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ABSTRACT

Most of the gaseous molecules that are detected in cometary atmospheres are produced through sublimation of nucleus ices. Distributed
sources may also occur, that is, production within the coma, from the solid component of dust particles that are ejected from the nucleus.
Glycine, the simplest amino acid, was observed episodically in the atmosphere of comet 67P/Churyumov-Gerasimenko (67P) by the
ROSINA mass spectrometer on board the Rosetta probe. A series of measurements on 28 March 2015 revealed a distributed density
profile at between 14 and 26 km away from the nucleus. We here present and discuss three study cases: (i) glycine emitted directly and
only from the nucleus, (ii) glycine emitted from the sublimation of solid-state glycine on the dust particles that are ejected from the
nucleus, and (iii) glycine molecules embedded in water ice that are emitted from the sublimation of this ice from the dust particles that
are ejected from the nucleus. A numerical model was developed to calculate the abundance of glycine in the atmosphere of comet 67P
as a function of the distance from the nucleus, and to derive its initial abundance in the lifted dust particles. We show that a good fit to
the observations corresponds to a distributed source of glycine that is embedded in sublimating water ice from dust particles that are
ejected from the nucleus (iii). The few hundred ppb of glycine embedded in water ice on dust particles (nominally 170 ppb by mass)
agree well with the observed distribution.
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1. Introduction

Glycine (NH2-CH2-CO2H) is the simplest amino acid and is a
building block of proteins. Although realistic prebiotic chemical
pathways from amino acids to proteins are still being inves-
tigated, glycine is often considered as being involved in the
prebiotic chemistry that led to the origin of life on Earth. The
source of amino acids to the primitive Earth is still an open
question. Whether they could be produced in the Earth’s early
atmosphere or in hydrothermal vents depends on the composi-
tion of the atmosphere and oxidation state of the upper mantle
(Cottin et al. 2017). However, it has been demonstrated that
amino acids have been imported to some extent to Earth from
extraterrestrial material. In 1970, glycine was first unambigu-
ously detected in the Murchison meteorite (Kvenvolden et al.
1970) with an abundance of about 3000 ppb (Martins & Sephton
2009), and since then, it was discovered in numerous carbona-
ceous chondrites (Martins & Sephton 2009). Its concentration
is usually of a few tens to a few thousand ppb by mass most
in CI and CM chondrites (Martins & Sephton 2009; Burton
et al. 2015). Glycine has also been detected in comets. First,

in dust particles collected from comet 81P/Wild 2 and returned
to Earth during the Stardust mission in 2004 (Elsila et al.
2009). Then, in situ detection was reported in the atmosphere
of comet 67P/Churyumov-Gerasimenko (hereafter 67P) during
the Rosetta mission (Altwegg et al. 2016). On 28 March 2015, a
glycine density profile was measured at between 14 and 26 km
away from the nucleus of 67P with the Rosetta Orbiter Spec-
trometer for Ion and Neutral Analysis (ROSINA) on board the
Rosetta probe (Altwegg et al. 2016). It can be deduced from
these measurements that its distribution cannot be interpreted by
direct sublimation from the nucleus (Fig. 1a) (hereafter referred
to as case 1), but rather from a distributed source (Altwegg
et al. 2016). This means that there is an additional source of
glycine that is produced from the dust particles that are ejected
from the nucleus, which releases glycine in the gaseous phase
as they move outward in the coma. Other distributed sources
have previously been observed in comets for molecules such
as H2CO and for HNC or CN, and processes such as the
thermal or photodegradation of organic material in the solid
state on dust particles have been evoked as an interpretation
(see Cottin & Fray 2008 for a review or Cordiner et al. 2014
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Table 1. Glycine and water parameters.

Glycine Water

L = 137100 J mol−1 (De Kruif et al. 1979) L = 52000 J mol−1 (Wagner et al. 2011)
Pref = 0.4 Pa (De Kruif et al. 1979) Pref = 611.657 Pa (Wagner et al. 2011)

Tref = 419.92 K (De Kruif et al. 1979) Tref = 273 K (Wagner et al. 2011)
ρGly = 1.61× 106 g m−3 ρGly = 1.61× 106 g m−3

JGly = 10−2 s−1 (Saiagh et al. 2015) JGly = 10−2 s−1 (Saiagh et al. 2015)
Qgas = 5× 1026 molec s−1 (Biver et al. 2019) Qgas = 5× 1026 molec s−1 (Biver et al. 2019)

Vg = 750 m s−1 (Biver et al. 2019) Vg = 750 m s−1 (Biver et al. 2019)

Notes. The gas velocity and the total gas abundance correspond to March 2015.

