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ABSTRACT

Gas and dust outbursts are recurring phenomena on comets, offering critical insights into their subsurface activities. On
comet 67P/Churyumov—Gerasimenko, two distinct outburst types have been identified: CO,-dominated ‘summer fireworks’
near perihelion and water-driven events often linked to cliff collapses outside the perihelion period. While CO,-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 Rosefta/ROSINA data to estimate the
characteristics of subsurface gas cavities and their impact on ejected particle dynamics. Our results indicate that CO,-dominated
events involve subsurface cavities with radii ranging from 15 to 62 m for an equivalent half-sphere geometry, depending on
gas distribution assumptions. Conversely, water-driven outbursts would require subsurface temperatures far above equilibrium,
supporting the hypothesis of mechanical processes like cliff collapses exposing ices to sublimation. Dust velocities in CO;-
dominated events — while aligning with results from other Rosetta instruments — were notably higher across all grain sizes
compared to water-driven events, reflecting distinct dynamics in dust ejection. These findings highlight the critical role of
subsurface gas reservoirs in driving explosive 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.

1 INTRODUCTION

Cometary outbursts are transient and dynamic phenomena observed
across various comets, marked by sudden releases of gas and dust.
These events offer valuable insights into the physical properties
and internal structure of cometary nuclei, as well as the processes
that drive their activity (Hughes 1991). Despite extensive research,
the exact mechanisms that trigger these outbursts remain elusive.
Proposed explanations range from subsurface pressure build-up due
to volatile sublimation to structural changes like cliff collapse and
fracturing of the nucleus (e.g. Hughes 1975; Prialnik, A’Hearn &
Meech 2008; Vincent et al. 2016; Bockelée-Morvan et al. 2022). An-
other potential mechanism, proposed for comet 1P/Halley, involves
the exothermic amorphous-to-crystalline ice phase transition, which
can induce runaway internal heating, leading to explosive activity
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(Prialnik & Bar-Nun 1992). Additionally, clathrate destabilization,
associated with amorphous ice crystallisation, has been modelled
as a possible driver of pit formation through sinkholes or violent
outbursts (Mousis et al. 2015).

Comet 67P/Churyumov—Gerasimenko (hereafter 67P), studied ex-
tensively during the Rosetta mission, exhibited numerous outbursts.
The mission provided a unique opportunity to explore drivers of
outbursts in better detail. Previous studies have attributed outbursts
on 67P to a variety of factors, such as mechanical stresses or the
release of volatile gases from subsurface cavities (e.g. Skorov et al.
2016; Pajola et al. 2017). The continuous monitoring by Rosetta’s
suite of instruments has been crucial in capturing both the dust and
gas dynamics during these events (e.g. Griin et al. 2016; Agarwal
etal. 2017).

In a recent study, Miiller et al. (2024) analysed gas emissions
during outbursts on comet 67P using data from the ROSINA Double
Focusing Mass Spectrometer (ROSINA/DFMS). Their findings re-
vealed key patterns in the comet’s gas composition, attributing some
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outbursts to subsurface gas reservoirs while linking others to surface
processes such as cliff collapses. However, the properties of these
subsurface gas reservoirs remain poorly understood.

In this study, we build on these findings by investigating gas
production rates and outburst dynamics from ROSINA/DFMS data,
focusing exclusively on the subsurface pressure build-up mechanism.
Our analysis centres on CO,-dominated outbursts observed during
the comet’s perihelion period in the summer of 2015, using a model
to simulate gas outflow driven by subsurface pressure build-up. This
approach allows us to estimate the sizes and characteristics of these
cavities and their role in driving explosive events. Additionally, we
constrain the velocities of dust particles ejected during these out-
bursts, shedding light on the underlying mechanisms. The following
sections outline the instrumentation, data processing, and modelling
techniques used in this study, and present new findings that enhance
our understanding of cometary outburst dynamics.

2 METHODS

2.1 ROSINA/DFMS instrumentation and data treatment

The ROSINA/DFMS instrument aboard the Rosetta spacecraft is a
high-resolution mass spectrometer designed to measure the composi-
tion of cometary gases. The instrument uses a Nier—Johnson double-
focusing ion-optical configuration, including a toroidal electrostatic
analyser and a permanent magnet to separate ions by their mass-
to-charge (m/z) ratio. The instrument achieves a mass resolution of
3000, measured at 1 per cent of the peak amplitude for m/z 28, as
detailed by Balsiger et al. (2007).

DFMS scans through a range of m/z values using specific voltages
applied to its ion optics. lons are detected via a multichannel plate
(MCP) detector with detection along the mass-dispersive direction.
The detector gain is adjusted to obtain a high dynamic range.
A typical scan, covering an m/z range from 13 to 100, takes
about 45 min. Data are processed following established methods for
calibration, species identification, and signal integration, and are
normalized to neutral gas densities measured by ROSINA’s COmet
Pressure Sensor (COPS) (Le Roy et al. 2015; Calmonte et al. 2016;
De Keyser et al. 2019; Rubin et al. 2019). Detailed analysis methods,
especially for outburst events, are disclosed in Miiller et al. (2024).

2.2 Data analysis

To study cometary outbursts, we selected DFMS data from 67P’s
perihelion period during the summer of 2015, when the so-called
summer fireworks occurred (Vincent et al. 2016), and periods when
other similar outbursts have been reported (Feldman et al. 2016;
Griin et al. 2016; Agarwal et al. 2017; Rinaldi et al. 2018; Noonan
et al. 2021). We focused on times when Rosetta was positioned
within +25° of an outburst source’s latitude and longitude. This
angular window was selected to take into account both the physical
processes driving the expanding gas dynamics (e.g. Combi et al.
2012; Marschall et al. 2020) and the DFMS observation timing which
controls in particular the spatial resolution of measurements. Yet, the
actual complexity of the nucleus shape is not taken into account as we
consider an overall spherical geometry for simplicity reasons. Data
normalization by spacecraft-source distance, corrected for varied
viewing geometries, required careful data evaluation to link ROSINA
measurements to specific events. For further details on the specific
selection of events and data analysis protocols, the reader is referred
to Miiller et al. (2024).
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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
o up to the points at which the gas flow rate is measured at the spacecraft,
situated at a distance rcgsc from the comet nucleus. Using this outgassing
model, the outbursting gas is distributed homogeneously across the surface
of the grey cone cap.

