E-02

5

1.04

1.08

1.00

1.98E-01

1.32E-01

6.38E-02

5

1.05

0.97

0.99

1.37E-01

1.44E-02

7.59E-03

5

0.99

1.02

1.01

2.47E-01

9.15E-03

7.41E-03

5

0.97

1.04

1.03

3.33E-01

6.74E-03

1.11E-02

5

0.97

1.00

0.91

1.23Eþ02

4.19E-02

2.07Eþ00

0

0.05

0.97

0.04

6.98E-01

3.41E-02

2.87E-02

0

0.47

0.93

0.56

6.76E-01

3.51E-02

2.66E-02

0

1.02

1.41

0.86

4.84E-01

2.03E-02

9.83E-03

0

0.99

1.17

0.96

1.93E-01

6.32E-02

1.17E-02

0

1.01

1.02

0.86

1.74E-01

3.44E-02

3.87E-03

–
0

–
1.04

–
1.08

–
0.97

–
6.31E-02

–
7.42E-02

–
6.05E-03

0

1.04

1.02

1.03

4.12E-02

2.81E-02

2.10E-03

0

0.99

1.04

0.96

5.55E-02

1.06E-01

1.20E-02

0

0.99

1.00

1.00

1.20E-01

1.92E-01

4.84E-02

0

4.98

44.31

1018.28

5.17E-01

1.34Eþ02

2.34Eþ02

5

20.92

172.84

8902.40

9.05Eþ00

1.10Eþ02

1.81Eþ03

5

40.41

18.21

2514.70

1.84Eþ01

7.72Eþ00

2.82Eþ02

5

15.22

1.52

53.20

9.75Eþ00

6.71E-01

1.94Eþ01

5

14.59

1.40

17.60

6.86Eþ00

8.68E-01

3.81Eþ00

5

5.16

0.91

3.84

1.79Eþ00

8.56E-01

6.55E-01

5

7.15

1.08

9.52

2.31Eþ00

1.51Eþ00

1.06Eþ00

the results for December 2014. At this time, the spacecraft was close to
the nucleus (Fougere et al., 2016) and far from the Sun and hence the
effects of collisions in the ﬂow and reaction chemistry in the coma were
at a low level. The presence of a dust mantle at the surface has also been
treated as a free parameter. This choice has been motivated by the fact
that the presence (or not) of a substantial dust mantle at the surface of
67P/C-G is a direct observation from the OSIRIS camera (Thomas et al.,
2015a, 2015b) and it is known that the dust mantle has an effect on the
outgassing (Huebner et al., 2006,(Marboeuf and Schmitt, 2014)).
Therefore, if the addition of a dust mantle improves the ﬁt (i.e. the
calculated density ratio over the measured ratio values are getting closer

parameters (Table 1). Following, we refer to the volatiles abundance
ratio, in the coma as the volatiles density ratios and, in the nucleus as the
volatiles bulk composition ratios. For simplicity, we split the timeline
according to month and found the best ﬁt composition for each month by
calculating correlation criteria which are (1) the calculated density ratio
over the measured density ratio averaged over the given month and (2)
iterating to minimize the Root Mean Square Error (RMSE, Table 2).
Simulation for which the calculated density ratio is different by more
than 50% of the measured density ratio and/or with a RMSE above 1 are
considered unreliable and excluded from averaging calculations. The
results presented here are for different epochs but we will now focus on

7

C. Herny et al.

Planetary and Space Science 200 (2021) 105194

Fig. 6. Evolution of the outgassing rates (kg m2 s1) of H2O (blue), CO2 (red) and CO (green) computed at (a) latitudes 40 N (December 2014 bulk composition) and
(b) 40 S (November 2015 bulk composition) over one orbital period (~6.44 yrs). The right panels are zooms (highlighted in the left panel by a black box) over one
month. The perihelion is highlighted by vertical black dashed line and equinoxes by vertical pointed black lines on the left panels.

3. Nucleus outgassing pattern

to 1 and/or RMSE is reduced) of the calculated density ratios CO/CO2,
CO2/H2O and CO/H2O with ROSINA/DFMS measurements, then we
select the results obtained with the dust mantle. Following testing, its
thickness is kept constant at 5 mm, corresponding to the best ﬁt obtained
for December 2014, and the dust grains freed from the nucleus by sublimation, are assumed to escape.
All simulations were run ﬁrst without dust mantle at the surface for
several orbits until the modelled nucleus reached a steady-state. In our
case, this was reached after a few orbits and we choose to present data
obtained during the 5th orbit. After this time, the results do not evolve
(Fig. 7a). This corresponds to a total of time of 32.2 years which is
consistent with the last major change in the orbit of 67P/C-G (Maquet
et al., 2015). The initiation of the dust mantle deposition at the surface of
67P/C-G is unknown. It is likely that before the recent change of orbit
(Maquet et al., 2015), bringing the comet close to the Sun, there was no
dust mantle at the surface of 67P/C-G. In addition, the dust mantle experiences erosion and restoration phases (Groussin et al., 2015; Fornasier
et al., 2016; Hu et al., 2017). Then, in case the presence of a dust mantle
is required, it has been added at the beginning of the 5th orbit, disturbing
the steady-state of the nucleus beyond the end of the 5th orbit.
Finally, the bulk compositions of the different volatiles do not vary, at
the scale of the nucleus, through the ﬁve comet orbits. Therefore the
composition at the sampling time corresponds to the initial bulk
composition set for each month.

