
HAL Id: insu-04490223
https://insu.hal.science/insu-04490223v2

Submitted on 10 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Deciphering cometary outbursts: Linking gas
composition changes to trigger mechanisms

Daniel Müller, Kathrin Altwegg, Jean-Jacques Berthelier, Michael Combi,
Johan de Keyser, Stephen Fuselier, Philippe Garnier, Nora Hänni, Urs Mall,

Martin Rubin, et al.

To cite this version:
Daniel Müller, Kathrin Altwegg, Jean-Jacques Berthelier, Michael Combi, Johan de Keyser, et al..
Deciphering cometary outbursts: Linking gas composition changes to trigger mechanisms. Monthly
Notices of the Royal Astronomical Society, 2024, 529, pp.2763-2776. �10.1093/mnras/stae622�. �insu-
04490223v2�

https://insu.hal.science/insu-04490223v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


MNRAS 529, 2763–2776 (2024) https://doi.org/10.1093/mnras/stae622 
Advance Access publication 2024 February 29 

Deciphering cometary outbursts: linking gas composition changes to 

trigger mechanisms 

Daniel R. M ̈uller , 1 ‹ Kathrin Altwegg , 1 Jean-Jacques Berthelier , 2 Michael R. Combi , 3 Johan De 

Keyser , 4 Stephen A. Fuselier , 5 , 6 Philippe Garnier, 7 Nora H ̈anni , 1 Urs Mall , 8 Martin Rubin , 1 

Susanne F. Wampfler 9 and Peter Wurz 

1 , 9 

1 Space Research and Planetary Sciences, Physics Institute, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland 
2 Laboratoir e Atmosph ̀er es, Milieux, Observations Spatiales (LA TMOS), 4 A venue de Neptune, F-94100 Saint-Maur, F rance 
3 Department of Climate and Space Sciences and Engineering, University of Michigan, 2455 Hayward, Ann Arbor, MI 48109, USA 

4 Royal Belgian Institute for Space Aeronomy, BIRA-IASB, Ringlaan 3, B-1180 Brussels, Belgium 

5 Space Science Directorate, Southwest Research Institute, 6220 Culebra Rd., San Antonio, TX 78228, USA 

6 Department of Physics and Astronomy, The University of Texas at San Antonio, San Antonio, TX 78249, USA 

7 IRAP, Universit ́e de Toulouse, CNRS, CNES, UPS, 9 Avenue du Colonel Roche, F-31028 Toulouse, France 
8 Max-Planck Institute for Solar System Research, Justus-von-Liebig-Weg 3, D-37077 G ̈ottingen, Germany 
9 Center for Space and Habitability, University of Bern, Gesellsc haftsstr asse 6, CH-3012 Bern, Switzerland 

Accepted 2024 February 27. Received 2024 February 27; in original form 2024 January 10 

A B S T R A C T 

Dust and gas outbursts are recurrent cometary phenomena, playing a crucial role in shaping the coma. Proposed outburst trigger 
mechanisms include cliff collapse, pressure pockets, and amorphous-to-crystalline phase transition of water ice; ho we ver, the 
underlying processes remain inadequately understood. In this study, we analyse Rosetta /ROSINA data from multiple outbursts 
on comet 67P/Churyumov-Gerasimenko and present the evolution of the gas composition in the comet’s coma during outburst 
events. We distinguish two distinct categories of cometary outbursts on the comet: water-driven events characterized by rapid 

(minutes to hours) changes in coma composition, and CO 2 -driven events displaying a slow, prolonged (hours to days) increase 
in highly volatile species. We tentatively associate these different gas composition patterns with different trigger mechanisms. 
Exposure of fresh ice due to cliff collapse leads to a notable water enhancement, while most perihelion outbursts coincide with 

substantial density increases of CO 2 . We propose that these CO 2 -driven events originate from subsurface gas-filled cavities, 
whose walls are suggested to have been sealed by earlier refreezing of CO 2 migrating from warmer spots, hence increasing the 
cavity pressure required to burst. 

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

omet outbursts are universal and recurring phenomena. Hughes 
 1975 , 1991 ) demonstrated that outbursts are common events and
ccur episodically on all comets. These transient phenomena, marked 
y sudden mass ejections, play a crucial role in understanding the 
volutionary processes shaping the surface of comets, while offering 
aluable insights into the physical properties of their nuclei (Hughes 
991 ). Despite e xtensiv e research (e.g. Lin et al. 2009 ; Ishiguro
t al. 2014 , 2016 ; Shinnaka et al. 2018 ; Wierzchos & Womack
020 ; Bockel ́ee-Morvan et al. 2022 ) questions persist about their
nderlying nature and triggering mechanisms. 
Prialnik, A’Hearn & Meech ( 2008 ) proposed a mechanism to 

 xplain short-liv ed outbursts observ ed during the Deep Impact mis-
ion on 9P/Tempel 1. They suggested that solar radiation generates 
 heat wave, causing ice sublimation beneath the dust layer. This
 E-mail: daniel.mueller@unibe.ch 

e  

C
W  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
apour migrates towards the surface, but refreezes before it gets 
here because, due to the slow process, by the time the heatwave
eaches the ice, the area has mo v ed out of the sunlight, causing the
emperature to drop. The subsequent sunrise leads to the e v aporation
f the newly formed ice within the dust layer. Belton et al. ( 2008 )
roposed a similar mechanism for outbursts on the same comet, but
ndependent of direct solar illumination. In addition to the transport 
f H 2 O vapour described by Prialnik, A’Hearn & Meech ( 2008 ),
hey propose thermal stresses and subsurface effects to control the 
nitiation of outbursts. 

In contrast to the relatively small outbursts on 9P/Tempel 1, a
assive outburst occurred on 17P/Holmes in 2007. The substantial 

as production rate during this event is suggested to be the result
f either the e xplosiv e sublimation of a highly volatile region in
he comet’s surface layer or a transient outgassing event involving 
he entire nucleus (Lin et al. 2009 ). Moreo v er, Bockel ́ee-Morvan
t al. ( 2022 ) identified a correlation between coma brightness and
O gas production during outbursts on comet 29P/Schwassmann- 
achmann 1 (29P) in 2007 and 2010. Following these events, the
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O gas production rate remained ele v ated for se veral days. Their
ndings, coupled with the slow rotation of 29P, led to the suggestion

hat fractures or pits on the nucleus surface may act as efficient heat
raps, enhancing outgassing compared to a uniformly illuminated
urface. Similarly, for outburst events observed on 29P between 2018
nd 2021, the dri ving acti vity was suggested to come mostly from CO
utgassing (Lin 2023 ). Con versely, W ierzchos & Womack ( 2020 )
bserved dust outbursts on the same comet not correlated to CO
utgassing. They state that this may hint at CO being intimately
ixed with the dust component in the nucleus, or if CO is primarily

eleased through a porous material. 
Hughes ( 1975 ) summarized potential outburst triggering mech-

nisms, including pressure release from gas pockets, e xplosiv e
adicals, amorphous-to-crystalline ice transition, impact cratering
y boulders, break-up of nucleus, and nuclear crushing. They also
uggested that there is not just one single mechanism triggering
ometary outbursts. 

The Rosetta mission provided unique insights into comet
7P/Churyumov-Gerasimenko (hereafter 67P), rendering it the best-
tudied comet to date, and significantly advanced our understanding
f these objects (e.g. Altwegg et al. 2015 ; Sierks et al. 2015 ; Fulle
t al. 2016 ; Altwegg, Balsiger & Fuselier 2019 ; Thomas et al. 2019 ;
 ̈anni et al. 2022 ). 67P displayed numerous localized dust and gas

et features (e.g. Agarwal et al. 2017 ; Bockel ́ee-Morvan et al. 2017 ;
in et al. 2017 ; Schmitt et al. 2017 ), offering a unique opportunity to

nvestigate these outburst phenomena across extended time frames
nd in exceptional detail. 

