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A B S T R A C T 

European Space Agency’s Rosetta spacecraft at comet 67P/Churyumov–Gerasimenk o (67P) w as the first mission that 
accompanied a comet o v er a substantial fraction of its orbit. On board was the Rosetta Orbiter Spectrometer for Ion and 

Neutral Analysis mass spectrometer suite to measure the local densities of the volatile species sublimating from the ices inside 
the comet’s nucleus. Understanding the nature of these ices was a key goal of Rosetta. We analysed the primary cometary 

molecules at 67P, namely H 2 O and CO 2 , together with a suite of minor species for almost the entire mission. Our investigation 

reveals that the local abundances of highly volatile species, such as CH 4 and CO, are reproduced by a linear combination of both 

H 2 O and CO 2 densities. These findings bear similarities to laboratory-based temperature-programmed desorption experiments 
of amorphous ices and imply that highly volatile species are trapped in H 2 O and CO 2 ices. Our results do not show the presence 
of ices dominated by these highly volatile molecules. Most likely, they were lost due to thermal processing of 67P’s interior prior 
to its deflection to the inner solar system. Deviations in the proportions co-released with H 2 O and CO 2 can only be observed 

before the inbound equinox, when the comet was still far from the sun and the abundance of highly volatile molecules associated 

with CO 2 outgassing were lower. The corresponding CO 2 is likely seasonal frost, which sublimated and lost its trapped highly 

volatile species before re-freezing during the previous apparition. CO, on the other hand, was elevated during the same time and 

requires further investigation. 

Key words: comets: general – comets: individual: 67P/Churyumov-Gerasimenko. 
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 I N T RO D U C T I O N  

omets are remnants of the formation of our solar system (Weissman 
t al. 2020 ). As they spend their lifetime predominantly far away from
he sun, they belong to the most pristine objects in the solar system.
ue to this, observing comets reveals key information about the ini-

ial composition of the protoplanetary disc. To date, numerous comets 
ave been observed remotely or have even been visited by spacecraft. 
he e xtensiv e body of cometary coma observ ations re vealed a
lethora of volatile species which originate from sublimation of ices 
nside their nuclei, on their surfaces, or from icy grains in the dust
oma (see e.g. A’Hearn et al. 2011 ). The most abundant molecules
re water (H O), carbon dioxide (CO ) and carbon monxide (CO),
2 2 
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f. A’Hearn et al. ( 2012 ) and Biver & Bockel ́ee-Morvan ( 2019 ). Also
 suite of minor v olatiles ha ve been observed, these include methane
CH 4 ), ethane (C 2 H 6 ), propane (C 3 H 8 ), molecular oxygen (O 2 ) and
ethanol (CH 3 OH) among many others (Bockel ́ee-Morvan et al. 

004 ; Bieler et al. 2015 ; Dello Russo et al. 2016 ; Schuhmann et al.
019 ; Rubin et al. 2020 ). All these volatile species co v er a wide range
n sublimation temperatures, from about 20 K to the sublimation of
ater at around 140 K (Fray & Schmitt 2009 ). 
Given that the vast majority of the relative abundances of these

pecies have been derived from measurements of the gaseous coma 
urrounding the nucleus and mostly during the most active phase near
erihelion, important questions remain unanswered. For instance, 
ow are these volatiles stored in cometary ices inside the nucleus?
here are several concurrent theories and the debate is still ongoing.
ometary ices may have formed through freeze out in the protosolar
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ebula (PSN) with possible trapping of minor species in clathrates
Luspay-Kuti et al. 2016 ). The other possibility is the inheritance of
morphous cometary ices from stages prior to the formation of the
olar system, e.g, from the prestellar core stage or interstellar medium
ISM), before incorporation into the nucleus (Altwegg et al. 2017a ).
oth scenarios have been investigated extensively using numerical
odels and, where possible, with laboratory measurements (Bar-
un, Notesco & Owen 2007 ; Laufer, Bar-Nun & Ninio Greenberg
017 ; Mousis et al. 2018 ). Still, the debate remains to be settled. In
articular because direct observations of pristine cometary ices are
ery limited and most evidence is derived from measurements of the
ases in the coma. 

Between 2014–2016, the European Space Agency’s (ESA)
osetta mission followed comet 67P/Churyumov–Gerasimenko

hereafter 67P) for o v er 2 yr and carried out a close inspection
f its nucleus and surrounding gas and dust coma (Taylor et al.
017 ). Rosetta was designed to tackle a whole set of science goals,
mong them the determination of the composition of volatiles and
he investigation of outgassing activity and associated seasonal
ffects (Glassmeier et al. 2007 ). Rosetta provided numerous new
nd surprising insights (Fulle et al. 2016 ), nevertheless, a number
f questions remain in addition to new ones raised, in particular
egarding activity and the origin and processing of the ices inside
he comet’s nucleus (Thomas et al. 2019 ). 

Understanding cometary activity requires detailed knowledge of
he composition of the outgassing layer near the surface of the
ucleus. For this purpose, we analyse data from the Rosetta/ROSINA
ass spectrometer suite (Rosetta Orbiter Spectrometer for Ion and
eutral Analysis; Balsiger et al. 2007 ) and then compare our results

o the scenario of volatiles trapped in amorphous ice. In the following,
e first introduce the Rosetta mission to comet 67P in Section
 . Afterwards, we re vie w some of the findings from laboratory
xperiments in Section 3 . The measurements obtained by Rosetta
ollow in Section 4 and a discussion with regards to the trapping of
olatiles follows in Section 5 . A summary of the major findings in
ection 6 concludes the paper. 

 RO SETTA  MISSION  

he Rosetta mission was launched on 2004 March 2 from Kourou,
rench Guayana, and arrived at comet 67P in early 2014 August.
 or the ne xt 25 months, Rosetta followed the comet along its orbit
round the sun and carried out an in-depth investigation of its nucleus
nd surrounding gas, dust, and plasma environment (Taylor et al.
017 ). During that time, 67P co v ered a heliocentric distance from
ell beyond 3.5 au inbound, through perihelion at 1.24 au in 2015
ugust, and outbound to almost 4 au again. Rosetta remained within
 fe w se veral tens to hundreds of kilometres from the nucleus for
he majority of the mission, depending on the outgassing activity of
he comet. A substantial fraction was spent in gravitationally bound
rbits within 30 km from the nucleus and in the terminator plane.
ombined with the comet’s rotation, Rosetta co v ered the entire

urface and repetitively passed over the same subspacecraft latitudes
nd longitudes which allowed to study the long-term evolution of
he nucleus and its surroundings. The mission was terminated by the
nd of 2016 September, when the Rosetta spacecraft itself landed
n the surface of the comet. 
Among the payload instruments on the orbiter was ROSINA

Balsiger et al. 2007 ) which was dedicated to the in situ measurement
f the major and minor volatile species at the location of the
pacecraft (Altwegg, Balsiger & Fuselier 2019 ). In the following,
NRAS 526, 4209–4233 (2023) 
ey aspects of the ROSINA instrument suite (Section 2.1 ) and the
arget, comet 67P (Section 2.2 ) are introduced. 

.1 The ROSINA instrument 

he Double Focussing Mass Spectrometer (DFMS) and the COmet
ressure Sensor (COPS) were both part of the ROSINA instrument
uite (Balsiger et al. 2007 ). DFMS was a mass spectrometer used to
btain the relative abundances of the volatile species at the location
f Rosetta, in the coma of the comet. DFMS measured sequentially
round each integer mass-per-charge ratio. Hence, the different
olatile species in the coma were not acquired at the same time, for
xample, there was a time difference of 13 min between the major
oma species H 2 O and CO 2 . Therefore, the measured signals of a
iven species were linearly interpolated in time and normalized to the
ater signal to obtain relative abundances. Afterwards, the absolute
ensities were derived by scaling to the total density measured by
OPS while maintaining the abo v e-discussed relativ e abundances

Rubin et al. 2019b ). 
Both DFMS and COPS had large fields of view (FoV), which most

f the time, due to the cometocentric distance of Rosetta, co v ered
uch more than the entire nucleus of 67P. Thus, it is not possible

o pinpoint the exact origin of the molecules measured by ROSINA
n the nucleus itself, but at least an approximate location can be
dentified (Combi et al. 2020 ; L ̈auter et al. 2020 ). In this work,
o we ver, we focus on the analysis of the local gas measurements at
osetta instead of the source distribution on the nucleus. 
More details about ROSINA DFMS and COPS and the data

reatment can be found in Appendix A . 

.2 Comet 67P 

omet 67P, a Jupiter-family Comet (JFC) on its current orbit since a
lose encounter with Jupiter in 1959 (Maquet 2015 ), has an orbital
eriod of 6.4 yr and a perihelion distance of ∼1.24 au. The comet has
 pronounced bi-lobate shape (Sierks et al. 2015 ) and a rotation period
hat dropped from 12.4 to 12.0 h during the inbound phase due to
orques induced by outgassing, mostly during the peak activity period
round perihelion (Kramer et al. 2019 ). Comet 67P’s highly irregular
hape most likely resulted from a collisional merger of two cometes-
mals (Jutzi & Asphaug 2015 ; Massironi et al. 2015 ). The physical
imensions are approximately 4 km along the long axis and roughly
–3 km in perpendicular direction. This, combined with the obliquity
f 67P’s rotation axis of 52 ◦ (Sierks et al. 2015 ), leads to pronounced
easonal outgassing (H ̈assig et al. 2015 ). Summer on the Northern
emisphere lasts for more than 5 yr and co v ers the portion of the
rbit away from the sun. The Southern hemisphere, on the other hand,
xhibits a short but intense summer lasting less than 1 yr and includes
erihelion. As a result, most of the gas and dust activity and hence also
rosion occurs on the Southern hemisphere (Keller et al. 2015 , 2017 ).

A number of neutral gas species’ local and column densities
ave been monitored throughout the Rosetta mission by a suite
f instruments. This includes Rosetta/MIRO (Microwave Instru-
ent on the Rosetta Orbiter, Marshall et al. 2017 ; Biver et al.

019 ), Rosetta/VIR TIS (V isual IR Thermal Imaging Spectrometer,
ockel ́ee-Morvan et al. 2015 , 2016 ), and Rosetta/ROSINA (Rubin
t al. 2019a ; L ̈auter et al. 2020 ) as well as multi-instrument studies
ncluding Rosetta/RPC (Rosetta Plasma Consortium), the Japanese
ROCYON/LAICA (Proximate Object Close Flyby with Optical
avigation/Lyman-Alpha Imaging Camera) wide-field imager, and
round-based observations of the dust activity (Hansen et al. 2016 ;
ombi et al. 2020 ). 
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The major volatile species in 67P’s coma are H 2 O and CO 2 .
dditionally, CO, O 2 , and H 2 S (hydrogen sulfide) are present on

he level of up to a few per cent by number with respect to water
Combi et al. 2020 ; L ̈auter et al. 2020 ). All the other volatile species’
bundances are below the per cent level (Rubin et al. 2019b ). No
pparent difference in composition has been reported for the two 
obes. Also the deuterium-to-hydrogen ratio in water, found to be 
le v ated in comet 67P (Altwegg et al. 2015 ), was homogeneous
ithin errors between both lobes (Schroeder et al. 2019 ). Strong 

ompositional heterogeneity in the gas coma, ho we v er, was observ ed
bo v e the Northern versus the Southern hemisphere due to the
forementioned obliquity of the rotation axis and associated seasons 
nd is hence most likely of evolutionary origin (Le Roy et al. 2015 ).

The complex shape and orientation of the spin axis results in 
ot only a complicated seasonal but also diurnal outgassing cycle 
ith strongly varying relative abundances of coma volatiles (H ̈assig 

t al. 2015 ; Le Roy et al. 2015 ). Depending on the location of the
osetta spacecraft, combined with the orientation of the nucleus, the 
ain volatile in the coma could either be H 2 O or CO 2 . Based on

arly mission data, Le Roy et al. ( 2015 ) showed that the relative gas
bundances in the coma with respect to water changed substantially 
rom the, at the time, illuminated Northern summer hemisphere 
o the Southern winter hemisphere. For instance, the CO 2 /H 2 O 

atio changed by a factor ∼30, the CO/H 2 O ratio by ∼7, the
H 4 /H 2 O ratio by ∼4, and the C 2 H 6 /H 2 O ratio by ∼10. H ̈assig et al.
 2015 ) suggested that these variations are go v erned by temperature
ariations, which depend on the depth of the outgassing layer and 
he changing illumination of the rotating nucleus. 