3.1. Comparison of evolution of CO/CO2 density ratios
Our simulation results match the CO/CO2 density ratios measured by
ROSINA/DFMS satisfactory for most epochs (Figs. 7 and 8 and Table 2),
especially with regards to the absolute error values of the ROSINA
measured gas ratios (Section 2.a) and uncertainties in the ﬁxed parameters (Table 1). Indeed, for the 15 months (of a total of 26) fulﬁlling the
correlation criteria (calculated density ratio over measured density ratio
is no different by more than 50% of the measured ratio and with a RMSE
below 1), the average calculated density ratio over measured density
ratio is 1.01 and the average RMSE is 0.23. We have established with the
thermo-physical model both, (1) the correct range of magnitude of CO/
CO2 density ratios, between 1.0  102 and 3, and (2) ﬁt the evolutionary
trend of CO/CO2 density ratios, observed by ROSINA/DFMS for most
parts. The CO/CO2 density ratio oscillates around 1 showing that,
depending upon the time and insolation, CO outgassing can surpass CO2
and vice versa in both measurements and model. The CO/CO2 density
ratios reach values of up to 3 before perihelion and below 1 for most of
the post perihelion period.
For some months the correlation is not satisfying. This is particularly
true around the equinoxes (April, May and June 2015 and March, April
and May 2016) with an average calculated density ratio over measured
density ratio of 11.3 and an average RMSE of 25.5. For these periods, we
have difﬁculty reproducing both the magnitude and the trend (Fig. 8).
Despite the trend is mostly reproduced for several months after the 2nd
equinox (June to September 2016, although some data points are out of
8
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Fig. 7. Comparison of density ratios CO/CO2 (left, pink crosses) and CO2/H2O and CO/H2O (right, blue crosses and yellow crosses, respectively) computed by the
numerical model with the data measured by ROSINA/DFMS (blue crosses, green crosses and red crosses, respectively) for (a) January 2015, (b) November 2015 and
(c) August 2016. The numerical results have been averaged over one comet spin period. The bulk composition and dust mantle thickness set for each month are
presented in Section 3.d (Table 2 and Fig. 12). (a) In the January 2015 plots, black circles, squares and triangles correspond respectively to CO/CO2, CO2/H2O and CO/
H2O density ratios obtained at the equator and for the 6th orbit (while results in pink are obtained at the 5th orbit) and show that the model has converged. The light
green, orange and dark blue crosses correspond to the non-averaged results of the numerical model. It does not affect the value of CO/CO2 but might exclude some
points as the incidence angle is averaged as well.

Table 2). Indeed, for the 15 months (over 26) fulﬁlling the correlation
criteria, the average calculated density ratio over measured density ratio
is 1.07 for CO2/H2O and 0.97 for CO/H2O and the average RMSE is 0.16
for CO2/H2O and 0.15 for CO/H2O. We have reproduced both the
magnitude and the trend for several epochs, especially between
November 2014 and April 2015 and between August 2015 and February
2016. Times when CO2/H2O exceeded CO/H2O were correctly reproduced. However, similar to the CO/CO2 density ratio, for some months

magnitude, Fig. 7), the correlation criteria do not match with an average
calculated density ratio over measured density ratio of 10.53 and the
average RMSE of 5.18.

3.2. Comparison of evolution of CO2/H2O and CO/H2O density ratios
Agreements of the CO2/H2O and CO/H2O density ratios with those
measured by ROSINA/DFMS are also satisfactory (Figs. 7 and 9 and
9
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Fig. 8. (a) Comparison of the CO/CO2 density ratio computed by the numerical model (pink crosses) with the data measured by ROSINA/DFMS (blue crosses) during
the Rosetta mission. The bulk composition and dust mantle thickness set for each month are presented in Section 3.d (Table 2). (b) Ratio of the calculated to the
measured CO/CO2 density ratio (green crosses). The 1st and 2nd equinoxes are highlighted by vertical black dotted lines and perihelion by the vertical black
dashed line.

ROSINA/DFMS measurements, it is necessary to add a dust mantle at the
surface of the nucleus (after it reached steady state without dust mantle)
for simulations for periods before the 1st equinox and after the 2nd
equinox while it is not necessary for simulations between the equinoxes.
If no dust mantle is added for those periods, the order of magnitude remains within the observed range but the trend is no longer consistent
with the measurements, particularly for the CO/CO2 density ratios
(Fig. 10).
The addition of a desiccated dust mantle increases the global thermal
inertia. For instance it goes from ~62 J m2 K1 s1/2 without a dust
mantle to ~71 J m2 K1 s1/2 with a dust mantle for December 2014.
This favours the “storage” of heat and inhibits the immediate reaction of
the nucleus surface to solar illumination changes. This increases the
thermal lag and the surface temperature affecting heat transfer deeper
into the nucleus (Fig. 11). The thermal wave reaches the sublimation
fronts of different ices at different times as the sublimation fronts of CO2
and CO are below the surface in this scheme (Fig. 11 and Section 4,
Fig. 13). This is contrary to H2O which remains close to the surface in all
cases. It appears that both, temperature proﬁle and depth of sublimation
fronts (Fig. 11) are critical parameters driving CO2 and CO outgassing
pattern. Changes can provoke ratio trend inversion (Figs. 10 and 11). Our
results suggest that a limited change in thermal inertia, of about 10 J m2
K1 s1/2, has a strong inﬂuence on the resulting outgassing pattern.

the agreement between measurements and results is inferior. At the
beginning of the mission (August to October 2014) the trends are
reproduced but not the magnitude of the ratios. As with the CO/CO2
density ratios, the ﬁts are not satisfying for the months around the
equinoxes (April, May and June 2015 and March, April and May 2016),
especially for CO/H2O. The average calculated density ratio over
measured density ratio is 39.71 for CO2/H2O and >1000 for CO/H2O and
the average RMSE is 42.0 for CO2/H2O and >100 for CO/H2O. Finally,
after the 2nd equinox (June to September 2016), the numerical results
match poorly the ROSINA measurements (Figs. 7c and 8) for the CO/H2O
density ratios. The average calculated ratio over measured ratio is 21.04
and the average RMSE is 6.23 for CO/H2O. However, we notice an
improvement of the ﬁt for CO2/H2O density ratios toward the end of the
mission with an average calculated density ratio over measured density
ratio of 1.23 and an average RMSE of 0.98. For this ratio, the trend and
magnitude of the values are mostly reproduced (Figs. 7c and 9 and
Table 2). Because of weak reliability of the computations performed for
after the 2nd equinox, we have focused our efforts on reducing the RMSE
and matching the measured value of CO2/H2O.
3.3. Inﬂuence of the dust mantle
A remarkable point is that to get these ﬁts between the model and the
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Fig. 9. (a) Comparison of CO/H2O and CO2/H2O density ratios computed numerically (blue crosses and yellow crosses, respectively) with the data measured by
ROSINA/DFMS (green crosses and red crosses respectively) during the Rosetta mission. The bulk composition and dust mantle thickness set for each month are
presented in Section 3.d (Table 2). (b) Ratio of the calculated to the measured density ratios of CO2/H2O and CO/H2O (orange and dark blue crosses respectively)
during the Rosetta mission. The 1st and 2nd equinoxes are highlighted by vertical black dotted lines and perihelion by vertical black dashed line.