Skorov et al. ( 2016 ) formulated a physical model to explain
utbursts observed within fractured terrains on comet 67P near
erihelion. They postulated that as the stresses on the nucleus
ncreased during the perihelion approach, pre-existing cracks or
ractures would deepen, reaching into underlying material rich in
ighly volatile ices in equilibrium with the surrounding environment.
he sudden propagation of these fractures would trigger a violent
ublimation of the highly volatile ices. Their proposed mechanism
s independent of the solar illumination history of specific regions or
he presence of large, sealed cavities within the nucleus. A parallel
xplanation was offered by Pajola et al. ( 2017 ), where images of an
utburst source region on comet 67P were compared, leading to the
onclusion that this specific event has been caused by a cliff collapse.
urther numerical simulations of dusty material demonstrated that
valanches could generate a transient, tightly focused outburst plume
losely resembling the observed morphology of outbursts emanating
rom the surface of 67P (Steckloff & Melosh 2016 ). Ho we ver, this
echanism predicts that such outbursts should not be directly associ-

ted with any increase in gas production (Steckloff & Melosh 2016 ).
A comprehensive study of outbursts on 67P was carried out by

incent et al. ( 2016a ). They analysed optical images recorded by
he Rosetta cameras for a 3-month period around 67P’s perihelion
assage in 2015 August and identified 34 different dust outbursts.
hese outbursts were characterized by sudden brightness increases

n the coma, lasting only a few minutes, which are distinct from the
ypically less bright dust jets continuously observed on the rotating
omet nucleus (Vincent et al. 2016b ). The source locations of the dust
utbursts were primarily in the Southern hemisphere, the summer
emisphere at that time, in line with previous observations that show
hat active sources generally migrate to subsolar regions (Ip et al.
016 ; L ̈auter et al. 2019 ). They are often found near steep scarps,
liffs, and pits (Rinaldi et al. 2018 ). Furthermore, Vincent et al.
 2016a ) observed that outburst events could be classified into two
roups, depending on whether they occur at local sunrise or at local
oon. Bockel ́ee-Morvan et al. ( 2017 ) investigated two outbursts on
NRAS 529, 2763–2776 (2024) 
7P using infrared data from Rosetta /VIRTIS and found evidence
f small grains and agglomerates. Ho we ver, the column densities
f H 2 O and CO 2 did not change during these events. The authors
oncluded that these outbursts were likely caused by a cliff collapse
imilar to the one studied by Pajola et al. ( 2017 ). 

In this paper, we investigate 45 outbursts on comet 67P observed
uring various phases of ESA’s Rosetta mission, with the goal to
nhance our understanding of cometary outburst mechanisms. The
hanges in the gas composition of the comet’s coma, as measured
ith the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis

 Rosetta /ROSINA; Balsiger et al. 2007 ), are associated with two
istinct outburst trigger mechanisms. This nuanced exploration is
ade possible by the exceptional, continuous monitoring of comet

7P by the Rosetta /ROSINA instruments. Section 2 provides details
f the ROSINA instruments and data processing procedures, while
ection 3 presents the measurements acquired by Rosetta . The
nsuing discussion in Section 4 brings together our findings and
oncludes this study. 

 M E T H O D S  

.1 ROSINA/DFMS instrumentation and data treatment 

he ROSINA Double Focusing Mass Spectrometer
ROSINA/DFMS) is a double focusing mass spectrometer in Nier–
ohnson configuration with a field of view of 20 ◦ × 20 ◦. Instrument
etails are given by Balsiger et al. ( 2007 ). ROSINA/DFMS
ontains a toroidally shaped electrostatic analyser, filtering ions
or their kinetic energy, and a curved permanent magnet, where
he momentum of the ions is filtered. This combination separates
ifferent mass-to-charge ratios ( m/z ) of the incoming ions. The ions
re produced by electron impact ionization using a hot filament.
he DFMS is a scanning mass spectrometer, where each mass range
round an integer m/z is measured sequentially. To do so, a suitable
et of voltages is applied to the ion optical system to select a given
/z ratio. In addition, the voltage across the multichannel plate

MCP) detector is adjusted to achieve an appropriately amplified
lectron current proportional to the incident ion flux. This adjustment
reates a gain variation for each measurement and increases the
ynamic range of the instrument. The mass resolution is 3000 at the
 per cent level of the peak for m/z 28 (Balsiger et al. 2007 ). 
After identifying the species in the mass spectrum, a mass scale is

pplied and the species’ signal is integrated (De Keyser et al. 2019 ).
urther, after applying species-dependent sensitivities and fragmen-

ation patterns, the partial densities are obtained after normalization
o the total density measured by the ROSINA COmet Pressure Sensor
ROSINA/COPS). More details on DFMS data analysis are given by
e Roy et al. ( 2015 ) and Calmonte et al. ( 2016 ). 
Including the voltage settling time (roughly 10 s per spectrum)

nd the integration time of the measurement (20 s), a full scan in the
ypical mass range from m/z 13 to m/z 100 takes about 45 min. In
ddition, each scan includes two additional m/z 18 measurements,
ne at the beginning and one at the end of the measurement cycle.
his doubling is used to monitor the water activity changes of the
omet o v er the duration of the scan. 

.2 ROSINA/RTOF instrumentation and data treatment 

he ROSIN A Reflectron-type T ime-Of-Flight (ROSIN A/RTOF) is
he second mass spectrometer of the ROSINA experiment (Scherer
t al. 2006 ). It is designed to measure cometary neutral gas and ions
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Table 1. Summary of all published outburst events on 67P not included 
in the summer fireworks (Vincent et al. 2016a ). F or ev ents detected with 
ROSINA/DFMS the maximum density enhancements for CO 2 and CO 

relative to H 2 O are given. Most of these events were H 2 O dominated and 
thus, density enhancements < 1 mean that H 2 O was the most dominant driver 
for the considered event and the enhancement of H 2 O would be the inverse of 
the gi ven v alue. Uncertainties on the enhancements are ±18 per cent, mostly 
due to instrument calibration uncertainties (Le Roy et al. 2015 ; Calmonte et 
al. 2016 ). 

Event Date Region 
ROSINA 

Detection 
Enhancement 
CO 2 CO 

2014 Apr 1 Not given d Too far – –
2015 Mar 12 2 Imhotep c Inst. off – –
2015 May 23 3 Not given d Yes 0.2 0.2 
2015 July 10 4 Aswan a Inst. off – –
2015 Aug 10 5 Khonsu d Inst. off – –
2015 Sept 03 6 Not given d No loc. – –
2015 Sept 13 5,7 Imhotep d Yes 0.9 0.5 
2015 Sept 14 5,7 Atum 

d Yes 0.9 0.4 
2015 Sept 23–30 6 Not given d No loc. – –
2015 Nov 07 8 Southern neck b Yes 8.4 1.2 
2016 Jan 06 9 Imhotep a Yes 0.6 0.3 
2016 Feb 19 10 Atum 

a Yes 0.5 0.2 
2016 July 03 9 Imhotep a Yes 0.5 0.7 

Notes. References: (1) Tubiana et al. ( 2015 ); (2) Knollenberg et al. ( 2016 ); 
(3) Feldman et al. ( 2016 ); (4) Pajola et al. ( 2017 ); (5) Rinaldi et al. ( 2018 ); 
(6) Lin et al. ( 2017 ); (7) Bockel ́ee-Morvan et al. ( 2017 ); (8) Noonan et al. 
( 2021 ) (Event B); (9) Agarwal et al. ( 2017 ); (10) Gr ̈un et al. ( 2016 ). 
Local time of event: (a) sunrise; (b) midday; (c) night; (d) unknown. 
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ith a wide and instantaneous mass range (from 1 m/z to > 300 m/z )
nd high temporal resolution. 