Luspay-Kuti et al. ( 2015 , 2019 ) studied correlations of different
olatiles abo v e the Southern hemisphere in- and outbound be yond
 au. The analysis included HCN (hydrogen cyanide), CH 3 OH, C 2 H 6 ,
H 4 , and CO in comparison to a mix of the primary volatiles H 2 O and
O 2 . In particular, CH 4 exhibited a distinct diurnal outgassing pattern 
hich did no follow either of the major species. The authors could

hen attribute the pronounced changes in the abundances of these 
olatiles from pre- to post-equinox to seasonally driven heterogeneity 
f the nucleus caused by strong erosion of the Southern hemisphere. 
Gasc et al. ( 2017 ) investigated a suite of eight species (H 2 O, O 2 ,

H 3 (ammonia), H 2 S, CH 4 , HCN, CO 2 , and CO) and showed that
heir outgassing pattern did not correlate with the sublimation tem- 
erature or polarity of the molecules. During the outbound journey, 
he different species’ outgassing activity showed a dependence on the 
eliocentric distance between H 2 O ( r −7 . 32 ±0 . 04 

h ) and CO 2 ( r 
−2 . 18 ±0 . 04 
h ).

he authors interpreted this result to be the consequence of two 
ifferent ice phases, H 2 O and CO 2 , with all the other species trapped
n dif ferent relati ve abundances in these ices, consistent with the
e-analysis of O 2 by Luspay-Kuti et al. ( 2022 ). 

67P also exhibits a hemispherical dust transport across the surface 
ue to inhomogeneous outgassing and dust activity (Rubin et al. 
014 ; Thomas et al. 2015 ). Such transport of material has also
een observed at other comets, such as the redeposition of icy 
rains at comet 103P/Hartley 2 (A’Hearn et al. 2011 ). At 67P and
n particular during the short but intense summer period around 
erihelion, substantial erosion occurs on the Southern hemisphere 
Keller et al. 2015 ). Dust is lifted, transported and redeposited on the
orthern hemisphere (Keller et al. 2017 ). 

 TEMPER ATU RE-PROGRAMMED  

ESORPTION  EXPERIMENTS  

emperature-programmed desorption (TPD) measurements are an 
stablished laboratory technique to study the desorption processes of 
ces in the astrophysical context including comets (Burke & Brown 
010 ; Minissale et al. 2022 ). A number of rele v ant species have been
o-deposited together with H 2 O (e.g. Collings et al. 2004 ; Mart ́ın-
om ́enech et al. 2014 ; Almayrac et al. 2022 ) and CO 2 (e.g. Simon

t al. 2019 ) at different trapping temperatures. The release of volatiles
as then studied during a defined, most often linear, warm-up phase,
ence the name of the technique. Key input parameters for such
xperiments include the gas composition, the temperature of the 
old substrate on which the gas was frozen out, the thickness of the
ccumulated ice, and the heating rate used during the subsequently 
onitored desorption process (Collings et al. 2004 ). 
In the programmed warm-up phase, species are released in 

ifferent temperature re gimes. F or highly volatile molecules, like 
H 4 , CO, N 2 (molecular nitrogen), and O 2 , a first part is released
t or near its characteristic sublimation temperature (see e.g. Fray &
chmitt 2009 ). At ele v ated temperatures, the portion trapped in
ther species then co-desorbs at or near the sublimation temperature 
f the corresponding host species, for example, CO 2 and H 2 O. In
he following, we will refer to species with a pure ice sublimation
emperature below that of CO 2 as highly volatile species. 

Of particular interest for our work are the two most abundant
pecies in comet 67P because they make up for the matrix/host
hases: H 2 O and CO 2 (Rubin et al. 2019b ; Combi et al. 2020 ;
 ̈auter et al. 2020 ). In the case of H 2 O, the situation can be quite
omplex: trapped species are also released during the phase transition 
rom low porosity amorphous to crystalline water ice, at lower 
emperatures than the main sublimation of w ater (Burk e & Brown
010 ). The release during the crystallization of amorphous water ice
s also known as molecular volcano desorption (Smith et al. 1997 ).
dditionally, whether a species is released entirely during the water 

ce phase transition or co-desorbs with H 2 O also depends on the
hickness of the ice: Notesco & Bar-Nun ( 2005 ) found that thin water
ce films (0 . 1 μm) lose most trapped impurities, while thick water
ces (5 μm) may quench the outward diffusion and the gas release
hen follows together with the main water ice sublimation. Ho we ver,
o w le vels of water desorption can occur before the amorphous to
rystalline phase transition of water (Gudipati et al. 2023 ). This is
f particular importance when ample time is available, as in the case
f the ISM. In this situation, the bulk of the H 2 O outgassing occurs
lready at much lower temperatures. The same applies to CO 2 and
ther volatiles (Ligterink & Minissale 2023 ). 
TPD experiments are crucial for the case of comets. For instance,

ouchi & Kuroda ( 1990 ) investigated a mixture consisting of H 2 O,
O 2 , CO, and CH 4 deposited at 10 K in the ratio 65:10:15:10. All

our species are commonly observed in comets (A’Hearn et al. 2012 ;
ello Russo et al. 2016 ).The results are reproduced in Fig. 1 and we
ill refer to this experiment later on. 
Another rele v ant experiment has recently been conducted by 

udipati et al. ( 2023 ) and is reproduced in Fig. 2 . It included a
ixture of H 2 , CO 2 , CO, and O 2 in the ratio 60:20:10:10. The

hickness was estimated to be about 0 . 25 μm (approximately 1000
onolayers) based on calibrated reference water ice samples. In 

articular, CO and O 2 seem to be much better trapped in H 2 O as
pposed to CO 2 , that is, they mostly outgass from their CO- and O 2 -
ominated ice phases below 70 K and then again abo v e 140 K. Only
 small fraction is associated with CO 2 . Whether or not these ratios
hange as a function of ice thickness remains to be investigated.
he portion of the outgassing occurring from the O 2 -dominated 

ce, ho we ver, depends on the initial trapping temperature. In their
xperiment 10 K was used. Furthermore, also residual species from 

he vacuum chamber background were tracked. This included N, a 
ragment of N 2 through dissociative electron impact ionization. As 
MNRAS 526, 4209–4233 (2023) 
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Table 1. Outgassing behaviour of the H 2 O, CO 2 , CO, and CH 4 mixture 
(ratio 65:10:15:10) and the H 2 O, CO 2 , CO, and O 2 mixture (ratio 6:2:1:1 
with residual N 2 ) according to the TPD measurements shown in Figs 1 and 
2 and split into three temperature ranges, separated by the species go v erning 
the outgassing: highly volatiles, CO 2 , or H 2 O. 

Temperature 
range Released volatile species 

< 70 K Ices dominated by highly volatile species, CH 4 , N 2 , 
CO, and O 2 , are being released. Marginal co-release 
of the the lesser volatile molecules CO 2 and H 2 O. 

70–115 K CO 2 outgassing with co-desorption of the trapped 
CO, N 2 , CH 4 , and small amounts of O 2 . Marginal 
co-release of the lesser volatile H 2 O. 

> 115 K CH 4 , CO, O 2 , N 2 , and CO 2 are being released during 
the amorphous to crystalline H 2 O ice transition, that 
is, the molecular volcano at about 145 K, with a 
minor contribution of H 2 O. The bulk sublimation of 
H 2 O then occurs a few degrees above that with 
additional release of small amounts of highly volatile 
molecules. 

Table 2. Normalized fractions of release of H 2 O, CO 2 , CO, and CH 4 in 
the indicated temperature ranges during the TPD experiment by Kouchi & 

Yamamoto ( 1995 ) shown in Fig. 1 . 

Temperature range H 2 O CO 2 CO CH 4 

< 70 K 0.012 0.017 0.756 0.612 
70–115 K 0.018 0.782 0.172 0.203 
> 115 K 0.970 0.201 0.071 0.185 

Table 3. Normalized fractions of release of H 2 O, CO 2 , CO, N 2 (based on 
fragment N), and O 2 in the indicated temperature ranges during the TPD 

experiment from Gudipati et al. ( 2023 ) shown in Fig. 2 and after offset- 
subtraction. For CO the residual signal has been used, that is, after subtraction 
of the contribution by fragmentation of CO 2 . 

Temperature range H 2 O CO 2 CO N 2 (N) O 2 

< 70 K 0.017 0.015 0.700 0.388 0.816 
70–115 K 0.020 0.435 0.071 0.191 0.056 
> 115 K 0.963 0.550 0.230 0.421 0.128 
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n the experiments by Kouchi & Yamamoto ( 1995 ), a cryostat set to

0 K was used and also the relative amounts of H 2 O, CO 2 , and CO
ere similar. 
Additional molecules that have been studied in mixtures of H 2 O

nd CO 2 , are NH 3 and CH 3 OH (Mart ́ın-Dom ́enech et al. 2014 ). At
omet 67P, both molecules can be considered trace species in the
ces of the outgassing layer with abundances below the per cent level
ith respect to H 2 O (Rubin et al. 2019b ; L ̈auter et al. 2020 ). 
Kouchi & Sirono ( 2001 ) have shown that impurities > 2 per cent in

he H 2 O ices will turn the exothermic behaviour of the amorphous to
rystalline ice transitions endothermic, unlike the situation for pure
ater ice (see e.g. Gudipati et al. 2023 ). Therefore, a runaway phase

ransition of amorphous to crystalline water ice cannot be expected
or an ice composition characteristic for comets and is hence not a
ajor driver of the outgassing activity. 
NRAS 526, 4209–4233 (2023) 
Based on the experiments by Kouchi & Kuroda ( 1990 ) and
udipati et al. ( 2023 ), which are also qualitatively in agreement
ith Mart ́ın-Dom ́enech et al. ( 2014 ), we define the three temperature

anges listed in Table 1 (cf. Figs 1 and 2 ). The selection of temperature
imits is somewhat arbitrary, but for now we will stick to this
implistic approach as it allows for the qualitative comparison of
he different data sets. For the following discussion, however, it
s important to note that the numbers may change slightly in case
ifferent limits are selected. The general behaviour , however , remains
he same. 

Table 2 lists what fraction of the volatiles shown in Fig. 1 is
eleased in each temperature interval from Table 1 . For instance,
lmost 70 per cent of the CH 4 was in its own phase and then released
t or near its pure ice sublimation temperature (cf. Fray & Schmitt
009 ), about 14 per cent was released together with CO 2 , and the
est was associated with H 2 O sublimation, either in the molecular
olcano or co-release (Kouchi & Yamamoto 1995 ). A very similar
icture arises for CO. Furthermore, half of the CO 2 was released
ogether with H 2 O in these experiments. Similarly, the results from
ig. 2 are collected in Table 3 . 
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Both measurements were obtained using the same deposition 
emperature and similar relative amounts of host species CO 2 and 
 2 O. The results generally agree but there are also some differences,

or instance, the fraction of the CO 2 co-desorbing with H 2 O (in the
emperature regime > 115 K) is larger in the TPD measurements by
udipati et al. ( 2023 ). On the other hand, the CO fraction released

ogether with CO 2 (i.e. in the temperature regime 70–115 K) is
maller than observed by Kouchi & Yamamoto ( 1995 ), especially 
fter subtraction of the fragmentation contribution of CO 2 through 
issociative electron impact ionization. Both cases in Figs 1 and 2 
how a continuum-type outgassing of CO, O 2 , and CH 4 extending 
rom the < 70 K regime well into the CO 2 -dominated regime. In parts
his has to do with the heating rate used for the experiments, which
s probably faster compared to the situation at a comet (see later
iscussion in Section 4 ). Furthermore, Gudipati et al. ( 2023 ) also
eferred to a limited pumping efficiency of the CO in their vacuum
ystem. In fact, at pressures below 1 × 10 −8 mbar during the warm-up
hase, it is quite impossible to remo v e completely the gaseous highly
olatile molecules on the time-scale of the experiment. Therefore, 
urface-bound CO may linger at ele v ated temperatures after its
elease, resulting in a higher mass spectrometric signal. This is a 
ommonly known limitation of the TPD technique. Nevertheless, we 
id not modify our results for such an effect, but taking all this into
ccount, the relative fraction of CO, O 2 , and CH 4 that is co-released
ith CO 2 is likely lower than the numbers provided in Tables 2 and 3 .
hese are complications that we have to keep in mind when putting
ur measurements at 67P in the context of the laboratory experiments. 