Fig. 1. Three cases of glycine production discussed in this work.
Panel a: glycine emitted directly and only from the nucleus. Panel b:
glycine emitted from the sublimation of solid-state glycine in the dust
particles that are ejected from the nucleus. Panel c: glycine embedded
in water ice that is emitted from the sublimation of this ice from the dust
particles that are ejected from the nucleus.

for more recent observations of H2CO and HNC distributed
sources). In order to assess the validity of a distributed source of
glycine in comet 67P, two cases of a distributed source are con-
sidered in this paper. In a first case (case 2), glycine is emitted
from the sublimation of solid-state glycine on the dust particles
that are ejected from the nucleus (Fig. 1b). In this case study, we
consider that the dust particles are porous aggregates (Langevin
et al. 2016) with 90% of porosity (Hornung et al. 2016), in which
inclusions of glycine molecules, in the solid state, are randomly
dispersed at the surface and inside the dust particles. The poros-
ity is sufficiently high so that when it sublimes, glycine readily
diffuses and is released into the cometary atmosphere. The sub-
limation of glycine is then modeled as if it were pure solid-state
glycine inclusions at the surface of the dust particles. In another
case (case 3), glycine is embedded in water ice and emitted from
the sublimation of this water ice from the dust particles that are
ejected from the nucleus (Fig. 1c). In this case study, glycine
molecules are trapped in the water ice, which is uniformly dis-
tributed within the porous dust particles. Like in case 2, the dust
particles are considered to be sufficiently porous to allow water
and molecules trapped within the ice to diffuse and be released
into the atmosphere. Then the release of glycine is modeled fol-
lowing the kinetics of water ice sublimation, as if it were located
at the surface of the dust particles, whereas in case 2 the release
of glycine follows the kinetics of glycine sublimation. Thus some
parameters in Eqs. (1)–(6) differ from one case to another and are
referenced in Table 1.

Experiments reported by Bernstein et al. (2002), Caro et al.
(2002), Meinert et al. (2012), and Esmaili et al. (2018) have
shown that glycine could be produced in laboratory interstellar
and cometary ice analogs (simple ice mixtures such as H2O,
CO, and CO2, photolyzed or irradiated at about 10 K and then
warmed to room temperature). From the theoretical point of
view, Woon (2002) has suggested that the synthesis of glycine
might be explained by the addition of radicals NH2CH2 and
HOCO that formed by successive hydrogenation of HCN and by
the addition of CO to OH, respectively. More recently, several
studies have proposed other mechanisms for glycine production
in the interstellar medium. For instance, Singh et al. (2013)
discussed three different reaction paths in the gaseous phase as
well as in water-dominated ices that coat interstellar dust,

NH2 + CH2 → NH2CH2 + CO→ NH2CH2CO + OH
→ NH2CH2 COOH (A)

NH2 + CH→ NH2CH + CO→ NH2CHCO+OH
→ NH2 CHCOOH→ NH2CH2COOH (B)

CH2 + CO→ CH2CO + OH→ CH2COOH + NH2
→ NH2 CH2COOH (C).

The most thermodynamically favored of these three mech-
anisms is mechanism B. Garrod (2013) also proposed four
processes that lead to glycine, in which reactions (E)–(G) are
the main potential formation routes:

H + NHCH2COOH→ NH2CH2COOH (D)

NH2 + CH2COOH→ NH2CH2COOH (E)

NH2CH2 + HOCO→ NH2CH2COOH (F)

NH2CH2CO + OH→ NH2CH2COOH (G).

Another scenario was presented in Bossa et al. (2009, 2010).
The authors showed both experimentally and theoretically that
a glycine isomer salt, methylammonium methylcarbamate, can
be produced in a water-dominated ice from the thermal reaction
between carbon dioxide and methylamine (H2O:CO2:CH3NH2
=10:3:0.5) (both compounds have been observed in comets):

CO2 + 2 CH3NH2 → [CH3NH+3][CH3NHCOO−] (H)

[CH3NH+3][CH3NHCOO−]→ [CH3NH+3] [NH2CH2COO−]
(I).