Charged particles are extracted from the ionization chamber 
owards the drift tube by an extraction grid, applying a pull pulse
t a frequency of 2, 5, or 10 kHz. The ions pass through the drift
ube, are reflected in the reflectron, pass again through the drift tube
nd finally reach the detector. The time of flight of each molecule is
roportional to the square root of the mass-per-charge of the species. 
The first step of the data analysis is to apply the corresponding mass 

cale to all spectra (Gasc et al. 2017 ). The second step is integrating
he peaks corresponding to the species of interest. The integration 
ields the numerical area below the curve, which represents the 
umber of ions per 200 or 400 s integration time depending on the
perating mode. Having obtained the number of ions per species, 
orrections due to sensitivity and fragmentation pattern of each 
olecule were applied as detailed in Gasc et al. ( 2017 ). Finally, after

ormalization to the measured total densities by ROSINA/COPS, 
he corresponding partial densities of the observed molecules are 
etrieved. More details of the data analysis applied to ROSINA/RTOF 

re given in Gasc et al. ( 2017 ). 

.3 ROSINA/COPS instrumentation and data treatment 

he Comet Pressure Sensor (COPS) completed the ROSINA instru- 
ent package (Balsiger et al. 2007 ). It was designed to measure the

as density in the coma and consisted of two different gauges. In
he nude gauge, molecules were first ionized via electron impact, 
nd then the current was measured with an electrometer after 
cceleration. This gauge measured the total neutral particle density 
n the coma. The ion current relative to the electron current is related
o the density of the neutral gas inside the NG after application of the
aboratory-derived calibration factors (Graf et al. 2004 ; Tzou 2017 ). 
he simplicity of the sensor makes it a reliable and stable monitor

or the gas density of the comet in the vicinity of the spacecraft. The
econd gauge, the ram gauge, thermalized the neutral gas molecules 
rst before ionization. Hence, it measured the ram pressure, which 

s equi v alent to the cometary gas flux. 

.4 Data selection and analysis 

he outbursts identified by Vincent et al. ( 2016a ) were described
s transient jets that were present in a given image, but not in the
receding and following images. Images were taken with a 5 to 
0 min cadence, setting a limited timing precision. The lifetime of
he dust outburst is minutes up to a few tens of minutes. Knowing
he source locations of the dust outbursts, the gas composition in the
oma around such events has been studied temporally and spatially. 
e analysed ROSINA/DFMS data, acquired during the 2015 July–

eptember time period described by Vincent et al. ( 2016a ) and
he periods around the outbursts listed in Table 1 . In addition, we
n vestigated R OSINA/RTOF data for the 2016 February 19 event, 
eported by Gr ̈un et al. ( 2016 ). 

To examine the outburst events using ROSINA data, it was 
ecessary to determine the specific instances when the Rosetta 
pacecraft was positioned abo v e a source location corresponding 
o any of the outbursts. To do so, an angular window of ± 25 ◦

n subspacecraft longitude and latitude with respect to the source 
ocation was selected. This angular window takes into account 
he lateral expansion of the gas (e.g. Combi et al. 2012 ) and the
nitial, non-radial outflow direction, the duration of a measurement 
ycle of DFMS, as well as the instrument’s spatial resolution for
etermining the surface distribution of the emission (Marschall et al. 
020b ). Ho we ver, it does not take into account the highly non-
pherical morphology of the nucleus. Mitigating this limitation, and 
ccounting for varying spacecraft-nucleus distances, the data set 
as subjected to normalization. This process, underpinned by the 

ndi vidual spacecraft-e vent source distance for each measurement 
nstance, ef fecti vely rectified the diverse viewing geometries. Given 
he spatial proximity of several outbursts, a careful evaluation of 
ach data set and its associated measurement configuration was 
ndispensable to be able to link the ROSINA data to distinct events
n the images. 

It is important to consider the temporal offset between remote 
ensing (e.g. Rosetta cameras) and in situ observations (e.g. ROSINA 

nstrument) of the same event. In situ measurements require gas 
o flow into the instrument, while cameras are most sensitive to
lluminated dust outbursts from a phase angle of 90 ◦. Additionally,
he outflowing gas from the outbursts is much faster ( ≈ 0.5–
.9 km s −1 ; Biver et al. 2019 ) than the dust grains ( ≈ 22–65 m s −1 ;
inaldi et al. 2018 ). We took these v arious ef fects into consideration

n the analysis of the ROSINA data. Additionally, it is clear that
he gas flow smears out inhomogeneities in surface production from 

mall-scale source regions (a few metres to a few tens of metres) when
he gas is measured at a distance. During 2015 July to September,
he spacecraft was far away from the comet’s surface ( > 180 km).
ence, it is not possible to exactly localize the source of the gas
ensity enhancements recursively observed over several nucleus 
otations with the ROSINA instruments. Nevertheless, the measured 
as density enhancements are an indicator for the general outgassing 
ehaviour of the source regions and their surrounding areas. 
For this analysis, the densities of different volatiles are compared 

o H 2 O. Fig. A3 sho ws ho w to retrieve the data used. To calculate the
nhancement each time Rosetta was abo v e the source location, the
eak density of both CO 2 and H 2 O has been selected and corrected
MNRAS 529, 2763–2776 (2024) 
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M

Figure 1. Ion count ratio from ROSINA/DFMS for CO 2 relative to H 2 O from 2015 July 24 until August 8. The coloured data points show measurements 
taken when the Rosetta spacecraft was flying o v er the identified source location of the respective event observed by the Rosetta cameras at the time marked by 
the corresponding v ertical line. F or a better representation, only a part of the summer fireworks’ period (Vincent et al. 2016a ) and only four distinct events are 
shown. The first three events were morning outburst whereas the last event (orange) was a midday outburst. 
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onsidering the quiescent coma. It is possible that the peak values
re slightly shifted in time due to the mass scanning nature of the
nstrument. These time shifts, on the order of a few minutes, do
ot affect the enhancement calculations as the time-scales associated
o Rosetta passing abo v e the active region is substantially longer.
inally, the relative density enhancement for the volatile species x is

hen calculated by: 

 x = 

( n x / n H 2 O ) peak 

( n x / n H 2 O ) qs 

= 

( c x / c H 2 O ) peak 

( c x / c H 2 O ) qs 

(1) 

ith n the density and c the DFMS detector signal where fragment
ontrib utions ha v e been remo v ed (Rubin et al. 2019 ). 