 OBSERVA  T I O N S  A  T  C O M E T  6 7 P  

OSINA detected and monitored numerous volatiles throughout the 
osetta mission. For the first time, changes in the composition or

atios of the outgassing can be studied with high temporal resolution 
nd excellent coverage in time. In the following, the acquired data set
s used to study the behaviour of the different volatiles with respect
o each other. But first, we will summarize a suite of observations
hat are rele v ant for our study. 

.1 Supporting obser v ations 

or comets, we only have limited information about the temperature 
f the outgassing layer. Gulkis et al. ( 2015 ) presented millimetre
mm) and submillimetre (smm) brightness temperatures of the 
orthern and the Southern hemispheres in the range of 60–180 K, 
easured by MIRO with spatial resolution down to 40 m when 67P
as still beyond 3.2 au. During that time, the Northern hemisphere 
as in summer and, hence, ele v ated temperatures were measured 

ompared to the south (cf. Section 2.2 ). The brightness temperature 
howed strong spatial variations, mostly associated with illumination 
nd self-shadowing due to the comet’s complex shape. On a longer 
ime-scale, this is furthermore coupled with a varying dust co v er,
or instance through transport and redeposition, changing subsolar 
atitude, and variation in solar irradiation as a function of the changing 
eliocentric distance along the comet’s orbit. 
The MIRO mm temperatures are lower than the smm temperatures, 

ence mark a decrease in temperature with depth from the comet’s 
urface. In comparison, the maximum diurnal surface temperature 
n the 2014 August–September time frame was on the order of
30 K inferred from VIRTIS measurements in the infrared spectral 
avelength range of 4 . 5 − 5 . 1 μm (Tosi et al. 2019 ). Compared to the
IRO observations, VIRTIS temperatures would be much closer to 

he surface, that is, a few tens of micrometre versus approximately a
entimetre, respectively. In combination, these results are consistent 
ith a very porous, low bulk thermal inertia nucleus which indicates

hat pristine material may still be present at relatively shallow depth
Groussin et al. 2019 ). While the temperatures derived by MIRO may
ot reflect the actual outgassing layers, Gulkis et al. ( 2015 ) suggested
hat the smm and mm radiation is affected by the temperature at
he diurnal thermal skin depth, which they estimated to be on the
rder of 1–2 cm for 67P at 3.84 au. Other components affecting the
emperature are the seasonal skin depth ( ∼1 m) and the isothermal
ayer underneath. 

Closer to perihelion (1.24 au), ho we ver, the solar irradiation was
ubstantially higher. Still, there may be regions on the comet that
ever reached the amorphous to crystalline ice transition temperature 
f water, or only during a limited time and within a limited heliocen-
ric distance. This may still have resulted in a slow sublimation of
he amorphous water ice together with all the trapped species within.
n example is comet Hale-Bopp, for which water activity has been
bserv ed ev en be yond 4 au (Biv er et al. 2002 ). On a temporal scale,
hermal gradients up to 0.1 K min −1 have been reported for 67P when
ooking at the averaged brightness temperature (Gulkis et al. 2015 ).
ven higher thermal gradients, locally up to 2–9 K min −1 , have been
bserved by VIRTIS on the surface of regions which experience 
udden daytime shadowing (Tosi et al. 2019 ). Such thermal gradients
ay lead to strong thermal stresses, for instance in 67P’s neck area

Hapi; cf. El-Maarry et al. 2015 ), where also a water frost cycle has
een observed (De Sanctis et al. 2015 ). 

The gas measured by ROSINA may originate from all o v er the
ucleus’ surf ace f acing Rosetta due to the large FoV (Section 2.1 ),
ven if most of it originates from a much more confined location
Kramer et al. 2017 ; L ̈auter et al. 2019 , 2020 ; Combi et al. 2020 ).
ut even in small areas the illumination conditions, dust cover, etc.
an vary substantially, which greatly broadens up the parameter space 
or rele v ant laboratory ice experiments. It is therefore clear that there
s no single TPD experiment covering the whole range of conditions
ncountered at any given point in time. Complications arise from, for
xample, the distribution of the gas sources across the comet’s com-
lex shape coupled with its rotation and orientation of the rotation
xis, the variation in heliocentric distance, dust co v erage, and thermal 
radients in its interior. Hence, it is unlikely that ROSINA measure-
ents can distinguish outgassing caused by the molecular volcano 

r co-release during the water ice sublimation due to the rather close
emperature and close source regions on the comet. Accordingly, 
OSINA data do not reveal the exact structure and stratification of

he ices. Therefore, when talking about trapping, we not only include
ces with incorporated impurities, but also layered ices, where the 
pper layer quenches the outward diffusion of more volatile species 
rom below. This is based on the thick and thin ice experiments
erformed by Notesco & Bar-Nun ( 2005 ) and discussed abo v e. 
Still, a number of conclusions can be drawn for a comet like 67P.

n the following, and according to Table 1 , we simply consider the
0–115 K temperature regime to be CO 2 -dominated and driven. The
 115 K temperature regime is assumed to be H 2 O-outgassing driven,

ncluding both the molecular volcano desorption and co-desorption 
Section 3 ). We assume that the major species, CO 2 and H 2 O go v ern
he outgassing beha viour, b ut will also look for signs, or the absence
hereof, of separate ice phases dominated by highly volatile species. 

With regards to the observations at 67P, the species provided 
n Tables 2 and 3 are all rele v ant. First, they contain the two
rimary cometary coma molecules, H 2 O and CO 2 . Then CO, CH 4 ,
 2 (monitored through fragment N), and O 2 . The corresponding 
ure ice sublimation temperatures are listed in Table 4 . There are
any more species observed in comets, ho we ver, if their sublimation
MNRAS 526, 4209–4233 (2023) 
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Table 4. Relative abundances in 67P of H 2 O, CO 2 , a suite of species with volatility between H 2 and CO 2 (CH 3 OH, 
HCN, and NH 3 ), and highly volatile molecules (C 2 H 6 , C 3 H 8 , CH 4 , O 2 , and CO), sorted by their pure ice sublimation 
temperature from Fray & Schmitt ( 2009 ) and Behmard et al. ( 2019 ) for C 3 H 8 (second column). The bulk abundances 
are given in the third column. Columns four and five show the partitioning in the two main ice phases, H 2 O and CO 2 . 
The last column lists the maximum amounts co-released with H 2 O (cf. Figs 3 and 7 ), for exmple, up to 2 per cent of the 
total 7.5 per cent of the CO 2 can be trapped in or underneath water which corresponds to 27 per cent of the total CO 2 . 

Species Sublimation Bulk abundance Portion with Portion with Max portion 
temperature (K) (per cent) H 2 O (per cent) CO 2 (per cent) with H 2 O (per cent) 

H 2 O 144 100 100 0 –
CH 3 OH 142 0.54 a – – 37 
HCN 126 0.18 a – – 49 
NH 3 102 0.41 a – – 50 
CO 2 86 7.5 a 13 87 27 
C 3 H 8 83 0.018 b 6 94 60 
H 2 S 80 1.8 a 47 53 48 
C 2 H 6 68 0.85 a 5 95 18 
CH 4 36 0.43 a 54 46 70 
O 2 30 2.3 a 99.7 0.3 100 
CO 28 3.1 a 70 30 72 
N 2 26 0.089 b 63 37 79 

Notes . The bulk abundances are taken from the mission integrated outgassing a from L ̈auter et al. (2020) where available 
or from the relative outgassing period just before perihelion b from Rubin et al. ( 2019b ). 

t  

n  

i  

T  

e  

b  

n  

o  

c  

n  

e  

4

T  

a  

m  

e  

r  

b  

d  

c  

i  

b  

e  

h  

p  

p  

p  

l
 

a  

w  

d  

t  

9  

P  

a  

o  

a  

c  

C  

t
 

e  

r  

H  

o  

C  

S  

m  

(  

s  

c
 

G  

F  

o  

t  

d  

p  

t  

(  

o  

e
 

V  

s  

C  

e  

t  

F  

r  

 

F  

a  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/3/4209/7291956 by guest on 22 O
ctober 2023
emperature is higher than CO 2 , and possibly even H 2 O, they may
ot be efficiently co-released. For instance, Fig. 1 shows that CO
s released with H 2 O but not very much the other way round.
his, of course, is emphasized due to higher H 2 O abundance in the
xperiment. The same applies to other combinations, for example,
oth CO and CH 4 are released together with CO 2 but, in relative
umbers, only little of the total CO 2 comes off together with CO
r CH 4 , respectiv ely. Another e xample is CH 3 OH which does no
o-desorb with CO (Ligterink et al. 2018 ). And then there are also
umerous species of even lower volatility than water, sometimes
ven associated with dust (Altwegg et al. 2017b ; H ̈anni et al. 2022 ).

.2 H 2 O and CO 2 

he focus of this section is on the two main ice phases in 67P, H 2 O
nd CO 2 . The top left panel in Fig. 3 shows the densities of the two
olecules measured by ROSINA at the location of Rosetta versus

ach other after multiplication by the squared distance to the comet,
 

2 
dist , in the following called modified density. This modification has
een applied to remo v e, to first order, the variation in cometocentric
istance. The data start 2014 mid-August, just after arri v al at the
omet and then extends to 2016 September 5, when a dust impact
nto the DFMS instrument hampered subsequent measurements
y physically blocking the current of ionizing electrons (Altwegg
t al. 2017b ). As a result the data shown here co v er a range of
eliocentric distances, that is,. from 3.6 au pre-perihelion to 3.7 au
ost-perihelion. Otherwise, no limitation was applied regarding the
osition of the spacecraft with respect to the comet and hence the
resented data co v er a wide range of subspacecraft latitudes and
ongitudes as well as phase angles. 

The top right panel of Fig. 3 shows a time-series of the H 2 O
nd CO 2 densities measured by ROSINA during a period of several
eeks late in the Rosetta mission. Both species show a very
istinct behaviour, especially between 2016 early and mid-June, a
ime when Rosetta mo v ed from the terminator orbit (phase angle
0 ◦) to a lower phase angle of about 44 ◦ and then back again.
eaks in the measured densities occurred when Rosetta was passing
bo v e the continuously more active Southern hemisphere past the
NRAS 526, 4209–4233 (2023) 
utbound equinox (subsolar latitude > 5 ◦ north). Hence, CO 2 showed
 stronger dependence on the subspacecraft latitude than H 2 O. As a
onsequence, this period, which reveals a strong dichotomy between
O 2 and H 2 O, is well suited to visualize the different behaviour of

he highly volatile species co-released with the two host species. 
Fig. 3 also shows the measured H 2 O and CO 2 densities for the

ntire time period analysed (including the detailed view in the top
ight panel). For most of the time throughout the Rosetta mission,
 2 O was the dominant species and H 2 O-outgassing followed more
r less the subsolar latitude (Combi et al. 2020 ; L ̈auter et al. 2020 ).
O 2 , on the other hand, was predominantly released from the
outhern hemisphere, in particular also during the early Rosetta
ission when the Southern hemisphere was only poorly illuminated

L ̈auter et al. 2020 ). The two bottom panels show the corresponding
ubsolar and subspacecraft latitudes and the heliocentric and
ometocentric distances. 

As previously reported, for example, by H ̈assig et al. ( 2015 ),
asc et al. ( 2017 ), and Luspay-Kuti et al. ( 2019 ) and in line with
ig. 3 , both primary cometary parent species, H 2 O and CO 2 , are
nly poorly correlated. Part of the remaining correlation shown in
he left panel is caused by the strong variation in outgassing activity
ue to the change in heliocentric distance: both species have their
eak outgassing coinciding about 2 weeks after perihelion (points in
he upper right corner of the top left panel), whereas farther away
purple: pre-perihelion and yellow: post perihelion) the outgassing
f both molecules was significantly lower (Combi et al. 2020 ; L ̈auter
t al. 2020 ). 