Then, the isomer salt acts as the glycine salt precursor
upon vacuum-ultraviolet (VUV) photolysis. This means that
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experimental observations and theoretical mechanisms can both
explain that glycine production in interstellar and cometary ice.
Moreover, because it is mainly synthesized within the ice, it
seems to be a good working hypothesis that it is embedded in
the water-ice matrix.

In order to interpret the observations made by ROSINA, a
numerical model was developed to calculate the abundance of
glycine in the atmosphere of comet 67P as a function of the
distance from the nucleus, and derive its initial abundance in
the nucleus. Sublimation of glycine from the nucleus, which is
called parent glycine, or from dust particles that are ejected from
the nucleus, as well as the release of glycine when water ice
sublimates from dust particles, was modeled and compared to
observations.

2. Model

2.1. Glycine density profile

In order to calculate glycine density as a function of distance
from the nucleus of 67P, an approach based on Haser’s model
assumptions (Haser 1957) was used. This model is quite com-
mon for studies of the density distribution of compounds in the
atmosphere of comets and also in the case of distributed source
studies: for instance, H2CO in C/1996 B2 (Hyakutake), (Biver
et al. 1999), C/1995 O1 (Hale-Bopp) (Fray et al. 2006) C/2012
F6 (Lemmon) and C/2012 S1 (ISON) (Cordiner et al. 2014), and
for HNC in C/2012 S1(ISON) (Cordiner et al. 2014). This implies
the following:

– the cometary nucleus has a spherical shape, the emission
is homogeneous from the entire nucleus surface;

– the nucleus production is constant over the timescale that
is covered by the calculations;

– expansion of molecules from the nucleus is radial and with
constant velocity;

– molecules are only destroyed by photochemistry.
This is considered the simplest model for computing the spa-
tial distribution of gaseous molecules in cometary atmospheres,
and it is obvious that it does not reflect the complexity of the
cometary nucleus and its activity. For instance, it is clear that
the nucleus of comet 67P is not spherical and that the gas pro-
duction is not homogeneous. However, it is satisfactory as a first
approach for an approximate modeling because our goal here is
to study relevant production mechanisms rather than computing
precise abundances. Haser’s model was also used in previous
distributed-source studies that were applied to formaldehyde in
comet 1P/Halley (Cottin et al. 2004) and C/1995 O1 Hale-Bopp
(Fray et al. 2006).

The glycine and the water sublimation rate (molec cm−2 s−1)
from the surface can be calculated through the Hertz-Knudsen
relation (Miyamoto 1933),

1
A

dNx

dt
=

αPxNA√
2πMxRTp

. (1)

Nx is a number of molecules, A is the surface from which
molecules sublime (cm2), NA is the Avogadro constant (mol−1),
R is the gas constant (J mol−1 K−1), and α is the sticking coef-
ficient of the gas molecules to the surface (0 ≤ α ≤ 1, here α
is considered to be equal to 1). Mx is the molar mass (g mol−1),
and Tp is the temperature of a dust particle (K) from which the
glycine sublime. Last, Px is the pressure (Pa) calculated from the

Clausius Clapeyron relation,

Px = Pref exp
(

L
R

(
1

Tref
− 1

Tp

))
, (2)

where Pref and T ref are the pressure (Pa) and temperature (K)
for which the reference measurements were made. Tp is the tem-
perature of the particle (K), and L is the sublimation enthalpy
(J mol−1). The values are reported in Table 1.

By applying Haser’s hypotheses and assuming that glycine
can be emitted and photolyzed only from the nucleus, a first-
degree differential equation is obtained:

dnGas
Glyr2

dr
=
−JGly

vgas
nGlyr2. (3)

Equation (3) corresponds to the simple case of glycine
distribution that is emitted only from the nucleus and is then pho-
tolyzed. nGly is the glycine molecule density profile (molec m−3),
vgas corresponds to the gas velocity in m s−1, r is the distance
from the nucleus (m), and JGly is the glycine photolysis con-
stant (s−1). A production rate of glycine QGly (molec s−1) that
is emitted directly from nucleus ices is considered as initial
condition.