The density enhancement, e x , shows how much the ratio at the
eak, within the aforementioned subspacecraft longitude and latitude
indow (denoted as peak ), is increased at that time compared to the
uiescent coma ratio (denoted by qs ). Consequently, it shows the
ncreased release of a volatile species during an outburst event as
ompared to the nominal comet outgassing. The quiescent coma
s retrieved from measurements at the same activity levels of the
omet and similar Rosetta positions as the source location of the dust
utburst (see Extended Data Fig. A3 ). A caveat to using this definition
f the relative enhancement calculation exploiting two ratios is that
n enhancement increase might also occur if there was a decrease
n just the H 2 O density. Ho we ver, as background corrections are
pplied to equation ( 1 ), a decrease of H 2 O would imply a ne gativ e
atio, which has not been observed for any of the events analysed.
ll of the e vents sho wed behaviours similar to what is depicted in
igs 2 and A3 . 
NRAS 529, 2763–2776 (2024) 
 RESULTS  

.1 Summer fireworks 

he 34 so-called summer fireworks outbursts during the summer of
015 (from 2015 July 10 to September 26), studied by Vincent et al.
 2016a ), represent the largest sample of examined outbursts to date.

hile the dust features associated with these outbursts have been
horoughly analysed (Vincent et al. 2016a ), little is known about their
 as component. Thus, we investig ated g as abundance ratios for the
ost abundant highly volatile species detected in comet 67P’s coma

Rubin et al. 2019 ) relative to H 2 O using data from Rosetta /ROSINA.
Fig. 1 depicts the CO 2 signal compared to H 2 O measured with

OSINA/DFMS from 2015 July 24 to August 8 to sho w ho w the
hanges in this ratio are attributable to fly-o v ers of the Rosetta
pacecraft o v er the corresponding outburst ev ent source re gions.
or a better representation, only this part of the complete summer
reworks period is shown together with a selection of three distinct
v ents. F or the full time period, we refer to Extended Data Figs A1
nd A2 . CO 2 is the second most abundant gas after H 2 O (Hoang
t al. 2019 ; L ̈auter et al. 2019 ; Rubin et al. 2019 ). In the following,
as ratios relative to H 2 O will be discussed and thus only the gas in
he numerator will be mentioned to simplify the nomenclature. 

The typical signature of the outbursts during the summer fireworks
eriod, when the spacecraft was positioned abo v e one of the source
egions (Vincent et al. 2016a ), was an increase in the relative
bundance of highly volatile species (i.e. species with sublimation
emperatures below that of water), especially CO 2 , which later re-
urned to pre-outburst levels. In contrast, H 2 O showed only marginal
ncreases (Fig. 2 ). As a result, the activity of highly volatile species
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Figure 2. Gas densities of H 2 O and CO 2 normalized to their quiescent coma 
levels during the CO 2 enhanced outburst from 2015 July 26 measured with 
ROSINA/DFMS. The quiescent values have been retrieved a few hours before 
the dust event. Uncertainties are only shown on every 10th data point for H 2 O 

and on every 5th data point for the other volatiles to impro v e visibility. The 
vertical line represents the time when the event has been detected by the 
Rosetta cameras and the green areas represent the time when the spacecraft 
was abo v e the considered outburst source re gion. The gre y horizontal line 
shows the quiescent level of the normalized data. The continuous increase of 
both H 2 O and CO 2 is due to the spacecraft’s mo v ement across the generally 
more active Southern hemisphere of 67P during that time. 

g
o

fl
S  

e
t  

t  

t
A
a  

f
a  

e  

m
(

d  

(  

d  

c  

o  

a
p
e  

l  

f
u
a  

l  

m
a
b  

e

f  

e  

f  

o  

e  

e
c
m
h  

R  

w  

a  

C
t  

b  

l
i  

N  

2
a  

R  

a  

d  

F
o
w
C

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2763/7616941 by gue
radually increased and typically ceased a few days after the visible 
utburst. 
The enhancement in relative abundance in 67P’s coma for each 

yo v er was calculated following the methodology described in 
ection 2.4 and detailed results are given in Table A1 . While the
nhancement patterns exhibit similarities across all events, charac- 
erized by an increase around the time of the event being detected by
he cameras and followed by a decrease a few days later, they differ in
erms of the starting time, duration, and magnitude of enhancement. 
nalysis of the weighted mean enhancement in relative abundance 

s a function of time with respect to the optical detection of the dust
eature of the events reveals that the average enhancement of volatiles 
lready starts up to three days ( ∼6 rotations) prior to the observed
xpulsion of dust indicating that the dust component of the outbursts
ay be preceded by an increase in outgassing of highly volatiles 

Fig. 3 ). Subsequently, the mean density enhancement gradually 
igure 3. Weighted mean density enhancement for CO 2 during the summer firewo
f the ratio CO 2 /H 2 O during each fly-o v er divided by the same ratio in the quiescen
ith the Rosetta cameras (timing precision is 5 to 10 min). The horizontal line sho
O 2 enhancement are considered. 
ecays, with a notably slow decrease o v er a period of up to 8 d
 ∼16 rotations) compared to the short-lived nature of the ejected
ust during the event observed by the cameras. Hence, only the
ombined analysis of dust and gas can give a comprehensive view
f the nature of the outbursts and their trigger mechanisms. The
verage enhancement is weighted with the weight for each individual 
oint being inversely proportional to its statistical uncertainty, so that 
vents where Rosetta was closer to the source region and the data are
ess smeared out are given a higher weight than events measured
rom a larger distance with less signal and more measurement 
ncertainties. The considered data set has been thoroughly analysed 
nd most of the individual outbursts were well separable. None the
ess, it is possible that different events may overlap, increasing the
ean density enhancement, especially at times long before and long 

fter the observed dust outbursts. In addition, events not observed 
y the Rosetta cameras might also contribute to the mean density
nhancement o v er time. 

Fig. 4 illustrates the average density enhancement relative to water 
or the most abundant species detected in comet 67P’s coma (Rubin
t al. 2019 ) during the summer 2015 events. The mean enhancement
or the sunrise and midday events, as well as the mean enhancement
 v er all summer 2015 events, are presented separately. When consid-
ring all events combined, CO 2 , ethane (C 2 H 6 ), and propane (C 3 H 8 )
xhibit higher enhancements (approximately ×13) compared to 
arbon monoxide (CO), hydrogen sulphide (H 2 S), ammonia (NH 3 ), 
ethane (CH 4 ), formaldehyde (H 2 CO), methanol (CH 3 OH), and 

ydrogen cyanide (HCN) ( ×3 to ×6). These findings align with
ubin et al. ( 2023 ), where C 2 H 6 and C 3 H 8 are primarily associated
ith CO 2 , while CO, H 2 S, NH 3 , CH 4 , H 2 CO, CH 3 OH, and HCN

re distributed in roughly equal proportions between water and CO 2 .
onsequently, the enhancement of the latter molecules is reduced 

o the fraction associated to CO 2 . This results in their enhancement
eing smaller than that of CO 2 and its associated molecules, but
arger than that of water and its associated molecules. Additionally, 
t appears plausible that part of the signal from molecules, such as to
H 3 , originates from semivolatile salts on dust grains (Altwegg et al.
020 , 2022 ), ejected during the outburst. The correlation between O 2 

nd H 2 O is consistent with previous observations (Bieler et al. 2015 ;
ubin et al. 2023 ). Consequently, these results suggest that CO 2 ,
s the most abundant highly volatile species, plays a pivotal role in
riving outburst events and carries a suite of associated species along.
MNRAS 529, 2763–2776 (2024) 

rks outburst events as a function of time. The enhancement is the maximum 

t coma. Time zero represents the time when the dust event has been observed 
ws the unchanged ratio (enhancement factor of 1). Only events exhibiting a 