2.3 Modelling approach

In Miiller et al. (2024), we proposed that subsurface gas reservoirs
could explain the elevated gas production rates observed during
outburst events. A similar concept had previously been discussed
by Agarwal et al. (2017), who developed a model to explain such
reservoirs and estimate their sizes. Following these approaches, we
implemented a similar model in this work. According to Sharipov
& Kozak (2009), the gas mass flow rate, or gas production rate, of
the gas escaping from a pressurized container at pressure p;, and
temperature 7j, through an aperture can be expressed analytically.
These authors consider a slit of width @ and length /, but since the
precise geometry of the opening is unknown, we represent it with an
effective radius 7,k in this work. The modelled gas mass flow rate

is then given by
W\/ﬁ piﬂrczre\ckn _ w VITm piﬂrczrack (1

T V2mks VTw ks NTw

Here, m is the molecular mass of the gas, W is a dimensionless
parameter that characterizes the flow regime (in this case, we assume
W = 1.5 for viscous flow), and kg is Boltzmann’s constant. The
pressure inside the container, p;,, is approximated by the sublimation
pressure Py (7), following the model by Fray & Schmitt (2009).
The model from equation (1) assumes an expansion of the gas
pocket against vacuum. In general, there might be a collisional
thermalized region close to the comet surface, especially for high
activity comets, which would lead to a reduced outward mass flux.
However, assuming expansion against vacuum can be justified due
to the low gas production of 67P and the strong outgassing during
the outbursts.

For each outburst event, we computed the gas production
rate using gas density measurements from ROSINA/DFMS and
ROSINA/COPS. The temperature 7j, and corresponding internal
pressure p;, were then calculated to satisfy equation (1).

The peak gas flow rate was determined by using the peak gas
density observed at the nearest measurement point relative to the
event source and outburst time. Miiller et al. (2024) previously
defined a field of view (FOV) to evaluate whether ROSINA measured
gases originating from the outburst or the quiescent coma, and the
same FOV is used here. Therefore, the gas density measured by
ROSINA/DFMS is assumed to be homogeneously distributed within
the 25° half-angle cone (grey area in Fig. 1) and the gas flow rate at
the spacecraft distance, Qj., is computed as follows:

M

2
Qsc = UscnscAsc = USCI’lSCZTFVCgSC(l — COs O[), (2)
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where vy, and ng. are the gas velocity and density at the spacecraft’s
location, respectively, and A, represents the calculated area of the
gas plume determined from the spacecraft’s distance from the comet
Tegse and the cone opening angle o.

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

2
chack = UcrackncrackAcrack = UcrackMcrack 70l ek (3)

where Ve and negex are the gas velocity and density at the crack,
respectively, and A,k is the area of the crack opening, determined
by the radius of the crack 7,k With the assumption of thermalization
inside the pocket, the gas velocity at the crack is derived from the
gas effusion equation, given by vk = «/7kg Tin/210.

To conserve the mass of the outgassing material, the two flow
rates Qg and Qcck Must be equal, which leads to the following
expression for the gas density at the crack, 7¢;ycx:

2
Vse 2rcgsc(1 — cos )
Ncrack = 5l Ngc, 4
Verack Ferack

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

2
Mpaex = chackm = UcrackcrackM TUT

crack ( 5)

= VgcHscM 27'rrczgsc(1 — cosa).

The mass production rate at the crack is thus independent of
surface parameters or other model assumptions, except for the cone
angle o, as defined by Miiller et al. (2024). The gas velocity at the
spacecraft, vy, is assumed to be 600 ms~', consistent with values
during outburst events reported in the literature (e.g. Griin et al. 2016;
Marschall et al. 2016).

Since only the outburst-related overproduction is considered, the
mass production rate due to the outburst is calculated as follows:
Mow = Myeax — Myy. The background gas production follows the
same approach as in equations (2) to (5). The only difference to
equation (2) is that the background gas flow is not limited to the
conical outgassing, but is distributed over the whole hemisphere
because of its origin from the whole nucleus. The cavity temperature
Ti, and pressure pj, are computed by fitting equation (1) to the gas
production rate.

As the exact size of the cavity opening is unknown, we vary its
parameter to identify the value that ensures that the cavity pressure
remains below the surface tensile strength of comet 67P, estimated
between 3 to 150 Pa (Groussin et al. 2015; Vincent et al. 2015;
Basilevsky et al. 2016), and the temperature remains below the ice
sublimation equilibrium temperature.

To estimate the ice sublimation equilibrium temperature, we use
the model from Keller et al. (2015). This model assumes that
the energy absorbed by the comet’s surface is partially used to
sublimate subsurface volatiles, with the surface temperature derived
by balancing incident solar irradiation, thermal re-radiation, subli-
mation losses, and heat conduction. The simplest assumption is that
exposed water ice sublimates directly from a flat surface which is the
actual geometry of the observations with Rosetta looking towards
a sunlit nucleus. Neglecting heat conduction (justified by the low
heat conduction observed; Gulkis et al. 2015), the energy balance is
expressed as (Keller et al. 2015):

(1—=A)I(t)=€0 T*+ Z(T) Lic, (6)

where [ is the Solar irradiation intensity, A, is the Bond albedo
(assumed to be 0.01; Keller et al. 2015), € is the emissivity (0.9;
Keller et al. 2015), o is the Stefan—Boltzmann constant, T is the
surface temperature, Z is the sublimation rate, and L. is the latent
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heat of sublimation. We assume L. to be constant, neglecting its
slight temperature dependence. The sublimation rate is calculated
using the Hertz—Knudsen formula (Keller et al. 2015), with the
water vapour pressure derived from Fray & Schmitt (2009). The
corresponding equilibrium temperatures for all studied events are
provided in Table AS.