Fig. 10. Comparison of (a) CO/CO2 and (b) CO2/H2O and CO/H2O density ratios computed by the numerical model without dust mantle (DM ¼ 0) and with dust
mantle (DM ¼ 5 mm) with the data measured by ROSINA/DFMS for December 2014.

Exceptions are, close to equinoxes and after the 2nd equinox. Numerical
results ﬁt the measurements at different latitudes explored by the
spacecraft for a given month with a uniform volatile composition. This
suggests a rather homogeneous composition of different areas of the

3.4. Nucleus bulk composition and evolution
We are able to reproduce, with good agreement (see Sections 3a and
3b), the ROSINA/DFMS measurements (Figs. 8 and 9 and Table 2).
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(6.7  3.5)% of CO2 and (1.9  1.2)% of CO. The values obtained are
consistent with previous estimation of the volatiles bulk composition of
the nucleus (Table 3) from ROSINA/DFMS data pre perihelion (Rubin
et al., 2019) and integration over the whole apparition using analytical
approaches (L€auter et al., 2019) and Direct Simulation Monte Carlo
modelling compared to ROSINA/DFMS data (Combi et al., 2020).
However it presents some discrepancy with spectral measurements
(Bockelee-Morvan et al., 2016; Biver et al., 2019).
The nucleus ices compositions and the associated standard deviations
of the average bulk composition obtained to ﬁt the ROSINA/DFMS
measurements show homogeneity in the sense that they are all displaying
a large amount of H2O (>82%) and CO2 is more abundant than CO. This
suggests that, to 1st order, the global composition of the nucleus is rather
homogeneous. However, the model also allows us to study volatiles
composition at a ﬁner scale. Compositional variability, over the course of
the comet’s journey around the Sun, has been identiﬁed and is highlighted below.
The volatiles bulk composition used to ﬁt the ROSINA/DFMS measurements suggest 3 distinct patterns: (1) before the 1st equinox, (2) in
between the two equinoxes and (3) after the 2nd equinox. Before the 1st
equinox the averaged bulk composition is (94.0  4.6)% of H2O, (3.8 
2.8)% of CO2 and (2.2  1.8)% of CO which is richer in H2O and poorer
in CO2 than in-between the two equinoxes with an average bulk
composition of (88.9  4.5)% of H2O, (9.5  4.2)% of CO2 and (1.6 
0.5)% of CO (Table 4). The results after the 2nd equinox give an average
bulk composition of (98.3  0.7)% of H2O, (1.5  0.6)% of CO2 and (0.2
 0.1)% of CO. These last values are given as an indication of the trend
but must be taken very carefully as the ﬁts were not fully satisfying the
correlation criteria (see Section 3b and Table 2), especially the CO/H2O
density ratios. The different bulk compositions for these three different
periods are enhanced by the values of the CO/CO2 bulk composition
ratios which are, for the given periods, broadly constant through time
and with distinctive values (Fig. 12b). Indeed, before the 1st equinox, the
average value of CO/CO2 is about 0.6  0.1 and decreases in between the
two equinoxes to an average value of about 0.2  0.1 (Table 4). The CO/
CO2 bulk composition ratios transition is clear and abrupt at the 1st
equinox (Fig. 12b). Changes in the outgassing evolution at the 1st
equinox have already been identiﬁed by ROSINA analyses (Gasc et al.,
2017; Combi et al., 2020). As mentioned above, the value after the 2nd
equinox must be taken very carefully but it appears that the CO/CO2 bulk
composition ratio required to reproduce the measurements is about 0.1
 0.1, which is close to the ratio obtained in-between the two equinoxes.
Finally, from one month to another, it appears that the different
volatiles bulk composition required to ﬁt the measurements evolve
through time (Fig. 12). The H2O percentage is high at the beginning of
the measurement campaign in August, September and October 2014
(>99%) resulting in CO2/H2O and CO/H2O bulk composition ratios on
the order of 1.103 to 1.102. During that period the CO2/H2O and CO/
H2O bulk composition ratios increase signiﬁcantly (from 1.103 to
1.102) due to a decrease of the H2O abundance while CO/CO2 experiences a small decrease by a factor less than 2. Then decrease of H2O
abundance continues until the 1st equinox to values around 88%. We
notice a jump of about one order of magnitude of the CO2/H2O and CO/
H2O bulk composition ratios between October and September 2014
while CO/CO2 stays rather constant. After the 1st equinox, the H2O
abundance is high again (95%) and then decreases again until the 2nd
equinox (about 82%). Accordingly, bulk composition ratios CO2/H2O
and CO/H2O increase from July 2015 to March 2016 due to the decreases
of H2O abundance. During that period CO/CO2 bulk composition ratios
experiences a decrease of a factor ~3.

Fig. 11. Depth and temperature of the different sublimation fronts of the volatiles (H2O: blue, CO2: red and CO: green) and surface temperature (black)
computed by the numerical model without dust mantle (DM ¼ 0, triangles) and
with dust mantle (DM ¼ 5 mm, circles) for ﬁt obtained for December 2014
(Fig. 10). We take as example results obtained at latitude 40 N.

Fig. 12. (a) Evolution of the volatile bulk composition (H2O, CO2 and CO) used
for the numerical model to ﬁt the ROSINA/DFMS measurements for each month
of the measurements campaign (Table 2). (b) Evolution of the volatiles bulk
composition ratios (CO/CO2, CO2/H2O and CO/H2O) for each month of the
measurements campaign (Table 2). The black circles correspond to the presence
of a dust mantle (5 mm) at the surface of the nucleus in the numerical simulation. Data represented with semi-transparent colour ﬁt poorly the measurements (Table 2) and should be considered carefully. The 1st and 2nd equinoxes
are highlighted by vertical black dotted lines and perihelion by vertical black
dashed line.

nucleus.
In order to retrieve the volatiles bulk composition of 67P/C-G nucleus, we averaged the respective bulk composition used to ﬁt the ROSINA/DFMS density measurements for each month meeting the required
correlation criteria (Section 2.d, Table 2, Fig. 12). We obtained the
following volatiles bulk composition for 67P/C-G: (91.4  4.5)% of H2O,

4. Nucleus internal structure
4.1. Chemical differentiation
The numerical model computes the equilibrium line between the gas
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Fig. 13. Modelled internal structure of the nucleus of 67P/C-G at (a) latitudes 40 N (December 2014) and (b) 40 S (November 2015) over one orbital period (~6.44
yrs). The perihelion is highlighted by the black dashed line and equinoxes by the pointed black lines.