st on 10 April 2024
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M

Figure 4. Weighted mean values of maximum density enhancement separated for sunrise and midday events and all events combined for the summer fireworks 
2015 period reported by Vincent et al. ( 2016a ). The uncertainties show the standard deviation of the mean including uncertainties of the individual measurements 
as explained in Section 2 as well as the variation of H 2 O for each considered event. The black horizontal line shows the unchanged ratio (enhancement factor 
of 1). The volatiles are sorted by their relative bulk abundance compared to H 2 O (Rubin et al. 2019 ). 
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Figure 5. Gas densities of H 2 O, CO 2 , CO, and O 2 normalized to their 
quiescent coma levels during the water enhanced outburst 2015 August 12 
measured with ROSINA/DFMS. The quiescent values have been retrieved 
a few hours before the dust event. Uncertainties are only shown on every 
10th data point for H 2 O and on every 5th data point for the other volatiles to 
impro v e visibility. The vertical line represents the time when the event has 
been detected by the Rosetta cameras. The grey horizontal line shows the 
quiescent level of the normalized data. 
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In agreement with Vincent et al. ( 2016a ), our analysis supports the
ategorization of summer firework events into two groups: sunrise
nd midday events, determined by the local time of the outburst
ource regions. On average, with the exception of NH 3 , sunrise events
xhibit slightly higher density enhancements compared to midday
 vents (Fig. 4 ). Ho we ver, the error bars overlap and uncertainties
ersist due to the limited temporal co v erage of the outburst events.
hus, clear differentiation between these groups is not possible as
lso no correlation exists between the outburst type and its local time
Vincent et al. 2016a ). None the less, Vincent et al. ( 2016a ) suggested
hat the two groups might be associated with different mechanisms.
oon outbursts may be linked to buried pockets of volatiles, which

equire time to get heated enough to trigger an outburst. Shortly
fter noon is when the local (sub)-surface reaches its maximum
emperature. On the other hand, early morning outbursts occur almost
mmediately as the Sun rises. Despite the temperature possibly not
eing very high, the very low thermal inertia ensures that these
ocal times exhibit the steepest temperature gradient. The surface
eats up rapidly, with the gradient being large enough to trigger
hermal cracking, potentially leading to surface breakage. This rapid
eating might explain the slightly higher volatile enhancements for
he sunrise events, as the immediate surface breakage might release
as more intensiv ely. F or slowly heated pockets, the confined gas
ight already start to seep out more gradually before the abrupt

jection of dust occurs. Ho we ver, this is only a suggestion and the
ata are not sufficiently different to make a definitive statement. An
xplanation on why NH 3 exhibits a converse enhancement for the
wo groups might be that NH 3 comes from ammonium salts that
ight take some time and need high temperature to sublimate or

uild up which is possible for the midday events. 
NRAS 529, 2763–2776 (2024) 

m  
As anticipated, not all summer firework events exhibited an
nhancement of highly volatile species. Some events displayed no
olatile enhancement or even an increase in the water signal. For
nstance, the event on 2015 August 12 (#14 in Vincent et al. 2016a ),
esulted in a twofold increase of H 2 O compared to CO 2 and an
ncrease of a factor 5 of water compared to CO (Fig. 5 ). This event has
 source region with a morphology expected from the modelling of
liff collapses. Hence, considering the water enhancement, this event
ight have been triggered by a cliff collapse. Another event hinting
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(a)

(c) (d)

(b)

(f)(e)

Figure 6. Gas densities of H 2 O and CO 2 normalized to their quiescent coma levels during the outbursts of (a) 2015 May 23, (b) 2015 September 13 and 14, 
(c) 2015 No v ember 7, (d) 2016 January 6, and (f) 2016 July 3 measured with ROSINA/DFMS. Panel (e) represents the absolute gas densities of H 2 O and CO 2 

for the outburst observed on 2016 February 19 measured with both the ROSINA/DFMS and the ROSINA/RTOF. The absolute densities are displayed in panel 
(e) to underline that both instruments acquired the same absolute results and no normalization or instrument effect occurred. Error bars show uncertainties of 
the DFMS measurements. In panel (b), uncertainties are only displayed on every 15th data point for H 2 O and on every 5th data point for the other volatiles to 
impro v e readability. RTOF uncertainties are not shown because they are of the order of the symbols. The vertical lines represent the times when the dust events 
have initially been detected by the Rosetta cameras (the dust events could have started up to 5 to 30 min before). The grey horizontal lines show the quiescent 
level of the normalized data. 
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t a cliff collapse was on 2015 September 14 (#33 in Vincent et al.
016a ), showing a 15 per cent increase in water density compared
o CO 2 and a twofold increase compared to CO (Fig. 6 b). This
vent has already been investigated with the Rosetta Visible InfraRed 
hermal Imaging Spectrometer (VIRTIS) (Bockel ́ee-Morvan et al. 
017 ) where the authors stated that no large increase of H 2 O and CO 2 

as been measured but very small grains or agglomerates should be 
resent. They suggested an excess signal of organic species and 
ydrocarbons where our results show an increase of CH 3 OH by 
bout 50 per cent, aligning with their results. Unfortunately, ROSINA 

easurements are unavailable for the event on 2015 July 10 (#1 in
incent et al. 2016a ), described as an additional cliff collapse event
y Pajola et al. ( 2017 ). Thus, while most summer fireworks events
howed enhancements in highly volatile species, particularly CO 2 , 
lif f collapse e vents also occurred during this period, marked by
light increases in the water signal. 

The spacecraft trajectory determined when the ROSINA instru- 
ents were able to measure abo v e an outburst source region. Hence,

llumination or local time during the observation are purely defined 
y the spacecraft trajectory and no conclusion can be drawn from
hether or not the measurements were taken abo v e an illuminated
urface. Ho we ver , R OSINA measures the gas cloud ejected during
he event after its travel and dispersion, so that the conditions at
he time of the observations only depend on the conditions at the
ime of the dust event and on the dynamics of the gas cloud, not
n the instantaneous conditions at the time of the observation. The
pacecraft was mostly on a terminator orbit with a phase angle of
0 ◦. Consequently, although the spacecraft’s position and viewing 
eometry do not permit a measurement of the immediate outburst 
as and a smear-out of inhomogeneities due to the large distance of
he spacecraft to the comet’s surface is expected, ROSINA is still
ble to investigate the composition of the outgassing of the source
egions and their surrounding areas both before, during, and after the
ust event. 

.2 Other outbursts 

esides the outbursts described in Vincent et al. ( 2016a ), a few
ther outburst events have been detected on 67P during the Rosetta
ission. Table 1 provides a list of these events, including their
MNRAS 529, 2763–2776 (2024) 
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stimated source location on the nucleus, and whether or not they
ere detected by the ROSINA instruments. The first reported event

Tubiana et al. 2015 ) occurred when the Rosetta spacecraft was too
ar from the comet for ROSINA to detect volatile signals abo v e the
pacecraft background (Schl ̈appi et al. 2010 ), and during the second
vent (Knollenberg et al. 2016 ), the ROSINA instruments were not
perating. 
Feldman et al. ( 2016 ) examined outbursts occurring between 2015
ay and July using the Alice far-UV spectrograph. These events
ere unrelated to the summer fireworks and were not detected in

he visible wavelength range captured by the other Rosetta cameras.
nfortunately, Rosetta was mostly abo v e the less active Northern
emisphere and the outburst source locations for these events remain
nkno wn. Ne vertheless, the e vent on 2015 May 23 showed peaks
n the relative abundance of different volatiles detected by DFMS
Fig. 6 a), with a rapid increase in H 2 O observed just 8 min after
etection by Alice (Feldman et al. 2016 ). The enhancement of
 2 O relative to CO 2 and CO was ×10 and ×4.5, respectively.
he O 2 levels also increased together with H 2 O. Considerable
mounts of H 2 O and notably high densities of O 2 compared to
he quiescent level were also reported by Feldman et al. ( 2016 ),
ndicating that the event on 2015 May 23 was driven by H 2 O
ublimation. 

