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A B S T R A C T 

Gas and dust outbursts are recurring phenomena on comets, offering critical insights into their subsurface activities. On 

comet 67P/Churyumov–Gerasimenk o, tw o distinct outb urst types ha ve been identified: CO 2 -dominated ‘summer fireworks’ 
near perihelion and water-driven events often linked to cliff collapses outside the perihelion period. While CO 2 -dominated 

outbursts are thought to originate from subsurface gas cavities, the properties of these cavities remain poorly understood. In this 
study, we modelled the outgassing dynamics and dust velocities of outburst events using Rosetta /ROSINA data to estimate the 
characteristics of subsurface gas cavities and their impact on ejected particle dynamics. Our results indicate that CO 2 -dominated 

ev ents involv e subsurface cavities with radii ranging from 15 to 62 m for an equi v alent half-sphere geometry, depending on 

gas distrib ution assumptions. Conversely, water -driven outb ursts w ould require subsurf ace temperatures f ar abo v e equilibrium, 
supporting the hypothesis of mechanical processes like cliff collapses exposing ices to sublimation. Dust velocities in CO 2 - 
dominated events – while aligning with results from other Rosetta instruments – were notably higher across all grain sizes 
compared to water-dri ven e vents, reflecting distinct dynamics in dust ejection. These findings highlight the critical role of 
subsurface gas reservoirs in driving e xplosiv e outbursts and suggest a strong connection between cometary activity, volatile 
distribution, and structural conditions. This study emphasizes the need for high-resolution data on subsurface volatiles from 

future missions and more refined modelling and experiments to further elucidate these mechanisms, with potential broader 
implications for our understanding of cometary activity. 

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  

ometary outbursts are transient and dynamic phenomena observed 
cross various comets, marked by sudden releases of gas and dust.
hese events offer valuable insights into the physical properties 
nd internal structure of cometary nuclei, as well as the processes
hat drive their activity (Hughes 1991 ). Despite e xtensiv e research,
he exact mechanisms that trigger these outbursts remain elusive. 
roposed explanations range from subsurface pressure build-up due 

o volatile sublimation to structural changes like cliff collapse and 
racturing of the nucleus (e.g. Hughes 1975 ; Prialnik, A’Hearn & 

eech 2008 ; Vincent et al. 2016 ; Bockel ́ee-Morvan et al. 2022 ). An-
ther potential mechanism, proposed for comet 1P/Halle y, involv es 
he exothermic amorphous-to-crystalline ice phase transition, which 
an induce runaway internal heating, leading to e xplosiv e activity 
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Prialnik & Bar-Nun 1992 ). Additionally, clathrate destabilization, 
ssociated with amorphous ice crystallisation, has been modelled 
s a possible driver of pit formation through sinkholes or violent
utbursts (Mousis et al. 2015 ). 
Comet 67P/Churyumov–Gerasimenko (hereafter 67P), studied ex- 

ensively during the Rosetta mission, exhibited numerous outbursts. 
he mission provided a unique opportunity to explore drivers of 
utbursts in better detail. Previous studies have attributed outbursts 
n 67P to a variety of factors, such as mechanical stresses or the
elease of volatile gases from subsurface cavities (e.g. Skorov et al.
016 ; Pajola et al. 2017 ). The continuous monitoring by Rosetta’s
uite of instruments has been crucial in capturing both the dust and
as dynamics during these events (e.g. Gr ̈un et al. 2016 ; Agarwal
t al. 2017 ). 

In a recent study, M ̈uller et al. ( 2024 ) analysed gas emissions
uring outbursts on comet 67P using data from the ROSINA Double
ocusing Mass Spectrometer (ROSINA/DFMS). Their findings re- 
 ealed ke y patterns in the comet’s gas composition, attributing some
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Figure 1. Schematics of the spherical cone cap distribution. The outgassing 
behaviour of the outburst manifests as a conical expansion with a half angle 
α up to the points at which the gas flow rate is measured at the spacecraft, 
situated at a distance r CGSC from the comet nucleus. Using this outgassing 
model, the outbursting gas is distributed homogeneously across the surface 
of the grey cone cap. 
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utbursts to subsurface gas reservoirs while linking others to surface
rocesses such as clif f collapses. Ho we ver, the properties of these
ubsurface gas reservoirs remain poorly understood. 

In this study, we build on these findings by investigating gas
roduction rates and outburst dynamics from ROSINA/DFMS data,
ocusing e xclusiv ely on the subsurface pressure build-up mechanism.
ur analysis centres on CO 2 -dominated outbursts observed during

he comet’s perihelion period in the summer of 2015, using a model
o simulate gas outflow driven by subsurface pressure build-up. This
pproach allows us to estimate the sizes and characteristics of these
avities and their role in driving e xplosiv e ev ents. Additionally, we
onstrain the velocities of dust particles ejected during these out-
ursts, shedding light on the underlying mechanisms. The following
ections outline the instrumentation, data processing, and modelling
echniques used in this study, and present new findings that enhance
ur understanding of cometary outburst dynamics. 

 M E T H O D S  

.1 ROSINA/DFMS instrumentation and data treatment 

he ROSINA/DFMS instrument aboard the Rosetta spacecraft is a
igh-resolution mass spectrometer designed to measure the composi-
ion of cometary gases. The instrument uses a Nier–Johnson double-
ocusing ion-optical configuration, including a toroidal electrostatic
nalyser and a permanent magnet to separate ions by their mass-
o-charge ( m/z ) ratio. The instrument achieves a mass resolution of
000, measured at 1 per cent of the peak amplitude for m/z 28, as
etailed by Balsiger et al. ( 2007 ). 
DFMS scans through a range of m/z values using specific voltages

pplied to its ion optics. Ions are detected via a multichannel plate
MCP) detector with detection along the mass-dispersive direction.
he detector gain is adjusted to obtain a high dynamic range.
 typical scan, co v ering an m/z range from 13 to 100, takes

bout 45 min. Data are processed following established methods for
alibration, species identification, and signal integration, and are
ormalized to neutral gas densities measured by ROSINA’s COmet
ressure Sensor (COPS) (Le Roy et al. 2015 ; Calmonte et al. 2016 ;
e Keyser et al. 2019 ; Rubin et al. 2019 ). Detailed analysis methods,

specially for outburst events, are disclosed in M ̈uller et al. ( 2024 ). 