To simulate a distributed source of glycine in the gas phase
that is emitted from the sublimation of solid-state glycine or from
the sublimation of glycine that is embedded in water ice on dust
particles that are ejected from the nucleus, the following system
of equations has to be considered:

dnGr
Gly

dr
= −4π

vp

(
3Mx

4πρx

)2/3
αPxNA√

2πRTp

(
nGr

Gly

)2/3
, (4)

dnGas
Glyr2

dr
=

QGrains

4πvpvgas

4π
vp

(
3Mx

4πρx

)2/3
αPxNA√
2πMxRTp

(
nGr

Gly

)2/3

− JGly

vgas
nGas

Glyr2. (5)

Equation (4) is related to the glycine molecule density
profile, nGr

Gly (molec m−3) from dust particles ejected from

the nucleus. The Hertz-Knudsen relation A = 4π
(

3Mx

4πρx

)2/3

is

injected in this equation, where Mx is the glycine or water molec-
ular mass, ρX is the glycine or water bulk density (g m−3), and
vp is the dust particles velocity (m s−1). Equations (4) and (5)
were used to model cases 2 and 3 using the parameters given in
Table 1 (glycine) for case 2 and Table 1 (water) for case 3. In
each particle, β corresponds to the initial fraction of glycine in
dust particles by mass. The calculations were made for equiv-
alent spherical dust particles of pure glycine by calculating an
equivalent radius with

Rβ = β

(
ρp

ρx

)1/3

R0, (6)

in which ρp represents the particle mass density (g m−3), ρx is
the glycine or water mass density (g m−3), and R0 is the initial
particle radius. Rβ decreases with distance from the nucleus as
glycine or water ice sublimate. For the sublimation of glycine
embedded in water ice in dust particles, the equivalent radius is

A32, page 3 of 8



A&A 630, A32 (2019)

Fig. 2. Particle distribution as a function of particle sizes (m). The tri-
angles represent the number of particles produced per seconds, and the
circles show the mass particle production per second (kg s−1) from the
cometary nucleus of 67P.

calculated based on a fraction of ice that is present on dust par-
ticles instead of the fraction of glycine by mass. To estimate the
ice mass mi (g), a dust-to-ice ratio d/i (estimated to be close to 1;
Combi et al., in prep.) and the dust mass md (g) are considered:

mi =
md

d/i
. (7)

Then the fraction of ice is derived by calculating the ratio
between the ice mass and the total mass mT:

i =
mi

mT
. (8)

The equivalent radius relation is finally obtained using
Eq. (6).

Equation (5) is the gaseous glycine density evolution as a
function of the distance from the nucleus, nGas

Gly(r) (molec m−3),
with a source term that is the glycine sublimation from the
dust particles, as well as a sink term that is related to the
molecule photolysis. Finally, vgas corresponds to the gas veloc-
ity in m s−1, JGly is the glycine photolysis constant (s−1), and
QGrains is the number of dust particles that are ejected from the
nucleus per second in each size bin. The parameter values are
shown in Table 1. It is assumed here that glycine molecules
reach the gas velocity immediately after their sublimation, which
is a simplification that was also used in Cottin et al. (2004)
and Fray et al. (2006). Calculations are made following an
Eulerian method.

2.2. Particle distribution

In a cometary atmosphere, dust particles do not have the
same sizes and masses. The differential equations presented in
Sect. 2.1 depend on the temperature and velocity of each particle.
Therefore, the distributed sources from a realistic ejected dust
particle distribution were computed with their own expansion
profiles, that is, with different sizes, temperatures, and velocities.

2.2.1. Dust production model

The dust production rate in number for each size range (Fig. 2)
was calculated with the power law γ=−1.8± 0.4 described in
Merouane et al. (2017) during the period between August 2014
and the May 2015 equinox. Dust particles from micrometers to
centimeters were taken into account. The COmetary Secondary

Fig. 3. Calculated profile of particle temperatures as a function of par-
ticle sizes at 2 AU from the Sun. Panel a: with 90% particle porosity.
Panel b: with 30% particle porosity.

Ion MAss spectrometer (COSIMA) has detected dust particles in
the micrometer range (Merouane et al. 2016), the Grain Impact
Analyser and Dust Accumulator (GIADA) has measured dust
particles of a few millimeters (Della Corte et al. 2016; Rinaldi
et al. 2017), and the Optical, Spectroscopic and Infrared Remote
Imaging System (OSIRIS) has observed dust particles of a few
centimeters (Fulle et al. 2010, 2016a).

Figure 2 shows the many small dust particles that correspond
to a very low fraction of the total ejected mass. Conversely, there
are only a few of the largest dust particles, but they contribute
most of the ejected mass.