Table 3
Comparison of the estimated bulk compositions of the three main volatiles H2O, CO2 and CO in comet 67P/C-G compared to previous studies based on ROSINA data
performed by Rubin et al. (2019), L€auter et al. (2019) and Combi et al. (2020) and on spectral measurements, MIRO and VIRTIS-H, performed by Bockelee-Morvan et al.
(2016) and Biver et al. (2019). Molecule abundance is expressed relative to H2O abundance.
Estimation of volatiles bulk composition
Molecule

This study

Rubin et al. (2019)

L€auter et al. (2019)

Combi et al. (2020)

Bockelee-Morvan et al. (2016)

H2O
CO2
CO

100
7.3  3.8
2.1  1.3

100
4.7  1.4
3.1  0.9

100
5.9  3.0
2.3  1.0

100
7.4
2.7

14.0–32.0

H2O (%)

CO2 (%)

CO (%)

CO/CO2

91.4  4.5
94.0  4.6
88.9  4.5

6.7  3.5
3.8  2.8
9.5  4.2

1.9  1.2
2.2  1.8
1.6  0.5

0.4  0.1
0.6  0.1
0.2  0.1

0.6  0.1

2015; Fornasier et al., 2016). Bright H2O ice spots are mainly observed
near collapsing cliffs, dislocated boulders, and dust layered scarps.
Therefore ice is present in the upper layers of the comet and can persist
for several weeks but there is no wide presence of pure H2O ice at the
nucleus surface. Through perihelion, Fornasier et al. (2016) observed a
change in colour towards blue suggesting an increase in the presence of
water ice on the nucleus surface during this period. Spectral detection of
CO2 ice has been recorded in the southern hemisphere region, Anhur
(Filacchione et al., 2016). However, authors suggested that CO2 formed
by re-condensation of CO2 gas at the surface due to extreme changes of
illumination conditions. The presence of CO2 front deeper than H2O is
consistent with previous interpretation (Bockelee-Morvan et al., 2016;
Capria et al., 2017; Biver et al., 2019). No CO spectral signature has been
observed at the surface of the nucleus.

Table 4
Volatiles bulk composition (in %  standard deviation) of the nucleus obtained
with numerical modeling by comparison with ROSINA/DFMS volatiles density
measurements. The values correspond of the averaged of the good ﬁts (Table 2)
for the respective periods. The data after the 2nd equinox are not included as they
poorly ﬁt. The averaged CO/CO2 bulk composition ratios for the respective periods are also indicated.

Total
Before 1st equinox
In-between equinoxes

Biver et al. (2019)

phase and pure ice of each species within the nucleus for a given active
point of the nucleus. The nucleus starts from a homogeneous composition
and evolves during the revolution around the Sun to a chemically
differentiated structure according to the volatility of species and thermal
inertia of the nucleus (Fig. 13). The more volatile the species, the deeper
is its sublimation interface. The illumination plays an important role in
the species differentiation. In the studied case, H2O is located at the
surface or just below the dust mantle if present. The CO2 sublimation
interface is located within the ﬁrst 2 m beneath the surface. Close to
perihelion, the CO2 interface is close or even reaches the surface at
southern latitudes due to fast erosion. This status remains true for several
months. CO ice is the most volatile of the three studied species and
therefore its sublimation interface is deeper (~5 m below the surface at
northern latitudes), while at southern latitudes, especially when insolation is strong close to perihelion, the CO sublimation interface can
potentially reach the surface because of the rapid erosion of the surface
layer. The addition of a dust mantle at the nucleus surface increases the
thermal inertia leading to a deeper differentiation of CO2 and CO species
rather than without a dust mantle. Nevertheless, the low thermal inertia
of the nucleus prevents a deeper chemical differentiation.
Spectral signatures of H2O ice have been detected at several locations
on the surface of 67P/C-G nucleus (Pommerol et al., 2015; Groussin et al.,

4.2. Surface erosion
The nucleus experiences surface erosion as the ices sublimate and the
dust grains are released. We assume the comet surface displays an EAF of
20% (Section 2.d). At each orbit, for an given point active at the nucleus
surface computed by the thermo-physical model, the H2O outgassing
provokes a surface ablation of less than 1 m at 40 N latitude (with a dust
mantle) and about 17 m at 40 S latitude (without dust mantle) (Fig. 13).
Our computed erosion estimation for the northern hemisphere is broadly
consistent with previous calculations from thermo-physical model (taking into account the nucleus shape and only H2O ice) with the presence of
a millimetre thick desiccated layer at the top predicting less than 1 m of
erosion (Keller et al., 2015b). Our estimation of the southern hemisphere
erosion tends to be greater than this same model without desiccated layer
at the top with only few meters of ablation, even so the maximum erosion
capability of the thermo-physical model developed by Keller et al.
(2015b) can locally reach 20 m. However, the authors acknowledged the
overestimation of H2O ice sublimation as they considered a fully active
surface leading to a H2O production about 10 times higher compared to
13
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nucleus), porosity proﬁles varied mainly within the 1st meter below the
surface. Just below the surface, the porosity decreases by between 5%
and 11% compared to the initial porosity leading to a “hard” thin (about
few centimetres) layer. Additional peaks, weaker and broader, occur
below in both cases. For the southern hemisphere a second peak occurs
about 10 cm below the surface and for the northern hemisphere one
occurs about 1 m and a second one deeper at about 5 m. Below the
deepest peak the porosity retains its initial value. Unsurprisingly, the
porosity minima are correlated with the sublimation front of each species
as they are located at similar depths (Fig. 13). Therefore each species
interface leads to a porosity anomaly. Only two peaks are observed for
the southern latitude case because the H2O and CO2 interfaces are close
to each other at perihelion for which porosity proﬁles have been
computed.
The variation of porosity is consistent with numerical models (Kossacki et al., 2015; Attree et al., 2017), laboratory experiments (Kochan
et al., 1989; Poch et al., 2016), geomorphologic observations of 67P/C-G
(Auger et al., 2018) and in-situ measurements performed by Rosetta’s
lander Philae in the Abydos region (Spohn et al., 2015; Knapmeyer et al.,
2018). The results either predict or have measured a hardened layer
within the ﬁrst centimetres and up to 1 m below the surface of the nucleus. Re-condensation of the gas phase present in the pore of the nucleus
and sintering effects create bonds between the ice grains that form a
“hard” layer in the sub-surface. At Philae’s landing site, the MUPUS instrument was not able to drill into the nucleus material. It was suggested
that the instrument encountered a hard layer within the ﬁrst centimetres
below the surface. The porosity of this “hard” layer on 67P/C-G was
estimated to be between 30% and 65% depending upon the nature of the
refractory material (Spohn et al., 2015). However, these values are lower
than the ones computed with our numerical model (Fig. 14).