This seasonal evolution is in agreement with observations by
IRTIS, which revealed a change in composition of the comet’s

urface during the same time frame. Filacchione et al. ( 2020 ) and
iarniello et al. ( 2022 ) showed that erosion of the nucleus, caused by
nhanced gas and dust activity around perihelion, led to a blueing of
he surface resulting from the exposure of more pristine icy layers.
ar from the sun, dehydration of the surface combined with the
edeposition of dust decreased the amount of ices in the surface layer.

Some degree of the correlation observed in the top left panel of
ig. 3 incurs from just the change in heliocentric distance and hence
cti vity. Ne vertheless, water and carbon dioxide abundances show
trong variations with respect to each other, in fact the CO 2 /H 2 O ratio
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Figure 3. Top left panel: measured H 2 O versus CO 2 densities between 2014 mid-August (inbound at 3.6 au), though perihelion (1.24 au), until 2016 September 
outbound at (3.7 au) and multiplied by the cometocentric distance squared. The dashed and dotted lines mark the minimum CO 2 densities when 0.5 per cent, 
1 per cent, or 2 per cent is (trapped in and) co-desorbing with H 2 O. Top right panel: H 2 O and CO 2 densities measured by ROSINA during close ellipses in 
summer 2016 when 67P was on its outbound journey near 3.2 au from the sun. For readability, the measurements have been connected by straight lines, despite 
the measurements being rather sparse during 2016 May/June as different measurement modes were e x ecuted, for e xample, the search for noble gases (Balsiger 
et al. 2015 ; Marty et al. 2017 ; Rubin et al. 2018 ). The lower three panels, top to bottom: measured H 2 O and CO 2 densities during the whole analysed period as 
shown in the top left panel, the corresponding subsolar and subspacecraft latitudes, and the corresponding heliocentric distance of 67P and the distance between 
Rosetta and the comet used in the top left panel. 
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hanges by more than two orders of magnitude. While early on in the
osetta mission, CO 2 could be as low as a few per cent with respect

o H 2 O, during the final months, when Rosetta was beyond 2.7 au
utbound, the carbon dioxide became the dominant molecule in the 
oma (L ̈auter et al. 2020 ). The top right panel, for instance, shows a
eriod where local H 2 O and CO 2 abundances were comparable, one 
ominating o v er the other at times and then vice v ersa. 
CO 2 has al w ays been present in the coma, even above the deposit

ayers in the Northern hemisphere, where airfall is expected to be 
ostly depleted in CO 2 (Davidsson et al. 2021 ). The top left panel of
ig. 3 also shows lines representing lower limits for the CO 2 when
ssuming that 0.5 per cent, 1 per cent, or 2 per cent is (trapped in and)
o-desorbing with H 2 O and reveals no relative abundances of CO 2 

ith respect to H 2 O below 0.5 per cent. 
As a consequence, from here on we assume that about 1 per cent of

he carbon dioxide is trapped in water. We can compare the 1 per cent
O 2 (w.r.t. H 2 O) to the total 7.5 per cent CO 2 from the integrated
utgassing o v er the whole Rosetta mission (L ̈auter et al. 2020 ). This
MNRAS 526, 4209–4233 (2023) 
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eaves 6.5 per cent CO 2 to be present in its separate (multilayer)
hase, that is, in a ratio of 1:6.5, see also Table 4 . If, for the sake of
omparison, we base our analysis on the b ulk ab undance of CO 2 of
.7 per cent (w.r.t. H 2 O), derived just before perihelion (Rubin et al.
019b ), the partitioning of CO 2 in H 2 O versus a CO 2 -dominated
hase would be 1:3.7. TPD measurements show that CO 2 is easily
rapped in H 2 O. The experiment by Kouchi & Yamamoto ( 1995 )
n Table 2 revealed a ratio of about 1:4 and Gudipati et al. ( 2023 )
n Table 3 obtained approximately 1:1. These ratios depend on the
eposition rate and temperature of the experiments in the laboratory
nd one should be careful in comparing them at face value. 

Furthermore, there are also caveats associated with ROSINA
easurements: H 2 O and CO 2 were measured with a time difference

f about 15 min and interpolated in time. Additionally, there are errors
elated to the measured ratios of ∼ 20 per cent originating from
ensitivity calibration of DFMS. Therefore, an even higher fraction
f the carbon dioxide trapped in water cannot be excluded either. 
In the next section, we will study the highly volatile molecules

hich are co-released with both the H 2 O- and the CO 2 -dominated
ce phases. 

.3 Highly volatile molecules 

ere, we discuss the highly volatile molecules CO, CH 4 , O 2 , N 2 ,
 2 S, C 2 H 6 , and C 3 H 8 that were all commonly observed in the coma
f 67P. For this analysis, we limited the data set to the time interval
hen the Southern hemisphere of the comet was more active than

he Northern hemisphere, that is, starting from 2015 early-February
nside 2.4 au inbound (L ̈auter et al. 2020 ). Only early on in the
osetta mission, the Northern hemisphere was the dominant source
f volatiles in the coma. The Southern hemisphere, on the other
and, showed the highest levels of activity and, hence, erosion due to
he short but intense summer around perihelion (Keller et al. 2015 ).
s a consequence, the analysed data mostly represent outgassing

rom fresh cometary ices that continuously became accessible. As a
esult, the data shown here co v er a range of heliocentric distances,
hat is, from 2.4 au pre-perihelion to 3.7 au post-perihelion on 2016
eptember 5. Later on in the Section 4.5, we will then also discuss

he omitted early period from 2014 August to 2015 February. 
Fig. 4 shows CH 4 in comparison to H 2 O and CO 2 . The top

eft panel presents the abundance of CH 4 with respect to carbon
ioxide after multiplication with the cometocentric distance squared
o account for the variation on cometocentric distance. The second
anel shows the same, but relative to water. These modified densities
pan o v er sev eral orders of magnitude, therefore the correlation
oefficients, listed in the x -axis labels, have been fitted after taking the
ogarithm of the corresponding values to assign equal weights across
he decades. The corresponding results were n CH 4 = 0.064 ·n CO 2 

nd 0.0081 ·n H 2 O. A perfect correlation would align the points on the
iagonal solid black line. The 1-standard deviation bounds (dashed
ines) are offset from the diagonal by the indicated factor. 

The coefficients can also be compared to the corresponding bulk
bundances from Table 4 : n CH 4 = 0.0043 ·n H 2 O, or when taking
O 2 /H 2 O = 0.075 into account, follows n CH 4 = 0.057 ·n CO 2 . The
 ulk ab undance values (from Table 4 and listed below the x -axis
abels in the top row of Fig. 4 ), ho we ver, are dominated by the

easurements during the most active phase of the mission, indepen-
ent whether the integrated outgassing over the whole mission was
onsidered (L ̈auter et al. 2020 ) or a suitable period pre-perihelion was
nvestigated (Rubin et al. 2019b ). As a result, the points reflecting the
 ulk ab undances (2015 August, near -perihelion period in the upper
ight corner of each panel) are located below the diagonal line in the
NRAS 526, 4209–4233 (2023) 
ase of CO 2 (left panel) and H 2 O (middle panel). The third panel in
he top row shows methane versus a linear combination of water and
arbon dioxide, taking into account that 1 per cent CO 2 is associated
ith H 2 O. First, it can be seen that a linear combination of the H 2 O

nd CO 2 densities rather well reproduces the measured CH 4 density:
he data points are well aligned diagonally and the corresponding
tandard deviation is smallest for the right panel, that is, the linear
ombination reproduces the majority of the measurements within
5 per cent accuracy (within a factor of 1.45 from the diagonal line).
The result of this fitting process is also observed in

he bottom two panels: on the left, the reconstructed
 n CH 4 = 0.0023 ·n H 2 O + 0.031 ·( n CO 2 − 0.01 ·n H 2 O )] versus the mea-
ured CH 4 density is plotted for the whole period investigated here.
o modification by the cometocentric distance squared has been

pplied. The panel on the bottom right shows a zoom into the 2016
ay to July period for comparison to the right panel of Fig. 3 . While

he match is not perfect, the behaviour is well reproduced despite the
trong differences between the two host species CO 2 and H 2 O. Also,
e have to keep in mind that the whole 19 months period has been

aken into account in the fitting process and not just the 3 months
hown in the right panel. In our approach, ho we ver, we wanted to
nvestigate the different v olatiles’ beha viour throughout the comet’s
rbit and we hence refrain from fitting individual time periods. 
The obtained correlation coefficients are now used to assign the

artitions of CH 4 related to H 2 O versus CO 2 , respectively, when
gain taking the bulk value of CO 2 /H 2 O = 0.075 into account: from
.0023/(0.0023 + 0.031 ·0.065) = 0.54 follows that methane can be
ssociated in about equal portions to water and carbon dioxide. For
omparison, if we assume that no CO 2 is trapped in or underneath
ater, follows 0.0023/(0.0023 + 0.031 ·0.075) = 0.50, which yields
 very similar conclusion as indicated already in Section 4.2 . The
mount of CO 2 that is trapped in or underneath H 2 O is hence of
econdary importance and does not substantially change our results
or the minor species. 

A similar picture is obtained for CO in Fig. 5 . Also here, the
odified CO density can be expressed rather well by a linear

ombination of the modified H 2 O and CO 2 densities. The results
e veal a some what larger portion of the carbon monoxide, of about
0 per cent, being associated with water compared to 30 per cent with
arbon dioxide, respectively. 

Another molecule we investigated is molecular oxygen, which
s of particular interest as it represents one of the most surprising
ndings in comet 67P (Bieler et al. 2015 ; Fulle et al. 2016 ). O 2 

hows a strong correlation with H 2 O, which is also reproduced in
ig. B1 . Only very little difference is seen between the middle and
ight panels. Nev ertheless, Luspay-K uti et al. ( 2022 ) showed that
 small fraction of the O 2 is not correlated to H 2 O. This is also
eproduced in our analysis, that is, the small portion associated with
arbon dioxide can only be observed late in the Rosetta mission,
hen CO 2 was the dominant species in the coma (cf. Fig. 3 ). 
Our results for N 2 , another highly volatile molecule, are provided

n Fig. B2 and Table 4 . It should be noted that mass-spectrometric
nterferences, that is, the close mass of CO (27.9944 u e −1 ) to the
uch lower abundant N 2 (28.0056 u e −1 ), complicates the analysis of

he data and increases the uncertainty due to an additionally required
eak fitting procedure (see Appendix A ). Hence, our results for N 2 

nclude more scatter and fitting errors than the other species investi-
ated in this work. This is, in parts, also reflected in the larger standard
e viation we deri ved. Still, N 2 bears some resemblance to CO, with
he larger part associated with H 2 O and a smaller fraction with CO 2 .

Ethane, presented in Fig. B3 (see also Luspay-Kuti et al. 2019 ),
nd propane, presented in Fig. B4 , are both well correlated to CO 2 ,
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Figure 4. Top row: modified densities of CH 4 versus CO 2 (left), H 2 O (middle), and a linear combination of both H 2 O and CO 2 (right). Modified density 
implies multiplication by the cometocentric distance r dist squared to remo v e, to first order, the distance dependence of Rosetta from the comet. The 1 per cent 
portion of the CO 2 associated with H 2 O has been taken into account in the right panel. The corresponding coefficients were obtained by fitting the log of the 
data to assign equal weights to the modified densities which co v er sev eral orders of magnitude. The results (e.g. n CH 4 = 0.0081 ·n H 2 O ) can be compared to the 
reported b ulk ab undances (e.g. n CH 4 = 0.0043 ·n H 2 O , see the text). The 1-standard deviation bounds are provided by the dashed lines (obtained by multiplying 
and dividing the diagonal solid black line by the indicated factor, respectively). Based on the fitted coefficients from the top right panel it is possible to estimate 
the portion of the CH 4 that is co-desorbed with H 2 O (54 per cent, listed in the panel) versus CO 2 (see also the main text). Bottom row, left panel: CH 4 density 
measured versus the linear combination from the top right panel, that is, n CH 4 = 0.0023 ·n H 2 O + 0.031 ·( n CO 2 -0.01 ·n H 2 O ) for the 2015 early-February though 
perihelion to 2016 September time period. Right panel: zoom-in to the close ellipses in summer 2016 for comparison to the right panel in Fig. 3 . 
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ven though some degree of dichotomy is observed for the time 
eriod analysed, that is, the early mission values (purple) trend below 

he diagonal line and later v alues (yello w) abo v e. This may be a
emperature-related fractionation ef fect, gi ven that the sublimation 
emperatures of ethane and propane approach the temperature of 
O 2 , cf. Table 4 . Finally, the same analysis has also been carried
ut for hydrogen sulfide, H 2 S in Fig. B5 , another species with
ublimation temperature close to that of CO 2 . 

