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Abstract

Strong heterogeneities in the composition of thiatle species have been detected in the
coma of comet 67P/Churyumov-Gerasimenko (67P/C¥5}hie ROSINA instrument onboard the
ESA’'s Rosetta spacecraft. However, it is not clédathese heterogeneities are indicative of
heterogeneities in the near-surface nucleus cortnposor if the coma composition is mainly
insolation-driven. In order to clarify the link eten the composition of the nucleus and the
composition of the coma we have performed numesgaulations and compare our results with
measurements acquired by ROSINA/DFMS for three majtatile species namely,.B, CO, and
CO. We use a previously published thermo-physicaherical model designed to study cometary
nucleus evolution, including volatile outgassingl amernal stratigraphy, as the comet orbits the. Su
The model follows schemes used for much of the fhaiee decades to model cometary outgassing.
Our results match well the experimental volatilesgity measurements of ROSINA/DFMS for most
of the Rosetta mission. They suggest that the esiga pattern is mainly insolation-driven and the
variations are caused by the tilt of rotation aisl eccentricity of the nucleus. The nucleus shows
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1* order a homogeneous composition and thereforeameprovide constraints on the bulk volatiles
composition of 67P/C-G nucleus which is dominatgdHyO (91.4% + 4.5%), then GO6.7% =*
3.5%) and CO in small amount (1.9% + 1.2%). Howewerdetails, a dichotomy in composition
between the northern and southern hemisphere @iotimet is revealed. A CO/GOulk composition
ratio of about 0.6 + 0.1 is required to reprodute ineasurements from the northern hemisphere and
about 0.2 + 0.1 for the southern hemisphere. Talmtte data, the thermal properties of the nucleus
surface must be modified by adding a thin desictdtest mantle (~5 mm) for northern latitudes while
this appears not to be necessary for southerndast This may be related to the observed dichotomy
in putative airfall deposits. We suspect that, beeaof thermal inertia, seasonally non-illuminated
areas continue to outgas and influence the ROSIMAsurements. This effect cannot be reproduced
with the model. Therefore during some periods & thission, the fits are not ideal. Finally, the
outgassing of the different ices leads to a lay@megtnal structure defined by the sublimation froh
each ice and formation of harder layers close dcstirface due to sublimation/condensation processes
However, the thermo-physical model overestimatesatsolute volatiles production (mainly in the
southern hemisphere) leading to an overestimatidheoerosion rates. Further investigations will be

performed to improve the thermo-physical model #redsensitivity analysis.

Keywords: comet 67P/Churyumov-Gerasimenko; cometpasition and internal structure; volatiles

outgassing; thermal modelling of cometary nucl&®QSINA/DFMS data

1. Introduction

Comets are thought to have retained a pristingriatestructure since the formation of the
Solar System. Therefore studying their compositiad internal structure may provide constraints on
conditions present in the protoplanetary disk. @etermining their composition and internal struetur
is challenging because, following the problems viit Philae lander (Boehnhardt et al. 2017), our
main sources of information were acquired remotéye can get an idea of the species present in
cometary nuclei by analysing the gas emitted frbm gurface into the coma. Although instruments
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detect heterogeneity in the abundances of speatitteicoma of different comets (Krankowsky et al.
1986, Feaga et al., 2007, A'Hearn et al., 2011 st al., 2015, Hoang et al., 2017, 2019), itas
clear that this indicates compositional heteroggrafi the nucleus itself (Hassig et al., 2015, Fatk
al., 2016). The ROSINA/DFMS mass spectrometer (Befset al., 2007) on board the European
Space Agency’'s Rosetta spacecraft has measuratkiisity of various species at the location of the
spacecraft inside the coma of comet 67P/Churyumerasmenko (hereafter 67P/C-G). Results
display strong variations of the relative abundanct major volatiles in the coma (Hassig et al.,
2015). Several studies proposed that the complapesbf the nucleus and the large tilt of the rotati
axis of 67P/C-G of 52° (Sierks et al., 2015, Brugegfeal. 2016) would imply large daily and seasonal
effects driving the species outgassing (De Samttad., 2010, Fougere et al., 2016, Fink et al1,620
Fulle et al., 2016b) while others suggest thatdilwersity of surface morphologies of 67P/C-G result
from non-uniform sub-surface composition (Vincehtag, 2015; Mousis et al., 2015, Keller et al.,
2017). While previous studies of comets from flysbgnd ground-based observations have been
thorough, even the detailed observations of 67Pi&+@&e Rosetta spacecraft have failed to provide a
clear answer to the question of whether cometpr@ominantly homogeneous in composition or not
(Hassig et al., 2015).

The present study attempts to address this conplicessue by comparing the volatiles
density measurements provided by the ROSINA/DFM$iment with a thermo-physical numerical
model based on the work of Marboeuf et al., (200@&12) designed to follow the evolution of a
nucleus as it outgasses. Previous studies havédprbestimates of the bulk composition of 67P/C-G
using indirect methods (Rubin et al., 2019, Contlale 2020, Lauter et al., 2019, Bockelée-Morvan
et al., 2016, Biver et al., 2019). With this direpproach, we can combine, for the first time, ibth
influence of the chemical composition and the ptaisproperties of the nucleus to understand the
complex relation between the outgassing nucleustamdsulting coma.

In the following section, we shall discuss the datao be modelled, the model itself and the
applied boundary conditions. In Section 3, we spadsent detailed comparisons of the model results
with the data. In Section 4 we present insight wrfiage evolution and internal structure. Sections 5

and 6 provide the usual discussion and conclusions.
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2. Data and method

a. Mass spectrometry measurements

The ROSINA (Rosetta Orbiter Spectrometer for lord axeutral Analysis) experiment

(Balsiger et al., 2007) comprises three complenmmgniastruments dedicated to monitor the

composition, gas speed, and temperature of theahgats coma. Among this suite of instruments, we

used the data acquired by the DFMS (Double Focudiags Spectrometer) which is a high resolution

mass spectrometer. It acquired a mass spectrumgda#B0 min from mass/charge 13 — 100 u/e in

steps of 1 u/e providing the relative bulk composit(relative abundance) of the coma at the time of

the measurement at the location of Rosetta. Usiegptessure sensor COPS (COmetary Pressure

Sensor) then allows obtaining absolute densitighetlifferent species (Gasc et al. 2017, Rubad.et

2019). The orbiting spacecraft explored differamt-spacecraft latitudes and longitudes of the comet

throughout the measurement periods (Section 2dl, 4i however, it must be pointed out that gas

may originate from any location within the fieldwéw of ROSINA.

December 2014
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Fig. 1: (a) Local gas number density evolution ofCH(blue crosses), GQred crosses), and CO

(green crosses) measured by ROSINA on board Rdsetthe period of December 2014. (b) Detail

from 20" December highlighted by the black box in (a).
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In this study we focus on three of the major spedietected in the comax®, CG, and CO
(Fig. 1) (Le Roy et al., 2015; Héassig et al., 20IE¢mporal and spatial variabilities of the coma
composition have been detected (Hassig et al.,)201&ppears that sometimes the production of CO
and CO exceeds that ob® and that CQand CO vary with respect to,@ (Fig. 1, before equinox,
Fougere et al., 2016). Errors in the ROSINA numihemsity are dependent upon the combination of
the two instruments COPS and DFMS. The error inathe&olute density provided by COPS is <15%
(Kramer et al. 2017) and the error in the relatibeindances provided by DFMS is <30% (Rubin et al.

2019; Lauter et al. 2020).

b. The comet nucleus numerical model

The production rates of species coming out fromribeleus have been investigated via a
numerical model. The model is based upon work edrout by Klinger in the 1990s (e.g. Klinger et
al., 1996, Klinger, 1999) but the specific implenation is that of Marboeuf et al., (2008, 2012,
2014). We note that several other models of théutieo of cometary nuclei have been published and
used in the past. A summary of many of these cdou@ in Huebner (2002).

The model was designed to compute the thermal hadhical evolution of the (sub)-surface
of a single point at a given cometary latitulleof the nucleus along the comet’s orbit around3Sba
(Fig. 2). The nucleus is considered to be a posplere made of a mixture of ices and dust grains
defined in specified proportions. At the beginninf the simulation, ices and dust grains are
homogeneously mixed in the porous matrix, up to rtneleus surface. The cometary grains are
defined as spherical and compact refractory dusingrencased by volatile ices (Marboeuf et al.,
2012). This assumption is consistent with one ef theory proposed to explain the aggregation of
material in protoplanetary disks and comets (Gresmbet al., 1998, Huebner et al., 2006,
Schoonenberg and Ormel, 2017, Mousis et al., 20T8E nucleus has an initially defined radius, R,
and rotation period, T, around its rotation ax}s,The model computes, amongst other quantities, the
heat conduction and evolution at different depthes,sublimation/condensation of volatiles withie th
nucleus, the gas diffusion through a porous medinah the sublimation front of different ices along
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the comet’s orbit around the Sun. The model cam talke into account the presence of a dust mantle

at the surface.