Assuming that the reservoir is not replenished during the outburst
and that the cavity temperature remains constant, the pressure inside
the cavity and the mass flux through the crack decay exponentially.
The e-folding decay time, t, is proportional to the cavity volume and
is given by

2m \% 7
T = — -
kB Ti"ﬂ Wrczrack

Miiller et al. (2024) observed that gas enhancements lasted longer
than the dust outbursts captured by Rosetta’s cameras, likely due to
continued sublimation from exposed ice surfaces on the order of tens
of meters (e.g. Agarwal et al. 2017) following the removal of the
dust layer. In our model, however, we assume that the duration of
the gas outburst matches the dust event observed by the cameras.
This approach focuses on the bursting phase of the event rather than
the prolonged sublimation of newly exposed ice which has been
used in earlier publications (e.g. Griin et al. 2016; Agarwal et al.
2017). The summer fireworks events require a T value between 40
and 260 s to reduce the gas production rate to 1/1000 of its initial
value (Agarwal et al. 2017) within 5 to 30 min (Vincent et al. 2016).
Events outside the perihelion summer fireworks period necessitate
different t values, depending on the specific observation times of the
individual dust events. All t values are listed in Table A6.

From equation (7), the gas cavity volume is determined. Assuming
the cavity to be a half-sphere with radius rcayiy, the equivalent half-
sphere radius is calculated as

ks T; e
B m> i (8)

Feavity = <3rwr3rack 87m

The values of T and ry,ck are varied, and the results are presented
in Section 3. The shape of the cavity is assumed to be a half-sphere
because of previous publications using this shape as an equivalent
reference shape and to facilitate the calculations over more complex
internal structures such as branching structures beneath the surface
(Agarwal et al. 2017).

Uncertainties have been calculated using Gaussian error propa-
gation applied to all relevant variables of the formulas above. Most
importantly, 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
error propagation.

3 RESULTS

3.1 Subsurface gas cavities

This subsection explores the characteristics of subsurface gas cavities
and shows the differences between the perihelion summer fire-
works and other outbursts, encompassing events outside this period.
Through detailed analysis of gas production rates and cavity dimen-
sions as introduced in Section 2.3, we seek a better understanding of
the role of subsurface cavities in driving cometary outbursts and the
implications these cavities have for cometary evolution.

MNRAS 537, 2997-3008 (2025)
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Table 1. Gas production rates for the studied events during the summer
fireworks described by Vincent et al. (2016).

Gas Min. (kgs~!) Max. (kgs~')  Mean £ SD (kgs~!)
H,O 3.8 10.2 6.7+£2.0
CO, 0.9 7.9 32+28
CcO 0.1 1.1 04+03
E‘ 12
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Figure 2. Gas production rate for HyO and CO, for events where Rosetta
flew over the corresponding event source region shortly after the event 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 improved readability. The event
IDs correspond to the values from Vincent et al. (2016).

3.1.1 Summer fireworks

Our investigation concentrated on the immediate effects on the
gas coma following dust outburst events, rather than on the long-
term monitoring of the source regions. Therefore, we selected eight
specific outburst events (see Table A1) in the data set of Vincent et al.
(2016) and Miiller et al. (2024), where Rosetta observed the source
regions within a day of the event. Notably, six of these eight events
were observed within a single full rotation period of comet 67P.

Our analysis of these eight events revealed that the H,O gas
production rates varied between 3.8 and 10.2kg s~!, with an average
of 6.7kgs™!. The production of CO, ranged from 0.9 to 7.9kgs™!,
with a mean value of 3.2kgs™'. In contrast, CO production was
negligible, typically accounting for 1-7 per cent of the total gas
production of the three gases only Table A1). A summary of these gas
production rates is presented in Table 1, while the specific production
rates for H,O and CO, for each event are shown in Fig. 2.

These results indicate that H,O production generally exceeded
CO, production, suggesting a stronger water contribution. However,
compared to the background production values, CO, showed a
significant increase by a factor of 1.22 £ 0.11, while H,O increased
by 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
outburst events were predominantly driven by CO,, consistent with
the conclusions of Miiller et al. (2024).

If these summer fireworks events had been triggered predomi-
nantly by water, the required effective cavity opening radius would
exceed 70 metres to reach the equilibrium temperature of approxi-
mately 202 K (Table AS). Such a large opening would likely have
been detected by Rosetta’s cameras after the event. In contrast, for
CO, sublimation at temperatures below 200K, an effective cavity
opening radius of just 0.05 metres would suffice (Fig. 4). However,
this would produce a sublimation pressure of approximately 130 MPa
— far surpassing the tensile strength of comet 67P’s surface layers,

MNRAS 537, 2997-3008 (2025)

=
i

--e— H20 --e-- CO2 --+- CO
w —— H:Omean —— CO2mean —— CO mean
2131
9§ hN
= -
T 1.2 . ‘
5
<
O
= 11 e ———
. - o - — .
10—
2 4 6 8 10 12 14 16 18 20 22 24

Event ID

Figure 3. Gas production rate at the crack during an outburst (Mc.peak)
compared to background gas production rate (Mc,bg) for H,0, CO;, and CO
for events where Rosetta flew over 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 improved readability. The event IDs
correspond to the values from Vincent et al. (2016).
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Figure 4. Cavity temperature as a function of the effective cavity opening
radius, calculated using equation (1) for HoO and CO,. The uncertainties
represent the standard deviation for the summer fireworks outburst events.

which ranges from 3 to 150 Pa (Groussin et al. 2015; Vincent et al.
2015; Basilevsky et al. 2016). To remain within this pressure range,
an average cavity opening radius of at least 1.4 metres would be
required, resulting in an average pressure of 142 Pa and an average
temperature of 138 K (Fig. 5, bottom). In the case of H,O, using the
same cavity radius would lead to pressures approximately four to
five times higher (Fig. 5, top).

We also calculated the gas cavity radius, assuming a half-spherical
pocket, based on equation (8) and varying the effective cavity opening
radius and time constant t in accordance with the model described
in Section 2.3. With an effective cavity opening radius of 1.4m
— consistent with the pressure and temperature constraints — the
resulting cavity radius ranges between 15 and 30 metres for an
equivalent half-sphere cavity (Fig. 6).

Although outbursts are localized and focused phenomena, some
studies adopt a hemispherical gas distribution (Griin et al. 2016;
Agarwal et al. 2017; Noonan et al. 2021) rather than the spherical
cone cap distribution we used here. The hemispherical distribution
has the advantage that it is straightforward to define but ignores the
focused outgassing behaviour of outbursts as seen on the Rosetta
images. To compare with other studies, we recalculated the gas
production assuming a hemispherical distribution by setting the
cone angle « in equation (5) to 90° (see Table A2 for the results).