2.2.2. Temperatures

Temperatures (Fig. 3a) were calculated for each class of dust par-
ticles with a model based on the Mie scattering theory detailed
in Fray et al. (2006). This model takes the size, porosity, and
albedo of the dust particles into account. For the albedo, we used
the refractive indices of pyroxene (Mg0.6Fe0.4SiO3; Dorschner
et al. 1995) and graphite (Jager et al. 1998). Graphite is represen-
tative of black organic matter and provides an upper limit for a
strongly absorbing organic component of the grains, and pyrox-
ene represents the silicate component of grains with very low
absorption in the visible range.

These temperatures were estimated at 2 AU from the Sun,
which is where 67P/Churyumov-Gerasimenko was when the
ROSINA glycine measurements were made. Our calculations are
also based on dust particles with 70% in volume of organic
matter (Levasseur-Regourd et al. 2018), precisely with amor-
phous carbon in the model, and with 90% particle porosity
(Hornung et al. 2016). Figure 3b was calculated with 30%
porosity.
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Table 2. Initial parameters of the dust model.

Input parameters Parameter value Comments

Particle parameters

Particle size (m) 1× 10−8 – 6.0× 10−2

Particle density (kg m−3) 900 1

Spheroid aspect ratio, a/b 0.2 2

Initial particle orientation (deg) 45 3

Gas parameters on the initial surface (less than RN/50 above the nucleus surface)

Sound speed (m s−1) 500
Gas composition 10×H2O + CO2

4

Gas production rate Qgas (molec s−1) 2× 1027

Gas temperature (K) 100
Gas density (kg m−3) 1.0× 10−6

67P/CG parameters

Radius, RN (m) 2.0× 103 (Sierks et al. 2015)
Mass, mN (kg) 1.0× 1013 (Pätzold et al. 2016)

Surface temperature, TN (K) 200 (Capaccioni et al. 2015)

Notes. (1)Constrained by the GIADA data (Fulle et al. 2016b, 2017). (2)Compatible with the GIADA measurements (Fulle et al. 2016b, 2017).
(3)Compatible with the density used to reproduce particle speeds measured by GIADA (Ivanovski et al. 2017a). (4)All these parameters are derived
by the Euler gas flow solutions calibrated with the DCMC 3D+t gas solutions constrained by ROSINA data (Fougere et al. 2016).

Fig. 4. Particle terminal speeds as a function of particle sizes. The initial
properties of the particles are described in Table 2. The particle spheres
have a bulk density of 900 kg m−3.

2.2.3. Velocities

The velocities were calculated using a model for nonspherical
dust (Fulle et al. 2015; Ivanovski et al. 2017a,b) by computing the
motion of single dust particles in the size range from 10−8 m up
to millimeters (Fig. 4). For our simulations we used the physical
conditions corresponding to the coma of 67P/CG on 28 March
2015 and GIADA data (Della Corte et al. 2016; Rinaldi et al.
2017). The gas approximation that we used to calculate the aero-
dynamic force is the Euler approximation for an expanding ideal
gas (Anderson & Wendt 1995, for details), which is analytical.
The physical parameters of these gas distributions were adjusted
using the gas production rates reported in Fougere et al. (2016).
As dust particles, we considered homogeneous isothermal
spheres and oblate spheroids with an aspect ratio a/b = 0.2. This
elongation value was able to reproduce the GIADA data best
(Ivanovski et al. 2017a). Because the measurements on 28 March

2015 were performed close to the nucleus (altitudes from 14 km
up to 26 km), the two main forces acting on the dust particles are
the aerodynamic force and gravity. In Table 2 we list three sets
of parameters: the parameters for 67P/CG, the assumed physical
properties of the simulated dust particles, and the gas flow
parameters with the gas production rate. We used a higher gas
production rate Qgas (2× 1027 molec s−1) than was used in the
density model (i.e., 5× 1026 molec s−1; Biver et al. 2019) with
respect to that reported in Table 1 in order to compensate for the
nonsphericity of the real expansion. We considered the gas pro-
duction locally, and in the case of expanding flow, it was derived
from numerical calibration using ROSINA data. The maximum
liftable dust size under these conditions is a few millimeters
(Ivanovski et al. 2017a). The velocity of the large dust particles
(10−2 m and larger) is mostly defined by the ejection conditions
and remains practically unchanged. In the frame of the spherical
expansion model, we cannot estimate their terminal velocity,
but based on Fulle et al. (2018), their average velocity is 1.7 ±
0.9 m s−1. For instance, in order to have lifted dust particles
of 10−2 m and larger, a higher gas production rate should be
assumed locally if the total gas production rate still remains
the same at 5× 1026 s−1. For dust sizes ≥10−2 m and the
physical conditions used in this study, the coefficients Iv and Fu
(Zakharov et al. 2018) show that these dust particles conserve
their velocity in the coma. The velocities of oblate spheroids
are about twice the velocities of spherical dust particles, which
suggests a high sensitivity of the chosen shape to the computed
dust velocities.