Spin axis

Fig. 2: Principle of the numerical model. The comet isstdered to be a spherical object with radius,
R. Outputs of the model are computed in 1D aloegutivector for a given latitude while the comet
is rotating around its spin axé¥ and on its orbit around the Sun. The two points@ P, correspond

to the aphelion and perihelion positions respeltive

The model solves the linked equations for consemwaif energy and mass, described in detalil
in Marboeuf et al. (2012). They are solved by tinéd volume method, in spherical coordinates and
in one dimension, along the radial vectpfkig. 2). Lateral processes are neglected. Thaffases
through the pores by a flow mechanism defined ey)thudsen number. Even if the comet is far from
a sphere (Preusker et al., 2015; Jorda el al.,)2@1® spherical approximation is suitable to stady
single point that is not subject to shadowing byeotsurface facets. We note that areas on thecgurfa
of 67P/C-G’s nucleus experience significant shadgwvaffecting the energy input and therefore the
outgassing (Keller et al. 2015b). However, we anfocus on the chemical composition and not bring
additional complexity to the already sophisticateedrmo-physical model with a 3D complex shape
and illumination that will increase the computatibriimes beyond what we can reasonably be
achieved. A 3D model taking into account of the gitgl and chemical aspects of the presented 1D
numerical model (Marboeuf et al. 2012, 2014) hashaen developed so far. We can say, however,
that this simplification leads to an overestimatainthe outgassing, a point that will be addressed
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section 2.d. The numerical domain takes into accthenwhole comet radius with the nucleus centre
placed at z = 0 and surface at z = R. The surfacgdrature is computed with an energy balance
equation and the centre temperature is set as an&eu condition. The model uses a spatial
discretization in a grid in which equations are poted for every numerical layer. The discretization
comprises (1) a fixed number of layers with a mumimthickness, placed just below the surface to
ensure good spatial resolution as most of the myiyprocesses occur close to the surface (solar
heating, sublimation of volatiles, evolution of thedius, dust mantle) because of the low thermal
conductivity (Section 2.c) and then (2) an expoia¢nbcrease of the layer thickness, for a given
number of layers, from the sub-surface to the eeofr the nucleus. The number of layers, and
therefore their thicknesses, evolve as the suhbiimé@bndensation of ices occurs. In effect, theecsd
solving Stefan’s problem. The temporal discret@atifollows the corrector-predictor scheme
developed by Espinasse et al. (1991) with the cemehtary use of an implicit scheme and a semi-
implicit scheme avoiding instabilities and improyimccuracy. Numerical tests have shown that
results from the model have a high degree of cenfid because the error in the mass conservation
does not exceed 0.1% for the global error and 184He local error at a given time, t (Marboeuf,

2008).

c. Input parameters

Characteristic properties of 67P/C-G are used psténto the model and are presented in
Table 1. The comet has an orbital period of 6.4&y&vith an aphelion at 5.68 AU and perihelion at
1.24 AU. The last perihelion occurred on 13 Aug2&t5 (1.24 AU), the *Lequinox on 11 May 2015
(1.67 AU) and the ™ equinox on 20 March 2016 (2.62 AU). At the timetioé rendezvous of the
Rosetta spacecraft with 67P/C-G, the period otimtaof the comet was about 12.40 h (Mottola et al.
2014). We acknowledge that the observed spin-upefhucleus (Keller et al. 2015a, Accomazzo et
al. 2017) could not be implemented in the modehgt stage. The orientation of the spin axis with
respect to the orbit is defined by (1) the obligu¥, which is about 52.25° (Jorda et al., 2016) and (2

the argument of the subsolar meridian at periheditrat -110.50° (Brugger et al., 2016).
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The initial temperature of the nucleus is set to BO(plausible temperature in the
protoplanetary disk during comet formation (Yamamdio85) and temperature derived from ortho-
para ratio of water vapour in comets (Mumma efl887)) and the radius of the comet is initially set
to 2 km. This evolves as the comet approachesuheBe nucleus has a porosity of ~75% (Kofman
et al., 2015, Patzold et al., 2016; Taylor et 2017) with an averaged pore radius assumed to be of
10* m (Huebner, 2006). The dust-to-ice mass ratio)(¥luncertain (Choukroun et al., 2020), but we
choose a value of 4 (Rotundi et al., 2015) andghetric measurements revealed that the comet has a
low albedo of about 0.05 (Feaga et al., 2015, @G et al. 2015, Fornasier et al., 2016). Thetdu
properties were set for a silicate compositiongiZlirth and Schubert, 1983 and Krause et al., 2011).
The solid dust density is set to 2600 kg (Ratzold et al. 2016, Herique et al. 2016, Fullale2017,
Patzold et al. 2019). The dust grain radius has lobesen to vary from 10to 10° m following a
power law size distribution with exponent -3.5 (é4giebner et al., 2006, e.g. Marboeuf et al., 2012)
These values are in agreement with results andrtaimiges obtained during the Rosetta mission
(Fulle et al. 2016a, Langevin et al. 2016, Merouainal. 2017, Choukroun et al. 2020, Marschall.et a
2020a) and imply a limited amount of particles ¢geghan 1 cm (Marschall et al. 2020a). However, a
single power law may not fit properly the data othex whole dust size range and it should be noticed
that while large particles are not abundant, theghimrepresent most of the dust mass (Fulle et al.
2016). For the given parameters the bulk densitthefnucleus computed with the numerical model
ranged between 475 and 510 kg,raccording to volatile content, which is closetie pre-perihelion
bulk density evaluated to 537.8 + 0.6 kg’ rfPatzold et al., 2019). Similarly, the thermalrtize
evolved between 60 and 90 J K12 s?which is in the range of the estimated thermattiaérom 10
to 150 J K m? s*? (Groussin et al., 2019). Due to the low thermatiia, the thermal conductivity of
the nucleus layers is computed with the Hertz fafcionula. The choice of thermodynamic properties
and laws for ices are extensively detailed in Matdcet al., (2012). The model is also able to handl
the different ice phases and transitions (crystajlamorphous and clathrates). Some studies pradpose
the presence of different ice phases in the nudelauisis et al., 2015), however, for simplicity, we

only consider crystalline ices in this study.



212 The initial number of numerical layers was set @@ $ncluding 50 layers with a minimum

213 thickness of 1 mm (without dust mantle) or 5 mmtiwdust mantle) immediately below the surface.
214  These thicknesses are comparable to or thickerttieadust grains considered in our size distrilputio

215  but do not properly represent the potential caseviich most of the dust is contained in large
216  particles. The thicknesses of the layers increaperentially to the nucleus centre. The simulations
217  were performed over several orbits with a variabtee step depending on the heliocentric distance
218  varying between 15 s to 7.5 min. All the presemesllts have converged both with time step and

219  space step. For all the simulations the initiabpagters presented in Table 1 were kept constant.

220
Parameter Value Reference
Semi-major axis (AU) 3.46 Maquet (2015)
Eccentricity 0.64 Maquet (2015)
Orbital period (yr) 6.44 Maquet (2015)
Aphelion position (AU) 5.68
Aphelion date 21 May 2012
1% Equinox position (AU) 1.67
1% Equinox date 11 May 2015
Perihelion position (AU) 1.24
Perihelion date 13 August 2015
2" Equinox position (AU) 2.62
2" Equinox date 20 March 2016
Rotation period (hr) 12.4043 Mottola et al. (2014)
Obliquity (deg) 52.25 Sierk et al. (2015), Brugger et al. (2016)
Argument of subsolar meridian at perihelion (deg) -110.50 Brugger et al. (2016)
Comet radius (km) 2.00
Initial porosity 75% Taylor et al. (2017)
Pore radius (m) 10* Huebner et al. (2006)
Dust to ice mass ratio 4.00 Rotundi et al. (2015)
Bolometric albedo 0.05 Taylor et al. (2017)
Emissivity 0.95 Spohn et al. (2015)
Initial temperature (K) 30
Dust density (kg m) 2600 Patzold et al. (2016, 2019)
Heat capacity of dust (J kg'K™?) 770 Prialnik et al. (2004)
Dust thermal conductivity (W m™* K™ 4.00 Ellsworth and Schubert (1983)
Range size of dust grains (m) 10°to 102 Marboeuf et al. (2014)

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

222



223 The initial bulk composition of the nucleus and thest mantle thickness are also required as
224  input parameters. These were treated as free pteesmia order to observe their influence on the

225  outgassing pattern and to fit the observations.

226

227 d. Global production rates

228

229 The thermo-physical model and input parameters igeothe evolution of the absolute

230  production rate of volatiles at the surface of spberical comet (Fig. 3). Outgassing rates obtaated
231 different latitudes (Section 2.e, Fig. 5) have als®en integrated separately over the northern
232 hemisphere and over the southern hemisphere focamet orbit. The results are scaled with a free
233 parameter referred to as the Effective Active Foaic(EAF) translating the fact that the surfacehaf

234 comet is not fully active. An EAF of 20% is appliemlour volatiles outgassing to match the observed
235  total volatiles loss and maximum production pealafsdthall et al., 2017, 2020a, Lauter et al., 2019,
236 2020, Combi et al., 2020). This value is highentkize typical evaluated value of about 1% used by
237  other groups (Gulkis et al., 2015, Marschall, et 2020b), which is a consequence of the subsurface

238  sublimation processes included in the model

239
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Fig. 3: Production rate (kg'sof H,O, CQ, and CO as function of the heliocentric distanog@u) and
normalized orbital phase. The production rates Haaen integrated over the spherical surface for
latitudes of the northern hemisphere (December 244 composition, Table 2) and of the southern
hemisphere (November 2015 bulk composition, Tablec@rresponding to solid and dotted lines,
respectively. The EAF is 20%. The sum of the twmispheres corresponds to the bold lines. The

perihelion is highlighted by vertical black dashiee and equinoxes by vertical pointed black lines.

With an EAF of 20%, we obtained a total@Hloss over the entire orbit of 7.3 xngg which
is the same order of magnitude as previous estinfeten measurements (6.4 x*1@ Hansen et al.
(2016), 4.9 x 1dkg, Combi et al. (2020), 6.1 x AMarshall et al. (2020a), 4.0 x 2Rg, Lauter et al.
(2020)). The peak of ¥ production occurs about 6 days after perihelioth & production rate of
about 4.9 x 10kg s' (~1.6 x16° molecules 3) for the southern hemisphere and about 60 daysdef
perihelion with a production rate of about 3.0 X k@ s* (~1.0 x 16" molecules 9) for the northern
hemisphere. The production rate obtained for thehsgwn hemisphere (and the global production) is
consistent with previously estimated,(H peak production based on measurements analyflis wi
values on the order of 5.0 x“kg s* (3.5 + 0.5 x 1& molecules 3, Hansen et al., 2016 (totaL®l
production), 1.4 + 0.5 x f®molecules 3, Marshall et al., 2017 (total production), 2.0 4 & 1G°
molecules 3, Lauter et al., 2019 (total production and soutHeemisphere production), 2.8 x %0
molecules 3, Combi et al. 2020 (total production), 2.7 ¥®@iolecules $, Marschall et al. 2020a, 1.8
x 10° molecules 3, Lauter et al., 2020 (total production)). Howevere value obtained for the
northern hemisphere appears to be underestimajed factor of about 5) by the thermo-physical
model compared to DFMS/COPS measurements analy$2 §elak of production rate for northern
hemisphere is about 1.8 x*Ky s, Lauter et al. (2019)). In addition, our thermoygical model does
not reproduce well the time shift of peak productitat is observed to be about 20 days after
perihelion (Hansen et al. 2016).