G20z 1udy €2 UO Josn ulag YoyjolqIgsIeeyisioniun Aq L9¥686./.662/7/LES/RI01HE/SBIUW/WOD dNO"OlLSPEDE//:SANY WO} POPEOJUMOQ



_ H-0 Event IDs from Table Al:
© e 4 —e— 5
a 103/
— 10 e 8 17
g 23— Rm
>
(9]
(%]
4}
—
o
E\ 102,
>
(o]
o
i 2 3 4 5
Effective Cavity Opening Radius [m]
103 CO- Event IDs from Table Al:
g e 3 ] —e—- 5§
— 7 e 8 17
[0
—
a 102
[%]
14}
—
[a
2 10
(o]
o

Effective Cavity Opening Radius [m]

Figure 5. Pressure in the cavity as function of the effective cavity opening
radius according to equation (1) and the corresponding sublimation pressure
from Fray & Schmitt (2009) for H,O (top) and CO, (bottom) for the summer
fireworks outburst events. The mean pressure and standard deviation for these
events are shown with the black curve and shaded area. The maximum tensile
strength, Ry, is shown by the horizontal line (dark red). The plots only show
effective cavity opening radii starting at 1 m for improved visibility as smaller
radii lead to much larger cavity pressures. The uncertainties of the individual
points have been omitted for improved readability.
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Figure 6. Cavity radius for an equivalent half-sphere pocket as a function of
the effective cavity opening radius and the exponential decay constant 7 for
the summer fireworks events. The cavity radii vary minimally between events
(Table A1), so only the mean value for each 7 is provided here. Uncertainties
of the individual points have been omitted for improved readability.

In this case, H,O production ranged between 41 and 110kgs™!,
with an average of 71kgs~!, while CO, production varied between
9 and 84kgs~', with an average of 35kgs™'. These values are
approximately an order of magnitude higher than those obtained with
the cone cap distribution. Under these conditions, an effective cavity
radius of 4.5 metres would be required to match the pressure and
temperature constraints — three times larger than with the cone cap
distribution. Consequently, the equivalent half-sphere cavity radius
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would be between 33 and 62 metres, twice as large as in the cone
cap scenario.

Thus, although different distribution models yield significantly
different gas production rates, the impact on the calculated cavity
and 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
60kgs~! for particles in the size range of 1-10 um or 260 kgs™!
for particles between 1-50 pm during the event observed on 2015
July 29. This estimation was based on the polygonal area defined by
the ejected dust visible in OSIRIS images and the calculated dust
mass flux. By assuming the outburst duration based on the cadence
of OSIRIS images, they determined that the total dust mass ejected
in this event was approximately 20—80 tons. Unfortunately, this event
is not included in this study, as the first ROSINA measurement
over the event’s source region occurred more than a day after the
outburst observed by OSIRIS. Consequently, no direct comparison is
possible; however, the estimated dust mass flux can be contextualized
alongside other summer fireworks outbursts. Using the hemispherical
gas distribution approach, we estimated a gas mass flux of 50-
205kgs~! resulting from H,0, CO,, and CO, while the cone cap
distribution yielded a lower estimate of 5-20kgs~!. The gas mass
flux derived from the hemispherical distribution aligns reasonably
well with the dust mass flux reported by Vincent et al. (2016). Note,
however, that the dust-to-gas mass ratio remains a topic of active
debate (Choukroun et al. 2020) and is likely to change between the
case of a fully active nucleus surface and the case of a much smaller
crack area.

3.1.2 Other outbursts

In addition to the outbursts described by Vincent et al. (2016), several
other outbursts were detected on comet 67P during the Rosetta
mission. The detection of these events by the ROSINA instruments
is discussed in Miiller et al. (2024). These outbursts are also analysed
here to assess potential subsurface gas cavities, similar to those
inferred in the summer fireworks events (Section 3.1.1). Among
these events, the outburst from 2015 November 7 (Noonan et al.
2021) stands out as the only CO,-dominated event, with a significant
increase in CO, production relative to H,O (Table A3).

Assuming CO; as the primary driving force and using a cone cap
outgassing distribution, we determined that a potential subsurface
cavity would require a temperature of 143 K and an effective cavity
opening radius of 0.75m to match the surface’s tensile strength
threshold. This corresponds to an equivalent half-spherical cavity
with aradius between 15 and 24 metres. These values align with those
derived for the summer fireworks events, although the effective cavity
opening radius for this CO,-dominated event is approximately half
that of the summer fireworks cavities (Section 3.1.1 and Table A1). If
a hemispherical outgassing distribution is used instead, an effective
cavity opening radius of 2.5 m would be necessary, corresponding
to an equivalent hemispherical cavity with a radius between 34 and
53 m (Table A4). These cavity dimensions are comparable to those
associated with the summer fireworks events, with the effective cavity
opening differing by a factor of 2.

The other outbursts that were outside the perihelion period, were
primarily water-dominated and likely due to cliff collapses (Griin
et al. 2016; Rinaldi et al. 2018; Miiller et al. 2024). If modelled
similarly to the summer fireworks events but for H,O pockets
instead of CO, pockets, temperatures of approximately 260 K would
be required, which is significantly above the equilibrium surface
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temperature (Table A5). Except for one event in 2016 July (Agarwal
et al. 2017), the necessary cavity sizes for these events would need
to be 1.6 to 2.3 times larger for both outgassing models (Tables A3
and A4). However, the high temperatures required in these pockets
(~260 K), well above the surface equilibrium temperature, suggest
that H,O pockets alone are an unlikely source of water-dominated
outbursts, reinforcing prior propositions that these events were more
likely due to cliff collapses. For completeness, if these outbursts
were driven by CO, cavities instead, the associated temperatures and
cavity sizes would be comparable to those in the summer fireworks
evens. None the less, the strong H,O outgassing observed in these
events makes any interpretation of CO, as the dominant driver
unlikely.