observation. In addition, ablation values computed by our
thermo-physical model are larger than estimated based on the total mass
loss of the nucleus with ablation of 0.2 m and 0.8 m respectively for
northern and southern hemispheres (P€atzold Rosetta SWT 47, Keller
et al., 2017). Finally, OSIRIS observations, before and after perihelion,
reveal that the nucleus does not experience a global erosion of
meters-scale (El-Maary et al., 2017). If so, the nucleus shape modiﬁcation
would have been identiﬁed at the OSIRIS pixel resolution which is up to
tens of centimetres. However, locally, morphological changes and
erosion have been identiﬁed in particular with dust redistribution, cliffs
collapses and boulders movements (Groussin et al., 2015; Hu et al., 2017;
El-Maary et al., 2017). The mass loss can reach in places up to 14 m as
estimated by Fornasier et al. (2019) in the Anhur region located in the
southern hemisphere.
The erosion values computed by our thermo-physical model are likely
to be overestimated as the H2O outgassing is overestimated, especially in
the southern hemisphere (Fig. 3). The overestimation of the erosion
might come from our numerical assumption. The considered spherical
nucleus neglects the inﬂuence of shadows on the global solar input energy. However, 67P/C-G displays a complex shape (Preusker et al.,
2015), provoking strong shadowing effect that inﬂuence the input energy
(Keller et al., 2015b). The absence of shadows leads to an enhanced
volatiles production in our model. In addition, we allow the presence of
ices up to the nucleus surface that will also enhance the outgassing
(especially H2O, Fig. 13). These effects are of particular importance in the
southern hemisphere where the energy input is stronger than in the
northern hemisphere (Keller et al., 2015b) and no substantial dust layer
covers the surface. This effect is modulated for our results in the northern
hemisphere as a dust mantle at the nucleus surface is present, lowering
the erosion (Fig. 13). Therefore, the erosion values provided by the
thermo-physical model are obtained for speciﬁc assumptions and can be
applied only locally for the comet 67P/C-G. Due to the likely overestimation of surface erosion, the obtained values can be considered as an
upper limit of the erosion rate at the surface of the comet 67P/C-G.

5. Interpretation and discussion
5.1. Insolation driven outgassing
The thermo-physical model is able to reproduce several volatiles
density measurements of ROSINA/DFMS in the coma with a given volatiles bulk composition of the nucleus for different latitudes explored
during a given month. In addition, the bulk composition of the nucleus
presents some homogeneity (Section 3.d and Figs. 12 and 15 and
Table 2). Both observations suggest that, to 1st order, the chemical
outgassing pattern is mainly insolation driven rather than due to strong
chemical heterogeneities. This is consistent with previous studies (De
Sanctis et al., 2010; Fougere et al., 2016; Schroeder et al., 2019). The
thermo-physical model is 1D and does not take into account the complex
shape of the nucleus but the model would suggest that the heterogeneities detected in the coma composition (H€assig et al., 2015) are mainly
driven by the tilt of the rotation axis and the comet’s eccentric orbit
(Table 1).

4.3. Porosity
Porosity, initially set as a constant input parameter (Table 1), can
evolve as the comet orbits around the Sun and experiences higher temperatures and ice phase changes. Within the model, condensation in the
pore space of the nucleus can lead to changes in porosity. For both presented cases in Fig. 14, simulations at northern and southern latitudes
(and with or without dust mantle respectively at the surface of the

5.2. Dichotomy
Although our results show that the nucleus displays to 1st order homogeneity in the volatile bulk composition, it also reveals a dichotomy in
composition between the period before the 1st equinox and the period in
between the two equinoxes (Figs. 12 and 15 and Table 2) that inﬂuence
the ROSINA/DFMS volatiles density measurements. The dichotomy is
mainly highlighted by the averaged value of the CO/CO2 bulk composition ratios before the 1st equinox (0.6  0.1) and in-between the two
equinoxes (0.2  0.1). This discrepancy could either reﬂect a change of
physical properties at the surface during the 1st equinox or a difference in
bulk composition between the northern and southern hemispheres. The
later hypothesis is favoured as the northern latitudes are rather exposed
to illumination before the 1st equinox and after the 2nd equinox while
the southern latitudes are rather exposed in-between equinoxes (Keller
et al., 2015b, Fig. 4). The volatiles bulk composition computed before the

Fig. 14. Porosity proﬁles of the modelled nucleus trough depth at latitudes
40 N (December 2014, red line) and (b) 40 S (November 2015, blue line). The
results presented represent the situation at perihelion. Initial porosity of the
nucleus was set at 75% (Table 1). The surface corresponds to the sublimation
front of H2O.
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with the numerical model as the bulk composition of volatiles in the
nucleus at the end of the simulation (5th orbit) is similar to the initial
composition set. Additional investigations should be performed to study
the long term evolution of the volatiles bulk composition of the northern
and southern latitudes.
To ﬁt the data before the 1st equinox, it is necessary to modify the
time lag of the thermal wave propagation through the nucleus interior to
reproduce the volatiles outgassing pattern acquired by ROSINA/DFMS.
In our model, this is done by the addition of a desiccated dust layer at the
surface at the beginning of the selected orbit. Although we acknowledge
that other physical parameters could potentially have a similar effect on
the temperature proﬁle and need to be explored (Section 5.f), the addition of the dust mantle is consistent with surface observations. During the
pre-1st equinox phase, illuminated areas of the comet are mainly located
in the northern hemisphere where the presence of a dust mantle at the
surface has been observed and is dominated by back falling particles
(Thomas et al., 2015a, 2015b; Keller et al., 2015b) while southern areas,
more exposed to the Sun between the two equinoxes, exhibit more
dust-free surfaces. The dust mantle has been observed to be eroded by
outgassing and restored by dust particle transport and back falling
(Groussin et al., 2015; Fornasier et al., 2016; Hu et al., 2017) at the
surface of the nucleus through perihelion passage. Thus, these changes
will provoke disturbance of the heat wave propagation trough the interior from one orbit to another, inﬂuencing the outgassing pattern. The
presence of the dust mantle also affects the depletion in volatiles
enhancing the compositional dichotomy and contributes to the
morphology differences between the northern and southern hemispheres
(Keller et al., 2015b, 2017; El-Maarry et al., 2016).