With an EAF of 20%, we obtained over the entireitasitotal CQ loss of 2.0 x 1?)kg and a
total CO loss of 2.5 x fkg which is on the same order of magnitude asipusvestimates (8.8 x 10
kg and 2.1 x 1Dkg respectively, Combi et al. (2020) and 7.2 & i@ and 1.9 x 1Dkg respectively,
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Lauter et al. (2020)). The peak of €@roduction occurs about 6 days after periheliod gives a
production rate of about 1.3 x 1Rg s’ (~1.8 x16" molecules ¥) for the southern hemisphere and
about 27 days before perihelion and gives a progtucate of about 3.6 kg'g~5.0 x13° molecules s

1 for the northern hemisphere. Finally, the pealC@f production occurs at perihelion and gives a
production rate of about 3.4 x 1Rg s* (~7.4 x16° molecules 9) for the southern hemisphere and
about 3 days before perihelion and gives productate of about 1.7 x 10kg s' (~3.6 x16*
molecules 3) for the northern hemisphere. Note the differeincthe time at which the maxima are
reached here when compared tgOH As for HO production rates, the results obtained for the
southern hemisphere match the observation for af &&20% (1.6 x18 molecules $ and 5.9 x1¢f
molecules $for the maximum production of GGind CO respectively, Lauter et al., 2020) while fo
the northern hemisphere the value are underestimbyea factor of about 5 relative to other

calculations.

The total production rates are dominated by théh®oo hemisphere contribution within about
3.5 au in our results (Fig. 3). The slopes of thiegrated volatiles production as function of the
heliocentric distance {r have been calculated with a power law (3 for a chosen range between -
3.5 to 3.5 au corresponding to the Rosetta missinge. For KO, we obtained a steeper slope before
perihelion than after witlw values of -4.2 and -3.6 respectively. The valuéotee perihelion is
consistent with previous studies based on measutsmagalyses (values between -3.8 to -7.0) while
our results after perihelion is lower (values betwe4.3 to -7.1) (Hansen et al., 2016, Marshadll et
2017, 2020a, Shinnaka et al., 2017, Lauter e2@ll9). Our slopes match the observations better tha
the significantly lower slope (about -2.8 for thedel A) provided by the thermal model of Keller et
al. (2015b). For Cg) we obtained: value of -3.5 after perihelion, and for CO, weaibédo values of
-3.3 after perihelion (the slope values beforeh®tion are not satisfactory (asymptotic standardrer
> 5%) fit with the power law), corresponding togslily lower slopes obtained for the® production
rate after perihelion. Slopes obtained for,&G@d CO, respectively, are lower than the slopésiméd

by Lauter et al. (2019) (-4.5 and -6 for £&hd CO respectively).
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The thermo-physical model provides a reasonableoappation to the volatile production
rates but clearly the existing model does not pteda perfect fit. For example, the different EAF
require to fit the production rates in the northamd southern hemisphere are likely caused by the
presence of a desiccated dust mantle at the swfabe nucleus for the northern plains inhibitthe
outgassing while ices are present up to the nuderface in the southern hemisphere (Section 2le an
Table 2). But there are perhaps alternative strattuodels that could be defined that would provide
better fits. Nonetheless, it is encouraging thatiodel essentially derived from first principlesc

approach observed values.

e. Strategy of data comparison

ROSINA collected data at different latitudes andtaihces from the nucleus following the
spacecraft orbit (Fig. 4). However, the exact lmsain the coma is not implemented in the numerical
model. Therefore we choose to study the dimensssnlelatiles density ratios measured in the coma
by ROSINA/DFMS (CO/C® CO,/H,O and CO/HO) to avoid gas density extrapolation corrections
caused by the spacecraft-comet distance. We atsonasthat the three species have the same equal
acceleration profiles and so the measurement ofahes at a distance from the surface would be
unchanged from the surface. In addition, we ran erical simulations for different sub-spacecraft
latitudes explored by Rosetta. The sub-spacecadifiude corresponds to the angle between the
spacecraft projection at the nucleus surface am@diator. It is independent of the nucleus shafee.
consider that the projected latitude of the spafeon the nucleus corresponds to the latitudeasf g
release. This approach does not capture any ldtevalthat might occur as a result of the gas flow
dynamics (e.g. Kitamura, 1985). It should be nateat this effect can strongly influence the gas
densities close to the terminator and might infaeematios of species because of the different

molecular masses and initial velocities.
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Fig. 4: Latitudes sampled by the numerical model (red saes compared to the Rosetta sub-
spacecraft latitudes projection onto the surfadge(brosses) of the comet. Some sampled values were
excluded (dark blue crosses) as numerical restdtohtained for incidence angles above 90°. The
subsolar latitude (yellow crosses) of the comet/67@ is also indicated. The northern hemisphere is
illuminated before the *Lequinox and after the"2equinox. Between the equinoxes and trough
perihelion passage, the southern hemisphere imiillated. The perihelion is highlighted by the

vertical black dashed line and equinoxes by vdrfiomted black lines.

We performed numerical simulations for latitudeswsen 90°S to 90°N with a 10°
increment. If a ROSINA measurement was availahidife given latitude (within bounds of + 2°), we
extracted the numerical result at the correspontimg (Fig. 4). Numerical results obtained for an
incidence angle above 90° are excluded (Fig. 5dalbanThe calculated gas density drops drastically
on the night side (Fig. 6), especially fos® which might not be the case in reality becaddateral
gas flow and/or non-insolation driven emission dethce comparisons at incidence angles greater

than 90° are likely to be misleading. This selectexcluded mostly southern latitudes results for
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periods before and after th& and 2* equinox, respectively, and mostly northern lagisidor period

in-between the equinoxes (Fig. 5 ¢ and d).
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Fig. 5: Evolution of the CO/C®(a) and C@H,O and CO/HO (b) density ratios with incidence angle
of ROSINA and results from numerical modelling. Exmn of the CO/C® (c), CQ/H,O and
CO/H,O (d) density ratios with latitude of ROSINA andsu#s from numerical modelling. The grey
areas highlight, respectively, the incidence anfight areas on panels a and b) and latitudes (lef
areas on panels ¢ and d) for which computed valiesge and are excluded for the study. Model
results above 90° incidence angle (a and b leff) @ow latitude -50° (c and d right), respectively

are out of scale. The results are presented foeber 2014.

To compare our results efficiently with the measwuats we averaged the computed results of
density ratios. As mentioned above;CHexhibits large outgassing variation over manyeosdof
magnitude (Fig. 6) induced by its presence at oseclto the surface (Section 4) and consequently is
highly sensitive to illumination variations. Theoe#, differences with respect to the time of the

sampled data with the instrument lead to largergrmo the production rate of ,@ compared to
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experimental measurements. In addition, the ouitygsd H,O is highly dependent on the complex
shape of the comet and it has been shown that amras are more active than others (Marschall et al.
2017). Finally, the instrument receives contribngidrom adjacent latitudes/longitudes resultingrfro
the gas expansion process. This tends to smootsighel recorded. By averaging the modelling data
over one comet rotation (12h40) we significantlypioved the coherence of our results for the
comparison with ROSINA measurements (Fig. 7a). &Veraging of the CO/CQlensity ratio is less
affected because these species are mostly located lihe surface (Section 4, Fig. 13) and are
therefore less sensitive to the day-night cyclee production rate of CQvaries by less than 3 orders
of magnitude in the southern hemisphere in-betwexmnoxes, while it is almost constant in the

northern hemisphere before tHéequinox (Fig. 6). CO outgassing is almost constabbth periods.

IE‘ 12 Latitude = 40°N 0% December 2014
o | H.0 =
00 : €O, —\[14* 10%§
E | rY co — 1%
2 0er ; H/ | = 1 & 107}
g ’ 8\ ] &
B 100 : i 1% 108}
© I ! & s
2 ] 2
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£ F £
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Fig. 6: Evolution of the outgassing rates (kg?m') of H,0O (blue), CQ (red) and CO (green)
computed at (a) latitudes 40°N (December 2014 batkposition) and (b) 40°S (November 2015 bulk

composition) over one orbital period (~6.44 yrsheTright panels are zooms (highlighted in the left
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panel by a black box) over one month. The perihelsohighlighted by vertical black dashed line and

equinoxes by vertical pointed black lines on ttiepanels.

To reproduce the volatiles density measured inctivea by ROSINA/DFMS, the initial bulk
composition of the three studied species in thelemscwere modified until we found the best
combination to fit the volatiles density ratios reg@ements in the coma with the given fixed
parameters (Table 1). Following, we refer to thiaties abundance ratio, in the coma as the vehatil
density ratios and, in the nucleus as the volablgk composition ratios. For simplicity, we splite
timeline according to month and found the bestcimposition for each month by calculating
correlation criteria which are (1) the calculateshsity ratio over the measured density ratio avastag
over the given month and (2) iterating to minimthe Root Mean Square Error (RMSE, Table 2).
Simulation for which the calculated density rat®different by more than 50% of the measured
density ratio and/or with a RMSE above 1 are carsid unreliable and excluded from averaging
calculations. The results presented here are ftareint epochs but we will now focus on the results
for December 2014. At this time, the spacecraft @lase to the nucleus (Fougere et al., 2016) and fa
from the Sun and hence the effects of collisionfenflow and reaction chemistry in the coma were a
a low level. The presence of a dust mantle atuhse has also been treated as a free paramétsr. T
choice has been motivated by the fact that theepes (or not) of a substantial dust mantle at the
surface of 67P/C-G is a direct observation from@&RIS camera (Thomas et al., 2015a and 2015b)
and it is known that the dust mantle has an efiadhe outgassing (Huebner et al., 2006, Marboeuf e
al., 2014). Therefore, if the addition of a dustntt&improves the fit (i.e. the calculated denséio
over the measured ratimlues are getting closer to 1 and/or RMSE is reduof the calculated
density ratios CO/CE CO,/H,O and CO/HO with ROSINA/DFMS measurements, then we select the
results obtained with the dust mantle. Followingtitey, its thickness is kept constant at 5 mm,
corresponding to the best fit obtained for Decenftidr4, and the dust grains freed from the nucleus
by sublimation, are assumed to escape.