3.2 Dust velocity

The motion of dust particles in the comet’s vicinity is primarily
influenced by two forces: the gas drag accelerating the dust away
from the comet’s surface, and the gravitational pull of the comet’s
nucleus acting as an opposing force. The effect of solar radiation
pressure is considered negligible within several hundred kilometres
of the nucleus (Tenishev, Combi & Rubin 2011). For simplicity, dust
grains are assumed to be spherical in shape (e.g. Tenishev et al. 2011;
Marschall et al. 2016), although there is strong evidence, particularly
for larger grains, that many are porous fluffy aggregates (Fulle et al.
2015; Schulz et al. 2015) and likely aspherical (Ivanovski et al. 2017).
However, to first order, modelling the dust as spherical particles is
justified since the key factors influencing dust trajectories are mass
and cross-section and owing to the simplicity of our global model
with, for example, a spherically shaped comet nucleus. As aresult, the
values of these parameters represent effective spheres. The motion
of an individual dust grain, starting with zero initial velocity, is
described by the following equation of motion (Gombosi, Nagy &
Cravens 1986; Skorov & Rickman 1999; Molina, Moreno & Jiménez-
Fernandez 2008):
gnw‘pﬁ% = naz%pgwg — va)|vg — va| — gmﬁpdr—z;,(%
where G is the gravitational constant, M, is the mass of the comet’s
nucleus, r is the dust grain’s position relative to the nucleus, Cp is
the drag coefficient, v, is the bulk velocity of the gas in the coma,
vq is the dust grain velocity, a is the grain radius, and p, and pg
are the densities of the surrounding gas and dust, respectively. Thus,
the particles are simulated to run through the time-dependent cone-
cap distribution to calculate p, at each point of the simulation. For
typical conditions in the coma, the drag coefficient is approximated
as Cp = 2 (Gombosi et al. 1986; Griin et al. 1989). The uncertainties
presented in Fig. 7 and Table 2 are calculated incrementally for
each time-step of the ejection simulation. This is achieved using
Gaussian error propagation applied to all relevant variables (v, vq,
7, pg), incorporating a 30 per cent uncertainty in the initial thermal
velocity of the gas molecules. This initial uncertainty arises from
the uncertainty in the subsurface temperature. At each time-step, the
propagated uncertainty of each variable is updated and subsequently
used as an input for the next step. This iterative process is continued
until the final dust grain velocity is determined.

GM, r

3.2.1 Summer fireworks

For the dust involved in the summer fireworks outbursts, a density
of 440 kg m~3 was assumed for all particle sizes. Fulle et al. (2015)
estimated that very fluffy particles, ranging from 0.2 to 2.5 mm in
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Figure 7. Average dust velocities as a function of radial distance from the
comet centre. The dust grains are assumed to be spherical, with radii ranging
from 10nm to 1 mm as indicated in the legend, and a bulk dust density of
440kg m—3. The shaded uncertainty regions represent the standard deviation
of the summer fireworks outburst events plus the uncertainty from the error
propagation as explained in Section 3.2.

size, detected by the Grain Impact Analyser and Dust Accumulator
(GIADA), have densities below 1kgm™.

At distances of around 10 nucleus radii, dust particles become
fully decoupled from the gas phase in the coma (Tenishev et al.
2011). The terminal speed of dust grains varies significantly across
different particle sizes.

Fig. 7 and Table 2 present the average dust velocity distributions
for the summer fireworks outburst events, covering particle sizes
from 10~% to 1073 m. The smallest grains, with radii of 10 nm, can
reach velocities of 331 & 14 ms~', while larger particles, with radii
of 0.1 mm, achieve velocities of 12 & 3ms~!.

Vincent et al. (2016) estimated a minimum dust ejection velocity
of 13ms~!, based on the plume shape observed in successive images.
Lin et al. (2016) suggested that larger grains (0.1 to 1 mm in
diameter) likely dominate the curved jets, while smaller particles
may populate straight jets. Rotundi et al. (2015) indicated that the
optical scattering of dust is primarily driven by particles between
100 um and several millimetres in size, though this was observed at
a heliocentric distance of about 3.5 au and was expected to change
closer to perihelion (Fulle et al. 2015). Later, Agarwal et al. (2017)
found particles ranging from 20 to 200 um in a 2016 July outburst
event. In line with Vincent et al. (2016), our calculations suggest that
the dust velocity for grains around 100 um reaches 12 + 3ms™!,
with smaller grains achieving even higher velocities.

3.2.2 Other outbursts

Several instruments observed the event on 2016 July 3 (Agarwal et al.
2017), including the UV spectrometer ALICE, the Cometary Sec-
ondary Ion Mass Analyser (COSIMA), GIADA, and the Star Tracker
B (STR-B) of Rosetta’s attitude control system. These instruments
provided different values for dust grain velocities, densities, and
particle sizes. According to ALICE and STR-B, the fastest particles
reached 25 & 10 ms~!, while the slowest particles travelled at 0.41 +
0.05ms~'. ALICE data indicated the presence of sub-micron-sized
water ice particles in the dust outburst. However, GIADA detected
larger particles, likely in the range of hundreds of microns, with
speeds below 3ms~!, suggesting compact particles with densities
around 800 kg m~ (Fulle et al. 2016). One of the particles could be
more specifically determined to be 312 um in size, 800kgm™ in
density, and reached a velocity of 1.37 & 0.08 ms~!. COSIMA data
suggested that particle tensile strengths were in the range of several

G20z 1udy €2 UO Josn ulag YoyjolqIgsIeeyisioniun Aq L9¥686./.662/7/LES/RI01HE/SBIUW/WOD dNO"OlLSPEDE//:SANY WO} POPEOJUMOQ



Land of gas and dust 3003

Table 2. Terminal dust velocity for all events considered in this work across different dust grain sizes having a bulk dust mass density of 440kgm~3.

Grain radius Velocity (ms™")

(pm) 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 + 25 719+5
0.10 217 +24 130 + 20 141 +£23 150 + 27 143 + 24 90+9 81+38 3042
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+4 285 25+4 12+2 11£2 3+1
100.00 1243 741 8+1 9+2 942 441 3+1 1+1
300.00 7+2 4+1 5+1 5+1 5+1 2+1 2+1 0.6 0.4

hundred Pa, leading to velocities between 2 and 5ms~! for particle i

sizes slightly below 100 um and particle densities of 250 kg m~3 _ 10%4 . pDzn;;tg kg/ms -

(Hornung et al. 2016). “ —— =800 kg/m?3 -
Our calculated dust grain velocities (Fig. 8, Panel a and Table 2) £

are consistent with those reported by Agarwal et al. (2017). For grains 2 ol e ———————————

with densities of 800 kg m~ and radii of 300 pm, we obtain velocities g 107 - Grain Size -

of 0.44 + 0.04 ms™', about one third of the GIADA measurement. f /7 //_ — a= 1lpm