.2 Data analysis 

o study cometary outbursts, we selected DFMS data from 67P’s
erihelion period during the summer of 2015, when the so-called
ummer fireworks occurred (Vincent et al. 2016 ), and periods when
ther similar outbursts have been reported (Feldman et al. 2016 ;
r ̈un et al. 2016 ; Agarwal et al. 2017 ; Rinaldi et al. 2018 ; Noonan

t al. 2021 ). We focused on times when Rosetta was positioned
ithin ±25 ◦ of an outburst source’s latitude and longitude. This

ngular window was selected to take into account both the physical
rocesses driving the expanding gas dynamics (e.g. Combi et al.
012 ; Marschall et al. 2020 ) and the DFMS observation timing which
ontrols in particular the spatial resolution of measurements. Yet, the
ctual complexity of the nucleus shape is not taken into account as we
onsider an o v erall spherical geometry for simplicity reasons. Data
ormalization by spacecraft-source distance, corrected for varied
iewing geometries, required careful data evaluation to link ROSINA
easurements to specific ev ents. F or further details on the specific

election of events and data analysis protocols, the reader is referred
o M ̈uller et al. ( 2024 ). 
NRAS 537, 2997–3008 (2025) 
.3 Modelling approach 

n M ̈uller et al. ( 2024 ), we proposed that subsurface gas reservoirs
ould explain the ele v ated gas production rates observed during
utburst events. A similar concept had previously been discussed
y Agarwal et al. ( 2017 ), who developed a model to explain such
eservoirs and estimate their sizes. Following these approaches, we
mplemented a similar model in this work. According to Sharipov
 Kozak ( 2009 ), the gas mass flow rate, or gas production rate, of

he gas escaping from a pressurized container at pressure p in and
emperature T in through an aperture can be expressed analytically.
hese authors consider a slit of width a and length l, but since the
recise geometry of the opening is unknown, we represent it with an
f fecti ve radius r crack in this work. The modelled gas mass flow rate
s then given by 

˙
 = 

W 

√ 

m √ 

2 πk B 

p in r 
2 
crack π√ 

T in 
= 

W 

√ 

πm √ 

2 k B 

p in r 
2 
crack √ 

T in 
. (1) 

ere, m is the molecular mass of the gas, W is a dimensionless
arameter that characterizes the flow regime (in this case, we assume
 = 1.5 for viscous flow), and k B is Boltzmann’s constant. The

ressure inside the container, p in , is approximated by the sublimation
ressure P subl ( T ), following the model by Fray & Schmitt ( 2009 ).
he model from equation ( 1 ) assumes an expansion of the gas
ocket against vacuum. In general, there might be a collisional
hermalized region close to the comet surface, especially for high
ctivity comets, which would lead to a reduced outward mass flux.
o we v er, assuming e xpansion against vacuum can be justified due

o the low gas production of 67P and the strong outgassing during
he outbursts. 

For each outburst event, we computed the gas production
ate using gas density measurements from ROSINA/DFMS and
OSINA/COPS. The temperature T in and corresponding internal
ressure p in were then calculated to satisfy equation ( 1 ). 
The peak gas flow rate was determined by using the peak gas

ensity observed at the nearest measurement point relative to the
vent source and outburst time. M ̈uller et al. ( 2024 ) previously
efined a field of view (FOV) to evaluate whether ROSINA measured
ases originating from the outburst or the quiescent coma, and the
ame FOV is used here. Therefore, the gas density measured by
OSINA/DFMS is assumed to be homogeneously distributed within

he 25 ◦ half-angle cone (grey area in Fig. 1 ) and the gas flow rate at
he spacecraft distance, Q sc , is computed as follows: 

 sc = v sc n sc A sc = v sc n sc 2 πr 2 cgsc (1 − cos α) , (2) 
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here v sc and n sc are the gas velocity and density at the spacecraft’s
ocation, respectively, and A sc represents the calculated area of the 
as plume determined from the spacecraft’s distance from the comet 
 cgsc and the cone opening angle α. 

The gas flow rate from the crack on the comet’s surface is: 

 crack = v crack n crack A crack = v crack n crack πr 2 crack , (3) 

here v crack and n crack are the gas velocity and density at the crack,
espectively, and A crack is the area of the crack opening, determined 
y the radius of the crack r crack . With the assumption of thermalization
nside the pocket, the gas velocity at the crack is derived from the
as effusion equation, given by v crack = 

√ 

πk B T in / 2 m . 
To conserve the mass of the outgassing material, the two flow 

ates Q sc and Q crack must be equal, which leads to the following
xpression for the gas density at the crack, n crack : 

 crack = 

v sc 

v crack 

2 r 2 cgsc (1 − cos α) 

r 2 crack 

n sc , (4) 

Using this equation, the mass production rate at the crack can be
xpressed as 

Ṁ crack = Q crack m = v crack n crack m πr 2 crack 

= v sc n sc m 2 πr 2 cgsc (1 − cos α) . 
(5) 

The mass production rate at the crack is thus independent of
urface parameters or other model assumptions, except for the cone 
ngle α, as defined by M ̈uller et al. ( 2024 ). The gas velocity at the
pacecraft, v sc , is assumed to be 600 m s −1 , consistent with values
uring outburst events reported in the literature (e.g. Gr ̈un et al. 2016 ;
arschall et al. 2016 ). 
Since only the outburst-related o v erproduction is considered, the 
ass production rate due to the outburst is calculated as follows:

˙
 out = Ṁ peak − Ṁ bg . The background gas production follows the 

ame approach as in equations ( 2 ) to ( 5 ). The only difference to
quation ( 2 ) is that the background gas flow is not limited to the
onical outgassing, but is distributed o v er the whole hemisphere 
ecause of its origin from the whole nucleus. The cavity temperature 
 in and pressure p in are computed by fitting equation ( 1 ) to the gas
roduction rate. 
As the exact size of the cavity opening is unkno wn, we v ary its

arameter to identify the value that ensures that the cavity pressure
emains below the surface tensile strength of comet 67P, estimated 
etween 3 to 150 Pa (Groussin et al. 2015 ; Vincent et al. 2015 ;
asilevsky et al. 2016 ), and the temperature remains below the ice

ublimation equilibrium temperature. 
To estimate the ice sublimation equilibrium temperature, we use 

he model from Keller et al. ( 2015 ). This model assumes that
he energy absorbed by the comet’s surface is partially used to 
ublimate subsurface volatiles, with the surface temperature derived 
y balancing incident solar irradiation, thermal re-radiation, subli- 
ation losses, and heat conduction. The simplest assumption is that 

xposed water ice sublimates directly from a flat surface which is the
ctual geometry of the observations with Rosetta looking towards 
 sunlit nucleus. Neglecting heat conduction (justified by the low 

eat conduction observed; Gulkis et al. 2015 ), the energy balance is
xpressed as (Keller et al. 2015 ): 

1 − A v ) I ( t) = ε σ T 4 + Z( T ) L ice , (6) 

here I is the Solar irradiation intensity, A v is the Bond albedo
assumed to be 0.01; Keller et al. 2015 ), ε is the emissivity (0.9;
eller et al. 2015 ), σ is the Stefan–Boltzmann constant, T is the

urface temperature, Z is the sublimation rate, and L ice is the latent
eat of sublimation. We assume L ice to be constant, neglecting its
light temperature dependence. The sublimation rate is calculated 
sing the Hertz–Knudsen formula (Keller et al. 2015 ), with the
ater vapour pressure derived from Fray & Schmitt ( 2009 ). The

orresponding equilibrium temperatures for all studied events are 
rovided in Table A5 . 
Assuming that the reservoir is not replenished during the outburst 

nd that the cavity temperature remains constant, the pressure inside 
he cavity and the mass flux through the crack decay exponentially. 
he e-folding decay time, τ , is proportional to the ca vity v olume and

s given by 

= 

√ 

2 m 

k B T in π

V 

W r 2 crack 

. (7) 

M ̈uller et al. ( 2024 ) observed that gas enhancements lasted longer
han the dust outbursts captured by Rosetta’s cameras, likely due to
ontinued sublimation from exposed ice surfaces on the order of tens
f meters (e.g. Agarwal et al. 2017 ) following the removal of the
ust layer. In our model, ho we ver, we assume that the duration of
he gas outburst matches the dust ev ent observ ed by the cameras.
his approach focuses on the bursting phase of the event rather than

he prolonged sublimation of newly exposed ice which has been 
sed in earlier publications (e.g. Gr ̈un et al. 2016 ; Agarwal et al.
017 ). The summer fireworks events require a τ value between 40
nd 260 s to reduce the gas production rate to 1/1000 of its initial
alue (Agarwal et al. 2017 ) within 5 to 30 min (Vincent et al. 2016 ).
vents outside the perihelion summer fireworks period necessitate 
if ferent τ v alues, depending on the specific observation times of the
ndividual dust events. All τ values are listed in Table A6 . 