All simulations were run first without dust manté the surface for several orbits until the
modelled nucleus reached a steady-state. In oer tids was reached after a few orbits and we @&oos
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399  to present data obtained during tHedBbit. After this time, the results do not evolfég. 7a). This
400 corresponds to a total of time of 32.2 years wlisctonsistent with the last major change in thetorb
401  of 67P/C-G (Maquet et al., 2015). The initiatidrtlee dust mantle deposition at the surface of 67P/
402 G is unknown. It is likely that before the recehiange of orbit (Maquet et al., 2015), bringing the
403 comet close to the Sun, there was no dust mantteeasurface of 67P/C-G. In addition, the dust
404  mantle experiences erosion and restoration ph&wesigsin et al., 2015, Fornasier et al., 2016, Hu e
405 al., 2017). Then, in case the presence of a dustiena required, it has been added at the beginoiin
406  the 8" orbit, disturbing the steady-state of the nucleegond the end of thé"®rbit.
407
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Fig. 7: Comparison of density ratios CO/gQeft, pink crosses) and G®I,O and CO/HO (right,

blue crosses and yellow crosses, respectively) atedpby the numerical model with the data
measured by ROSINA/DFMS (blue crosses, green csoase red crosses, respectively) for (a)
January 2015, (b) November 2015 and (c) August 20hé numerical results have been averaged
over one comet spin period. The bulk compositiod dnst mantle thickness set for each month are
presented in Section 3.d (Table 2 and Fig. 12)in(#)e January 2015 plots, black circles, squanes
triangles correspond respectively to COCOO,/H,O and CO/HO density ratios obtained at the
equator and for the"6orbit (while results in pink are obtained at tffedBbit) and show that the model
has converged. The light green, orange and dasdshisses correspond to the non-averaged results of
the numerical model. It does not affect the valti€€®/CO, but might exclude some points as the

incidence angle is averaged as well.

Finally, the bulk compositions of the differentiatiles do not vary, at the scale of the nucleus,
through the five comet orbits. Therefore the contmos at the sampling time corresponds to the

initial bulk composition set for each month.

3. Nucleus outgassing pattern

a. Comparison of evolution of CO/G@ensity ratios

Our simulation results match the CO/C@ensity ratios measured by ROSINA/DFMS
satisfactory for most epochs (Figs. 7 and 8 andeTah especially with regards to the absolutererro
values of the ROSINA measured gas ratios (Sectiah @d uncertainties in the fixed parameters
(Table 1). Indeed, for the 15 months (of a total26j fulfilling the correlation criteria (calculate
density ratio over measured density ratio is néedéht by more than 50% of the measured ratio and
with a RMSE below 1), the average calculated dgmsiiio over measured density ratio is 1.01 and
the average RMSE is 0.23. We have establishedth&thermo-physical model both, (1) the correct

range of magnitude of CO/G@ensity ratios, between 1.0 x1@nd 3, and (2) fit the evolutionary
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437  trend of CO/CQ density ratios, observed by ROSINA/DFMS for moattg. The CO/CQdensity
438 ratio oscillates around 1 showing that, dependipgnuthe time and insolation, CO outgassing can
439  surpass C@and vice versa in both measurements and modelCTOIEQ density ratios reach values
440  of up to 3 before perihelion and below 1 for mdsthe post perihelion period.

441
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443  Fig. 8: (a) Comparison of the CO/G@ensity ratio computed by the numerical model Kairosses)
444  with the data measured by ROSINA/DFMS (blue crossksing the Rosetta mission. The bulk
445  composition and dust mantle thickness set for @achth are presented in Section 3.d (Table 2). (b)

446  Ratio of the calculated to the measured CQ/@@nsity ratio (green crosses). Th& dand 2°
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equinoxes are highlighted by vertical black dotieds and perihelion by the vertical black dashed

line.

For some months the correlation is not satisfyiligis is particularly true around the
equinoxes (April, May and June 2015 and March, 1A@nd May 2016) with an average calculated
density ratio over measured density ratio of 1h@ @an average RMSE of 25.5. For these periods, we
have difficulty reproducing both the magnitude ahd trend (Fig. 8). Despite the trend is mostly
reproduced for several months after tH& eéjuinox (June to September 2016, although sone dat
points are out of magnitude, Fig. 7), the correlattriteria do not match with an average calculated

density ratio over measured density ratio of 1@ the average RMSE of 5.18.

b. Comparison of evolution of GfH,O and CO/HO density ratios

Agreements of the CfH,O and CO/HO density ratios with those measured by
ROSINA/DFMS are also satisfactory (Figs. 7 and @ @able 2). Indeed, for the 15 months (over 26)
fulfilling the correlation criteria, the averagel@maated density ratio over measured density regio
1.07 for CQ/H,0O and 0.97 for CO/KD and the average RMSE is 0.16 for £HQ0O and 0.15 for
CO/H,0. We have reproduced both the magnitude and #wd tfor several epochs, especially
between November 2014 and April 2015 and betweegusw2015 and February 2016. Times when
CO,/H,0 exceeded COHD were correctly reproduced. However, similar t @0O/CQ density ratio,
for some months the agreement between measurearaht®sults is inferior. At the beginning of the
mission (August to October 2014) the trends areodyced but not the magnitude of the ratios. As
with the CO/CQ density ratios, the fits are not satisfying foe thonths around the equinoxes (April,
May and June 2015 and March, April and May 2018peeially for CO/HO. The average calculated
density ratio over measured density ratio is 39at1CO,/H,O and > 1000 for CO/MD and the
average RMSE is 42.0 for G/B,0 and > 100 for CO/pD. Finally, after the ¥ equinox (June to
September 2016), the numerical results match pdbeyROSINA measurements (Figs. 7¢ and 8) for
the CO/HO density ratios. The average calculated ratio oweasured ratio is 21.04 and the average
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476

477

478

479

480

481

RMSE is 6.23 for CO/bD. However, we notice an improvement of the fit @D,/H,O density ratios
toward the end of the mission with an average tatled density ratio over measured density ratio of
1.23 and an average RMSE of 0.98. For this ralie,ttend and magnitude of the values are mostly
reproduced (Fig. 7c and 9 and Table 2). Becausesak reliability of the computations performed for
after the ¥ equinox, we have focused our efforts on redudmgRMSE and matching the measured

value of CQ/H,0.
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483  Fig. 9: (a) Comparison of COA® and CQ/H,O density ratios computed numerically (blue crosses
484  and yellow crosses, respectively) with the datasuesd by ROSINA/DFMS (green crosses and red
485  crosses respectively) during the Rosetta missite. Qulk composition and dust mantle thickness set
486  for each month are presented in Section 3.d (Tapl€b) Ratio of the calculated to the measured

487  density ratios of C&H,O and CO/HO (orange and dark blue crosses respectively) guhie Rosetta
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mission. The T and 2° equinoxes are highlighted by vertical black dotiees and perihelion by

vertical black dashed line.

c. Influence of the dust mantle

A remarkable point is that to get these fits betwéige model and the ROSINA/DFMS
measurements, it is necessary to add a dust naritie surface of the nucleus (after it reachealdste
state without dust mantle) for simulations for pds before thelequinox and after the"®equinox
while it is not necessary for simulations betwees ¢quinoxes. If no dust mantle is added for those
periods, the order of magnitude remains withindhserved range but the trend is no longer consisten

with the measurements, particularly for the COJ/@énsity ratios (Fig. 10).

5 December 2014 December 2014
+ CO/CO, ROSINA/DFMS I CO/CO,- DM thickness = 0 mm X CO,/H,0 ROSINA/DFMS C0,/H,0 - DM thickness = 0 mm
+ CO/CO,- DM thickness = 5 mm 102t + CO/H,0 ROSINA/DFMS  CO/H,0 - DM thickness =0 mm |]

. CO,/H,0 - DM thickness = 5 mm
+ CO/H,0 - DM thickness = 5 mm

1.5

Ratio

0.5 k4

5 i AT \ EREN ANTIR J\"-, ot
Ty *’# e 1070 %08 % Pt it
T ﬂ -+ + H T

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (day) Time (day)

Fig. 10: Comparison of (a) CO/CL{and (b) C@QH,O and CO/HO density ratios computed by the
numerical model without dust mantle (DM = 0) andhwilust mantle (DM = 5 mm) with the data

measured by ROSINA/DFMS for December 2014.

The addition of a desiccated dust mantle incretis=global thermal inertia. For instance it
goes from ~62 J K™ s™ without a dust mantle to ~71 J’nK™ s? with a dust mantle for
December 2014. This favours the “storage” of hedlt iahibits the immediate reaction of the nucleus
surface to solar illumination changes. This incesathe thermal lag and the surface temperature
affecting heat transfer deeper into the nucleug. (EL). The thermal wave reaches the sublimation
fronts of different ices at different times as théblimation fronts of C®and CO are below the
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surface in this scheme (Fig. 11 and Section 4, BY. This is contrary to ¥ which remains close to
the surface in all cases. It appears that bothpeeature profile and depth of sublimation frontsy(F
11) are critical parameters driving €@nd CO outgassing pattern. Changes can provoketrahd

inversion (Figs. 10 and 11). Our results suggest dhimited change in thermal inertia, of aboutJ10

m? K™ s has a strong influence on the resulting outgassattern.

December 2014 - Latitude = 40°N
T

T T
0 A A @D
O
E 2
o -
[
a4r —Surface  — CO,
A H,0 —CO
6 O A Dust mantle thickness =0 mm | 1
O Dust mantle thickness =5 mm

0 50 100 150 200
Temperature (K)

Fig. 11: Depth and temperature of the different sublimafiomts of the volatiles (}D: blue, CG:
red and CO: green) and surface temperature (b@akputed by the numerical model without dust
mantle (DM = 0, triangles) and with dust mantle (BM mm, circles) for fit obtained for December

2014 (Fig. 10). We take as example results obtaatéatitude 40°N.

d. Nucleus bulk composition and evolution

We are able to reproduce, with good agreement§setons 3a and 3b), the ROSINA/DFMS
measurements (Figs. 8 and 9 and Table 2). Exceptioe, close to equinoxes and after the 2
equinox. Numerical results fit the measurementiftgrent latitudes explored by the spacecrafteor
given month with a uniform volatile composition.i$tsuggests a rather homogeneous composition of

different areas of the nucleus.