Grains with densities of 250kg m~ and radii slightly smaller than 3 From Agarwal et al. (2017) — a= 10pum

100 wm, reach velocities of 1.61 £ 0.04ms~!, consistent with the e 10-1 | a =300 um, p =800 kg/m*>  —— a =100 um

COSIMA observations. a=70um, p =250 kg/m? a =300 um
For the event on 2016 February 19, Griin et al. (2016) reported 2 10! 102

that the fastest particles on the order of 10 um travelled at speeds of le7p Cometocentric Distance [km]

at least 25ms~!, while GIADA detected 100 um particles moving

at around 6 ms~!. OSIRIS also observed even larger grains, up to (b)

several centimetres in size. Our estimates (Fig. 8, Panel b and Table 2) w 1011

indicate that 100 um particles reached speeds of 2.5 & 0.3 ms™!, E T

about 2 to 3 times slower than the values reported by Griin et al. S

(2016). Similarly, smaller particles, approximately 10 um in size, L Grain Size

reached speeds over 8 ms™!, also slower by a factor of 3. f 104 — a= 1pm
Bockelée-Morvan et al. (2017) and Rinaldi et al. (2018) detected 2 From Griin et al. (2016) —— a= 10pum

two significant outbursts on 2015 September 13 and 14 and retrieved e R a =100 um —— a=100pum

dust velocities from spectral data collected by the Rosetta Visible a=10um a =300 um

InfraRed Thermal Imaging Spectrometer (VIRTIS). They reported 1071 2 10! 102

velocities between 20 and 32 m s~ for outburst B (Rinaldi et al. 2018) e7p Cometocentric Distance [km]

and similar values for event F. From spectral analysis (Bockelée-

Morvan et al. 2017), these values are likely for particles with sizes 102{(c)

less than 0.3 pm. In addition, Rinaldi et al. (2018) computed particle w

speeds for dust sizes ranging from 0.1 to 10 um, with velocities £

between 110 and 12ms~!, respectively (Fig. 9, black line). They S 101 o

explained the difference between these computed speeds and the g _Gr:'z (S)Izle“m

velocities derived from spectral data by noting that velocities inferred 4U7_J — a= 1pm

from light curves represent the projected particle velocity, whereas 9 10% —— a= 10pm

the dust model calculates the total particle velocity, which can be o From Rinaldi et al. (2018) a =100 um

considered an upper limit. Additionally, different particle shapes can a=03um a =300 um

lead to variations in velocity (Ivanovski et al. 2017; Rinaldi et al. 107 2 10! 102

2018). Fe7p Cometocentric Distance [km]

Our estimation of dust grain velocities (Fig. 8, Panel c and Table 2)
closely aligns with the particle speeds simulated by Rinaldi et al.
(2018). For dust particles with radii ranging from 0.1 to 10 um, we
determined velocities between 118 + 16 ms~" and 18 £ 3ms™!,
which correspond well to their reported values. As shown in Fig. 9,
the comparison reveals a reasonably good agreement, with our results
exceeding those of Rinaldi et al. (2018) by no more than a factor of
1.5. However, for particles with a size of 0.3 um, we get 88 =9 ms~!.
This is about a factor 3 times more than the 20 and 32 ms~! Rinaldi
et al. (2018) retrieved from the VIRTIS measurements. Therefore,
in line with the statement by Rinaldi et al. (2018), the dust model
calculates the total particle velocity, and our values may also be upper
limits for these events as our data matches well with their dust model
but overestimates the VIRTIS measurements.

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). Panel (b) Event observed on 2016 February 19 (Griin 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~> was assumed to compare
the results to literature values. The literature values have all been determined
where the particles reached their terminal velocity. They are, however, plotted
over the whole distance for visibility considerations.
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Figure 9. Speeds of spherically shaped particles as function of the particle
radius estimated from the forces exerted 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.

When compared with other studies, the particle speeds derived
from ROSINA gas data are generally in good agreement with the
velocities reported by Agarwal et al. (2017). However, our estimated
dust velocities are lower by a factor of 2 to 3 for the event described
by Griin et al. (2016), while exceeding the values for the grains
analysed by Rinaldi et al. (2018) by about 50 per cent. Despite
these discrepancies, the overall results for dust grain velocities across
different outburst events are consistent with data obtained from other
instruments. These findings validate the robustness of our approach,
which incorporates the calculation of subsurface cavity gas densities,
cavity opening radii, and gas pocket sizes.

4 DISCUSSION

This study provides a detailed analysis of gas-driven dust ejec-
tions observed on comet 67P/Churyumov—Gerasimenko during the
Rosetta mission, focusing on two distinct outburst categories: CO,-
dominated perihelion events, such as the summer fireworks and
preferably arising from subsurface gas cavities, and water-dominated
outbursts outside the perihelion period. By modelling the outgassing
dynamics and dust velocities associated with these events, we
estimated the characteristics of subsurface gas cavities and the
velocity distribution of ejected particles.

4.1 Comparison between summer fireworks and other events

Our findings reveal significant differences between perihelion-period
and off-perihelion outbursts. The summer fireworks events appear to
be driven by CO, sublimation, with subsurface cavities estimated to
have equivalent half-sphere radii between 15 and 62 m, depending on
the assumed outgassing distribution model. Subsurface temperatures
at cavity rupture were approximately 137 K, consistent with CO,
sublimation thresholds. The broad range of cavity radii highlights the
sensitivity of results to modelling assumptions, with hemispherical
outgassing distributions likely providing upper bounds due to the
localized nature of these events, as indicated by OSIRIS images.
However, the precise timing of peak gas production remains uncertain
and measurements by ROSINA/DFMS on Rosetta were taken after
some level of gas dissipation and lateral diffusion. Therefore, the
actual cavity radius likely falls within this range, justifying the rough
approximations made in modelling and accounting for the variability
in radius estimates.
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Dust velocities during the summer fireworks events also varied
widely, with smaller grains (<10nm) reaching high velocities of
up to 330ms~!, while larger particles (100 um to 1 mm) exhibited
velocities closer to 12ms~'. These values align with OSIRIS
observations (Vincent et al. 2016), supporting the robustness of our
modelling framework.