Fig. 15. Ternary diagram of volatiles species (H2O, CO2 and CO) bulk composition required to ﬁt ROSINA/DFMS volatiles density measurements. Distinction
between data before the 1st equinox (blue circles), in between the two equinoxes (yellow circles) and after the 2nd equinox (red circles) are highlighted.
Data represented with light colour ﬁt poorly the measurements (Table 2) and
should be considered carefully. The presence of a dust mantle (black circle) is
also speciﬁed.

5.3. Discrepancy at equinoxes and after the 2nd equinox
After the 2nd equinox, the thermo-physical model ﬁts sometimes
CO2/H2O density ratios but poorly CO/CO2 and CO/H2O density ratios
(Table 2, Figs. 8 and 9). In this period, only the northern latitudes values
are sampled by the thermo-physical model because of incidence angle
constraint (Fig. 4). As for the period before the 1st equinox, a dust mantle
is required to reproduce the trend of CO2/H2O density ratios. Even so, the
values have to be taken carefully due to the low correlation values
(Table 2). The averaged CO/CO2 bulk composition ratio value (0.1  0.1)
required to get close to the measurements is closer to the ones in between
the two equinoxes (0.2  0.1) for which southern regions were illuminated. So it appears that the outgassing behavior after the 2nd equinox is

1st equinox and in-between equinoxes reﬂect the contribution to the
outgassing pattern of the northern and southern hemisphere respectively
(Fig. 16). Therefore, the southern hemisphere appears to be less depleted
in highly volatile species as chemical differentiation is less deep below
the surface in the South (Fig. 13). This dichotomy has been noted as well
by Hoang et al. (2019). As perihelion occurs between the two equinoxes,
the North experienced a long and “cold” summer while the South experienced a short and “warm” summer that could result in altered volatile
bulk compositions. However, we are not able to reproduce this behaviour

Fig. 16. Evolution of the volatiles bulk
composition ratios (CO/CO2, CO2/H2O and
CO/H2O) of the nucleus for each month of
the measurements campaign (Table 2) and as
function of nucleus hemisphere. Discrimination of the data between North and South has
been obtained from the sampling strategy
described in Section 2.d. This excludes
southern latitudes before 1st equinox and
after 2nd equinox and northern latitude in
between equinoxes as results are obtained
for incidence angle above 90 (Fig. 4). The
horizontal pink dashed lines indicate the
average values of the CO/CO2 bulk composition ratio for a given period. The black
circles correspond to the presence of a dust
mantle (5 mm) at the surface of the nucleus
in the numerical simulation. Data represented with light colour ﬁt poorly the measurements (Table 2) and should be
considered carefully. The 1st and 2nd equinoxes are highlighted by vertical black
dotted lines and perihelion by vertical black
dashed line.
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chemically homogeneous. However, our results cannot rule out the
possibility that there was at least some minor degree of heterogeneity.
The North-South dichotomy may have developed before the nucleus
reached its current rotation axis inclination. We are unable to reproduce
this evolution from a single homogenous initial bulk composition of the
nucleus in the current orbit. The potential initial homogeneity of the
nucleus might be strengthened by the fact the numerical model do not
detect differences (with non-averaged results, Fig. 7a) of density ratio
CO/CO2 between the two lobes of the comet for different sub-spacecraft
position during a given month. The bi-lobate shape of 67P/C-G nucleus is
may be the result of a low velocity impact between two objects (Massironi et al., 2015). The North and South hemispheres include both these
lobes but we only detect a North-South dichotomy. Thus the two lobes
might have similar initial bulk composition (as suggested by Schroeder
et al. (2019) looking at the D/H ratio in the water of the two lobes) and
have then evolved accordingly.
Vertical chemical heterogeneities of the nucleus form as the sublimation interface of ices receded when the nucleus comes to the inner
solar system and is illuminated by the Sun. As shown in Fig. 13, the ﬁrst
meters below the surface in the North and in the South are experiencing
chemical differentiation leading to a “layered” structure of the nucleus
according to the volatility of the ices (Prialnik et al., 2004; De Sanctis
et al., 2010; Marboeuf and Schmitt, 2014; Fougere et al., 2016; Capria
et al., 2017). In this study, we only investigate three species, but more
volatile species will lead to a deeper differentiation. Below the deeper
sublimation interface we expect that the cometary material is pristine
unless other physical effects have been at work.
Lateral chemical heterogeneities at the same radius are created by
different surface illumination. The complex shape of the nucleus in
addition to the tilt of the rotation axis lead to different illumination that
drives variations of the ice sublimation rate through time for adjacent
regions leading to horizontal chemical heterogeneities (Guilbert-Lepoutre et al., 2016). In addition, the lateral heterogeneities will also
be controlled by the repartition of active areas taking into account in the
EAF parameter (Marschall et al., 2020b). Interaction of both parameters
might lead to the formation of different sub-surface structures.
As for chemical heterogeneities, physical heterogeneities can form
the same way. For instance sublimation/condensation of volatiles lead to
grain and porosity evolution (Fig. 14) which in turn will affect the
thermal properties of layers and the outgassing (Kossacki and Czwechowski 2019). In addition, release of dust particles by sublimation and
transport and deposition of dust particles from the South to the North
(Keller et al., 2015b) build a dust mantle with various thicknesses that
will affect the properties of the nucleus.
The presence of local chemical and physical heterogeneities could
explain the morphological diversity observed at the surface of the comet
(Thomas et al., 2015a).