Dust

Mantle Averaged density ratio (Model/Measurements) Root Mean Square

Month Initial volatiles bulk composition (wt%) Initial volatiles bulk composition ratio ‘
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thickness

H.0 co, co coico, CO,H,0 COM0 (mm) CoICO; CO,H,0 COM0 COICO,  COJH,0  COM:0

Aug-14 99.75 0.14 0.11 7.86E-01 140E-03  1.10E-03 5 1.00 1.01 0.97 5.33E-01  5.97E-01  9.15E-01
Sep-14 99.60 0.24 0.16 6.67E-01 241E-03  1.61E-03 5 1.03 117 0.90 3.61E-01  7.86E-01  9.19E-01
Oct-14 99.00 0.70 0.30 4.29E-01 7.07E-03  3.03E-03 5 1.05 0.98 0.98 263E-01  2.95E-01  1.96E-01
Nov-14 92.00 5.10 2.90 5.69E-01 554E-02  3.15E-02 5 0.99 1.00 0.98 179E-01  108E-01  9.68E-02
Dec-14 93.00 4.80 2.20 4.58E-01 516E-02  2.37E-02 5 1.04 1.08 1.00 198E-01  1.32E-01  6.38E-02
Jan-15 93.00 5.00 2.00 4.00E-01 538E-02  2.15E-02 5 1.05 0.97 0.99 137E-01  144E-02  7.59E-03
Feb-15 87.00 7.80 5.20 6.67E-01  B8.97E-02  5.98E-02 5 0.99 1.02 1.01 247E-01  9.15E-03  7.41E-03
Mar-15 89.00 6.50 4.50 6.92E-01 7.30E-02  5.06E-02 5 0.97 1.04 1.03 3.33E-01  6.74E-03  1.11E-02
Apr-15 96.00 2.20 1.80 8.18E-01 229E-02  1.88E-02 5 0.97 1.00 0.91 123E+02  4.19E-02  2.07E+00
May-15 89.00 3.50 7.50 2.14E+00  3.93E-02  8.43E-02 0 0.05 0.97 0.04 6.98E-01  3.41E-02  2.87E-02
Jun-15 89.00 3.00 8.00 267E+00  3.37E-02  8.99E-02 0 0.47 0.93 0.56 6.76E-01  3.51E-02  2.66E-02
Jul-15 95.00 3.80 1.20 3.16E-01  4.00E-02  1.26E-02 0 1.02 1.41 0.86 4.84E-01 203E-02  9.83E-03
Aug-15 94.00 5.20 0.80 1.54E-01 553E-02  8.51E-03 0 0.99 117 0.96 193E-01  6.32E-02  1.17E-02
Sep-15 92.00 6.20 1.80 2.90E-01 6.74E-02  1.96E-02 0 1.01 1.02 0.86 174E-01  3.44E-02  3.87E-03
Oct-15

Nov-15 87.00 11.00 2.00 1.82E-01 1.26E-01  2.30E-02 0 1.04 1.08 0.97 6.31E-02  7.42E-02  6.05E-03
Dec-15 86.00 11.80 2.20 1.86E-01 137E-01  2.56E-02 0 1.04 1.02 1.03 412E-02 281E-02  2.10E-03
Jan-16 82.00 16.10 1.90 1.18E-01 196E-01  2.32E-02 0 0.99 1.04 0.96 5.55E-02  1.06E-01  1.20E-02
Feb-16 86.00 12.70 1.30 1.02E-01 148E-01  1.51E-02 0 0.99 1.00 1.00 120E-01  192E-01  4.84E-02
Mar-16 80.00 18.00 2.00 1.11E-01 2.25E-01  2.50E-02 0 4.98 4431 1018.28 5.17E-01  134E+02  2.34E+02
Apr-16 98.50 1.30 0.20 1.54E-01 1.32E-02  2.03E-03 5 20.92 172.84 8902.40 9.05E+00  1.10E+02  1.81E+03
May-16 97.00 2.60 0.40 1.54E-01 268E-02  4.12E-03 5 40.41 18.21 2514.70 1.84E+01  7.72E400  2.82E+02
Jun-16 98.00 1.70 0.30 1.76E-01 173E-02  3.06E-03 5 15.22 152 53.20 9.75E+00  6.71E-01  1.94E+01
Jul-16 98.00 1.70 0.30 1.76E-01 173E-02  3.06E-03 5 14.59 1.40 17.60 6.86E+00  8.68E-01  3.81E+00
Aug-16 99.00 0.96 0.04 417602  970E-03  4.04E-04 5 5.16 0.91 3.84 179E+00  8.56E-01  6.55E-01
Sep-16 99.10 0.81 0.09 111E-01  817E-03  9.08E-04 5 7.15 1.08 9.52 2.31E+00 1.51E+00  1.06E+00

Table 2: Volatiles (HO, CG, and CO) bulk composition of the nucleus used fer humerical
modelling to fit the ROSINA/DFMS measurements facke month of the measurements campaign.
Molar bulk compositions are expressed in percentélge thickness (and so its presence or not) of the
dust mantle is specified. The likeness between ntioelelling results and the measurements are
evaluated by the calculated density ratio ovemtieasured density ratios (the best match is clodg to
averaged over the respective months and with tbemgan square error. Simulation for which the
calculated density ratio is different by more tH#0% of the measured density ratio and/or with a
RMSE above 1 are considered non reliable and eadldtbm averaging calculations. Results are
plotted in Figure 12. Black horizontal lines separthe months containing inbound or outbound

equinoxes and the bold black horizontal lines nfargust 2015, the month of perihelion passage.

In order to retrieve the volatiles bulk compositioh 67P/C-G nucleus, we averaged the

respective bulk composition used to fit the ROSINAMS density measurements for each month
27



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

meeting the required correlation criteria (Sectibd, Table 2, Fig. 12). We obtained the following
volatiles bulk composition for 67P/C-G: (91.4 + W&of H0, (6.7 £ 3.5)% of C@and (1.9 £ 1.2)%

of CO. The values obtained are consistent withiptsvestimation of the volatiles bulk composition
of the nucleus (Table 3) from ROSINA/DFMS data peegihelion (Rubin et al., 2019) and integration
over the whole apparition using analytical appreaclLauter et al., 2019) and Direct Simulation
Monte Carlo modelling compared to ROSINA/DFMS d@ambi et al., 2020). However it presents

some discrepancy with spectral measurements (BeeRdbrvan et al., 2016, Biver et al., 2019).

Estimation of volatiles bulk composition

Molecule This study  Rubin et al. (2019) L&uter et al. (2019) Combi et al. (2020) Bockelée-Morvan et al. (2016) Biver et al. (2019)
H.O 100 100 100 100
CO, 7.3+38 47+14 59+3.0 7.4 14.0 -32.0
(o{e] 21+13 3.1+0.9 23+1.0 2.7 06+0.1

Table 3: Comparison of the estimated bulk compositionsefthree main volatiles @, CG, and CO

in comet 67P/C-G compared to previous studies baseROSINA data performed by Rubin et al.

(2019), Lauter et al. (2019) and Combi et al. (3028d on spectral measurements, MIRO and
VIRTIS-H, performed by Bockelée-Morvan et al. (2D38d Biver et al. (2019). Molecule abundance

is expressed relative to,8 abundance.

The nucleus ices compositions and the associatedtlatd deviations of the average bulk
composition obtained to fit the ROSINA/DFMS measoeats show homogeneity in the sense that
they are all displaying a large amount ofCH(>82%) and C®is more abundant than CO. This
suggests that, to*lorder, the global composition of the nucleus therhomogeneous. However, the
model also allows us to study volatiles compositiba finer scale. Compositional variability, otlee

course of the comet’s journey around the Sun, kas Ientified and is highlighted below.
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Fig. 12: (a) Evolution of the volatile bulk composition B, CQ, and CO) used for the numerical
model to fit the ROSINA/DFMS measurements for eaxdnth of the measurements campaign (Table
2). (b) Evolution of the volatiles bulk compositioatios (CO/CQ@ CO,/H,O and CO/HO) for each
month of the measurements campaign (Table 2). Tawok loircles correspond to the presence of a dust
mantle (5 mm) at the surface of the nucleus innilverical simulation. Data represented with semi-
transparent colour fit poorly the measurements I@&p and should be considered carefully. The 1
and 2° equinoxes are highlighted by vertical black dotteds and perihelion by vertical black dashed

line.

The volatiles bulk composition used to fit the RRAIDFMS measurements suggest 3
distinct patterns: (1) before thé' quinox, (2) in between the two equinoxes andaf8r the &
equinox. Before the*lequinox the averaged bulk composition is (94.06)% of HO, (3.8 + 2.8)%
of CO, and (2.2 + 1.8)% of C@hich is richer in HO and poorer in COthan in-between the two
equinoxes with an average bulk composition of (88405)% of HO, (9.5 + 4.2)% of C®and (1.6 +

0.5)% of CO (Table 4). The results after ti&equinox give an average bulk composition of (98.3
29



583 0.7)% of HO, (1.5 = 0.6)% of C®and (0.2 £ 0.1)% of CO. These last values arerngia®e an
584 indication of the trend but must be taken very ftdie as the fits were not fully satisfying the
585  correlation criteria (see Section 3b and Tableegpecially the CO/D density ratios. The different
586  bulk compositions for these three different periags enhanced by the values of the CQ/GGk
587  composition ratios which are, for the given peridat®adly constant through time and with distingetiv
588 values (Fig. 12b). Indeed, before théefuinox, the average value of CO/K®about 0.6 + 0.1 and
589  decreases in between the two equinoxes to an aveedge of about 0.2 £ 0.1 (Table 4). The CO4CO
590 bulk composition ratios transition is clear andugitrat the I equinox (Fig. 12b). Changes in the
591  outgassing evolution at thé' &quinox have already been identified by ROSINAlgses (Gasc et al.,
592 2017, Combi et al., 2020). As mentioned above,véilee after the  equinox must be taken very
593  carefully but it appears that the CO/C@ulk composition ratio required to reproduce the

594 measurements is about 0.1 £ 0.1, which is closegeatio obtained in-between the two equinoxes.

595
596
H,0 (%) CO; (%) CO (%) CO/CO;,
Total 91.4+45 6.7+35 19+£1.2 04+01
Before T equinox 94.0+4.6 3.8+28 22+18 06+0.1
In-between equinoxes 88.9+4.5 9.5+4.2 1.6+0.5 0.2+0.1

597 Table 4: Volatiles bulk composition (in % + standard deiia) of the nucleus obtained with
598 numerical modeling by comparison with ROSINA/DFM@&8atiles density measurements. The values
599  correspond of the averaged of the good fits (Tablr the respective periods. The data after e 2
600 equinox are not included as they poorly fit. Theraged CO/C®bulk composition ratios for the
601 respective periods are also indicated.