In contrast, water-driven outbursts outside the perihelion period
were likely mechanical in origin, possibly resulting from cliff
collapse or other collapsing structures within the nucleus. The higher
temperatures required for H,O sublimation in a subsurface cavity —
around 260 K and well above the equilibrium surface temperature —
suggest that these events involve different mechanisms compared to
CO,-driven outbursts. Dust velocities for these events were generally
lower, ranging from a factor of 0.3 to 0.1 below those observed during
summer fireworks. These results support the hypothesis of distinct
physical processes underlying the two types of outbursts.

4.2 Implications of subsurface cavity formation

The observed cavity sizes and dust ejection velocities provide
critical insights into subsurface processes on 67P. CO,-dominated
cavities are consistent with models of gas reservoirs accumulating
beneath an impermeable surface layer or pocket. Similar processes
may occur on other comets with significant volatile content, such
as 29P/Schwassmann—Wachmann (Miles et al. 2016; Lisse et al.
2022) or 17P/Holmes (Lin et al. 2009; Gronkowski & Sacharczuk
2010), both of which show massive outbursts associated with a
strong increase of CO and other highly volatile components. These
composition signatures from other comets suggest that volatile-
driven outbursts may be a common phenomenon.

Morphological heterogeneity on 67P further emphasizes the dy-
namic nature of cometary surfaces. Transitions between smooth
and rough terrains reflect substantial dust transport (Vincent et al.
2021), with volatile sublimation driving intra- and inter-regional
redistribution of sediment (Barrington et al. 2023). Localized zones
of erosion and accumulation, as documented by Jindal et al. (2024),
highlight the uneven impact of these processes, even within small
areas.

Several depressions identified in smooth and harder terrains by
Vincent et al. (2021) provide intriguing clues. These depressions,
typically 10 m in diameter and 1-2 m in depth, are smaller than the
modelled subsurface cavities but are comparable to the estimated
cavity openings. In the Imhotep region, depressions found in a
basin associated with outbursts suggest the presence of volatile
reservoirs just below the surface. While depressions in other areas
lack direct links to outbursts, some events may have been missed due
to insufficient observations (Vincent et al. 2021).

Lamy et al. (2024) further investigated potential icy cavities
using OSIRIS image anaglyphs, identifying bright patches 15-30 m
across with high reflectance and visible spectral slopes indicative
of subsurface water ice. Infrared absorption features supported this
interpretation, with the ice potentially being exposed due to outbursts
that removed the overlying dust layers. Although the nature of
the detected ice — whether water or more volatile ices — remains
debatable, Lamy et al. (2024) proposed that these patches represent
pristine mixtures of water ice and refractory grains at cavity bottoms.
High-resolution photogrammetry revealed cavity depths of 20—47 m
and suggested lifetimes of up to two years, with potential links to jets
or outbursts. These cavity dimensions align well with the modelled
subsurface cavities for CO,-driven events, implying that they may
be remnants of outburst-related features.
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4.3 Model refinement and future outlook

While the current model offers valuable insights into gas-driven
outbursts, several refinements could enhance its accuracy. Incorpo-
rating irregular particle geometries and tensile strengths, as well
as refining assumptions about the comet’s shape and gravity field,
would improve dust velocity predictions. Higher-resolution data
on subsurface volatiles, obtained through future missions using
advanced radar, microwave, or thermal imaging, could further con-
strain subsurface cavity characteristics. Notably, exploring the THz
frequency region, offering deeper penetration capabilities (Stockli
et al. 2025), will enable direct measurements of the volatile content
and the structure of the gas pockets. Such advancements could
improve our understanding of subsurface processes that drive these
dynamic outbursts.

Fundamental questions persist regarding the formation and evolu-
tion of subsurface cavities. Investigating how these cavities form
— whether through gas build-up, thermal gradients, or structural
weaknesses — would refine our understanding of cometary activity
and enhance predictive models. Environmental influences, such as
Solar radiation and perihelion heating, are particularly relevant to
cavity development. Current hypotheses on cavity formation may
involve repetitive CO, frost cycles, which have been observed on
comet 67P and shown to operate on seasonal time-scales (Filacchione
et al. 2016; Rubin et al. 2023). This process could explain why areas
exhibiting outbursts are often active in CO, well in advance (Liuter
et al. 2020). Frost cycles could lead to the closure of cavities, while
removal of the dust cover during an outburst may account for their
long-term gas release after the dust plume is gone (Léuter et al. 2020).

Another potential mechanism, which might even be connected to
the frost cycle, involves the formation of a CO, ice layer coating the
porous internal structure. CO, ice layers are observed in laboratory
experiments under Martian conditions (Portyankina et al. 2019).
Although the conditions on comets differ significantly — particularly
in terms of pressure, temperature, porosity, composition, and scale
— a similar process might occur. In this scenario, CO, forms an
impermeable layer over porous material, creating a structure with
considerable tensile strength capable of confining a high-pressure
gas pocket. The interplay between CO, frost cycles and ice layer for-
mation — or a combination of the two — should be further explored to
validate these potential mechanisms of subsurface cavity formation.

5 CONCLUSION

This study advances our understanding of gas-driven outbursts on
comet 67P/Churyumov—Gerasimenko, strengthening our previous
conclusions about distinct mechanisms for perihelion-period and
off-perihelion events. CO,-dominated outbursts, such as the summer
fireworks, are driven by sublimation of subsurface volatiles, resulting
in the formation and rupture of cavities with equivalent half-
sphere radii between 15 and 62m. In contrast, water-dominated
events outside perihelion are likely mechanical in origin, involving
processes such as cliff collapse or localized heating.

The differences in dust ejection velocities and cavity sizes between
the two event types reflect the diverse physical processes shaping
cometary nuclei. CO,-driven outbursts provide insights into the
role of volatile reservoirs, while water-driven events highlight the
importance of structural integrity and mechanical collapse. These
findings underscore the complex interplay of thermal, chemical, and
mechanical processes governing cometary activity.