a mixture between the southern and northern hemisphere contribution.
We interpret this as the fact that the outgassing signature of the southern
plains is dominating the ROSINA/DFMS measurements from the 2nd
equinox until the end of the Rosetta mission and non-radial outgassing
become important (L€
auter et al., 2019). It affects in particular CO.
Because of its volatility, these species is mostly present several meters
below the surface and thus less affected by direct surface illumination
variation but rather driven by thermal inertia (Fig. 13). Outgassing of
CO2 has been observed in areas that were non-illuminated
(Bock
elee-Morvan et al., 2016). Although the thermal inertia of the
comet is low, it has an inﬂuence on the outgassing pattern and should not
be neglected when interpreting the outgassing behavior of 67P/C-G. We
can also notice that toward the end of the mission the ﬁts improve with
values of the calculated density ratio over the measured density ratio
getting closer to 1 and the decrease of the RMSE (Figs. 8 and 7, Table 2).
That might translate the weakened of the southern regions in the outgassing contribution.
Similarly, to explain the poor ﬁt around the 1st equinox (Table 2), we
assume that this “contamination” affects measurements while the illumination moves from the northern hemisphere toward the southern
hemisphere (Fig. 4). The effect might be less profound because the
northern hemisphere has not experienced the intense illumination
associated with perihelion.
5.4. Volatile evolution
The observed evolution of the volatiles through time can be signiﬁcant as for instance the jump observed of the CO2/H2O and CO/H2O bulk
composition ratios in between October 2014 and November 2014 (Section 3d, Fig. 12). It might be due to several hypotheses that need to be
investigated in the future. A ﬁrst hypothesis could be that while an area
starts to be illuminated, not only the volatiles species present in the nucleus start to sublimate but also the gases that have re-condensed at the
surface/sub-surface in case of a drastic temperature change. Numerical
calculations have estimated that the back-ﬂux can represent up to few
percent of the total outgassing (Rubin, 2014; Liao et al., 2018). The
condensation of gases at the surface can lead to the deposition of
micrometres thickness frost layer (Liao et al., 2018) that is consistent
with Rosetta observation. For instance, spectral measurements suggest of
a H2O frost cycle (De Sanctis et al., 2015; Filacchionne et al., 2020) and
the presence of potential CO2 frost (Filacchionne et al., 2016). Frost may
potentially condensed and be preserved on both northern and southern
hemispheres followed by sublimation as it comes closer to the Sun. We
speculate that this could explain the decrease of H2O abundance, once for
periods before the 1st equinox and once for periods in between the two
equinoxes due to the sublimation of frost. This effect would be less
important for CO2 or CO as the bulk composition ratios CO/CO2 are
broadly constant for the respective periods. Presence of H2O ice has also
been detected in the dust mantle (Groussin et al., 2015; Fornasier et al.,
2016) and could inﬂuence the outgassing of the northern plains as well. A
second hypothesis could be related to the evolution of physical parameters such as local dust mantle thickness. The dust mantle prevents H2O
from sublimating but on 67P/C-G it has been observed to be eroded/shaded due to gas activity revealing H2O water ice signatures (Groussin
et al., 2015; Fornasier et al., 2016; Hu et al., 2017). Therefore we speculate that the decrease of H2O abundance may be an artefact due to the
actual thinning of the dust mantle itself by affecting the H2O outgassing.
However, it should not/less affect the southern plains.

5.6. Physical properties sensitivity
Besides the potential source of error stated in Section 2c, uncertainty
in the physical properties of the nucleus (Table 1) can potentially affect
the outgassing pattern and lead to discrepancies between the measurements and the numerical results. An example is the dust properties. In the
thermo-physical model we estimated the dust mantle to be millimetres
thick, whereas the dust mantle thickness is variable and may reach
several metres locally (Thomas et al., 2015b). This estimation of dust
mantle thickness might therefore reﬂect an average dust thickness at the
surface of the nucleus where activity is most profound. Another inﬂuence
could be that the intrinsic parameters set for the dust are not optimized.
Indeed, we used parameters for silicate dust but the dust composition is
complex and difﬁcult to constrain with a signiﬁcant contribution of organics components (Capaccionni et al., 2015; Quirico et al., 2016; Bardyn
et al., 2017). It further inﬂuences the physical properties of the dust
affecting the density, thermal conductivity, and heat capacity of the
surface layer. In our model the dust particles are modelled as spheres but

5.5. Internal heterogeneities
Our numerical simulations start with a homogeneous nucleus that
then evolves as it orbits the Sun. Our results revealed that the outgassing
pattern of the coma is mainly driven by insolation with no strong heterogeneities in the nucleus composition. It suggests that the initial material forming the 67P/C-G nucleus might have potentially been
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6. Conclusion

observed and collected particles (by COSIMA and GIADA) present
various morphologies with sometimes a high porosity inferring low
particle density < 1500 kg m3 (Fulle et al., 2017; Merouane et al.,
2017). Even though the model cannot take into account complex dust
shapes, a size-dependant density law could be used to evaluate the inﬂuence of the particle density on the outgassing (Merouane et al., 2017).
In the same way, the dust-to-ice mass ratio value is quite debated
(Choukroun et al., 2020) and can potentially affect the outgassing
pattern.
Further exploration of the range of the different free parameters
would help to get towards a more realistic model and estimation of the
characteristics of the 67P/C-G nucleus. Variation of parameters value
might have a similar effect to the addition of a dust mantle highlighted in
this study (Section 3.c) or improve the ﬁts. This would be interesting in
particular to improve the ﬁt of CO2/H2O and CO/H2O density ratios for
the simulations performed at the beginning of the mission (August to
October 2014) as, even if the results match our correlation criteria
(Section 2.d), the RMSE values are signiﬁcantly higher and closer to our
threshold value of 1 (0.58 for CO2/H2O and 0.68 CO/H2O averaged for
the 3 ﬁrst months) than the ones obtained for other months (0.07 for
CO2/H2O and 0.02 CO/H2O averaged for the remaining month that have
match our correlation criteria). For instance, modifying parameters
values could help to minimize the variation in amplitude (Fig. 9) and
might inﬂuence the volatiles abundances. Similarly, the estimated
erosion performed by the thermo-physical model appears to be larger
than the observation (Section 4.a). In the South the erosion is so strong
that it could potentially expose both CO2 and CO ice for several months
(Fig. 13) but those ice exposures were not detected during Rosetta
mission. Finally, the thermo-physical model tends to underestimate the
porosity range in the 1st meter of the nucleus. That can be explained by
several parameters such as (1) incorrect characteristics of the refractory
material (dust mantle thickness, dust-to-ice mass ratio, dust conductivity
and heat capacity …) inﬂuencing the thermal inertia, (2) the grains and
pore sizes and/or (3) the non-implementation of the sintering process
between the grains in the numerical model that can lead to an underestimation of the layer hardening.