3. Results

Three cases were considered. The first describes glycine that is
only emitted as a parent compound from the nucleus and is then
photolyzed (Fig. 1a). The two other cases correspond to a dis-
tributed source: a first case in which glycine is emitted from the
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Fig. 5. Glycine density profile as a function of the distance from the
nucleus of 67P when glycine is only emitted from the sublimation of
nucleus ice and is then photolysed. The red line corresponds to 0.30%
relative to water of the parent glycine emitted from the nucleus, the blue
line corresponds to 0.25%, and the yellow line corresponds to 0.15%.

sublimation of solid-state glycine on the dust particles that are
ejected from the nucleus (Fig. 1b), and the other case in which
glycine is embedded in water ice and emitted from the sublima-
tion of this water ice from dust particles that are ejected from the
nucleus (Fig. 1c).

Figure 5 shows the glycine density profile as a function of
distance from the nucleus when glycine does not present a dis-
tributed source. Specifically, all figures of this paper show the
glycine density multiplied by the square of the distance from the
nucleus (converted into centimeters). With this representation, a
parent source only from the nucleus and without sinks should
be presented as a horizontal trend. The ROSINA measurements
clearly show a positive slope while the probe moved away from
the nucleus, which is characteristic of a distributed source. Here
the hypothetical case of glycine only emitted from the nucleus for
different abundances is modeled. A good fit for the first points of
the ROSINA measurements corresponds to 0.15% of glycine rel-
ative to water in the nucleus, but the trend does not match the
data. A higher glycine percentage, 0.25 and 0.35%, was tested,
but it only affects the initial glycine density. The trend is still
the same. Regardless of the glycine abundance in the nucleus,
it is not possible to fit the ROSINA measurements as a parent
compound.

The first case for a distributed source, in which glycine is
emitted from the sublimation of solid-state glycine on the dust
particles ejected from the nucleus, is shown in Fig. 6 using
the parameters as presented in Table 1. Figure 6a shows the
evolution of glycine density for different abundances of parent
glycine from the nucleus. There are no significant differences
within the error bars between no parent glycine and 10−3% par-
ent glycine from the nucleus, while higher percentages of parent
glycine, such as 10−2%, do not match the ROSINA measure-
ments. Therefore, we consider that the amount of parent glycine
is not significant for the distribution we modeled. Consequently,
the cases shown in Fig. 6b for different abundances of glycine
in dust particles were calculated without any parent glycine. To
reach an abundance with the same order of magnitude as the
measurements, 100% of glycine in the dust particles is required,
which is unrealistic. If the abundance is decreased to 50%, the
glycine density is too low compared to the measured density.
Moreover, the profile shapes are very different from the mea-
sured shape, regardless of the amount of glycine in the dust
particles. The kinetics of sublimation of glycine, rather than its
amount, is the reason why case 2 seems to be inconsistent with
measurements.

Figure 7 shows the result of the modeling in case 3, for
which the density profile of glycine was calculated with the same
ratio of glycine in the sublimating ices from the nucleus (parent
source) and those sublimating from the dust particles (distributed
source). This shows that it is possible to match ROSINA data
with our model when a distributed source of glycine embedded
in water ices on dust particles is considered. A good fit corre-
sponds to an abundance of glycine embedded in water ice on
dust particles of about 1.7× 10−5% (in mass relative to water).
The fit is quite sensitive to parameters such as the porosity of
the dust particles, however. As described in Sect. 2.2.1, we con-
sidered that the dust particles are made of 70% in volume of
organic matter (Levasseur-Regourd et al. 2018), precisely, amor-
phous carbon, and with a dust particle porosity of 90% (Hornung
et al. 2016).