As suggested for the case of ethane, propane, and hydrogen sulfide, 
he picture for the species of lower volatility changes, that is, when
he species’ sublimation temperature rises abo v e the one for carbon
ioxide. This shall be discussed in the following section. 

.4 Species with volatility between CO 2 and H 2 O 

s shown in Section 3 , species of low volatility seldomly co-desorb
ith species of higher volatility, for instance H 2 O in CO (cf. Tables 2

nd 3 ). Consequently, species like CH 3 OH are unlikely to co-desorb
n abundant amounts in CO 2 given the substantially higher pure 
ce sublimation temperature, that is, 142 K versus 86 K, respectively 
Fray & Schmitt 2009 ). On the other hand, CH 3 OH does co-desorb
ith H 2 O (Mart ́ın-Dom ́enech et al. 2014 ). 
Fig. 6 shows the case of methanol. The top left panel suggests

 better correlation of CH 3 OH with CO 2 than H 2 O (middle panel).
he linear combination reveals that about 40 per cent of the methanol
ould be associated with water. The standard deviation is larger com-
ared to the highly volatile molecules (cf. Section 4.3 ). Furthermore,
he bottom right panel shows that methanol follows much closer the
ater (cf. Fig. 3 ) during the low phase angle excursion in the first half
f June in 2016. This is in contradiction to the reconstructed density
rom the coefficients obtained from the linear combination of water 
nd carbon dioxide from the top right panel. Additionally, the bottom
ight panel also reveals systematically overestimated reconstructed 
ensities compared to the measured methanol densities during the 
016 April to June time frame. In addition, the top right panel also
ev eals some de gree of pre-/post-perihelion dichotomy, although 
ess pronounced than for ethane (Fig. B3 ). In accordance with the
iscussion abo v e, methanol rather may be present in its separate ice
hase, or correlated with dust grains that contain volatiles, on top of
he portion that is trapped in the lesser volatile water. 
MNRAS 526, 4209–4233 (2023) 



4218 M. Rubin et al. 

M

Figure 5. Same as Fig. 4 , but for CO instead of CH 4 . 
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Based on data presented here, it is, ho we ver, possible to estimate
he maximum amount of methanol that is co-released with water. This
s based on similar considerations as applied for the CO 2 trapped in
r underneath H 2 O and shown in Fig. 3 . A collection of relative
bundances with respect to water for a set of species co v ering a wide
ange of sublimation temperatures is presented in Fig. 7 . We have also
dded exploratory lines marking the maximum amounts co-released
ith water (dashed lines). For instance, only a small fraction of the
 2 H 6 can be trapped in or underneath H 2 O, otherwise the measured
thane abundance would have to be larger in the 2015 February time
rame. On the other hand, pretty much all O 2 can be co-released with
 2 O as expected from Fig. B1 . In the case of methanol, less than
0 per cent of the density measured at Rosetta may be associated
ith H 2 O. Collings et al. ( 2004 ) showed that CH 3 OH has w ater-lik e
esorption characteristics (see also Burke & Brown 2015 ) on the
nfluence of CH 3 OH in water ice. Other rele v ant TPD experiments
y Mart ́ın-Dom ́enech et al. ( 2014 ) reveal a complicated picture with
hifts in the sublimation temperature as a function of experimental
eating rate and CH 3 OH concentrations in H 2 O. Depending on the
atter, their results also show a variation in the portion of the CH 3 OH
utgassing associated with its own (multilayer) ice phase versus co-
elease with water, ranging from about 1:1 to almost entirely being
ssociated with water. The situation is hence very complex. 

Table 4 lists these upper limits for a set of volatiles spanning a
onsiderable range in sublimation temperature. As stated abo v e, these
imits are derived by visual inspection only and are associated with
NRAS 526, 4209–4233 (2023) 
elative errors estimated to be on the order of 30 per cent. Ho we ver,
iven the complexity of the cometary activity, these limits can still
nform us about the incorporated ices and their outgassing behaviour.
onsistent with the derived portion associated with the release of
ater, the upper limits in Table 4 are higher. Just to provide an

xample, the portion of C 2 H 6 stored in H 2 O is small, that is, 5 per cent
f the total (hence 95 per cent is associated with CO 2 ), but still smaller
han the upper limit of 18 per cent derived from Fig. 7 . 

.5 Early mission 

n the previous sections, we limited the data to the 2015 February to
016 September time period when outgassing from the more pristine
outhern hemisphere dominated. In this section, we start 2014 mid-
ugust, the time of arri v al of the Rosetta spacecraft at comet 67P.
ig. 8 shows the measured (purple) and the reconstructed densities
green) of the highly volatile molecules CO, CH 4 , C 2 H 6 , C 3 H 8 , O 2 ,
nd H 2 S. 

The reconstructed densities use the fitted parameters obtained in
he previous Section 4.3 (cf. Table 4 ) and were applied to the full
ime interval. The first key observation, with regard to the early

ission phase from 2014 mid-August to 2015 early-February, is
hat the amount of CO is underestimated. O 2 , which shows a strong
orrelation with H 2 O, remains well reproduced. CH 4 , C 2 H 6 , C 3 H 8 ,
nd H 2 S, which exhibit higher degrees of correlation to CO 2 , are
ll o v erestimated in their reconstructed density. Hence, for the early
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Figure 6. Same as Fig. 4 , but for CH 3 OH instead of CH 4 . 
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ission phase, we have divided the coefficient reflecting the co- 
elease of the highly volatile molecules in CO 2 by a factor 7 and
dded the corresponding early-mission reconstruction (blue). This 
orrection factor is just an approximation and not an individual fit
or each of these highly volatile molecules. Still, the key point here
s that the resulting modified reconstruction shows that the early 
nbound phase is very distinct from the rest of mission, that is, the
O 2 measured early was most likely depleted in trapped highly 
olatile species. The coefficient representing the co-release with 
 2 O, on the other hand, was left untouched. The implications of

hese observations are discussed in the next section. 

 DISCUSSION  

his section combines the findings of TPD reference measurements 
rom the literature and our gas coma observations with the goal to
tudy the outgassing behaviour of a comet like 67P and to impro v e
ur understanding of the ices inside its nucleus. Furthermore, we 
re interested in the potential differences between families of comets 
esulting from their distinct dynamical history. 

.1 Measurement limitations 

efore the discussion of the data presented in the previous section and
he comparison to rele v ant laboratory measurements, there are some 
imitations to be mentioned. For instance, the relative abundances of 
he different volatiles used for the TPD measurements do not exactly
atch the situation of 67P. As mentioned earlier, we investigated 

he local gas densities at Rosetta and do not directly probe the
ces inside the nucleus. We did not include any corrections to the

easured gas densities due to gas velocities varying with heliocentric 
istance, among species, and sources on the nucleus of 67P. Close
o perihelion, when the near-nucleus gas densities are highest, the 
ifferent gas species may be collisionally coupled while this effect 
lays only a minor role when the comet is far from the sun (Tenishev,
ombi & Davidsson 2008 ). Also, our modified gas density assumes a

imple r −2 
dist density dependence on the cometocentric distance which 

an only serve as an approximation. 

.2 Trapping of volatiles in H 2 O and CO 2 

irst, we are interested in the behaviour of species of high volatility
nd their relation to the two main species, CO 2 and H 2 O. As reported
y Gasc et al. ( 2017 ) and Luspay-Kuti et al. ( 2019 ) and shown in
ig. 7 , no clear distinction between polar and apolar molecules can
e made for comet 67P. For instance, H 2 O (polar) correlates well
ith O 2 (apolar) and NH 3 (polar) but not with C 2 H 6 (apolar) and
H 3 OH (polar). Furthermore, no clear separation according to the 
ure ice sublimation temperature can be observ ed, for e xample, CH 4 

an be attributed in similar portions to CO 2 and H 2 O, whereas C 2 H 6 

lmost entirely co-desorbs with CO 2 . Of course, the situation is more
omplicated as some of these species may also be linked because of
MNRAS 526, 4209–4233 (2023) 
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Figure 7. A set of cometary molecule densities plotted versus water between 2015 February and 2016 September after multiplication by the cometocentric 
distance squared (similar to the left panel of Fig. 3 ). The solid line refers to the bulk abundance with respect to water which tends to be close to the peak 
outgassing period around perihelion (points in the top right corner of each panel). The dashed line corresponds to an estimated maximum fraction of a given 
species that is co-released with H 2 O (see the text). 
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hemical formation while others are not (Herbst & Van Dishoeck
009 ). 
On the other hand, the local abundance of highly volatile molecules

n the coma of 67P, that is, with a pure ice sublimation temperature
elow CO 2 , can be described as a linear combination of the local
 2 O and CO 2 densities. Ice phases dominated by highly volatile

pecies cannot be excluded, ho we ver, they are not required to explain
he measured abundances in the coma. The majority of highly
olatile molecules are associated with H 2 O and CO 2 in varying
roportions. The observed slopes of the different highly volatile
olecules reported by Gasc et al. ( 2017 ), that is, the heliocentric

istance dependence of their outgassing (cf. Section 2.2 ), can be
onfirmed to be the result of the slopes of the two main species, H 2 O
nd CO 2 , and the corresponding associated fractions. 

The in situ coma measurements obtained with ROSINA cannot
esolve the release of gases in the temperature range of the molecular
olcano compared to the main H 2 O outgassing peak, which occurs
t slightly higher temperatures. As shown in both Figs 1 and 2 , when
NRAS 526, 4209–4233 (2023) 
ust focusing on the temperature range of the molecular volcano,
ll trapped volatiles are released together during the amorphous to
rystalline ice phase transition. For instance, O 2 would rather be
orrelated with CO 2 than H 2 O. Ho we v er, we observ ed only v ery little
f the O 2 to be associated with CO 2 (Table 4 ). This indicates that the
o-release of O 2 and CO 2 during the molecular volcano has only a
inor influence on the observed correlations, that is, was accounted

or by attributing 13 per cent of the total CO 2 to the co-release with
ater and subtracting this in our fitting procedure (Section 4.2 ). 
Species of lower volatility than CO 2 , on the other hand, may

e trapped in or underneath H 2 O and be present in their own
multilayer) ice phase. Our analysis yields upper limit estimates for
he fraction co-released with water and the results are consistent with
he coefficients associated with co-release with water from the linear
ts (Table 4 ). There may also be a transition regime for species with
ublimation temperature close to CO 2 as they may co-release with
oth water and carbon dioxide as well as forming their own phase.
ossible candidates are C 2 H 6 (cf. Fig. B3 ), C 3 H 8 (cf. Fig. B4 ), and
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Figure 8. Gas densities of highly volatile molecules measured at the Rosetta spacecraft. The left column shows the measured (purple) and reconstructed 
densities (green) for the entire analysed period. Perihelion is marked with a vertical solid line. The right column shows the same up to perihelion and adds a 
curve representing reduced trapping in CO 2 (blue, see also legend and main text) for the time period when the Northern hemisphere was more active (up to 2015 
early-February, cf. L ̈auter et al. 2020 , dashed line). Top to bottom: CO (cf. Fig. 5 ), CH 4 (cf. Fig. 4 ), C 2 H 6 (cf. Fig. B3 ), C 3 H 8 (cf. Fig. B4 ), O 2 (cf. Fig. B1 ), 
and H 2 S (cf. Fig. B5 ). 
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Table 5. Lost fraction (per cent) of highly volatile molecules, 
if originally trapped at 10 K and subsequently heated to 70 K, 
for example, for 67P during the Centaur phase ( ∼ 7 M yr at 7 au; 
Guilbert-Lepoutre et al. 2016 ). CH 4 w as tak en from Table 2 and 
O 2 , N 2 , and CO from Table 3 . 