From equation ( 7 ), the gas cavity volume is determined. Assuming
he cavity to be a half-sphere with radius r cavity , the equi v alent half-
phere radius is calculated as 

 cavity = 

( 

3 τW r 2 crack 

√ 

k B T in 

8 πm 

) 1 / 3 

. (8) 

The values of τ and r crack are varied, and the results are presented
n Section 3 . The shape of the cavity is assumed to be a half-sphere
ecause of previous publications using this shape as an equivalent 
eference shape and to facilitate the calculations o v er more complex
nternal structures such as branching structures beneath the surface 
Agarwal et al. 2017 ). 

Uncertainties have been calculated using Gaussian error propa- 
ation applied to all rele v ant v ariables of the formulas abo v e. Most
mportantly, the uncertainty of the ROSINA/DFMS measurements 
 ≈20 per cent) and the uncertainty in the initial thermal velocity
 ≈30 per cent) of the gas molecules had the largest influence on the
rror propagation. 

 RESULTS  

.1 Subsurface gas cavities 

his subsection explores the characteristics of subsurface gas cavities 
nd shows the differences between the perihelion summer fire- 
orks and other outbursts, encompassing events outside this period. 
hrough detailed analysis of gas production rates and cavity dimen- 
ions as introduced in Section 2.3 , we seek a better understanding of
he role of subsurface cavities in driving cometary outbursts and the
mplications these cavities have for cometary evolution. 
MNRAS 537, 2997–3008 (2025) 
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M

Table 1. Gas production rates for the studied events during the summer 
fireworks described by Vincent et al. ( 2016 ). 

Gas Min. (kg s −1 ) Max. (kg s −1 ) Mean ± SD (kg s −1 ) 

H 2 O 3.8 10.2 6.7 ± 2.0 
CO 2 0.9 7.9 3.2 ± 2.8 
CO 0.1 1.1 0.4 ± 0.3 

Figure 2. Gas production rate for H 2 O and CO 2 for events where Rosetta 
flew o v er the corresponding ev ent source re gion shortly after the ev ent was 
detected. The horizontal lines and the shaded areas represent the mean value 
and the standard deviation for both gases, respectively. The points have 
been connected by dash–dotted lines for impro v ed readability. The ev ent 
IDs correspond to the values from Vincent et al. ( 2016 ). 
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Figure 3. Gas production rate at the crack during an outburst ( Ṁ c , peak ) 
compared to background gas production rate ( Ṁ c , bg ) for H 2 O, CO 2 , and CO 

for events where Rosetta flew o v er the corresponding event source region 
shortly after detection. The horizontal lines indicate the mean value of the 
outburst-to-background ratio for each gas. The uncertainties of the individual 
points and the average values have been omitted and the points have been 
connected by dash–dotted lines for impro v ed readability. The ev ent IDs 
correspond to the values from Vincent et al. ( 2016 ). 

Figure 4. Cavity temperature as a function of the ef fecti ve cavity opening 
radius, calculated using equation ( 1 ) for H 2 O and CO 2 . The uncertainties 
represent the standard deviation for the summer fireworks outburst events. 
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.1.1 Summer fireworks 

ur investigation concentrated on the immediate effects on the
as coma following dust outburst events, rather than on the long-
erm monitoring of the source regions. Therefore, we selected eight
pecific outburst events (see Table A1 ) in the data set of Vincent et al.
 2016 ) and M ̈uller et al. ( 2024 ), where Rosetta observed the source
egions within a day of the event. Notably, six of these eight events
ere observed within a single full rotation period of comet 67P. 
Our analysis of these eight events revealed that the H 2 O gas

roduction rates varied between 3.8 and 10.2 kg s −1 , with an average
f 6.7 kg s −1 . The production of CO 2 ranged from 0.9 to 7.9 kg s −1 ,
ith a mean value of 3.2 kg s −1 . In contrast, CO production was
egligible, typically accounting for 1–7 per cent of the total gas
roduction of the three gases only Table A1 ). A summary of these gas
roduction rates is presented in Table 1 , while the specific production
ates for H 2 O and CO 2 for each event are shown in Fig. 2 . 

These results indicate that H 2 O production generally exceeded
O 2 production, suggesting a stronger water contribution. Ho we ver,
ompared to the background production v alues, CO 2 sho wed a
ignificant increase by a factor of 1.22 ± 0.11, while H 2 O increased
y only a factor of 1.05 ± 0.03, and CO rose by a factor of 1.07

0.03 (Fig. 3 ). As already stated, these findings suggest that the
utburst events were predominantly driven by CO 2 , consistent with
he conclusions of M ̈uller et al. ( 2024 ). 

If these summer fireworks events had been triggered predomi-
antly by water, the required ef fecti ve cavity opening radius would
xceed 70 metres to reach the equilibrium temperature of approxi-
ately 202 K (Table A5 ). Such a large opening would likely have

een detected by Rosetta’s cameras after the event. In contrast, for
O 2 sublimation at temperatures below 200 K, an ef fecti ve cavity
pening radius of just 0.05 metres would suffice (Fig. 4 ). However,
his would produce a sublimation pressure of approximately 130 MPa

far surpassing the tensile strength of comet 67P’s surface layers,
NRAS 537, 2997–3008 (2025) 
hich ranges from 3 to 150 Pa (Groussin et al. 2015 ; Vincent et al.
015 ; Basilevsky et al. 2016 ). To remain within this pressure range,
n average cavity opening radius of at least 1.4 metres would be
equired, resulting in an average pressure of 142 Pa and an average
emperature of 138 K (Fig. 5 , bottom). In the case of H 2 O, using the
ame cavity radius would lead to pressures approximately four to
ve times higher (Fig. 5 , top). 
We also calculated the gas cavity radius, assuming a half-spherical

ocket, based on equation ( 8 ) and varying the effective cavity opening
adius and time constant τ in accordance with the model described
n Section 2.3 . With an ef fecti ve cavity opening radius of 1.4 m

consistent with the pressure and temperature constraints – the
esulting cavity radius ranges between 15 and 30 metres for an
qui v alent half-sphere cavity (Fig. 6 ). 