The porosity affects the particle temperature. As an exam-
ple, when the porosity decreases to 30%, dust particles would
reach cooler temperatures faster. Results for this case are shown
in Fig. 8. The same concentration of glycine in water ice, that
is, 1.7× 10−5%, and also the same percentage of organic matter
(70% in volume) was used. Here the glycine density is higher
than our first result, meaning that when the dust particles are
less porous, the less glycine is required to fit the measure-
ments. Particle velocity also has an influence on glycine density.
For example, when all velocities are increased by 20%, about
2.5× 10−5% of the glycine that is embedded in water ice would
be required to have an equivalently good fit. This means almost
50% more glycine than for the velocities we used here. We tested
the effect of the H2O ice mass fraction on the dust particles by
changing the dust-to-ice ratio. When it is multiplied by 8, that
is, e. d/i = 8 to reach some of the higher values published for
comet 67P (Fulle et al. 2017), the required glycine density is
4.2× 10−5% (420 ppb), which is 2.5 times more than for a d/i
equal to 1. The quality of the fit remains the same and the amount
of glycine derived is on the same order of magnitude.

The three computed cases to interpret the atypical distribu-
tion of glycine measured by ROSINA are summarized below.

– The first case corresponds to a direct production of glycine
from the nucleus does not match the observations.

– The second case takes into account the sublimation of
solid-state glycine from dust particles that are ejected from the
nucleus and cannot explain the trend of the measurements either.
It also requires an unrealistically high quantity of solid-state
glycine of a few tens of percent in mass of the ejected dust
particles.

– The third case considers that glycine is present within the
water ice and is emitted from the sublimation of this ice from
dust particles that are ejected from the nucleus. This seems to
be a good interpretation. It requires about 170 ppb of glycine on
dust particles.

4. Discussion

The glycine concentration is about a few hundreds to a few
thousands of ppb in chondrites that present aqueous alteration
(Martins & Sephton 2009). By contrast, in thermal metamor-
phism chondrites, the glycine concentration is about a few tens to
a few hundreds of ppb (Burton et al. 2015). Our modeling tends
to an abundance of glycine in 67P of about 170 ppb, which cor-
responds to the smallest measurement range of glycine detected
in aqueous carbonaceous chondrites and to the widest range
in chondrites with thermal metamorphism. Studies made by
Bardyn et al. (2015) have shown that the materials of
67P have not undergone aqueous alteration. Furthermore,
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Fig. 6. Density profile of glycine as a function of the distance from the nucleus of 67P when it presents a distributed source for which glycine
is emitted from the sublimation of a solid state on particles. Panel a: with different abundances of parent glycine in the nucleus. Panel b: with
different abundances of glycine in particles and no parent glycine from the nucleus.

Fig. 7. Density profile of glycine as a function of the distance from the
nucleus of 67P when glycine presents a distributed source for which it is
embedded in water ice on particles with 1.7× 10−5% glycine, and with
1.7× 10−5% parent glycine from the nucleus.

Fig. 8. Density profile of glycine as a function of the distance from the
nucleus of 67P when it presents a distributed source for which glycine
molecules are embedded in water ice on particles with 1.7× 10−5%
glycine and with 1.7× 10−5% parent glycine from the nucleus. The blue
line corresponds to 30% porosity, and the red line represents particles
with 90% porosity.

Nuevo et al. (2008) have demonstrated that amino acid quantities
are very different for hydrolyzed and non-hydrolyzed fraction
residues of photolyzed cometary ice analogs; the concentration
is significantly higher in the hydrolyzed fraction. This means
that the amount of glycine derived from our modeling is consis-
tent with pristine material that has not been significantly altered
either by heat or liquid water.

An important parameter regarding our fits to observations
seems to be the temperature. Our modeling is computed at

equilibrium temperature, which is not reached immediately at
ejection from the nucleus as in our theoretical modeling. The
thermal equilibrium time estimated from the heat diffusion
inside dust particles (Huebner et al. 2006) can be calculated from

τ =
R2ρc
π2K

, (9)

with R the dust particles radius, ρ their density, c the specific
heat, and K the thermal conductivity. Spohn et al. (2015) pre-
sented different values measured on the surface by the Philae
lander, ρ = 5× 10−2 kg m−3, 300 J (kg K)−1 < c< 600 J (kg K)−1,
and 0.02 W (m K)−1 < K<, 0.06 W (m K)−1. As an example, for
a particle with a radius of 1cm, values between 25 and 152 s are
obtained to reach the equilibrium. For the smallest dust particles
with millimeter sizes, the equilibrium temperature is reached in
about 6 s. For the smallest particles it takes a few fractions of a
second.