The events on 2015 July 10 and 2015 August 10, as described
n Pajola et al. ( 2017 ) and Rinaldi et al. ( 2018 ), respectively, were
ot observed because DFMS was not operated during that period.
utbursts on 2015 September 13 and 14 were observed by VIRTIS

Bockel ́ee-Morvan et al. 2017 ; Rinaldi et al. 2018 ). The researchers
oncluded that the outburst measurements could be attributed to
he presence of very small ice particles. While the CO signal

easured with DFMS remained relatively constant, the signatures
f H 2 O, CO 2 , and O 2 increased slightly. There was no significant
nhancement of H 2 O relative to CO 2 , with only a twofold increase
n H 2 O relative to CO (Fig. 6 b). O 2 closely followed the H 2 O signal,
s explained by the association of these two molecules (Rubin et al. 
023 ). 
Lin et al. ( 2017 ) studied additional outbursts during the summer

reworks phase, alongside those in Vincent et al. ( 2016a ). Unfor-
unately, the source locations of these outbursts remain unknown
nd the mass spectrometers of ROSINA were inactive from 2015
eptember 23 to 30 due to large cometary distances, missing a
ubstantial portion of these events. 

Noonan et al. ( 2021 ) investigated two outbursts (A and B)
ccurring on 2015 No v ember 7 (A: 16:07 UTC, B: 17:32 UTC),
nd determined their source locations. The gas composition during
he events was captured by DFMS measurements (Fig. 6 c). Outburst
 did not show significant signal changes. However, outburst B

xhibited a notable increase in CO 2 with only a marginal increase
n H 2 O. No DFMS data were available after 19:30 UTC. The gas
nhancement ratio of approximately ×8 for CO 2 to H 2 O aligns with
he findings of the summer 2015 outbursts and supports the highly
olatile-dominated nature of outburst B as proposed by Noonan et al.
 2021 ). 

A well-documented outburst took place on 2016 February 19,
nd was e xtensiv ely observ ed by multiple Rosetta instruments
Gr ̈un et al. 2016 ). The source of the outburst was identified in
he Atum region, near a steep cliff, where thermal stress, fracture

echanics, and gravity possibly triggered a landslide, exposing
resh ice to direct sunlight and triggering the release of gas and
ust. Both ROSINA/RTOF and ROSINA/DFMS instruments were
perated during that time and observed a notable increase in H 2 O
ccompanied by a more or less stable CO 2 signal (Fig. 6 e), indicating
NRAS 529, 2763–2776 (2024) 
 water -driven outb urst with a density enhancement of ×2 for water
ompared to CO 2 . The H 2 O signal rapidly increased and remained
igh during the analysed time period, which aligns with observations
y the MIRO instrument of the gas surrounding Rosetta (Gr ̈un et al.
016 ). 
On 2016 July 3, a distinct outburst took place in the Imhotep

egion’s circular Basin F, which was observed by multiple Rosetta
nstruments (Agarwal et al. 2017 ). The outburst occurred during
ocal sunrise and resulted in the formation of a 10-metre-sized dust-
ree icy patch on the surface. Data from ROSINA/DFMS revealed
 significant increase in H 2 O following the event, with short spikes
eaching up to 3.5 times the quiescent level (Fig. 6 f). Including a
ime shift due to different velocities of the gas and the dust, this is
onsistent with the GIADA data (Agarwal et al. 2017 ). The density
nhancements of water relative to CO 2 and CO were ×2.2 and ×1.5,
espectively. 

Additionally, a smaller but similar dust plume was observed by
garwal et al. ( 2017 ) on 2016 January 6, near the source region of the
016 July event, shortly after the local sunrise, suggesting the south-
estern walls of the circular depressions in the Imhotep Basin F as
referred location for morning outbursts. The DFMS data showed
hat the H 2 O density increased more than the CO 2 by a factor of 1.6
ith a shift in time of about one hour, suggesting a water-driven event

Fig. 6 d). The analysis of both outbursts was limited to a short-term
nalysis due to limited co v erage. 

The analysis of published outburst events reveals a clear distinction
etween water-dominated and CO 2 -dominated events. Most of the
v ents, e xcluding the summer 2015 period, were primarily driven
y water (Table 1 ). Notably, the event B (Noonan et al. 2021 ) on
015 No v ember 7 stands out as a CO 2 -dominated outburst occurring
utside the summer 2015 period. The distinct driving mechanisms
ay be associated with different conditions at the source regions.
ater-dominated events mostly occurred outside the most active

urface areas in terms of surface emission rates (L ̈auter et al. 2019 )
r belo w clif fs, while the CO 2 -dominated e v ent on 2015 No v ember
 occurred in a source region with multiple documented events
Vincent et al. 2016a ). These findings highlight the diversity and
omplexity of outburst dynamics. 

 DI SCUSSI ON  

he ROSINA study of 45 outbursts on 67P shows two distinct
roups of e vents: water-dri ven and CO 2 -driven outbursts. These
roups also exhibit a different temporal evolution. The water-driven
 vents sho wed rapid changes in the coma composition, enhancing the
ensity of H 2 O more than that of other coma constituents for only
 few hours. In contrast, the CO 2 -driven group of events (summer
re works and e v ent B of 2015 No v ember 7) displayed a slow increase
ven before the event was observed by the Rosetta cameras in the
orm of a bright dust jet lasting only a few minutes, and an even
lower subsequent decrease of CO 2 compared to H 2 O in the coma
bo v e the source region, lasting for several days. Thus, the coma
omposition at the distance of Rosetta changes much more slowly
han the observed dust ejection for the same events. 

We find that several highly volatile species such as CO 2 , CO,
nd alkanes have been largely enhanced during the CO 2 -driven
as outbursts. CO 2 being the most abundant molecule after H 2 O
Rubin et al. 2019 ), its enhancement during these events is most
ignificant. The clear distinction in coma composition during the
utbursts as well as their different temporal behaviour leads to the
onclusion that these groups of events are triggered by two different
echanisms. 
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(a) (c) (d)

(e)(b)

Figure 7. Schematics of outburst trigger mechanisms: (1) Cliff collapse: (a) Solar illumination heats up a cliff that collapses due to thermal formation of small 
cracks. The collapse releases dust from the surface seen as an outburst in the visible range of the cameras. (b) After the collapse, freshly exposed water ice 
sublimates and the released gas can be measured by the Rosetta instruments. (2) Gas pockets: (c) A large temperature gradient due to the local sunrise induces 
cracks where subsurface pressure pockets containing volatiles can release their pressurized gas leading to an outburst. (d) The high temperature at local noon 
heats up the surface and subsurface. This increases the pressure in the gas pockets until the pressure is high enough to o v ercome the tensile strength of the 
surface inducing an outburst. (e) When the surface cracks are large enough or the pressure has been increased enough as shown in (c) and (d), the pressurized 
gas pockets violently release dust and gas. Panels (c)–(e) only show the triggering mechanism of the event and do not display the continuous outgassing before 
and after the CO 2 -driven outbursts. 
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Earlier studies proposed three main outburst trigger mechanisms: 

(i) High-pressure pockets of highly volatile species below the 
urface layers (e.g. Belton et al. 2013 ; Agarwal et al. 2017 ; Bockel ́ee-

orvan et al. 2022 ). 
(ii) Collapse of cliffs (e.g. Vincent et al. 2016a ; Pajola et al. 2017 ).
(iii) Amorphous-to-crystalline phase transition of water (e.g. 

garwal et al. 2017 ). 