Although outbursts are localized and focused phenomena, some
tudies adopt a hemispherical gas distribution (Gr ̈un et al. 2016 ;
garwal et al. 2017 ; Noonan et al. 2021 ) rather than the spherical

one cap distribution we used here. The hemispherical distribution
as the advantage that it is straightforward to define but ignores the
ocused outgassing behaviour of outbursts as seen on the Rosetta
mages. To compare with other studies, we recalculated the gas
roduction assuming a hemispherical distribution by setting the
one angle α in equation ( 5 ) to 90 ◦ (see Table A2 for the results).
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Figure 5. Pressure in the cavity as function of the ef fecti ve cavity opening 
radius according to equation ( 1 ) and the corresponding sublimation pressure 
from Fray & Schmitt ( 2009 ) for H 2 O (top) and CO 2 (bottom) for the summer 
fire works outburst e vents. The mean pressure and standard deviation for these 
e vents are sho wn with the black curve and shaded area. The maximum tensile 
strength, R m 

, is shown by the horizontal line (dark red). The plots only show 

ef fecti ve cavity opening radii starting at 1 m for impro v ed visibility as smaller 
radii lead to much larger cavity pressures. The uncertainties of the individual 
points have been omitted for improved readability. 

Figure 6. Cavity radius for an equi v alent half-sphere pocket as a function of 
the ef fecti ve cavity opening radius and the exponential decay constant τ for 
the summer fireworks events. The cavity radii vary minimally between events 
(Table A1 ), so only the mean value for each τ is provided here. Uncertainties 
of the individual points have been omitted for improved readability. 
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n this case, H 2 O production ranged between 41 and 110 kg s −1 ,
ith an average of 71 kg s −1 , while CO 2 production varied between
 and 84 kg s −1 , with an average of 35 kg s −1 . These values are
pproximately an order of magnitude higher than those obtained with 
he cone cap distribution. Under these conditions, an ef fecti ve cavity
adius of 4.5 metres would be required to match the pressure and
emperature constraints – three times larger than with the cone cap 
istribution. Consequently, the equi v alent half-sphere cavity radius 
ould be between 33 and 62 metres, twice as large as in the cone
ap scenario. 

Thus, although different distribution models yield significantly 
ifferent gas production rates, the impact on the calculated cavity 
nd opening size remains relatively modest – a factor of two to three
considering the many approximations involved in the model. 
Vincent et al. ( 2016 ) estimated an ejected dust mass flux of

0 kg s −1 for particles in the size range of 1–10 μm or 260 kg s −1 

or particles between 1–50 μm during the event observed on 2015
uly 29. This estimation was based on the polygonal area defined by
he ejected dust visible in OSIRIS images and the calculated dust

ass flux. By assuming the outburst duration based on the cadence 
f OSIRIS images, they determined that the total dust mass ejected
n this event was approximately 20–80 tons. Unfortunately, this event 
s not included in this study, as the first ROSINA measurement
 v er the event’s source region occurred more than a day after the
utburst observed by OSIRIS. Consequently, no direct comparison is 
ossible; ho we ver, the estimated dust mass flux can be contextualized
longside other summer fireworks outbursts. Using the hemispherical 
as distribution approach, we estimated a gas mass flux of 50–
05 kg s −1 resulting from H 2 O, CO 2 , and CO, while the cone cap
istribution yielded a lower estimate of 5–20 kg s −1 . The gas mass
ux derived from the hemispherical distribution aligns reasonably 
ell with the dust mass flux reported by Vincent et al. ( 2016 ). Note,
o we ver, that the dust-to-gas mass ratio remains a topic of active
ebate (Choukroun et al. 2020 ) and is likely to change between the
ase of a fully active nucleus surface and the case of a much smaller
rack area. 

.1.2 Other outbursts 

n addition to the outbursts described by Vincent et al. ( 2016 ), several
ther outbursts were detected on comet 67P during the Rosetta 
ission. The detection of these events by the ROSINA instruments 

s discussed in M ̈uller et al. ( 2024 ). These outbursts are also analysed
ere to assess potential subsurface gas cavities, similar to those 
nferred in the summer fireworks events (Section 3.1.1 ). Among 
hese events, the outburst from 2015 No v ember 7 (Noonan et al.
021 ) stands out as the only CO 2 -dominated event, with a significant
ncrease in CO 2 production relative to H 2 O (Table A3 ). 

Assuming CO 2 as the primary driving force and using a cone cap
utgassing distribution, we determined that a potential subsurface 
avity would require a temperature of 143 K and an ef fecti ve cavity
pening radius of 0.75 m to match the surface’s tensile strength
hreshold. This corresponds to an equi v alent half-spherical cavity 
ith a radius between 15 and 24 metres. These values align with those
erived for the summer fireworks events, although the effective cavity 
pening radius for this CO 2 -dominated event is approximately half 
hat of the summer fireworks cavities (Section 3.1.1 and Table A1 ). If
 hemispherical outgassing distribution is used instead, an ef fecti ve
avity opening radius of 2.5 m would be necessary, corresponding 
o an equi v alent hemispherical cavity with a radius between 34 and
3 m (Table A4 ). These cavity dimensions are comparable to those
ssociated with the summer fireworks events, with the effective cavity 
pening differing by a factor of 2. 
The other outbursts that were outside the perihelion period, were 

rimarily water-dominated and likely due to cliff collapses (Gr ̈un 
t al. 2016 ; Rinaldi et al. 2018 ; M ̈uller et al. 2024 ). If modelled
imilarly to the summer fireworks events but for H 2 O pockets
nstead of CO 2 pockets, temperatures of approximately 260 K would 
e required, which is significantly abo v e the equilibrium surface
MNRAS 537, 2997–3008 (2025) 
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emperature (Table A5 ). Except for one event in 2016 July (Agarwal
t al. 2017 ), the necessary cavity sizes for these events would need
o be 1.6 to 2.3 times larger for both outgassing models (Tables A3
nd A4 ). Ho we ver, the high temperatures required in these pockets
 ≈260 K), well abo v e the surface equilibrium temperature, suggest
hat H 2 O pockets alone are an unlikely source of water-dominated
utbursts, reinforcing prior propositions that these events were more
ikely due to cliff collapses. For completeness, if these outbursts
ere driven by CO 2 cavities instead, the associated temperatures and

avity sizes would be comparable to those in the summer fireworks
vens. None the less, the strong H 2 O outgassing observed in these
vents makes any interpretation of CO 2 as the dominant driver
nlikely. 