602

603 Finally, from one month to another, it appears tihat different volatiles bulk composition
604  required to fit the measurements evolve througke t{ffigure 12). The ¥D percentage is high at the
605  beginning of the measurement campaign in Augugttedaoer and October 2014 (> 99%) resulting in
606 CO,/H,O and CO/HO bulk composition ratios on the order of 1316 1.10%. During that period the
607 COJ/H,O and CO/HO bulk composition ratios increase significantlgoth 1.10° to 1.10% due to a

608 decrease of the & abundance while CO/G@xperiences a small decrease by a factor lessZhan
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Then decrease of B abundance continues until th& dquinox to values around 88%. We notice a
jump of about one order of magnitude of the B0 and CO/HO bulk composition ratios between
October and September 2014 while CO§Qstays rather constant. After th& équinox, the LD
abundance is high again (95%) and then decreasai® amtil the 2 equinox (about 82%).
Accordingly, bulk composition ratios GMBI,0 and CO/HO increase from July 2015 to March 2016
due to the decreases of,(H abundance. During that period CO/MCBulk composition ratios

experiences a decrease of a factor ~3.

4. Nucleus internal structure

a. Chemical differentiation

The numerical model computes the equilibrium limtween the gas phase and pure ice of
each species within the nucleus for a given agbemt of the nucleus. The nucleus starts from a
homogeneous composition and evolves during thelutdon around the Sun to a chemically
differentiated structure according to the volatilidf species and thermal inertia of the nucleug.(Fi
13). The more volatile the species, the deepessisublimation interface. The illumination plays an
important role in the species differentiation. e tstudied case, B is located at the surface or just
below the dust mantle if present. The £&ZDblimation interface is located within the fitgto meters
beneath the surface. Close to perihelion, the @@rface is close or even reaches the surface at
southern latitudes due to fast erosion. This steosgins true for several months. CO ice is thetmos
volatile of the three studied species and therdfersublimation interface is deeper (~ 5 metrdevbe
the surface at northern latitudes), while at southetitudes, especially when insolation is strotage
to perihelion, the CO sublimation interface caneptilly reach the surface because of the rapid
erosion of the surface layer. The addition of & dusntle at the nucleus surface increases the glerm
inertia leading to a deeper differentiation of £&hd CO species rather than without a dust mantle.

Nevertheless, the low thermal inertia of the nuglprevents a deeper chemical differentiation.
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Fig. 13: Modelled internal structure of the nucleus of 67/ at (a) latitudes 40°N (December 2014)
and (b) 40°S (November 2015) over one orbital pk(ie6.44 yrs). The perihelion is highlighted by

the black dashed line and equinoxes by the poinitezk lines.

Spectral signatures of,B ice have been detected at several locationseosutiace of 67P/C-
G nucleus (Pommerol et al., 2015, Groussin eRall5, Fornasier et al., 2016). Brighi®ice spots
are mainly observed near collapsing cliffs, distedaboulders, and dust layered scarps. Therefere ic
is present in the upper layers of the comet andpsanist for several weeks but there is no wide
presence of pure B ice at the nucleus surface. Through periheliann&sier et al. (2016) observed a
change in colour towards blue suggesting an ineré@aghe presence of water ice on the nucleus
surface during this period. Spectral detection 0% {€e has been recorded in the southern hemisphere
region, Anhur (Filacchione et al.,, 2016). Howevadthors suggested that €@rmed by re-
condensation of COgas at the surface due to extreme changes ofiilation conditions. The
presence of C&front deeper than # is consistent with previous interpretation (BdékéMorvan et
al., 2016, Capria et al., 2017, Biver et al., 2028 CO spectral signature has been observed at the

surface of the nucleus.

b. Surface erosion

The nucleus experiences surface erosion as thauddisnate and the dust grains are released.
We assume the comet surface displays an EAF of (B¥tion 2.d). At each orbit, for an given point

active at the nucleus surface computed by the thgrimysical model, the # outgassing provokes a
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surface ablation of less than 1 m at 40°N latitQdith a dust mantle) and about 17 metres at 40°S
latitude (without dust mantle) (Fig. 13). Our cortemierosion estimation for the northern hemisphere
is broadly consistent with previous calculationsrthermo-physical model (taking into account the
nucleus shape and only,®l ice) with the presence of a millimetre thick deated layer at the top
predicting less than 1 m of erosion (Keller et 2015b). Our estimation of the southern hemisphere
erosion tends to be greater than this same modkbuii desiccated layer at the top with only few
meters of ablation, even so the maximum erosiomlwéty of the thermo-physical model developed
by Keller et al., 2015b can locally reach 20 m. ldoer, the authors acknowledged the overestimation
of H,O ice sublimation as they considered a fully actueface leading to aJ@ production about 10
times higher compared to observation. In additadsiation values computed by our thermo-physical
model are larger than estimated based on thertatas$ loss of the nucleus with ablation of 0.2 m and
0.8 m respectively for northern and southern hehasgs (Patzold Rosetta SWT 47, Keller et al.,
2017). Finally, OSIRIS observations, before andtrafterihelion, reveal that the nucleus does not
experience a global erosion of meters-scale (ElfMazt al., 2017). If so, the nucleus shape
modification would have been identified at the OSIRpixel resolution which is up to tens of
centimetres. However, locally, morphological changed erosion have been identified in particular
with dust redistribution, cliffs collapses and aerds movements (Groussin et al. 2015, Hu et al7 201
El-Maary et al., 2017). The mass loss can reaghdoes up to 14 m as estimated by Fornasier et al.,

(2019) in the Anhur region located in the southemisphere.

The erosion values computed by our thermo-physizadel are likely to be overestimated as
the HO outgassing is overestimated, especially in thethesn hemisphere (Fig. 3). The
overestimation of the erosion might come from oumarical assumption. The considered spherical
nucleus neglects the influence of shadows on tlebadlsolar input energy. However, 67P/C-G
displays a complex shape (Preusker et al., 20X8aJd al., 2016), provoking strong shadowing dffec
that influence the input energy (Keller et al., 20}l The absence of shadows leads to an enhanced
volatiles production in our model. In addition, a#ow the presence of ices up to the nucleus serfac
that will also enhance the outgassing (especiaj,H-ig. 13). These effects are of particular
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importance in the southern hemisphere where theggneput is stronger than in the northern
hemisphere (Keller et al., 2015b) and no substiadtiat layer covers the surface. This effect is
modulated for our results in the northern hemisplaara dust mantle at the nucleus surface is gresen
lowering the erosion (Fig. 13). Therefore, the Enowalues provided by the thermo-physical model
are obtained for specific assumptions and can péeaponly locally for the comet 67P/C-G. Due to
the likely overestimation of surface erosion, théained values can be considered as an upperdfmit

the erosion rate at the surface of the comet 6 T&/C-

c. Porosity

Porosity, initially set as a constant input paraméTable 1), can evolve as the comet orbits
around the Sun and experiences higher temperatmdsice phase changes. Within the model,
condensation in the pore space of the nucleusezahtb changes in porosity. For both presentedscase
in Figure 14, simulations at northern and southlatitudes (and with or without dust mantle
respectively at the surface of the nucleus), ptyrgsiofiles varied mainly within the*1meter below
the surface. Just below the surface, the porosityahses by between 5% and 11% compared to the
initial porosity leading to a “hard” thin (aboutwecentimetres) layer. Additional peaks, weaker and
broader, occur below in both cases. For the sauthemisphere a second peak occurs about 10 cm
below the surface and for the northern hemisphaesazcurs about 1 m and a second one deeper at
about 5 m. Below the deepest peak the porosityngeits initial value. Unsurprisingly, the porosity
minima are correlated with the sublimation fronteaich species as they are located at similar depths
(Fig. 13). Therefore each species interface leadsporosity anomaly. Only two peaks are observed
for the southern latitude case because t}@ &hd CQ interfaces are close to each other at perihelion

for which porosity profiles have been computed.
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Fig. 14: Porosity profiles of the modelled nucleus trougiptth at latitudes 40°N (December 2014, red
line) and (b) 40°S (November 2015, blue line). THesults presented represent the situation at
perihelion. Initial porosity of the nucleus was s&t75% (Table 1). The surface corresponds to the

sublimation front of HO.

The variation of porosity is consistent with nuioal models (Kossacki et al., 2015, Attree et
al.,, 2017), laboratory experiments (Kochan et 4B89, Poch et al.,, 2016), geomorphologic
observations of 67P/C-G (Auger et al., 2017) ansititn measurements performed by Rosetta’s lander
Philae in the Abydos region (Spohn et al., 2015gptneyer et al., 2018). The results either predict o
have measured a hardened layer within the firgiroetres and up to 1 meter below the surface of the
nucleus. Re-condensation of the gas phase presaheipore of the nucleus and sintering effects
create bonds between the ice grains that form ed"Hayer in the sub-surface. At Philae’s landing
site, the MUPUS instrument was not able to drilbithe nucleus material. It was suggested that the
instrument encountered a hard layer within the &emtimetres below the surface. The porosity ©f th
“hard” layer on 67P/C-G was estimated to be betwa and 65% depending upon the nature of the
refractory material (Spohn et al., 2015). Howetleese values are lower than the ones computed with

our numerical model (Fig. 14).

5. Interpretation and discussion
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a. Insolation driven outgassing

The thermo-physical model is able to reproduce re¢wlatiles density measurements of
ROSINA/DFMS in the coma with a given volatiles budkmposition of the nucleus for different
latitudes explored during a given month. In additithe bulk composition of the nucleus presents
some homogeneity (Section 3.d and Figs. 12 anchéiSTable 2). Both observations suggest that, to
1* order, the chemical outgassing pattern is mainkoliation driven rather than due to strong
chemical heterogeneities. This is consistent withvipus studies (De Sanctis et al., 2010, Fougere e
al., 2016, Schroeder et al., 2019). The thermo-physodel is 1D and does not take into account the
complex shape of the nucleus but the model wougihsst that the heterogeneities detected in the
coma composition (Hassig et al., 2015) are maimlyed by the tilt of the rotation axis and the

comet’s eccentric orbit (Table 1).