Agarwal et al. ( 2017 ) proposed that the transition of water from
morphous to crystalline ice might induce a sublimation rate similar 
o the measured dust production rate. This would only be true for pure
ater ice. Ho we ver, pure water ice is neither observed in interstellar

louds, nor on the ice mantles on interstellar dust grains, which are
elieved to be the source of the ices in cometary nuclei. Interstellar
ater ices contain substantial amounts of impurities including CO 2 , 
O, and CH 4 (e.g. Crovisier 1999 ; Boogert, Gerakines & Whittet 
015 ). In a non-pure water ice mixture with more than 2 per cent
mpurities, as expected for a comet, the transition from amorphous 
o crystalline ice has been demonstrated to be endothermic (Kouchi 
 Sirono 2001 ). These authors also state that an endothermic 

rystallization suppresses outbursts. 
Contrarily, Prialnik & Jewitt ( 2022 ) propose that a burst of

rystallization could be initiated by a heat wave propagating from the 
nsolated comet surface to the crystalline–amorphous ice boundary, 
rovided it carries sufficient energy to raise the local temperature 
o the crystallization point. Once this occurs and the boundary has 
o v ed deeper into the nucleus, later heat waves from the surface

re too weak to rekindle crystallization when reaching the boundary, 
eading to a quiescent period. Sublimation then causes the surface to
ecede from the crystalline–amorphous ice boundary until a new burst 
f crystallization occurs. This, in turn, affects the time span to the next
purt of crystallization. Hence, this process is particularly rele v ant for
ew comets with amorphous ice close to the surface, active beyond
he distance where ice sublimation controls cometary activity, as 
bserved in comets C/2003 A2 (Gleason) by Meech et al. ( 2009 ) or
/2017 K2 (PANSTARRS) by Jewitt et al. ( 2017 ) at 11.5 and 23 au,

espectively. Another possible scenario is that crystallization and gas 
onfinement occur together, leading to an outburst (Samarasinha 
001 ). Despite se veral observ ations, simulations, and laboratory 
tudies of cometary outbursts, Prialnik & Jewitt ( 2022 ) note that
irect evidence for the role of amorphous ice in comets remains
lusive due to its nature and burial below the surface in evolved
omets like 67P. Consequently more laboratory work to determine 
he thermophysical properties of amorphous and crystalline ices, 
specially when loaded with other volatiles, is needed to confirm 

f the transition from amorphous to crystalline water ice remains a
lausible outburst trigger mechanism. 
Alternatively, pockets of volatiles below the devolatilized surface 

ayer might build up pressure until they overcome the tensile strength
f the surface abo v e and cracks start to appear in the surface layer.
he cracks might be formed by a large temperature gradient due

o the local sunrise combined with the small thermal inertia of
he comet’s surface (Fig. 7 c). Another possibility is that the cracks
lowly progress until the pressure in the gas pockets is high enough
due to the high noon temperature; Fig. 7 d) for a bursting to occur.
ll the gas is released and drags along some of the surrounding
MNRAS 529, 2763–2776 (2024) 
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on-volatile material (Fig. 7 e). Notably, both of these processes
re not on/off processes, i.e. gas may be seeping out from smaller
racks already before the big outburst, which is consistent with the
ndings of our analysis, as a slow increase in highly volatile species
as been measured already before the dust ejection occurred. This
ombined process can be understood similarly to a pressure cooker
here some steam gets released through the safety valve before the
ressure increases too much. At a certain pressure, the small seeping
racks cannot release enough gas to maintain the pressure below
he pocket’s tensile strength and an e xplosiv e ev ent occurs, which is
hat Rosetta ’s cameras registered as the dust feature of the outburst.

f the thermophysical properties of amorphous and crystalline ices
upport the theory that their transition might trigger outburst events,
t would also be plausible that this effect could be responsible for
he cracks initiating the bursting of gas pockets. It is prudent to
ote, that the CO 2 -dominated events occurred around generally more
ctive areas on the comet nucleus. Hence, the increase long before
he outburst has been observed by the cameras, and long after it
eased (Fig. 3 ), might also be supported by a generally more active
ource region. Additionally, the bursting of a pressure pocket not
nly releases the confined gas but also exposes areas of fresh ice
hat sublimates and hence increases the densities of H 2 O as well
s of the volatiles associated with the water ice (Rubin et al. 2023 )
or a longer time than the dust outburst observed with the cameras,
eading to a prolonged enhancement of CO 2 and other highly volatile
pecies. 

To have gas pockets, where a significant gas pressure builds up,
he porous structure of the comet interior has to be sealed. A possible

echanism could be refreezing of CO 2 . It is known that for 67P,
O 2 sublimates long after water stops sublimating on the outbound

eg of the comet’s orbit (L ̈auter et al. 2019 ) from areas, which by
hen are no longer exposed to sunlight. Such an extended orbital
rost cycle of CO 2 has been proposed by Rubin et al. ( 2023 ). Due to
ow gravity, the sublimating gas will be dispersed in all directions,
ot only upwards, but sideways and downwards. In the interior, it
ill eventually encounter colder temperatures, where it can refreeze,

reating a volatile enriched ice layer (Prialnik & Jewitt 2022 ). This
echanism may not only explain the extended orbital frost cycle

ut also presents a potential diurnal day-to-night refreezing process,
eading to the creation of gas pockets in regions dominated by highly
olatile species o v er short time-scales. 

Laboratory experiments for Martian conditions show that CO 2 

s deposited in the form of ice slabs or crystals depending on
emperature and pressure (Portyankina et al. 2019 ). In the experi-

ents, the ice layer conformally coats all the surfaces of the cooling
late, draping even protruding elements. Although the conditions in
he comet are different from the laboratory experiments (pressure,
emperature, porosity, composition, size), a similar process could
appen, where CO 2 co v ers the porous material with an impermeable
ayer, which has a considerable tensile strength, enough to confine a
as pocket at ele v ated pressure (Prialnik & Jewitt 2022 ). Laboratory
xperiments show that an ultimate CO 2 ice tensile strength of ∼2–
 MPa is reached (Kaufmann et al. 2020 ). This strength is in
greement with the suggested ∼2 MPa tensile strength of water
ce under Martian conditions used in earlier studies (Mellon 1997 ).
n 67P, once the surface areas come into summer again, a similar

ffect could take place even though the cometary surface is mostly
o v ered by dust and not transparent as seen on Mars. None the
ess, CO 2 starts to sublimate from the top building up pressure
n the pocket. Eventually the surface layer will crack due to the
uildup of the inside pressure and/or due to erosion of the surface
ayer. 
NRAS 529, 2763–2776 (2024) 
The possibility of gas pockets has already been discussed for
omet 9P/Tempel (Belton et al. 2008 ). The authors concluded that
his mechanism will lead to the formation of a small pit or depression
nd potentially exposes fresh and highly volatile material that will
ontinue to sublime (Belton et al. 2013 ). A similar result has been
iscussed for comet 67P in the case of the Imhotep outburst observed
n 2015 February (Knollenberg et al. 2016 ). 