The dust particles have velocities of between 326 m s−1 for
the smallest (10−8m) and 1 m s−1 for the largest (>10−2m), which
means a transport time to reach 14 km (the first measurement
point) of between 42 s (for the smallest, which reach equilibrium
within fractions of second) and 3 h (for the largest, which reach
equilibrium within at most a few minutes). Therefore, the cal-
culated values to reach equilibrium temperature are significantly
lower than the transport time from the comet surface to the first
ROSINA measurement point. As a first approximation, model-
ing dust particles at their equilibrium temperature is therefore
valid. However, we did not consider the fact that sublimation is
an endothermic process that would cool the dust particles as it
occurs. Dust particles would therefore be cooler than in our mod-
eling. As shown in Sect. 3, dust particles that reach the coolest
temperatures faster would not dramatically influence the amount
of glycine that is needed to fit the data.

Because glycine is released at the same time as water ice is
sublimating, a distributed source of water and other molecules
embedded in water might be detected in the same data set. No
such distributed source detection has been reported so far, how-
ever. It is interesting to note that De Keyser et al. (2017) have
also reported a distributed source for HCl and HF due to water-
ice sublimation from dust particles in the atmosphere of comet
67P. No distributed source of water is detected in their data
either, however, because the contribution of sublimating water
from the icy dust particles to the total water budget in the coma
is suspected to be minor. This is probably also the case for the
28 March 2015 data discussed in this paper: glycine has been
measured in a jet of icy dust particles that were ejected from
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the nucleus. We may not have found other distributed source
events for glycine because there was only this one fast flyby on
28 March 2015, where the spacecraft changed the radial distance
in a short time. For the sublimation of water from dust particles,
Gicquel et al. (2016) have suggested based on the brightness pro-
files of dust jets that icy aggregates can sublimate in the coma
of 67P, and that most of this ice sublimates on a length scale
of a few tens of kilometers, which is consistent with glycine
measurements and our modeling.

This paper is meant to propose a plausible interpretation of
the puzzling behavior of glycine in the atmosphere of comet 67P.
We suggest a mechanism and an abundance that are quite real-
istic, but we do not pretend that other mechanisms yet to be
conceived might not produce similar matches between obser-
vation and theory. For instance, following an approach similar
to case 2, it might be considered that glycine is produced from
the degradation of a complex macromolecular organic material.
However, to our knowledge, there is no evidence of a macro-
molecular organic component that would release glycine upon
heating. We also consider it unlikely that peptide molecules
(polymers of amino acids, in this case, glycine polymers) could
be a realistic alternative to the presence of glycine itself. If such
peptides compounds were in the dust particles, they would result
from the condensation of glycine on itself, and certainly would
be order(s) of magnitude less abundant than their precursor
(glycine monomer). Data are also lacking for a proper modeling
of such a case (both regarding the sublimation of the peptides,
depending on their size (dimer, trimers, and polymers), and their
kinetics of degradation into glycine). COSIMA, the mass spec-
trometer that analyzed the solid phase of dust particles (which
were captured and analyzed after water ice and volatile are gone),
has not reported any detection of molecules such as glycine and
other compounds with a rather low volatility (carboxylic acid,
aliphatic and aromatic compounds, amines, ketones, etc.) that
were expected to be found in the dust particles (Le Roy et al.
2015). The organic matter detected in the dust particles is rather
a complex organic network similar to the insoluble organic mat-
ter (IOM) observed in carbonaceous chondrites, but in a larger
amount (Fray et al. 2016; Bardyn et al. 2017). The hypothesis
that compounds such as glycine would be synthesized within
the ices and released from the ices as they sublime is consis-
tent with a detection by ROSINA in the gaseous phase and not
COSIMA in the solid state. Recent results regarding the detec-
tion of aliphatic and aromatic hydrocarbons in comet 67P have
shown that many of them are only observed when the coma is
dusty (Schuhmann et al. 2019). However, only in March 2015 was
a flyby where the spacecraft changed the radial distance in a short
time, making this a unique opportunity for distributed sources
detection.
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