.2 Dust velocity 

he motion of dust particles in the comet’s vicinity is primarily
nfluenced by two forces: the gas drag accelerating the dust away
rom the comet’s surface, and the gravitational pull of the comet’s
ucleus acting as an opposing force. The effect of solar radiation
ressure is considered negligible within several hundred kilometres
f the nucleus (Tenishev, Combi & Rubin 2011 ). For simplicity, dust
rains are assumed to be spherical in shape (e.g. Tenishev et al. 2011 ;
arschall et al. 2016 ), although there is strong evidence, particularly

or larger grains, that many are porous fluffy aggregates (Fulle et al.
015 ; Schulz et al. 2015 ) and likely aspherical (Ivanovski et al. 2017 ).
o we ver , to first order , modelling the dust as spherical particles is

ustified since the k ey f actors influencing dust trajectories are mass
nd cross-section and owing to the simplicity of our global model
ith, for example, a spherically shaped comet nucleus. As a result, the
alues of these parameters represent ef fecti ve spheres. The motion
f an individual dust grain, starting with zero initial velocity, is
escribed by the following equation of motion (Gombosi, Nagy &
rav ens 1986 ; Skoro v & Rickman 1999 ; Molina, Moreno & Jim ́enez-
ern ́andez 2008 ): 

4 

3 
πa 3 ρd 

d v d 
d t 

= πa 2 
C D 

2 
ρg ( v g − v d ) | v g − v d | − 4 

3 
πa 3 ρd 

GM n 

r 2 

r 
r 
, (9) 

here G is the gravitational constant, M n is the mass of the comet’s
ucleus, r is the dust grain’s position relative to the nucleus, C D is
he drag coefficient, v g is the bulk velocity of the gas in the coma,
 d is the dust grain velocity, a is the grain radius, and ρg and ρd 

re the densities of the surrounding gas and dust, respectively. Thus,
he particles are simulated to run through the time-dependent cone-
ap distribution to calculate ρg at each point of the simulation. For
ypical conditions in the coma, the drag coefficient is approximated
s C D = 2 (Gombosi et al. 1986 ; Gr ̈un et al. 1989 ). The uncertainties
resented in Fig. 7 and Table 2 are calculated incrementally for
ach time-step of the ejection simulation. This is achieved using
aussian error propagation applied to all rele v ant v ariables ( v g , v d ,

, ρg ), incorporating a 30 per cent uncertainty in the initial thermal
elocity of the gas molecules. This initial uncertainty arises from
he uncertainty in the subsurface temperature. At each time-step, the
ropagated uncertainty of each variable is updated and subsequently
sed as an input for the next step. This iterative process is continued
ntil the final dust grain velocity is determined. 

.2.1 Summer fireworks 

or the dust involved in the summer fireworks outbursts, a density
f 440 kg m 

−3 was assumed for all particle sizes. Fulle et al. ( 2015 )
stimated that very fluffy particles, ranging from 0.2 to 2.5 mm in
NRAS 537, 2997–3008 (2025) 
ize, detected by the Grain Impact Analyser and Dust Accumulator
GIADA), have densities below 1 kg m 

−3 . 
At distances of around 10 nucleus radii, dust particles become

ully decoupled from the gas phase in the coma (Tenishev et al.
011 ). The terminal speed of dust grains varies significantly across
ifferent particle sizes. 
Fig. 7 and Table 2 present the average dust velocity distributions

or the summer fireworks outburst ev ents, co v ering particle sizes
rom 10 −8 to 10 −3 m. The smallest grains, with radii of 10 nm, can
each velocities of 331 ± 14 m s −1 , while larger particles, with radii
f 0.1 mm, achieve velocities of 12 ± 3 m s −1 . 
Vincent et al. ( 2016 ) estimated a minimum dust ejection velocity

f 13 m s −1 , based on the plume shape observed in successive images.
in et al. ( 2016 ) suggested that larger grains (0.1 to 1 mm in
iameter) likely dominate the curved jets, while smaller particles
ay populate straight jets. Rotundi et al. ( 2015 ) indicated that the

ptical scattering of dust is primarily driven by particles between
00 μm and several millimetres in size, though this was observed at
 heliocentric distance of about 3.5 au and was expected to change
loser to perihelion (Fulle et al. 2015 ). Later, Agarwal et al. ( 2017 )
ound particles ranging from 20 to 200 μm in a 2016 July outburst
vent. In line with Vincent et al. ( 2016 ), our calculations suggest that
he dust velocity for grains around 100 μm reaches 12 ± 3 m s −1 ,
ith smaller grains achieving even higher velocities. 

.2.2 Other outbursts 

ev eral instruments observ ed the ev ent on 2016 July 3 (Agarwal et al.
017 ), including the UV spectrometer ALICE, the Cometary Sec-
ndary Ion Mass Analyser (COSIMA), GIADA, and the Star Tracker
 (STR-B) of Rosetta’s attitude control system. These instruments
rovided dif ferent v alues for dust grain velocities, densities, and
article sizes. According to ALICE and STR-B, the fastest particles
eached 25 ± 10 m s −1 , while the slowest particles travelled at 0.41 ±
.05 m s −1 . ALICE data indicated the presence of sub-micron-sized
ater ice particles in the dust outburst. Ho we ver , GIAD A detected

arger particles, likely in the range of hundreds of microns, with
peeds below 3 m s −1 , suggesting compact particles with densities
round 800 kg m 

−3 (Fulle et al. 2016 ). One of the particles could be
ore specifically determined to be 312 μm in size, 800 kg m 

−3 in
ensity, and reached a velocity of 1.37 ± 0.08 m s −1 . COSIMA data
uggested that particle tensile strengths were in the range of several
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Table 2. Terminal dust velocity for all events considered in this work across different dust grain sizes having a bulk dust mass density of 440 kg m 

−3 . 

Grain radius Velocity (m s −1 ) 
( μm) Summer fireworks 2015-05-23 2015-09-13 2015-09-14 2015-11-07 2016-01-06 2016-02-19 2016-07-03 

0.01 331 ± 14 203 ± 55 209 ± 61 214 ± 65 211 ± 62 172 ± 30 162 ± 25 79 ± 5 
0.10 217 ± 24 130 ± 20 141 ± 23 150 ± 27 143 ± 24 90 ± 9 81 ± 8 30 ± 2 
1.00 98 ± 17 58 ± 9 66 ± 11 73 ± 13 68 ± 11 36 ± 4 31 ± 4 10 ± 1 
10.00 36 ± 7 21 ± 3 25 ± 4 28 ± 5 25 ± 4 12 ± 2 11 ± 2 3 ± 1 
100.00 12 ± 3 7 ± 1 8 ± 1 9 ± 2 9 ± 2 4 ± 1 3 ± 1 1 ± 1 
300.00 7 ± 2 4 ± 1 5 ± 1 5 ± 1 5 ± 1 2 ± 1 2 ± 1 0.6 ± 0.4 
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Figure 8. Dust velocities as a function of radial distance from the comet 
centre for selected events outside the perihelion period and literature values 
for comparison. Panel (a) Event observed on 2016 July 3 (Agarwal et al. 
2017 ). P anel (b) Ev ent observ ed on 2016 February 19 (Gr ̈un et al. 2016 ). 
Panel (c) Event observed on 2015 September 13–14 (Rinaldi et al. 2018 ). For 
panel (a), two different dust bulk densities were used: 250 kg m 

−3 (dashed 
lines; Hornung et al. 2016 ) and 800 kg m 

−3 (solid lines; Fulle et al. 2016 ). In 
panels (b) and (c), a dust bulk density of 800 kg m 

−3 was assumed to compare 
the results to literature values. The literature values have all been determined 
where the particles reached their terminal v elocity. The y are, ho we ver, plotted 
o v er the whole distance for visibility considerations. 
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undred Pa, leading to velocities between 2 and 5 m s −1 for particle
izes slightly below 100 μm and particle densities of 250 kg m 