Species 
Lost fraction 

(per cent) 

CH 4 61 
O 2 82 
CO 70 
N 2 39 
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 2 S (cf. Fig. B5 ) which show some degree of pre- to post-perihelion
ifference (cf. Section 4.3 ). 

.3 Loss of highly volatile species through thermal processing 

n the previous section, we showed that the measured abundances
f highly volatile molecules can be explained by trapping in or
nderneath both water and carbon dioxide. The presented fits do
ot include an additional component representing the ice phase
ominated by the highly volatile molecules CH 4 , CO, etc. The first
ow in both Tables 2 and 3 lists the fraction of the volatiles released
n the temperature range < 70 K. According to these results, O 2 , CO,
nd CH 4 are all heavily affected and to a lesser extent also N 2 .
ubstantial amounts of these species would hence have been lost
rom the cometary nucleus of a JFC like 67P prior to arri v al in the
nner solar system. For the presented TPD measurements, with a
rapping temperature of 10 K, the results are summarized in Table 5 .

ith subsequent heating to ∼70 K after trapping, a comet like 67P
ould have lost up to 70 per cent of its initial CO content. 
Ne vertheless, our kno wledge of the initial trapping temperature or

ange thereof is very limited. The lost fraction of highly volatile
pecies very much depends on the conditions during trapping.
dditional constraints on the temperature during the formation of the
aterial incorporated into 67P may thus be required. These can be

btained from independent considerations: for instance, a chemical
eaction model for dark clouds by Taquet et al. ( 2016 ) suggests that
emperatures of approximately 20 K, which is somewhat elevated
ompared to typical dark cloud temperatures (5–10 K), may be
equired to enhance the O 2 abundance to be comparable to the one
ound in 67P (Bieler et al. 2015 ). In summary, it remains unclear
ow much of the highly volatile species were initially trapped and
ubsequently lost during the dynamical history of the comet. 

Thermal modelling, for example, by De Sanctis, Capria & Coradini
 2001 ) and Parhi & Prialnik ( 2023 ), shows that substantial amounts
f CO-dominated ices will be lost from cometary nuclei in the Kuiper
elt at distances beyond 40 au. Loss of the ice phase of highly volatile
pecies may already occur earlier, for instance due to collisional
eating during the formation of the Kuiper belt (Jutzi & Michel
020 ). Thermal processing of icy primordial disc objects also took
lace before scattering to the different cometary reservoirs occurred
s a result of giant planet migration (Gomes et al. 2005 ). For instance,
avidsson ( 2021 ) found that objects in the size range of 4–200 km
ould lose their CO-dominated ice content within 0.1–10 Myr due

o heating by the protosun and long-lived radionuclides. For small
bjects, the latter may be less ef ficient, as sho wn by Mousis et al.
 2017 ). Furthermore, an early loss of the N 2 - and CO-dominated ices
s in line with the finding that the N 2 /CO ratio is independent of the
umber of inner solar system crossings (Anderson et al. 2023 ) given
hat the outgassing of both highly volatile molecules is go v erned
NRAS 526, 4209–4233 (2023) 
y the lesser volatile CO 2 and H 2 O. For this, we assume that the
O 2 /H 2 O ratio does not change significantly from one perihelion
assage to the ne xt. F or the same reason, ho we ver, the N 2 /CO ratio
ay change o v er a single orbit due to the change of the CO 2 /H 2 O

atio as a function of heliocentric distance. This may then also explain
he variation in the N 2 /CO ratio observed in 67P (Rubin et al. 2015 ,
019b ). 
The thermal history of a comet similar to 67P may lead to

dditional depletion of highly volatile species. Here, it is important
o consider the dynamic history of 67P (Maquet 2015 ). Before
ecoming a JFC, 67P may have spent several million years as
 Centaur at an intermediate heliocentric distance around 7 au
nd undergone internal heating to temperatures of up to 70 K
Guilbert-Lepoutre et al. 2016 ). This can be compared to comet
9P/Schwassmann-Wachmann 1, a Centaur on its way to become
 JFC (Sarid et al. 2019 ), which shows substantial and routinely
etected CO-outgassing (Crovisier et al. 1995 ). As a consequence,
O may have been another major species in cometary ices, along with
 2 O and CO 2 , before substantial amounts were lost due to the heating
rocesses. Accordingly, some of the comets originating from the
ort cloud, for e xample, 1P/Halle y (Eberhardt 1999 ), e xhibit higher

elative CO abundances compared to CO 2 . Also long-period comet
LPC) C/2016 R2 (PanSTARRS), a returning object originating from
he Oort cloud, showed both strong N 

+ 

2 and CO 

+ emission bands
Opitom et al. 2019 ). In the ISM, for comparison, CO has been shown
o be high in abundance, both in the gas and the ice phases (Boogert,
erakines & Whittet 2015 ; Zamirri et al. 2018 ). As discussed earlier

n Section 3 and shown by Parhi & Prialnik ( 2023 ), if ample time
s available, the same highly volatile species may be also lost at
uch lower temperatures. We therefore state that the 70 K internal

emperature mentioned abo v e is just an upper limit. 
These conclusions are compared to those of A’Hearn et al. ( 2012 ),

ho investigated the CO/CO 2 /H 2 O composition of comets. Their
urv e y includes, aside from JFCs, also LPCs and Halley-type comets
HTCs). The collection of observ ations sho ws a large variation in
elative abundances of the three species within each of the families
f comets, which is hence most likely not the result of their different
ynamical origin. Little systematic difference between the families
f comets were observed, that is, between JFCs, which reside as a
entaur for an extended period at intermediate distance (Guilbert-
epoutre et al. 2016 ), versus LPCs and HTCs. The CO/H 2 O ratio did,
o we ver, trend to somewhat higher ratios for LPCs when compared to
FCs. Ho we ver, the two orders of magnitude variation in CO/H 2 O in
he sample of comets analysed by A’Hearn et al. ( 2012 ) complicates
he identification of clear trends. 

To further delve into this issue, Fig. 9 shows a collection of
easured CO abundances with respect to H 2 O in both JFCs and
CCs based on infrared spectroscopic (Dello Russo et al. 2016 )

nd in situ mass spectrometric observations (Eberhardt 1999 ; Rubin
t al. 2019b ). While the ratios are limited to several per cent in
FCs, the variation of CO/H 2 O in OCCs is substantially larger. The
atter family includes a subset with much higher CO/H 2 O ratios.
his may be the result of the aforementioned transition through the
entaur stage and other thermal processes related to their dynamical
istory and possibly the size of the objects, for example, heating due
o the collisional cascade in the primordial disc (Davidsson 2023 ).
onsequently, our results support the suggestion by Gasc et al. ( 2017 )
nd Davidsson ( 2021 ) that highly volatile species, such as CO, are
rapped in (or underneath) less volatile species like H 2 O and CO 2 to
emain present in comet 67P’s nucleus. 

There still remain questions regarding the evolution of comets and
ssociated loss of highly volatile species, for instance, Harrington
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Figure 9. CO/H 2 O ratio measured in range of JFCs and OCCs based on 
infrared spectroscopic observations (Dello Russo et al. 2016 ), amended by 
the two comets for which mass spectrometric measurements are available, that 
is, 1P/Halley and 67P, Eberhardt ( 1999 ) and Rubin et al. ( 2019b ), respectively. 
The label also contains the heliocentric distance of the corresponding 
observation. 
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into et al. ( 2022 ) reported lower CO/CO 2 ratios in Dynamically
ew Comets (DNCs) compared to the more processed OCCs. 
urthermore, this ratio may even increase with the dynamical age 
f the comet (A’Hearn et al. 2012 ). A possible explanation is the
rradiation of a DNC by GCRs (Galactic Cosmic Rays) leading to a
epletion of the CO in the top layer (Gronoff et al. 2020 ; Maggiolo
t al. 2020 ) which is then shed during the first apparition. 

Luspay-Kuti et al. ( 2022 ) reported that the original O 2 , regardless
f its origin in the ISM or in the PSN, may have been incorporated
nto the comet at abundances lower than what is found today. They
nvestigated DFMS data obtained during select time periods abo v e 
7P’s Southern hemisphere at heliocentric distances > 2.4 au. In their 
cenario, evolutionary processing involving secondary trapping in 
he underlying H 2 O matrix leads to the ele v ated ratio observed by
osetta. This is some what dif ferent from the scenario discussed here,
hich is based on data from almost the entire mission including 
erihelion and the northern latitudes. Depending on the formation 
emperature, it is likely that highly volatile species were more 
bundant in comet 67P after its formation. Also, our scenario to 
xplain the O 2 observations at 67P does not include the formation 
f a secondary reserv oir b ut the primordial trapping of O 2 in mostly
 2 O, with a small fraction in CO 2 , similar to the corresponding TPD

xperiments by Gudipati et al. ( 2023 ). 
Another key element is nitrogen: cometary volatiles seem to lack 

 substantial fraction of elemental nitrogen with respect to solar 
elative abundances of other volatile elements like C and O (Geiss
988 ). Several processes have been discussed in the literature, for
nstance the incorporation of N-bearing species, predominantly NH 3 , 
nto ammonium salts of lower volatility (Altwegg et al. 2020 ). As
reviously discussed in the literature (e.g. Geiss 1988 ), the loss
f N 2 may also be responsible for a part of the missing nitrogen.
ur finding that the measured molecular nitrogen abundance in 67P 
an be reproduced without including an N 2 -dominated phase further 
upports this scenario. On the other hand, the amount of N 2 lost is
imited (Table 5 ) and not sufficient to explain the nitrogen deficiency
lone. 

Table 5 also suggests that loss of the ice phase dominated by
he highly volatile species is expected to change their ratio as
he nucleus undergoes collisional and thermal heating processes. 
or instance, the N 2 /CO ratio may be evolutionary altered which

ncreases the uncertainty when deriving the formation temperature 
f the incorporated ices (Rubin et al. 2015 ). 
An interesting observation in this regard is the apparently distinct 

ehaviour of the hydrocarbon species investigated in this work. 
ethane, ethane, and propane have pure ice sublimation tempera- 

ures below carbon dioxide (Table 4 ). Ethane in Fig. B3 and propane
n Fig. B4 are well correlated to CO 2 , as opposed to H 2 O, which is
uite distinct from the 1:1 partitioning found for methane according 
o Fig. 4 . This, ho we v er, may be e xplained by the loss of the methane-
ominated phase, which may amount to approximately 60 per cent of
he total according to Table 5 . Therefore, when taking into account
he lost portion, the fraction of the total CH 4 which is associated
ith H 2 O would reduce to about 19 per cent (cf. Table 2 ), which

s closer to the partitioning of ethane and propane ( ∼5–6 per cent
ssociated with H 2 O). While we lack reference TPD measurements 
or ethane and propane in a mixture of CO 2 and H 2 O, their pure
ce phase sublimation temperature is much closer to the temperature 
he comet may have witnessed in its past or even close to CO 2 and
ence a substantial fraction of the ethane- and propane-dominated 
ce may still be present inside the nucleus. The preferential loss of

ethane o v er ethane is supported by Parhi & Prialnik ( 2023 ), who
pplied a comet evolution model to compute depletion times for 
ifferent volatiles in Kuiper belt objects (KBOs). Further relevant 
re the results by Schuhmann et al. ( 2019 ), showing that methane
nd ethane hav e v ery similar abundances in the coma of 67P,
hile other, heavier aliphatic hydrocarbons such as propane showed 

bundances decreasing with the mass of the molecule. A similar 
icture was also obtained near perihelion by H ̈anni et al. ( 2022 ). At
hat time, a substantial amount of cometary dust was present in the
oma. 

One caveat is that the sublimation temperature of ethane is also
lose to carbon dioxide (Table 4 ). This may result in a correlation
etween the two without causation. In fact, the top right panel in
ig. B3 does reveal some degree of pre-to-post-perihelion difference, 
imilar to H 2 S (Fig. B5 ) and C 3 H 8 (Fig. B4 ), both species with
ublimation temperatures even closer to CO 2 . 