100% H,O0

9o
3

75% H,0
25% CO 25% CO,

Nucleus volatiles composition:
Before 1+t equinox
Between 1% and 2" equinoxes
@ After 2" equinox
Dust mantle:
O 5mm

Fig. 15: Ternary diagram of volatiles species,({ CQ, and CO) bulk composition required to fit
ROSINA/DFMS volatiles density measurements. Digiincbetween data before th& dquinox (blue

circles), in between the two equinoxes (yellow leisy and after the"2 equinox (red circles) are
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highlighted. Data represented with light colourgdiorly the measurements (Table 2) and should be

considered carefully. The presence of a dust méiek circle) is also specified.

b. Dichotomy

Although our results show that the nucleus disptay$™ order homogeneity in the volatile
bulk composition, it also reveals a dichotomy impmsition between the period before tAefuinox
and the period in between the two equinoxes (Flgs.and 15 and Table 2) that influence the
ROSINA/DFMS volatiles density measurements. Thehaliomy is mainly highlighted by the
averaged value of the CO/G@ulk composition ratios before thé' gquinox (0.6 + 0.1) and in-
between the two equinoxes (0.2 + 0.1). This dismnep could either reflect a change of physical
properties at the surface during the dquinox or a difference in bulk composition betwabe
northern and southern hemispheres. The later hgpistiis favoured as the northern latitudes arerath
exposed to illumination before th& équinox and after thé2equinox while the southern latitudes are
rather exposed in-between equinoxes (Keller eR@L5b, Fig. 4). The volatiles bulk composition
computed before the™lequinox and in-between equinoxes reflect the dmution to the outgassing
pattern of the northern and southern hemispherpectisely (Fig. 16). Therefore, the southern
hemisphere appears to be less depleted in hightilospecies as chemical differentiation is less
deep below the surface in the South (Fig. 13). @idhotomy has been noted as well by Hoang et al.
(2019). As perihelion occurs between the two equésp the North experienced a long and “cold”
summer while the South experienced a short andrf¥vaummer that could result in altered volatile
bulk compositions. However, we are not able toadpce this behaviour with the numerical model as
the bulk composition of volatiles in the nucleustat end of the simulation {%rbit) is similar to the
initial composition set. Additional investigatiossould be performed to study the long term evotutio

of the volatiles bulk composition of the northermdaouthern latitudes.
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Fig. 16: Evolution of the volatiles bulk composition rati@BO/CQ, CO/H,O and CO/HO) of the
nucleus for each month of the measurements camp@ighle 2) and as function of nucleus
hemisphere. Discrimination of the data betweeniNartd South has been obtained from the sampling
strategy described in Section 2.d. This excludeghson latitudes before®lequinox and after"2
equinox and northern latitude in between equin@sesesults are obtained for incidence angle above
90° (Fig. 4). The horizontal pink dashed lines ¢adé the average values of the CO/Qflk
composition ratio for a given period. The blackclgs correspond to the presence of a dust mantle (5
mm) at the surface of the nucleus in the numesatallation. Data represented with light colour fit
poorly the measurements (Table 2) and should bsidered carefully. The®and 2° equinoxes are

highlighted by vertical black dotted lines and pelion by vertical black dashed line.

To fit the data before the®lequinox, it is necessary to modify the time lagtta# thermal
wave propagation through the nucleus interior fwroduce the volatiles outgassing pattern acquired
by ROSINA/DFMS. In our model, this is done by tluelgion of a desiccated dust layer at the surface
at the beginning of the selected orbit. Althoughagk&nowledge that other physical parameters could
potentially have a similar effect on the tempemtprofile and need to be explored (Section 5.8, th

addition of the dust mantle is consistent with acef observations. During the prédquinox phase,
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illuminated areas of the comet are mainly locatethe northern hemisphere where the presence of a
dust mantle at the surface has been observed aodnimated by back falling particles (Thomas et al.
2015a and 2015b; Keller et al., 2015b) while soutlaeas, more exposed to the Sun between the two
equinoxes, exhibit more dust-free surfaces. Thd dwmntle has been observed to be eroded by
outgassing and restored by dust particle trangpuattback falling (Groussin et al., 2015, Fornaster
al., 2016, Hu et al., 2017) at the surface of thedaus through perihelion passage. Thus, thesegelsan
will provoke disturbance of the heat wave propagatrough the interior from one orbit to another,
influencing the outgassing pattern. The presenc¢hefdust mantle also affects the depletion in
volatiles enhancing the compositional dichotomy amehtributes to the morphology differences

between the northern and southern hemisphereseiatlal., 2015b, 2017, EI-Maarry et al., 2016).

c. Discrepancy at equinoxes and after tHeguinox

After the 2¢ equinox, the thermo-physical model fits sometir@&3/H,O density ratios but
poorly CO/CQ and CO/HO density ratios (Table 2, Figs. 8 and 9). In tiesiod, only the northern
latitudes values are sampled by the thermo-physicalel because of incidence angle constraint (Fig.
4). As for the period before the' quinox, a dust mantle is required to reproduee ttend of
CO,J/H,O density ratios. Even so, the values have to kentaarefully due to the low correlation
values (Table 2). The averaged COM2DIk composition ratio value (0.1 + 0.1) requitedget close
to the measurements is closer to the ones in battheetwo equinoxes (0.2 + 0.1) for which southern
regions were illuminated. So it appears that thigassing behavior after th&'2quinox is a mixture
between the southern and northern hemisphere lbotitm. We interpret this as the fact that the
outgassing signature of the southern plains is dating the ROSINA/DFMS measurements from the
2" equinox until the end of the Rosetta mission amd-radial outgassing become important (Lauter
et al., 2019). It affects in particular CO. Becaudets volatility, these species is mostly present
several meters below the surface and thus lesstedfeby direct surface illumination variation but
rather driven by thermal inertia (Fig. 13). Outgag®f CO, has been observed in areas that were non-
illuminated (Bockélée-Morvan et al., 2016). Althduilpe thermal inertia of the comet is low, it has a

39



823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

influence on the outgassing pattern and shouldbeonheglected when interpreting the outgassing
behavior of 67P/C-G. We can also notice that towtasdend of the mission the fits improve with
values of the calculated density ratio over the suead density ratio getting closer to 1 and the
decrease of the RMSE (Figs. 8 and 7, Table 2). Tiight translate the weakened of the southern
regions in the outgassing contribution.

Similarly, to explain the poor fit around the* Bquinox (Table 2), we assume that this
“contamination” affects measurements while theniilbation moves from the northern hemisphere
toward the southern hemisphere (Fig. 4). The effieight be less profound because the northern

hemisphere has not experienced the intense illuramassociated with perihelion.

d. Volatile evolution

The observed evolution of the volatiles throughetioan be significant as for instance the
jump observed of the GH,0 and CO/HO bulk composition ratios in between October 20td a
November 2014 (Section 3d, Fig. 12). It might bes do several hypotheses that need to be
investigated in the future. A first hypothesis abblke that while an area starts to be illuminated, n
only the volatiles species present in the nucléad $o sublimate but also the gases that have re-
condensed at the surface/sub-surface in case stiadtemperature change. Numerical calculations
have estimated that the back-flux can represerb dgw percent of the total outgassing (Rubin et al
2014, Liao et al. 2018). The condensation of gasethe surface can lead to the deposition of
micrometres thickness frost layer (Liao et al. 20ttt is consistent with Rosetta observation. For
instance, spectral measurements suggest glaftidst cycle (De Sanctis et al., 2015, Filacchmet
al., 2020) and the presence of potential, @@st (Filacchionne et al., 2016). Frost may pttahy
condensed and be preserved on both northern atlgesodnemispheres followed by sublimation as it
comes closer to the Sun. We speculate that thisl @qplain the decrease ob® abundance, once for
periods before the *lequinox and once for periods in between the twoinexes due to the
sublimation of frost. This effect would be less omjant for CQ or CO as the bulk composition ratios
CO/CQ are broadly constant for the respective periodsséhce of KD ice has also been detected in
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the dust mantle (Groussin et al., 2015, Fornasial.,2016) and could influence the outgassinthef
northern plains as well. A second hypothesis ctigldelated to the evolution of physical parameters
such as local dust mantle thickness. The dust mantvents KD from sublimating but on 67P/C-G it
has been observed to be eroded/shaded due to geagy aevealing HO water ice signatures
(Groussin et al., 2015, Fornasier et al., 2016etHal., 2017). Therefore we speculate that theedeser

of H,O abundance may be an artefact due to the actmairnl of the dust mantle itself by affecting

the HO outgassing. However, it should not/less affeetdbuthern plains.

e. Internal heterogeneities

Our numerical simulations start with a homogeneuuseus that then evolves as it orbits the
Sun. Our results revealed that the outgassingrpatfethe coma is mainly driven by insolation with
no strong heterogeneities in the nucleus compaositiosuggests that the initial material forming th
67P/C-G nucleus might have potentially been cheigit@mogeneous. However, our results cannot
rule out the possibility that there was at leashaaninor degree of heterogeneity. The North-South
dichotomy may have developed before the nuclewshseshits current rotation axis inclination. We are
unable to reproduce this evolution from a singlenbgenous initial bulk composition of the nucleus
in the current orbit. The potential initial homogéy of the nucleus might be strengthened by tle fa
the numerical model do not detect differences (witim-averaged results, Fig. 7a) of density ratio
CO/CQ, between the two lobes of the comet for differemb-spacecraft position during a given
month. The bi-lobate shape of 67P/C-G nucleus ig Ipeathe result of a low velocity impact between
two objects (Massironi et al., 2015). The North &wdith hemispheres include both these lobes but we
only detect a North-South dichotomy. Thus the talmeks might have similar initial bulk composition
(as suggested by Schroeder et al. (2019) lookirtgeaD/H ratio in the water of the two lobes) and
have then evolved accordingly.

Vertical chemical heterogeneities of the nucleusnfas the sublimation interface of ices
receded when the nucleus comes to the inner sgders and is illuminated by the Sun. As shown in
Figure 13, the first meters below the surface & Morth and in the South are experiencing chemical
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differentiation leading to a “layered” structure thie nucleus according to the volatility of thesice
(Prialnik et al., 2004, De Sanctis et al., 2010ybdeuf et al., 2014, Fougere et al., 2016, Capra.e

2017). In this study, we only investigate threecgg® but more volatile species will lead to a dzep
differentiation. Below the deeper sublimation ifdee we expect that the cometary material is pesti
unless other physical effects have been at work.

Lateral chemical heterogeneities at the same radigs created by different surface
illumination. The complex shape of the nucleus didiion to the tilt of the rotation axis lead to
different illumination that drives variations ofehice sublimation rate through time for adjacent
regions leading to horizontal chemical heterogeee{iGuilbert-Lepoutre et al., 2016). In addititme
lateral heterogeneities will also be controlledtbg repartition of active areas taking into accdant
the EAF parameter (Marschall et al. 2020b). Intivacof both parameters might lead to the formation
of different sub-surface structures.