−3 

Hornung et al. 2016 ). 
Our calculated dust grain velocities (Fig. 8 , Panel a and Table 2 )

re consistent with those reported by Agarwal et al. ( 2017 ). For grains
ith densities of 800 kg m 

−3 and radii of 300 μm, we obtain velocities
f 0.44 ± 0.04 m s −1 , about one third of the GIADA measurement.
rains with densities of 250 kg m 

−3 and radii slightly smaller than
00 μm, reach velocities of 1.61 ± 0.04 m s −1 , consistent with the
OSIMA observations. 
F or the ev ent on 2016 February 19, Gr ̈un et al. ( 2016 ) reported

hat the fastest particles on the order of 10 μm travelled at speeds of
t least 25 m s −1 , while GIADA detected 100 μm particles moving
t around 6 m s −1 . OSIRIS also observ ed ev en larger grains, up to
everal centimetres in size. Our estimates (Fig. 8 , Panel b and Table 2 )
ndicate that 100 μm particles reached speeds of 2.5 ± 0.3 m s −1 ,
bout 2 to 3 times slower than the values reported by Gr ̈un et al.
 2016 ). Similarly, smaller particles, approximately 10 μm in size, 
eached speeds o v er 8 m s −1 , also slower by a factor of 3. 

Bockel ́ee-Morvan et al. ( 2017 ) and Rinaldi et al. ( 2018 ) detected
wo significant outbursts on 2015 September 13 and 14 and retrieved 
ust velocities from spectral data collected by the Rosetta Visible 
nfraRed Thermal Imaging Spectrometer (VIRTIS). They reported 
elocities between 20 and 32 m s −1 for outburst B (Rinaldi et al. 2018 )
nd similar values for event F. From spectral analysis (Bockel ́ee- 
orvan et al. 2017 ), these values are likely for particles with sizes

ess than 0.3 μm. In addition, Rinaldi et al. ( 2018 ) computed particle
peeds for dust sizes ranging from 0.1 to 10 μm, with velocities
etween 110 and 12 m s −1 , respectively (Fig. 9 , black line). They
xplained the difference between these computed speeds and the 
 elocities deriv ed from spectral data by noting that v elocities inferred
rom light curves represent the projected particle velocity, whereas 
he dust model calculates the total particle velocity, which can be 
onsidered an upper limit. Additionally, different particle shapes can 
ead to variations in velocity (Ivanovski et al. 2017 ; Rinaldi et al.
018 ). 
Our estimation of dust grain velocities (Fig. 8 , Panel c and Table 2 )

losely aligns with the particle speeds simulated by Rinaldi et al. 
 2018 ). For dust particles with radii ranging from 0.1 to 10 μm, we
etermined velocities between 118 ± 16 m s −1 and 18 ± 3 m s −1 ,
hich correspond well to their reported v alues. As sho wn in Fig. 9 ,

he comparison reveals a reasonably good agreement, with our results 
xceeding those of Rinaldi et al. ( 2018 ) by no more than a factor of
.5. Ho we ver, for particles with a size of 0.3 μm, we get 88 ± 9 m s −1 .
his is about a factor 3 times more than the 20 and 32 m s −1 Rinaldi
t al. ( 2018 ) retrieved from the VIRTIS measurements. Therefore, 
n line with the statement by Rinaldi et al. ( 2018 ), the dust model
alculates the total particle velocity, and our values may also be upper
imits for these events as our data matches well with their dust model
MNRAS 537, 2997–3008 (2025) 

ut o v erestimates the VIRTIS measurements. 
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M

Figure 9. Speeds of spherically shaped particles as function of the particle 
radius estimated from the forces e x erted by the gas flow measured with 
ROSINA/DFMS in comparison to the computed values by Rinaldi et al. 
( 2018 ) for particles with initial temperature of 250 K. A bulk density of 
800 kg m 

−3 has been used here. 
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When compared with other studies, the particle speeds derived
rom ROSINA gas data are generally in good agreement with the
elocities reported by Agarwal et al. ( 2017 ). Ho we ver, our estimated
ust velocities are lower by a factor of 2 to 3 for the event described
y Gr ̈un et al. ( 2016 ), while exceeding the values for the grains
nalysed by Rinaldi et al. ( 2018 ) by about 50 per cent. Despite
hese discrepancies, the o v erall results for dust grain velocities across
ifferent outburst events are consistent with data obtained from other
nstruments. These findings validate the robustness of our approach,
hich incorporates the calculation of subsurface cavity gas densities,

avity opening radii, and gas pocket sizes. 

 DISCUSSION  

his study provides a detailed analysis of gas-driven dust ejec-
ions observed on comet 67P/Churyumov–Gerasimenko during the
osetta mission, focusing on two distinct outburst categories: CO 2 -
ominated perihelion events, such as the summer fireworks and
referably arising from subsurface gas cavities, and water-dominated
utbursts outside the perihelion period. By modelling the outgassing
ynamics and dust velocities associated with these events, we
stimated the characteristics of subsurface gas cavities and the
elocity distribution of ejected particles. 

.1 Comparison between summer fireworks and other events 

ur findings reveal significant differences between perihelion-period
nd off-perihelion outbursts. The summer fireworks events appear to
e driven by CO 2 sublimation, with subsurface cavities estimated to
ave equi v alent half-sphere radii between 15 and 62 m, depending on
he assumed outgassing distribution model. Subsurface temperatures
t cavity rupture were approximately 137 K, consistent with CO 2 

ublimation thresholds. The broad range of cavity radii highlights the
ensitivity of results to modelling assumptions, with hemispherical
utgassing distributions likely providing upper bounds due to the
ocalized nature of these events, as indicated by OSIRIS images.
o we ver, the precise timing of peak gas production remains uncertain

nd measurements by ROSINA/DFMS on Rosetta were taken after
ome level of gas dissipation and lateral diffusion. Therefore, the
ctual cavity radius likely falls within this range, justifying the rough
pproximations made in modelling and accounting for the variability
n radius estimates. 
NRAS 537, 2997–3008 (2025) 
Dust velocities during the summer fire works e vents also varied
idely, with smaller grains ( < 10 nm) reaching high velocities of
p to 330 m s −1 , while larger particles (100 μm to 1 mm) exhibited
elocities closer to 12 m s −1 . These values align with OSIRIS
bservations (Vincent et al. 2016 ), supporting the robustness of our
odelling framework. 
In contrast, water-driven outbursts outside the perihelion period

ere likely mechanical in origin, possibly resulting from cliff
ollapse or other collapsing structures within the nucleus. The higher
emperatures required for H 2 O sublimation in a subsurface cavity –
round 260 K and well abo v e the equilibrium surface temperature –
uggest that these events involve different mechanisms compared to
O 2 -driven outbursts. Dust velocities for these events were generally

ower, ranging from a factor of 0.3 to 0.1 below those observed during
ummer fireworks. These results support the hypothesis of distinct
hysical processes underlying the two types of outbursts. 