In summary, the presence of highly volatile molecules in comets 
s, hence, a less stringent limit on the degree of internal heating
hat could have occurred. Not suitable to recover the thermal history
f the comet may be the ortho-to-para ratio (OPR) in water and
ther molecules: previously, the OPR has been employed to obtain 
he formation temperature of the ices incorporated into a comet. 
o we ver, recent work has questioned this connection by showing

hat the OPR measured in, for example, coma H 2 O and NH 2 is
ndependent of the original ice formation process (Shinnaka et al. 
016 ; Faggi et al. 2018 ; Cheng et al. 2022 ). 
Other constraints are required, for instance, the limited deuterium- 

ydrogen isotope exchange reactions, which become significant 
bo v e temperatures of 70 K on time-scales of 1 × 10 4 yr (Lam-
erts et al. 2015 ). For a comet like 67P, with very different D/H
atios in water when derived from D/H = 0.5 ·HDO/H 2 O versus
/H = 2 ·D 2 O/HDO (Altwegg et al. 2017a ), this indicates that its

nternal temperature remained well below 70 K for most of its
ifetime. 
MNRAS 526, 4209–4233 (2023) 
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Another constraint is obtained from the chemical model by Taquet
t al. ( 2016 ), who suggested a formation temperature on the order
f ∼20 K based on the O 2 /H 2 O ratio measured in 67P (Bieler et al.
015 ). 

.4 Comparison with TPD measurements 

fter neglecting the outgassing in the < 70 K temperature range
cf. Table 1 ), the obtained correlation factors can be compared to
he TPD measurements in Tables 2 and 3 . We thus estimate the
ortions of N 2 , O 2 , CO, and CH 4 , respectively, associated with
O 2 (70–115 K temperature range) and H 2 O ( > 115 K temperature

ange). For instance, based on the TPD measurements by Kouchi &
amamoto ( 1995 ) in Table 2 , the portion of the CH 4 outgassing
ssociated with CO 2 is 0.203/(0.203 + 0.185) = 52 per cent which
eaves 48 per cent to H 2 O. The corresponding result from our fitting
rocedure of the relative abundances in 67P is 46 per cent of the
H 4 associated with CO 2 and 54 per cent to H 2 O (see Fig. 4 ). For
O, and based on the TPD results by Kouchi & Yamamoto ( 1995 )

n Table 2 , the portion of the outgassing associated with CO 2 is
.172/(0.172 + 0.071) = 71 per cent and the remaining 29 per cent
re released together with the H 2 O. When using TPD measurements
rom Gudipati et al. ( 2023 ) in Table 3 , ho we ver, 24 per cent are
ssociated with CO 2 and 76 per cent to H 2 O. The corresponding
esults for 67P are 30 per cent of the CO associated with CO 2 and
0 per cent to H 2 O (see Fig. 5 ). 
A collection of these results is presented in Table 6 . The top two

ows summarize our results for 67P, using two different CO 2 /H 2 O
atios, once from the integrated total relative outgassing during the
hole Rosetta mission (L ̈auter et al. 2020 ) and once measured pre-
erihelion just before the peak outgassing period (Rubin et al. 2019b ).
he bottom two ro ws sho w the corresponding TPD measurements

Kouchi & Yamamoto 1995 ; Gudipati et al. 2023 ). It becomes
bvious that there is no single TPD measurement that matches the
atios measured for 67P. This, ho we ver, is no surprise gi ven that
he volatiles measured by ROSINA at 67P originate from various
ocations which hence co v er, among others, a wide variation of
ocal temperatures, ice composition, and depths from which the
ublimation occurs (Combi et al. 2020 ). 

.5 Impact of hemispherical transport of icy grains 

nce the Southern hemisphere became active, a fraction of the grains
hich contain volatiles were entrained in the gas flow, lifted and

ransported to the Northern hemisphere, and then deposited due
o gravity and lower gas drag. The Northern hemisphere is thus
ubject to redeposition of material and is hence less pristine. Such
emispherical transport of icy grains has been observed and is tied
o the prominent deposit regions in the northern regions of the comet
El-Maarry et al. 2015 ; Thomas et al. 2015 ; Keller et al. 2017 ). The
outhern hemisphere, on the other hand, is dominated by erosion
rocesses which continuously expose fresh material from the comet’s
nterior (Keller et al. 2015 ). 

Davidsson et al. ( 2021 ) showed that H 2 O ices are likely to survive
his journey, as opposed to the CO 2 -dominated phase, which may
e lost even from large decimeter-sized chunks of ice. ROSINA
easurements show that there are still substantial amounts of CO 2 

resent in the coma abo v e the north. Our results thus support that
t least parts of the CO 2 is trapped in H 2 O and hence survives the
ourney to the Northern hemisphere deposits where it is then released
ogether with the water, consistent with the model by Davidsson et al.
 2021 ). 
NRAS 526, 4209–4233 (2023) 
Another effect that may be contributing to non-zero CO 2 abun-
ances everywhere in the coma are interparticle collisions and surface
cattering processes which redistribute molecules around the nucleus,
otentially reaching Rosetta even if there is no direct line of sight
o the corresponding source region. This effect is expected to be

ore prominent near perihelion, when coma densities were high and
ollisions more frequent (cf. Combi et al. 2012 ). Ho we ver, the lo west
O 2 /H 2 O ratios were measured well before perihelion at distances
 2 au (cf. Fig. 3 ), showing that collisions were not the main cause

or the minimum abundance of CO 2 which was present throughout
he coma. 

.6 Seasonal CO 2 frost 

ur fits from Section 5.2 can be applied throughout most of the
osetta mission, co v ering a wide range in heliocentric distances,
xcept the early period from 2014 August to 2015 February. As a
esult of the comet’s substantial obliquity of the spin axis (Sierks
t al. 2015 ), 67P exhibits strong seasonal outgassing (H ̈assig et al.
015 ). During the inbound part of the orbit, the subsolar latitude
radually mo v ed from the north towards the south (Fig. 3 ). L ̈auter
t al. ( 2020 ) showed that early in the mission CO 2 sublimated
ostly from the south, whereas H 2 O followed the subsolar latitude

nd thus originated during that time from the Northern summer
emisphere. The CO 2 , ho we ver, appeared to be depleted of highly
olatile molecules, possibly due to the sublimation and re-freezing
f the CO 2 during the previous outbound arc, when the interior of
he nucleus was still warmer compared to the Southern hemisphere
urface which gradually went into shado w. Ho we ver, the embedded
ighly volatile species released at the same time would not be re-
rapped or frozen out efficiently and hence be lost. In fact, the
IRTIS instrument directly observed such patches of CO 2 frost
n 67P’s surface as they emerged from local winter (Filacchione
t al. 2016 ). The CO 2 frost observed by ROSINA, on the other
and, may not be limited to the surface but also originate from well
elo w. Aside from CO 2 , VIRTIS observ ations by De Sanctis et al.
 2015 ) also revealed H 2 O surface frost acting on a diurnal time-scale
cf. Section 4.1 ). 

For the rest of the Rosetta mission, CO 2 remained outgassing
redominantly from the south, in particular also after the outbound
quinox in 2015 March, despite the subsolar latitude moving back to
he northern latitudes (L ̈auter et al. 2019 ). 

When investigating the absolute production rates, CO 2 showed
n almost stable, possibly even slightly decreasing gas production
nbound from > 3.5 to ∼2.5 au (Combi et al. 2020 ; L ̈auter et al.
020 ). Again, this may be the result of the CO 2 frost, released from
reater depth and re-freezing closer to the colder surface during
he previous outbound journey. After aphelion and inbound during
he next orbit, the heat wave starts again from the surface inwards
nd releases the seasonal CO 2 frost, which is now located closer
o the surface and devoid of trapped highly volatile species. This,
n essence, enhances the comet’s early CO 2 activity. Only inside

2.5 au, the CO 2 production clearly increased with decreasing he-
iocentric distance. This then marks again the point when outgassing
f fresh and more pristine CO 2 , with all of the trapped volatiles,
tarts. 

If we assume that all the CO 2 emitted from the Southern hemi-
phere before 2015 February, the period for which we found low
mounts of highly volatile molecules co-released with CO 2 , is frost,
hen we can estimate the amount of CO 2 frost stored in 67P. For this
urpose, we integrate the Southern hemisphere CO 2 production from
 ̈auter et al. ( 2019 ) during this early inbound phase and compare
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Table 6. Relative portion of highly volatile molecules associated with either H 2 O (release in the > 115 K temperature range) or CO 2 (70–115 K) from TPD 

measurements and observed in 67P. For the latter, the results were derived once using the CO 2 /H 2 O ratio from the mission integrated outgassing (L ̈auter et al. 
2020 ) and once from the relative outgassing during the period just before perihelion (Rubin et al. 2019b ). 

CO 2 CO CH 4 N 2 O 2 

Associated species (temperature regime) 

H 2 O 

(per 
cent) 

H 2 O 

(per 
cent) 

CO 2 

(per 
cent) 

H 2 O 

(per 
cent) 

CO 2 

(per 
cent) 

H 2 O 

(per 
cent) 

CO 2 

(per 
cent) 

H 2 O 

(per 
cent) 

CO 2 

(per 
cent) 

67P for CO 2 /H 2 O = 0.075 (L ̈auter et al. 2020 ) 13 70 30 54 46 63 37 99.7 0.3 
67P for CO 2 /H 2 O = 0.047 (Rubin et al. 2019b ) 21 80 20 66 34 75 25 99.8 0.2 
TPD (Kouchi & Yamamoto 1995 ) 20 29 71 48 52 – – –
TPD (Gudipati et al. 2023 ) 56 76 24 – – 69 31 70 30 
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his to the total CO 2 production per orbit. The result yields that
 . 68 + 0 . 25 

−0 . 16 per cent of the total CO 2 production may be inherited from
he previous apparition in the form of frost. Given that the subsolar
atitude is moving farther south afterwards (Fig. 3 ), additional CO 2 -
rost may also be released after this point in time. Ho we ver, its
ontribution is then hidden in the sublimation of fresh CO 2 , which
till contains all the trapped species and dominates the outgassing. 
ut also before 2015 February, a fraction of the outgassing CO 2 from

he Southern hemisphere may be pristine. Therefore, the provided 
ncertainty reflects the outgassing of CO 2 frost ending either one 
onth earlier or later (compared to 2015 early-February shown in 
ig. 8 ), respectively. 
Despite these uncertainties, frost seems to be an important process 

nvolving various species and different time as well as length-scales, 
hat is, volatiles, upon sublimation, may leave the comet or re-freeze 
n other, colder locations inside the nucleus or on its surface. It
s thus also interesting to compare our results to the recent H 2 O
etection at main belt comet 238P/Read: Kelley et al. ( 2023 ) reported
 CO 2 /H 2 O < 0.7 per cent. The comet’s CO 2 -dominated ice phase
ay thus have been lost over time or its CO 2 activity is quenched. At

7P, we found about 1 per cent CO 2 to be present and associated with
 2 O. In order to reduce the minimum amount of CO 2 with respect

o H 2 O in 67P, the comet would have to undergo water frost cycles
hat release trapped volatiles similar to the situation discussed for 
O 2 . In the case of comet 238P/Read, there are temporal changes

n the observed H 2 O acti vity: K elley et al. ( 2023 ) reported that
evolatilization of the surface takes place on orbital time-scales and 
he comet’s activity is gradually reduced. Frequent H 2 O frost cycles 
ay hence have occurred in the past or may even be ongoing. 