Future research should prioritize refining models of subsurface
cavity formation, leveraging data from advanced instruments and
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laboratory studies. By integrating high-resolution observations from
future missions with comparative studies across comet populations,
we can further unravel the mechanisms driving cometary outbursts,
surface evolution, and the diversity of cometary activity across the
Solar System.
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APPENDIX A: EXTENDED DATA

Table A1. Excess gas production rates due to outburst events for HyO and CO», cavity temperature, cavity pressure, and equivalent half-sphere cavity
radius for CO; for each event of the summer fireworks (Vincent et al. 2016) considered in this work. The event IDs correspond to the values from Vincent
et al. (2016). The excess gas production rates due to the outburst events are calculated by assuming a hemispherical cone cap distribution with a half-angle
of 25°. The temperature, pressure, and equivalent half-sphere cavity radius are given for an effective cavity opening radius of 1.4 m matching best with the
tensile strength of the surface layers of comet 67P. For the equivalent half-sphere cavity radius the two extreme t-values are used in the calculations.

ID Event date (UTC) Fegse Lat Lon Gas prod. rate (kg s~h Tin, co, (K)  pin, co, (Pa) T'eavity, CO, (M)
(km) ©) ©) H,O CO, CcO Ferack = 1.4m  repack = 1.4m 1 =40s 1t =260s

3 2015-07-26T20:22:42 168 -36 75 6.8 0.9 0.1 131 37 15.2 28.4
4 2015-07-27T00:14:29 168 =31 333 54 1.2 0.2 132 50 15.2 28.4
5 2015-07-28T05:23:43 181 —4 264 5.1 2.2 0.3 136 97 15.3 28.6
7 2015-08-01T10:53:15 214 —12 196 10.2 2.1 0.3 136 90 15.3 28.6
8 2015-08-01T15:44:50 211 —28 34 3.8 24 0.2 137 105 15.3 28.6
17 2015-08-22T23:46:21 334 -25 316 7.9 1.8 0.3 135 76 15.3 28.5
20 2015-08-26T07:51:04 417 —41 42 7.3 7.9 0.6 144 352 15.5 28.9
23 2015-08-28T10:10:57 410 =31 229 6.8 7.6 1.1 144 341 15.5 28.8

Table A2. The same as in Table A1 but the excess gas production rates are calculated by assuming a hemispherical distribution. Therefore, the temperature,
pressure, and equivalent half-sphere cavity radius are given for an effective cavity opening radius of 4.5 m matching best with the tensile strength of the

surface layers of comet 67P.

1D Event date (UTC) Tegse Lat Lon Gas prod. rate (kg s7h Tin, co, (K)  pin, co, (Pa) Teavity, CO, (M)
(km) “) “) H,0 CO, CO  rerack =4.5m repek =45m  t=40s 1 =260s

3 2015-07-26T20:22:42 168 -36 75 72.2 9.2 0.8 131 38 33.1 61.8
4 2015-07-27T00:14:29 168 =31 333 57.4 12.4 1.8 133 51 33.2 62.0
5 2015-07-28T05:23:43 181 —4 264 54.3 23.7 2.7 136 100 334 62.3
7 2015-08-01T10:53:15 214 —12 196 109.2 22.2 2.7 136 93 33.3 62.2
8 2015-08-01T15:44:50 211 —28 34 41.0 25.7 1.8 137 108 334 62.3
17 2015-08-22T23:46:21 334 =25 316 83.9 18.8 3.5 135 79 33.3 62.2
20 2015-08-26T07:51:04 417 —41 42 78.4 83.8 6.5 144 363 33.7 62.9
23 2015-08-28T10:10:57 410 =31 229 72.1 81.3 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, effective cavity opening radius, and equivalent
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 Tegse Gas prod. rate (kg s_l) Most enhanced gas  Tj, Terack Feavity (M)
(km) H,O CO, (60) (K) (m) Tmin Tmax
2015-05-23T12:42 Feldman et al. (2016) 143 3.8 0.2 0.1 H,O 259 2.0 74.6 84.9
2015-09-13T13:36 Rinaldi et al. (2018) 314 4.3 0.2 0.1 H,O 260 2.0 43.0 59.1
2015-09-14T18:47 Rinaldi et al. (2018) 316 6.0 0.3 0.1 H,O 264 2.0 34.7 53.8
2015-11-07T17:32 Noonan et al. (2021) 229 5.1 1.9 0.1 CO, 143 0.75 15.1 23.9
2016-01-06T12:00 Agarwal et al. (2017) 83.9 1.0 0.6 0.02 H,O 259 1.0 22.8 38.8
2016-02-19T09:40 Griin et al. (2016) 34.5 0.8 0.2 0.03 H,O0 263 0.75 35.5 41.8
2016-07-03T07:30 Agarwal et al. (2017) 8.5 0.02 0.15 0.01 H,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 Griin et al. (2016) who used a solid angle of Q4 = 1 sr. Here,
their value has been normalized to the solid angle of 4 = 2 sr which is used by all other reference publications.

Event date (UTC)  Reference Tegse Dust mass-loss Gas prod. rate (kg s7h Most enhanced gas  Tin Ferack  Feavity (M)
(km) (tons) H,O CO, Cco (K) (m)  Tmin Tmax
2015-05-23T12:42 Feldman et al. (2016) 143 - 40.2 1.6 0.6 H,0 265 5.0 1379 157.0
2015-09-13T13:36 Rinaldi et al. (2018) 314 70-230 46.3 2.1 0.9 H,0 264 55 845 1162
2015-09-14T18:47 Rinaldi et al. (2018) 316 120-380¢ 63.8 3.6 0.7 H,0 264 6.5 762 118.0
2015-11-07T17:32 Noonan et al. (2021) 229 - 54.1 20.3 1.1 CO,y 143 25 337 534
2016-01-06T12:00 Agarwal et al. (2017) 83.9 - 10.1 59 0.3 H,0 260 3.0 475 80.7
2016-02-19T09:40 Griin et al. (2016) 34.5 10? 8.4 2.3 0.3 H,0 263 25 792 932
2016-07-03T07:30 Agarwal et al. (2017) 8.5 6.5-118¢ 0.3 1.6 0.1 H,0 260 0.5 144 244

“The given value 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). ”1.6 multiplied by 27 to normalize to a hemispherical outgassing distribution. ‘Large
spread due to the use of extreme values including uncertainty for both the dust production rate and the outburst life-time.

Table AS. 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) Teq, my0 (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 Griin 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 7 values from equation (7) for all events
considered in this study.

Event date (UTC) Reference Tmin (8) Tmax (8)
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 Griin et al. (2016) 800 1300
2016-07-03T07:30 Agarwal et al. (2017) 120 590
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