We used a thermo-physical model with a spherical cometary nucleus
to reproduce the volatiles density ratios detected in the coma of 67P/C-G
by ROSINA/DFMS. For an EAF of 20%, the thermo-physical model provides a reasonable approximation of the global volatiles production rates
observed. The production slopes are close (although mostly lower) than
the slope obtained for observations and the volatiles peak production
rates are consistent for the southern hemisphere but are underestimated
in the northern hemisphere by a factor of about 5. In addition, the time of
the total H2O peak production is shifted of several days closer to perihelion compared to observations.
With the model, we reproduced the trend and order of magnitude of
three density ratios CO/CO2, CO2/H2O and CO/H2O for several months
of the Rosetta mission. The volatiles bulk composition used to reproduce
the measurements at different latitudes for each month of the Rosetta
mission present some homogeneity with H2O > 82% and CO2 abundance
larger than CO. Nonetheless, this results in a heterogeneous coma, as has
been observed for 67P/C-G by the various Rosetta payload instruments.
This indicates that the outgassing is mainly insolation-driven. Specifically the strong heterogeneities observed in the 67P/C-G coma most
probably result from the tilt of the spin axis and the eccentricity of the
comet rather than the complex shape of the nucleus. This study provides
an absolute estimation of the global volatiles bulk composition of 67P/CG’s nucleus, namely (91.4  4.5)% H2O, (6.7  3.5)% CO2, and (1.9 
1.2)% CO.
Even though the nucleus bulk composition exhibits a global homogeneity, our study reveals a distinct composition before the 1st equinox
and the period in between the two equinoxes. Indeed, before the 1st
equinox the average bulk composition ratio CO/CO2 required to reproduce the measurements is larger (0.6  0.1) than the one used to
reproduce measurements in between equinoxes (0.2  0.1). In addition,
before the 1st equinox the addition of a dust mantle (5 mm), and thus a
change in thermal inertia, is required at the nucleus surface to ﬁt the
experimental data while it is not the case in-between the equinoxes.
These differences are thought to reﬂect a dichotomy between the
northern and southern hemispheres most probably due to difference in
the solar input and associated evolutionary processes.
From month to month, we observe an evolution of the volatiles bulk
composition with time. H2O percentage decreases (with a relative increase of CO2 and CO) during the period before the 1st equinox and
similarly for the period in between equinoxes. This evolution is so far not
well understood and might be linked to a H2O reservoir not represented
in our thermo-physical model. The CO2/H2O and CO/H2O bulk composition ratios can locally shift up to 2 orders of magnitude. However,
improvement of the correlation is still possible and might modify the bulk
composition ratios.
We observe that the illuminated northern hemisphere dominates the
outgassing before the 1st equinox, and the illuminated southern hemisphere dominates the outgassing in between equinoxes. The model reproduces fairly the measurement for those periods. After the 2nd equinox
the northern plains are illuminated again and one would have expected
to observe volatiles composition similar to the ones before the 1st
equinox. Although the presence of the dust mantle at the surface is still
necessary, the reproduction of ratios trend is not always satisfying our
correlation criteria. In particular we see divergence close to the 2nd
equinox period and for CO/H2O density ratios. We suspect that after the
2nd equinox the outgassing pattern is inﬂuenced by contributions from
both hemispheres and non-radial outgassing. Even if the southern
hemisphere is no longer illuminated, the thermal inertia of the nucleus
inﬂuences the outgassing of the most volatile species such as CO. We
assume a similar behaviour around the 1st equinox while the activity of
the nucleus move from the North towards the South to explain the discrepancies observed between the numerical results and measurements.
This observation in addition to the requirement to add sometimes a
desiccated dust mantle at the nucleus surface illustrates the non-

5.7. Beneﬁt of the thermo-physical model compared to previous studies
Our results have shown a good agreement with previous studies that
have either directly integrated the bulk loss of volatiles measured by
ROSINA/DFMS measurements (Rubin et al., 2019) or performed a model
inversion of the ROSINA/DFMS measurements (Combi et al., 2020;
L€
auter et al., 2019). Comparison to spectral measurements (Bockelee-Morvan et al., 2016; Biver et al., 2019) show larger discrepancies,
especially with CO2/H2O bulk composition which might be due to lower
H2O abundance derived from VIRTIS-H instrument compared to ROSINA
near perihelion, while CO2 match fairly. It is to be noted that we have
used a thermo-physical model in the attempt to directly reproduce the
ROSINA/DFMS volatiles density measurements with the sublimation of
the nucleus orbiting around the Sun with a given bulk composition. We
acknowledge that our model reproduces only partially the observed
production rates (Section 2.d, Fig. 4). Peaks of volatiles production rate
in good agreements with observations in the northern hemisphere or
overestimated in the southern hemisphere. However, the production rate
slopes provided by the thermo-physical model are closer to observations
than similar thermo-physical model (model A, Keller et al., 2015b) based
on ﬁrst principles approach.
In addition to chemical composition of the nucleus, this direct
approach provides us with some additional insight on the physical parameters that can inﬂuence the outgassing pattern and then explain the
different trends we observe. For instance, we have highlighted in this
study both the compositional dichotomy between the northern and
southern hemispheres and the importance of the thermal inertia in the
outgassing pattern. This model can be adapted to study other comets
outgassing in the future.
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negligible role played by thermal inertia on the outgassing pattern. This
must be carefully taken into account while interpreting observations.
The internal structure of the nucleus is thought to be differentiated
according to the different sublimation fronts of the species. Lateral
compositional variation will be caused by variation in surface activity
distribution and illumination from one area to another and even be
enhanced by the complex shape of the nucleus.
The erosion rates are calculated for speciﬁc assumptions and are
likely to be overestimated (due to the global H2O overproduction with
the thermos-physical model) compared to the observations, especially for
the southern hemisphere. Values must be considered as an upper limit.
Sublimation and re-condensation of the gases causes porosity heterogeneities in the nucleus and the creation of a “harder” layer close to
the nucleus surface which was observed by the lander Philae.
In order to improve our chemical and physical constraints on 67P/CG’s nucleus, further investigations need to be performed. In particular,
additional free parameters can be varied to study their inﬂuence on the
outgassing pattern. For instance, the investigation of the inﬂuence of the
dust properties and content, porosity, thermal inertia or the ice phases
(clathrate and amorphous). The absolute volatiles production curves
might be improved by better take into account the input energy of a given
area and the fraction of exposed volatiles at the nucleus surface. This
model can also be applied to study the composition of other comets.
Hence, we are in effect calibrating the model against 67P/C-G to improve
our understanding of what remains a complex tool.
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