.7 The odd case of CO 

O remains poorly understood during the early mission phase. As 
pposed to the other highly volatile molecules (cf. Section 5.6 ), 
he CO density, measured locally at Rosetta, was enhanced and not 
epleted when the density was reconstructed based on the fractions 
ssociated with H 2 O and CO 2 . Furthermore, when investigating 
he absolute production rate, CO was first ele v ated and showed
 decreasing activity inbound from > 3.5 to ∼2.5 au, even more
ronounced than CO 2 (Combi et al. 2020 ; L ̈auter et al. 2020 ). 
It is interesting to note that this peculiar behaviour has been 

bserved before, for example, inbound at just about the same 
eliocentric distance range at comet Hale-Bopp (Biver et al. 2002 ), 
nother returning comet (Bailey et al. 1996 ) with strong seasonal 
utgassing (K ̈uhrt 1999 ) associated with a highly oblique spin axis
Jorda et al. 1997 ). 
The enhanced CO outgassing occurs during the same early 
ime period of alleged CO 2 frost outgassing (cf. Section 5.6 ).
his may indicate a common process, that is, the release of CO

rost, which is hence not associated with H 2 O and CO 2 and thus
nderestimated in the reconstructed density. Ho we ver, this would 
aise some additional questions, in particular associated with the 
ubstantially lower sublimation temperature of CO compared to CO 2 

cf. Table 4 ). Also CH 4 , which has a comparably low sublimation
emperature and is co-released in similar proportions with H 2 O and
O 2 , does not show the same peculiar behaviour or at least to a lesser
egree. 
Another possibility is irradiation of CO 2 ice which results in the

ormation of CO, which in turn results in CO trapped in CO 2 and
hus follows a strong correlation between the two molecules (Mart ́ın-
om ́enech et al. 2015 ). But also this explanation has a number of

hortcomings. Seasonal carbon dioxide frost has been seen on the 
urface of the Southern hemisphere of 67P (Filacchione et al. 2016 ),
o we ver, there may be a lot more stored underneath the surface,
rotected from most photons and energetic particles. Additionally, 
he Southern hemisphere was in winter during the aphelion period, 
ence a large fraction of its surface witnessed constant night which
imits photolysis and largely protects it from radiolysis by solar wind
articles. Furthermore, the heliocentric distance was beyond 4 au for 
ost parts of that phase which leads to low photon and solar wind

article fluxes. 
In this discussion, ho we v er, we cannot delv e into the details

ssociated with the retention of these highly volatile molecules. 
learly, further work is required to understand frost cycles involving 
ifferent species and the associated diffusion through the porous 
edia of the comet’s nucleus including release, re-trapping, and re- 

reezing processes. 

.8 Future mission outlook 

SA’s new F-class mission Comet Interceptor is designed to be the
rst spacecraft to flyby a DNC, that is, a comet that will enter the

nner solar system for the first time (Snodgrass & Jones 2019 ). Such
 target is possibly more pristine compared to the comets visited by
pacecraft thus far. CO, for instance, could still be a major (host)
pecies. 

Heating and hence loss of highly volatile species through irra- 
iation by the protosun (Davidsson 2021 ) and by galactic cosmic
ays (Gronoff et al. 2020 ) is altering the outermost tens of metres of
bjects residing in either the Oort Cloud or the Kuiper Belt (Maggiolo
t al. 2020 ). Additionally, heating by catastrophic collisions (Jutzi &
ichel 2020 ; Davidsson 2023 ) and radiogenic elements (De Sanctis

t al. 2001 ) may have taken place already. Putting additional
MNRAS 526, 4209–4233 (2023) 
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onstraints on the degree of these alterations is a major goal of
omet Interceptor. One key measurement of the mission will hence
e to obtain relative abundances of highly volatile molecules, such as
O, O 2 , and CH 4 , for comparison to the ones observed in different

amilies of comets. 
Nevertheless, the situation remains complicated, for example, a

ecent surv e y has shown that DNCs tend to have lower CO/CO 2 

atios compared to OCCs (Harrington Pinto et al. 2022 ). 
Furthermore, our findings may also be rele v ant for a cryogenic

ample return from the surface of a comet. Since the most likely target
or such a mission is a JFC, it is estimated that the ice phases of highly
olatile species are lost from at least the surface and outgassing layer
f the nucleus. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this paper, we analysed data from the ROSINA mass spectrometer
FMS and pressure sensor COPS, obtained throughout most of the
osetta mission time, that is, during a period of more than 24 months.
he combined measurements provide the local gas density at the

ocation of the Rosetta spacecraft. From this data set, we investigated
orrelations among different volatile species with regard to the two
ain ice phases in comet 67P, H 2 O and CO 2 . A key finding is that

he local abundance of the highly volatile molecules, such as CO
nd CH 4 , can be reproduced by a linear combination of the H 2 O
nd CO 2 densities, independent of heliocentric distance, subsolar
atitude, and the location of the Rosetta spacecraft. We also showed
hat a fraction of the CO 2 is likely associated to the outgassing of H 2 O.
he fitted correlation parameters have been compared to rele v ant
PD laboratory experiments from the literature. In conclusion, the

ollowing key results were obtained: 

(i) The results for comet 67P show that highly volatile molecules
re simultaneously associated with the two major species, H 2 O and
O 2 , although the proportions vary depending on the species. 
(ii) No ice phase dominated by highly volatile species, which

ublimate at temperatures well below 70 K, is required to explain
he measured data. A large fraction of these ices have most likely
een lost from 67P or they were never part of the comet to begin
ith. Loss may already occur at e ven lo wer temperatures if ample

ime is available, that is, internal heating up to ∼70 K may not be
equired to explain the findings at 67P (cf. Parhi & Prialnik 2023 ).
he absence of low temperature ices may also relax the requirements

or a cryogenic surface sample return mission to a JFC. 
(iii) TPD experiments from the laboratory show similar behaviour

s observed at 67P: gases of highly volatile species are trapped in
ifferent proportions in or below both H 2 O and CO 2 (Kouchi &
amamoto 1995 ; Notesco & Bar-Nun 2005 ; Gudipati et al. 2023 ).
his suggests the inheritance of amorphous ices, which trapped

hese highly volatile species well before the formation of the solar
ystem. F or ob vious reasons, TPD e xperiments often employ a single
emperature to freeze out the different species together, for example,
0 K by Kouchi & Yamamoto ( 1995 ) and Gudipati et al. ( 2023 ). This
ay not reflect the formation conditions for the ices incorporated into

he comet. Also, in these experiments the samples are heated from
he bottom, unlike the situation at a comet, where the ices are heated
rom the top by solar insolation and erosion and thermal skin depths
an be comparable close to the sun. Furthermore, other types of ices
annot be e xcluded, pro vided similar behaviour can be observed.
dditional laboratory and modelling work is required. 
(iv) The presented results are also in line with thermal modelling

f comets and KBOs, which shows that significant amounts of ices
NRAS 526, 4209–4233 (2023) 
ominated by highly volatile species, such as CO, may have been
ost from these small icy bodies (De Sanctis et al. 2001 ; Parhi &
rialnik 2023 ). This loss may even be enhanced for a JFC, like 67P,
or which internal heating up to 70 K is expected to have taken place
uring the Centaur stage (Guilbert-Lepoutre et al. 2016 ). Indeed,
hen comparing families of comets, some what ele v ated CO/H 2 O

atios may be present in OCCs compared to JFCs (A’Hearn et al.
012 ). ESA’s Comet Interceptor mission, which is designed to visit
 DNC, will further shed light on the loss of low temperature ice
hases (Snodgrass & Jones 2019 ), keeping in mind that also DNCs
ay have their surface layer substantially processed before reaching

he inner solar system (De Sanctis et al. 2001 ; Maggiolo et al. 2020 ;
arrington Pinto et al. 2022 ; Davidsson 2023 ). 
(v) The exact amounts of CH 4 , CO, O 2 , N 2 , etc. that were lost due

o thermal and collisional heating (Jutzi & Michel 2020 ; Davidsson
t al. 2021 ; Davidsson 2023 ; Parhi & Prialnik 2023 ), furthermore,
epend on the original trapping temperature of the ices incorporated
nto the comet. Due to the evolutionary loss of the ice phases
ominated by highly volatile species, it is very challenging to recover
his temperature. A single temperature at which all species freeze out
ogether is unlikely. 

(vi) Data obtained early in the mission are distinctly different.
his was a time when the H 2 O outgassing was dominated by the
volutionary processed Northern hemisphere but CO 2 originated
rom the south. Our results indicate that H 2 O kept CO 2 and highly
olatile molecules such as CH 4 , C 2 H 6 , C 3 H 8 , O 2 , and H 2 S trapped,
ven if transported as icy grains from the Southern to the Northern
emisphere where the water sublimation then occurred. The CO 2 -
ominated phase, on the other hand, was lost from such grains. This
s in line with numerical simulations by Davidsson et al. ( 2021 ). 

(vii) CO 2 outgassing during the early mission phase was observed
redominantly from the Southern hemisphere which was in winter
uring that time. Our results indicate that the CO 2 measured during
hat time was processed. A possible explanation is seasonal frost,
hat is, CO 2 , which sublimated during the outbound journey of
he previous apparition but refroze before leaving the nucleus. In
his process, the trapped (highly) volatiles may have been lost.
easonal CO 2 frost has indeed been observed on the surface of 67P’s
outhern hemisphere (Filacchione et al. 2016 ). We derive an order
f magnitude of the seasonally inherited amount of CO 2 frost of
ne per cent relative to the total CO 2 outgassing. 
(viii) As opposed to the molecules discussed abo v e, the CO

bundance was ele v ated early in the mission. This remains poorly
nderstood because other highly volatile molecules, with com-
arable sublimation temperatures, exhibit the opposite behaviour.
or instance, CH 4 was depleted in CO 2 during the same time
eriod. Interestingly, similarly ele v ated CO acti vity, at compara-
le heliocentric distances during the inbound part of the orbit,
as already been observed at comet Hale-Bopp (Biver et al.
002 ). Seasonal CO frost, carried o v er from the last orbit similar
o CO 2 , would be able to explain these observations. The low
emperature required to freeze out CO, ho we ver, counters that
rgument. 

(ix) Additional laboratory experiments are required. It is key that
hese experiments include both H 2 O and CO 2 in variable proportions,
ogether with the species to be studied, for example, N 2 , CO,
H 4 , etc. The relative proportions of the latter should be similar

o the ones found in comets (e.g. 67P in Table 4 ), with highly
olatile species being present in trace amounts, maybe somewhat
nhanced to account for the loss of the low-temperature ices o v er the
ifetime of the comet (cf. Table 5 ). We do not know the detailed
ormation of the main ices incorporated in the nucleus. If the
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 2 O and CO 2 ices formed separately, for instance in a layered
antle, similar to the so-called Greenberg ( 1982 ) particles, then 

he trapping (or chemical formation) of trace species may be subject 
o v astly v arying CO 2 /H 2 O ratios. Laboratory measurements should
herefore also co v er CO 2 /H 2 O ratios that are higher than what is
ommonly observed in comets. Furthermore, measurements with 
arying trapping temperatures are required to investigate whether 
he formation temperature of the comet can be reco v ered from the
elative partitioning of highly volatile species in H 2 O and CO 2 ices,
iven that the ice-phases dominated by highly volatile species will 
e mostly lost afterwards. Last but not least, also frost cycles of
 2 O, CO 2 , and possibly CO ices containing impurities ought to be

nvestigated further. 
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The ionization process did not only produce parent ions but also break up the molecules. These so-called fragmentation patterns depend 
on the molecule and the energy of the ionizing electron and had to be taken into account when deriving relative abundances. This includes 
the subtraction of the signal from higher mass parent molecules, for example, the electron impact dissociation contribution from CO 2 + e −

→ CO 

+ + O + 2e − had to be subtracted from the measured CO 

+ signal. Once fragmentation has been taken care of, the species-dependent 
sensitivity factors were applied, taking into account that the detector was operated in analogue mode and had hence a different yield for incident 
ions. Furthermore, also the transmission through the instrument and the ionization cross-section differed among the molecules. Finally, the 
relative abundances of the coma gases were obtained and, by scaling to the total density measured with COPS, the absolute densities of these 
species were retrieved. More details on these measurements, how they have been processed, and the associated calibration factors can be found 
in Rubin et al. ( 2019b ). 

APPEN D IX  B:  F I G U R E  C O L L E C T I O N  O F  OTH ER  H I G H LY  VO LATILE  MOLECULES  

Figure B1. Same as Fig. 4 , but for O 2 instead of CH 4 . 
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Figure B2. Same as Fig. 4 , but for N 2 instead of CH 4 . 
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Figure B3. Same as Fig. 4 , but for C 2 H 6 instead of CH 4 . 
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Figure B4. Same as Fig. 4, but for C 3 H 8 instead of CH 4 . 
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Figure B5. Same as Fig. 4, but for H 2 S instead of CH 4 . 
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