The source regions of the summer fireworks are situated near
orphological boundaries, clustered into three primary regions

isplaying irregularities in contrast to the generally flat morphology
f the Southern hemisphere. This seems to indicate a link between
orphology and outbursts (Vincent et al. 2016a ). These source

egions are notably rich in CO 2 . Nine activity areas, encompassing
he most active surface elements contributing to 50 per cent of the
otal emission, were identified by L ̈auter et al. ( 2019 ), with most
ummer fireworks sources located in these high-activity areas. The
ame authors also demonstrated that these areas remain CO 2 -rich
hroughout the mission. This raises the question whether the here
escribed enhancement of highly volatile species might be a result
f the o v erall CO 2 -rich outgassing behaviour of the comet’s Southern
emisphere. 
L ̈auter et al. ( 2019 ) utilized the same ROSINA data set as presented

ere. Ho we ver, their results are based on data av eraged o v er specific
eriods and their results are presented for three intervals with data
v eraged o v er 50 d for the data before and after perihelion and
ven 100 d for data around perihelion. This methodology averages
 v er short-liv ed ev ents like outbursts, potentially impacting the
dentification of Southern active sources by L ̈auter et al. ( 2019 ).
one the less, the presence of the same CO 2 -rich areas long before

nd after perihelion, where outbursts occurred, suggests that this
eighting of the outburst signal did not distort the o v erall picture of
igh-activity areas presented by L ̈auter et al. ( 2019 ). This is supported
y the steady increase in the o v erall CO 2 /H 2 O ratio seen in our data
hen the spacecraft was in Southern latitudes (see quiescent coma
ehaviour of the signal in Figs A1 and A2 ). 
The source locations of H 2 O and O 2 follow the subsolar latitude

nd correlate with each other. Notably, H 2 O displayed high activity
n these regions during summer 2015, while only a few summer
re works e vents sho wed an increase in H 2 O compared to highly
olatile species. The high and confined activity of H 2 O in the same
reas as CO 2 around perihelion would decrease the CO 2 /H 2 O ratio
f it was merely an artefact of the generally CO 2 -rich outgassing of
he outburst source regions. 

A typical event is the one on 2015 July 28 (#5 in Vincent et al.
016a ). It is located in high-activity area 3 in L ̈auter et al. ( 2019 ),
hich was not among the most CO 2 -rich areas during perihelion.
evertheless, the CO 2 /H 2 O ratio e xhibited a pattern for this ev ent as

or events in more CO 2 -active areas, and comparable enhancements
n 67P’s coma were determined (Fig. 1 and Table A1 ). 

When comparing the CO emission of the nine high-activity areas
resented in L ̈auter et al. ( 2019 ) to the emission of H 2 O, CO 2 , and O 2 ,
he CO signal is much more distributed and diluted during perihelion
ompared to the very localized outgassing of the other species. Thus,
ne would expect that the ratio of CO to H 2 O should not increase
uch when measured in one of the high-acti vity areas. Ne vertheless,

ur results show an enhancement of CO. In summary, most summer
re works outburst e vents originate from generally CO 2 -rich sources,
o we v er, the y are clearly contributing an additional amount of highly
olatile species to the o v erall outgassing behaviour. 

The events described in Noonan et al. ( 2021 ) have been located
lose to the summer fireworks’ source regions. The ROSINA/DFMS
ata also show gas density enhancements for CO 2 and CO. The
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olatile enhancement in the outburst gas supports the scenario of 
ockets of gas in those areas and shows that the related activity is
ndependent of the subsolar latitude (L ̈auter et al. 2019 ). 

Unlike the events described by Noonan et al. ( 2021 ) and most of
he events in Vincent et al. ( 2016a ), the events reported by Gr ̈un
t al. ( 2016 ), Agarwal et al. ( 2017 ), and the first ev ent inv estigated
y Feldman et al. ( 2016 ) show a large increase in H 2 O with no
O 2 or CO enhancement. These outbursts showed short-lived H 2 O 

nhancements, suggesting that they have been triggered by a different 
echanism than the CO 2 outbursts – most likely by a cliff collapse as

ould be shown by Pajola et al. ( 2017 ). This conclusion is supported
y the suggestion by Gr ̈un et al. ( 2016 ) that thermal stress in the
urface material may have triggered a landslide (Fig. 7 a) that exposed
resh H 2 O ice to direct solar illumination (Fig. 7 b). 

It is prudent to note that the available set of outburst events is
elatively small and confined to one individual comet. Furthermore, 
he measurement conditions, while corrected to the best of our 
bilities, varied for each event. The significant disparities observed 
n the distribution and temporal evolution of activity on cometary 
uclei suggest that the heliocentric evolution of activity can be 
ighly individual for each comet (Marschall et al. 2020a ), and 
eneralizations might be misleading. Moreo v er, giv en the large 
emporal differences between the outburst behaviour of the dust 
nd the gas components, only their combined analysis provides a 
omprehensi ve vie w of the nature of the outbursts and their trigger
echanisms. 

 C O N C L U S I O N  

e conclude that outbursts appear due to two different mechanisms 
epending on their source location and associated surface topogra- 
hy. These mechanisms can be differentiated by their respective and 
istinct outgassing behaviour. Landslides or cliff collapses may cause 
n outburst event which would most probably be a water-driven event 
s fresh water ice would be found closer to the surface than, e.g. CO 2 ,
nd hence would be more exposed to solar illumination. Ho we ver,
ost reported outburst events during the perihelion passage correlate 
ith an increased composition of highly volatile species, especially 
O 2 , and generally higher activity source regions (L ̈auter et al. 2019 ).
hese events are most likely triggered by break-up of subsurface 
ockets of volatiles when the pressure inside o v ercomes the tensile
trength of the cavity boundary layers. From these pockets, gas may 
eep out from smaller cracks already before the dust outburst as a
low increase in highly volatile species has been measured already 
efore the dust ejection occurred. The surface and near-surface layers 
f the comet exhibit a general depletion in more volatile species, such
s CO 2 . This depletion may provide an explanation for the distinction
etween events dominated by H 2 O and CO 2 . H 2 O events typically
rise from occurrences in the surface or near-surface layers, while 
O 2 events are likely to originate from greater depths where CO 2 

id not yet find a way to e v aporate freely. This distinction may
ighlight the influence of depth on the compositional characteristics 
f cometary outburst e vents. Ne vertheless, in both cases, the exposure
f fresh material implies extended enhanced outgassing after the dust 
utburst already ceased. 
The unique temporal co v erage of 67P’s outgassing throughout the 

osetta mission has allowed a thorough analysis of the evolution 
nd composition of the outgassing for more than 40 outburst events. 
he results indicate that the composition is linked to different trigger 
echanisms, one related to cliff collapse, where water dominates the 

utgassing pattern, and pressure cook er-lik e ruptures of subsurface 
ockets, which are characterized by a strong enhancement of highly 
olatile species such as CO 2 . These results are rele v ant for under-
tanding changes in the outgassing patterns of comets from ground- 
ased and in situ observ ations. Ho we ver, open questions remain, such
s the direct correlation between the different temporal behaviour 
f the dust and gas components of outbursts and the heliocentric
istance dependence of the different triggering mechanisms for 
utbursts. Answering these questions requires further laboratory 
tudies, sophisticated numerical simulations, observations, and mis- 
ions monitoring a comet with high-resolution instruments o v er a
rolonged time to gain a full understanding of cometary outbursts. 
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Figure A2. The same as in Fig. A1 but for the second part of the summer fireworks from 2015 August 16 to 2015 September 16. 

Figure A3. Typical ROSINA/DFMS densities of CO 2 and H 2 O from 2015 July 26 until 2015 August 4 to show the analysis approach for the event on 2015 July 
26, 20:22 UTC. To calculate the enhancement each time Rosetta was abo v e the source location (i.e. for all phases with red measurement points), the peak value 
(orange cross) of CO 2 has been selected and corrected to the quiescent coma (green line). The same has been done for H 2 O for the time when CO 2 showed its 
maximum. The peak values are slightly shifted in time due to the mass scanning nature of the instrument. These time shifts, on the order of a few minutes, do not 
affect the enhancement calculations as the time-scales associated to passing abo v e the active region is substantially longer. The enhancement is then calculated 
based on equation ( 1 ). 
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