As for chemical heterogeneities, physical heteregis can form the same way. For instance
sublimation/condensation of volatiles lead to gramal porosity evolution (Fig. 14) which in turn il
affect the thermal properties of layers and thegasding (Kossacki and Czwechowski 2019). In
addition, release of dust particles by sublimatoal transport and deposition of dust particles from
the South to the North (Keller et al., 2015b) bualdlust mantle with various thicknesses that will
affect the properties of the nucleus.

The presence of local chemical and physical hetreitjes could explain the morphological

diversity observed at the surface of the comet ([Tdmet al., 2015a).

f. Physical properties sensitivity

Besides the potential source of error stated ini@e&c, uncertainty in the physical properties
of the nucleus (Table 1) can potentially affect dlibgassing pattern and lead to discrepancies keatwe
the measurements and the numerical results. An@rasthe dust properties. In the thermo-physical
model we estimated the dust mantle to be millinsetreck, whereas the dust mantle thickness is
variable and may reach several metres locally (Tdsoet al., 2015b). This estimation of dust mantle
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thickness might therefore reflect an average diiskness at the surface of the nucleus where ctivi
is most profound. Another influence could be the intrinsic parameters set for the dust are not
optimized. Indeed, we used parameters for silichtst but the dust composition is complex and
difficult to constrain with a significant contribah of organics components (Quirico et al., 2016,
Bardyn et al. 2017). It further influences the pbgk properties of the dust affecting the density,
thermal conductivity, and heat capacity of the atef layer. In our model the dust particles are
modelled as spheres but observed and collectetlparfby COSIMA and GIADA) present various
morphologies with sometimes a high porosity infegriow particle density < 1500 kghfFulle et al.,
2017, Merouane et al. 2017). Even though the mecaiehot take into account complex dust shapes, a
size-dependant density law could be used to ewltrs influence of the particle density on the
outgassing (Merouane et al. 2017). In the same thaydust-to-ice mass ratio value is quite debated
(Choukroun et al., 2020) and can potentially affeetoutgassing pattern.

Further exploration of the range of the differemtef parameters would help to get towards a
more realistic model and estimation of the charettes of the 67P/C-G nucleus. Variation of
parameters value might have a similar effect toatthdition of a dust mantle highlighted in this stud
(Section 3.c) or improve the fits. This would b&enesting in particular to improve the fit of @8,0
and CO/HO density ratios for the simulations performedheg beginning of the mission (August to
October 2014) as, even if the results match owetation criteria (Section 2.d), the RMSE values ar
significantly higher and closer to our thresholdueaof 1 (0.58 for C@H,O and 0.68 CO/kD
averaged for the 3 first months) than the onesitdxtiafor other months (0.07 for G®I,0O and 0.02
CO/H,O averaged for the remaining month that have matehcorrelation criteria). For instance,
modifying parameters values could help to minimize variation in amplitude (Fig. 9) and might
influence the volatiles abundances. Similarly, ésémated erosion performed by the thermo-physical
model appears to be larger than the observatiacti(Bet.a). In the South the erosion is so strowag t
it could potentially expose both G@nd CO ice for several months (Fig. 13) but thoseexposures
were not detected during Rosetta mission. Findtlg,thermo-physical model tends to underestimate
the porosity range in the'Ineter of the nucleus. That can be explained bgraeparameters such as
(1) incorrect characteristics of the refractory enatl (dust mantle thickness, dust-to-ice mas® rati
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dust conductivity and heat capacity...) influencihg thermal inertia, (2) the grains and pore sizes
and/or (3) the non-implementation of the sintegmgcess between the grains in the numerical model

that can lead to an underestimation of the layedtdrang.

g. Benefit of the thermo-physical model compared ®vmus studies

Our results have shown a good agreement with pusviiudies that have either directly
integrated the bulk loss of volatiles measured BSRA/DFMS measurements (Rubin et al., 2019)
or performed a model inversion of the ROSINA/DFM8asurements (Combi et al., 2020, Lauter et
al., 2019). Comparison to spectral measurementsk@ée-Morvan et al., 2016, Biver et al., 2019)
show larger discrepancies, especially with, 0 bulk composition which might be due to lower
H,O abundance derived from VIRTIS-H instrument coregaio ROSINA near perihelion, while GO
match fairly. It is to be noted that we have usdtieamo-physical model in the attempt to directly
reproduce the ROSINA/DFMS volatiles density measemgs with the sublimation of the nucleus
orbiting around the Sun with a given bulk compasitiWwe acknowledge that our model reproduces
only partially the observed production rates (Secf.d, Fig. 4). Peaks of volatiles production riate
good agreements with observations in the northemmisphere or overestimated in the southern
hemisphere. However, the production rate slopegiged by the thermo-physical model are closer to
observations than similar thermo-physical model detoA, Keller et al. 2015b) based on first
principles approach.

In addition to chemical composition of the nuclethss direct approach provides us with some
additional insight on the physical parameters tiaat influence the outgassing pattern and then iexpla
the different trends we observe. For instance, axe thighlighted in this study both the compositiona
dichotomy between the northern and southern hemisgrand the importance of the thermal inertia in

the outgassing pattern. This model can be adaptsuidly other comets outgassing in the future.

6. Conclusion
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We used a thermo-physical model with a sphericalatary nucleus to reproduce the volatiles
density ratios detected in the coma of 67P/C-G ®BRIA/DFMS. For an EAF of 20%, the thermo-
physical model provides a reasonable approximatfahe global volatiles production rates observed.
The production slopes are close (although mosthetd than the slope obtained for observations and
the volatiles peak production rates are considtanthe southern hemisphere but are underestimated
in the northern hemisphere by a factor of aboutn5addition, the time of the total .B peak

production is shifted of several days closer tohmtion compared to observations.

With the model, we reproduced the trend and ordemagnitude of three density ratios
CO/CQO, COJ/H,O and CO/HO for several months of the Rosetta mission. Thiatwes bulk
composition used to reproduce the measurementffeiedt latitudes for each month of the Rosetta
mission present some homogeneity witloH 82% and C@®abundance larger than CO. Nonetheless,
this results in a heterogeneous coma, as has lbsenved for 67P/C-G by the various Rosetta payload
instruments. This indicates that the outgassingiasnly insolation-driven. Specifically the strong
heterogeneities observed in the 67P/C-G coma miobaply result from the tilt of the spin axis and
the eccentricity of the comet rather than the cemmhape of the nucleus. This study provides an
absolute estimation of the global volatiles bulknpmsition of 67P/C-G’s nucleus, namely (91.4 +
4.5)% HO, (6.7 + 3.5)% CQ and (1.9 + 1.2)% CO.

Even though the nucleus bulk composition exhibiggodnal homogeneity, our study reveals a
distinct composition before the® lequinox and the period in between the two equisokedeed,
before the T equinox the average bulk composition ratio CO/Q®quired to reproduce the
measurements is larger (0.6 + 0.1) than the ong taseeproduce measurements in between equinoxes
(0.2 £ 0.1). In addition, before thé' &quinox the addition of a dust mantle (5 mm), tmg a change
in thermal inertia, is required at the nucleus acefto fit the experimental data while it is nc tase
in-between the equinoxes. These differences angtiido reflect a dichotomy between the northern
and southern hemispheres most probably due torelifée in the solar input and associated

evolutionary processes.
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From month to month, we observe an evolution ofublatiles bulk composition with time.
H,O percentage decreases (with a relative increas2Opfand CO) during the period before th&g 1
equinox and similarly for the period in between iagues. This evolution is so far not well
understood and might be linked to gdHreservoir not represented in our thermo-physigadel. The
CO,/H,0 and CO/HO bulk composition ratios can locally shift up tor@ers of magnitude. However,

improvement of the correlation is still possiblalanight modify the bulk composition ratios.

We observe that the illuminated northern hemispllerainates the outgassing before tfle 1
equinox, and the illuminated southern hemisphemidates the outgassing in between equinoxes.
The model reproduces fairly the measurement fosethgeriods. After the"2equinox the northern
plains are illuminated again and one would havesetqul to observe volatiles composition similar to
the ones before the™lequinox. Although the presence of the dust maatléhe surface is still
necessary, the reproduction of ratios trend isahwalys satisfying our correlation criteria. In peutar
we see divergence close to tHéeéquinox period and for COM9 density ratios. We suspect that after
the 2 equinox the outgassing pattern is influenced bytrimutions from both hemispheres and non-
radial outgassing. Even if the southern hemispler® longer illuminated, the thermal inertia oé th
nucleus influences the outgassing of the most N@lapecies such as CO. We assume a similar
behaviour around the®lequinox while the activity of the nucleus movenfrehe North towards the
South to explain the discrepancies observed betweemumerical results and measurements. This
observation in addition to the requirement to addhetimes a desiccated dust mantle at the nucleus
surface illustrates the non-negligible role playsdthermal inertia on the outgassing pattern. This

must be carefully taken into account while intetipigeobservations.

The internal structure of the nucleus is thoughbeadifferentiated according to the different
sublimation fronts of the species. Lateral compasitl variation will be caused by variation in
surface activity distribution and illumination froome area to another and even be enhanced by the

complex shape of the nucleus.
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The erosion rates are calculated for specific aptioms and are likely to be overestimated
(due to the global D overproduction with the thermos-physical modefmpared to the
observations, especially for the southern hemisphéalues must be considered as an upper limit.

Sublimation and re-condensation of the gases cqumesity heterogeneities in the nucleus
and the creation of a “harder” layer close to theleus surface which was observed by the lander

Philae.

In order to improve our chemical and physical caists on 67P/C-G’s nucleus, further
investigations need to be performed. In particudadlitional free parameters can be varied to study
their influence on the outgassing pattern. Foraimsg, the investigation of the influence of thetdus
properties and content, porosity, thermal inertisthe ice phases (clathrate and amorphous). The
absolute volatiles production curves might be impobby better take into account the input energy of
a given area and the fraction of exposed volatiieshe nucleus surface. This model can also be
applied to study the composition of other cometné#, we are in effect calibrating the model agains

67P/C-G to improve our understanding of what remaicomplex tool.
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ROSINA/DFMS measurements are mostly reproduced with a 1D thermo-physical comet
model

Link between ices bulk composition in the nucleus and volatiles abundance in the coma
Volatiles outgassing of comet 67P are mainly insolation-driven due to the obliquity
Results highlight a dichotomy in composition between the North and South hemispheres
We provide bulk volatiles (H20, CO2 and CO) composition of the comet 67P

Dust mantle at the surface of cometary nucleus influence the volatiles outgassing
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