.2 Implications of subsurface cavity formation 

he observed cavity sizes and dust ejection velocities provide
ritical insights into subsurface processes on 67P. CO 2 -dominated
avities are consistent with models of gas reservoirs accumulating
eneath an impermeable surface layer or pocket. Similar processes
ay occur on other comets with significant volatile content, such

s 29P/Schwassmann–Wachmann (Miles et al. 2016 ; Lisse et al.
022 ) or 17P/Holmes (Lin et al. 2009 ; Gronkowski & Sacharczuk
010 ), both of which show massive outbursts associated with a
trong increase of CO and other highly volatile components. These
omposition signatures from other comets suggest that volatile-
riven outbursts may be a common phenomenon. 
Morphological heterogeneity on 67P further emphasizes the dy-

amic nature of cometary surfaces. Transitions between smooth
nd rough terrains reflect substantial dust transport (Vincent et al.
021 ), with volatile sublimation driving intra- and inter-regional
edistribution of sediment (Barrington et al. 2023 ). Localized zones
f erosion and accumulation, as documented by Jindal et al. ( 2024 ),
ighlight the uneven impact of these processes, even within small
reas. 

Several depressions identified in smooth and harder terrains by
incent et al. ( 2021 ) provide intriguing clues. These depressions,

ypically 10 m in diameter and 1–2 m in depth, are smaller than the
odelled subsurface cavities but are comparable to the estimated

avity openings. In the Imhotep region, depressions found in a
asin associated with outbursts suggest the presence of volatile
eservoirs just below the surface. While depressions in other areas
ack direct links to outbursts, some events may have been missed due
o insufficient observations (Vincent et al. 2021 ). 

Lamy et al. ( 2024 ) further investigated potential icy cavities
sing OSIRIS image anaglyphs, identifying bright patches 15–30 m
cross with high reflectance and visible spectral slopes indicative
f subsurface water ice. Infrared absorption features supported this
nterpretation, with the ice potentially being exposed due to outbursts
hat remo v ed the o v erlying dust layers. Although the nature of
he detected ice – whether water or more volatile ices – remains
ebatable, Lamy et al. ( 2024 ) proposed that these patches represent
ristine mixtures of water ice and refractory grains at cavity bottoms.
igh-resolution photogrammetry revealed cavity depths of 20–47 m

nd suggested lifetimes of up to two years, with potential links to jets
r outbursts. These cavity dimensions align well with the modelled
ubsurface cavities for CO 2 -driven events, implying that they may
e remnants of outburst-related features. 
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.3 Model refinement and future outlook 

hile the current model offers valuable insights into gas-driven 
utbursts, several refinements could enhance its accuracy. Incorpo- 
ating irregular particle geometries and tensile strengths, as well 
s refining assumptions about the comet’s shape and gravity field, 
ould impro v e dust v elocity predictions. Higher-resolution data 
n subsurface volatiles, obtained through future missions using 
dv anced radar, micro wave, or thermal imaging, could further con- 
train subsurface cavity characteristics. Notably, exploring the THz 
requenc y re gion, offering deeper penetration capabilities (St ̈ockli 
t al. 2025 ), will enable direct measurements of the volatile content
nd the structure of the gas pockets. Such advancements could 
mpro v e our understanding of subsurface processes that drive these 
ynamic outbursts. 
Fundamental questions persist regarding the formation and evolu- 

ion of subsurface cavities. Investigating how these cavities form 

whether through gas build-up, thermal gradients, or structural 
eaknesses – would refine our understanding of cometary activity 

nd enhance predictive models. Environmental influences, such as 
olar radiation and perihelion heating, are particularly rele v ant to 
avity development. Current hypotheses on cavity formation may 
nvolv e repetitiv e CO 2 frost c ycles, which hav e been observ ed on
omet 67P and shown to operate on seasonal time-scales (Filacchione 
t al. 2016 ; Rubin et al. 2023 ). This process could explain why areas
xhibiting outbursts are often active in CO 2 well in advance (L ̈auter
t al. 2020 ). Frost cycles could lead to the closure of cavities, while
emoval of the dust cover during an outburst may account for their
ong-term gas release after the dust plume is gone (L ̈auter et al. 2020 ).

Another potential mechanism, which might even be connected to 
he frost c ycle, involv es the formation of a CO 2 ice layer coating the
orous internal structure. CO 2 ice layers are observed in laboratory 
xperiments under Martian conditions (Portyankina et al. 2019 ). 
lthough the conditions on comets differ significantly – particularly 

n terms of pressure, temperature, porosity, composition, and scale 
a similar process might occur. In this scenario, CO 2 forms an 

mpermeable layer o v er porous material, creating a structure with 
onsiderable tensile strength capable of confining a high-pressure 
as pocket. The interplay between CO 2 frost cycles and ice layer for-
ation – or a combination of the two – should be further explored to

alidate these potential mechanisms of subsurface cavity formation. 

 C O N C L U S I O N  

his study advances our understanding of gas-driven outbursts on 
omet 67P/Churyumov–Gerasimenko, strengthening our previous 
onclusions about distinct mechanisms for perihelion-period and 
f f-perihelion e vents. CO 2 -dominated outbursts, such as the summer 
re works, are dri ven by sublimation of subsurface volatiles, resulting

n the formation and rupture of cavities with equi v alent half-
phere radii between 15 and 62 m. In contrast, water-dominated 
vents outside perihelion are likely mechanical in origin, involving 
rocesses such as cliff collapse or localized heating. 
The differences in dust ejection velocities and cavity sizes between 

he two event types reflect the diverse physical processes shaping 
ometary nuclei. CO 2 -driven outbursts provide insights into the 
ole of volatile reservoirs, while water-driven events highlight the 
mportance of structural integrity and mechanical collapse. These 
ndings underscore the complex interplay of thermal, chemical, and 
echanical processes go v erning cometary activity. 
Future research should prioritize refining models of subsurface 

avity formation, leveraging data from advanced instruments and 
aboratory studies. By integrating high-resolution observations from 

uture missions with comparative studies across comet populations, 
e can further unravel the mechanisms driving cometary outbursts, 

urface evolution, and the diversity of cometary activity across the 
olar System. 
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PPENDI X  A :  EXTENDED  DATA  
 2 , cavity temperature, cavity pressure, and equi v alent half-sphere cavity 
idered in this work. The event IDs correspond to the values from Vincent 
lated by assuming a hemispherical cone cap distribution with a half-angle 
ven for an effective cavity opening radius of 1.4 m matching best with the 
e cavity radius the two extreme τ -values are used in the calculations. 

ate (kg s −1 ) T in , CO 2 (K) p in , CO 2 (Pa) r cavity , CO 2 (m) 
 2 CO r crack = 1.4 m r crack = 1.4 m τ = 40 s τ = 260 s 

9 0.1 131 37 15.2 28.4 
2 0.2 132 50 15.2 28.4 
2 0.3 136 97 15.3 28.6 
1 0.3 136 90 15.3 28.6 
4 0.2 137 105 15.3 28.6 
8 0.3 135 76 15.3 28.5 
9 0.6 144 352 15.5 28.9 
6 1.1 144 341 15.5 28.8 

ated by assuming a hemispherical distribution. Therefore, the temperature, 
ity opening radius of 4.5 m matching best with the tensile strength of the 

ate (kg s −1 ) T in , CO 2 (K) p in , CO 2 (Pa) r cavity , CO 2 (m) 
 2 CO r crack = 4.5 m r crack = 4.5 m τ = 40 s τ = 260 s 

2 0.8 131 38 33.1 61.8 
.4 1.8 133 51 33.2 62.0 
.7 2.7 136 100 33.4 62.3 
.2 2.7 136 93 33.3 62.2 
.7 1.8 137 108 33.4 62.3 
.8 3.5 135 79 33.3 62.2 
.8 6.5 144 363 33.7 62.9 
.3 11.6 144 352 33.7 62.8 
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Table A3. The same as in Table A1 but for the events considered in this work that are not discussed in Vincent et al. ( 2016 ). The excess gas production rates 
are calculated assuming a hemispherical cone cap distribution with a half-angle of 25 ◦. The temperature, ef fecti ve cavity opening radius, and equi v alent 
half-sphere cavity radius are shown for the most enhanced gas and have been calculated such that they are matching best with the tensile strength of the 
surface layers of comet 67P. 

Event date (UTC) Reference r cgsc Gas prod. rate (kg s −1 ) Most enhanced gas T in r crack r cavity (m) 
(km) H 2 O CO 2 CO (K) (m) τmin τmax 

2015-05-23T12:42 Feldman et al. ( 2016 ) 143 3.8 0.2 0.1 H 2 O 259 2.0 74.6 84.9 
2015-09-13T13:36 Rinaldi et al. ( 2018 ) 314 4.3 0.2 0.1 H 2 O 260 2.0 43.0 59.1 
2015-09-14T18:47 Rinaldi et al. ( 2018 ) 316 6.0 0.3 0.1 H 2 O 264 2.0 34.7 53.8 
2015-11-07T17:32 Noonan et al. ( 2021 ) 229 5.1 1.9 0.1 CO 2 143 0.75 15.1 23.9 
2016-01-06T12:00 Agarwal et al. ( 2017 ) 83.9 1.0 0.6 0.02 H 2 O 259 1.0 22.8 38.8 
2016-02-19T09:40 Gr ̈un et al. ( 2016 ) 34.5 0.8 0.2 0.03 H 2 O 263 0.75 35.5 41.8 
2016-07-03T07:30 Agarwal et al. ( 2017 ) 8.5 0.02 0.15 0.01 H 2 O 260 0.15 6.4 11.0 

Table A4. The same as in Table A3 but the excess gas production rates are calculated by assuming a hemispherical distribution. In addition, the estimated 
dust mass-loss from the corresponding literature reference is given. It is given here as comparison to the calculation assuming a hemispherical gas 
distribution because all authors used a hemispherical gas and dust distribution except for Gr ̈un et al. ( 2016 ) who used a solid angle of 	d = 1 sr. Here, 
their value has been normalized to the solid angle of 	d = 2 π sr which is used by all other reference publications. 

Event date (UTC) Reference r cgsc Dust mass-loss Gas prod. rate ( kg s −1 ) Most enhanced gas T in r crack r cavity (m) 
(km) (tons) H 2 O CO 2 CO (K) (m) τmin τmax 

2015-05-23T12:42 Feldman et al. ( 2016 ) 143 – 40.2 1.6 0.6 H 2 O 265 5.0 137.9 157.0 
2015-09-13T13:36 Rinaldi et al. ( 2018 ) 314 70–230 46.3 2.1 0.9 H 2 O 264 5.5 84.5 116.2 
2015-09-14T18:47 Rinaldi et al. ( 2018 ) 316 120–380 a 63.8 3.6 0.7 H 2 O 264 6.5 76.2 118.0 
2015-11-07T17:32 Noonan et al. ( 2021 ) 229 – 54.1 20.3 1.1 CO 2 143 2.5 33.7 53.4 
2016-01-06T12:00 Agarwal et al. ( 2017 ) 83.9 – 10.1 5.9 0.3 H 2 O 260 3.0 47.5 80.7 
2016-02-19T09:40 Gr ̈un et al. ( 2016 ) 34.5 10 b 8.4 2.3 0.3 H 2 O 263 2.5 79.2 93.2 
2016-07-03T07:30 Agarwal et al. ( 2017 ) 8.5 6.5–118 c 0.3 1.6 0.1 H 2 O 260 0.5 14.4 24.4 

a The gi ven v alue is calculated considering the outburst inside the FOV. Using an additional fraction of 30 per cent of the outburst outside the FOV gives 
a dust mass-loss between 150 and 500 tons (Rinaldi et al. 2018 ). b 1.6 multiplied by 2 π to normalize to a hemispherical outgassing distribution. c Large 
spread due to the use of extreme values including uncertainty for both the dust production rate and the outburst life-time. 

Table A5. Equilibrium temperatures for water ice sublimation on a flat surface for all 
considered outburst events according to equation ( 6 ). 

Event date (UTC) Reference Hel. Distance (au) T eq , H 2 O (K) 

2015-07-26T20:22 Vincent et al. ( 2016 ) 1.26 202 
2015-07-27T00:14 Vincent et al. ( 2016 ) 1.26 202 
2015-07-28T05:23 Vincent et al. ( 2016 ) 1.26 202 
2015-08-01T10:53 Vincent et al. ( 2016 ) 1.25 202 
2015-08-01T15:44 Vincent et al. ( 2016 ) 1.25 202 
2015-08-22T23:46 Vincent et al. ( 2016 ) 1.25 202 
2015-08-26T07:51 Vincent et al. ( 2016 ) 1.25 202 
2015-08-28T10:10 Vincent et al. ( 2016 ) 1.26 202 
2015-05-23T12:42 Feldman et al. ( 2016 ) 1.58 198 
2015-09-13T13:36 Rinaldi et al. ( 2018 ) 1.30 201 
2015-09-14T18:47 Rinaldi et al. ( 2018 ) 1.31 201 
2015-11-07T17:32 Noonan et al. ( 2021 ) 1.61 198 
2016-01-06T12:00 Agarwal et al. ( 2017 ) 2.06 194 
2016-02-19T09:40 Gr ̈un et al. ( 2016 ) 2.40 192 
2016-07-03T07:30 Agarwal et al. ( 2017 ) 3.32 186 
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Table A6. Exponential e-folding time τ values from equation ( 7 ) for all events 
considered in this study. 

Event date (UTC) Reference τmin (s) τmax (s) 

2015-05-23T12:42 Feldman et al. ( 2016 ) 1050 1550 
Summer fireworks Vincent et al. ( 2016 ) 40 260 
2015-09-13T13:36 Rinaldi et al. ( 2018 ) 200 520 
2015-09-14T18:47 Rinaldi et al. ( 2018 ) 100 390 
2015-11-07T17:32 Noonan et al. ( 2021 ) 130 520 
2016-01-06T12:00 Agarwal et al. ( 2017 ) 120 590 
2016-02-19T09:40 Gr ̈un et al. ( 2016 ) 800 1300 
2016-07-03T07:30 Agarwal et al. ( 2017 ) 120 590 
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