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ABSTRACT

Cometary ices are rich in CO,, CO and organic volatile compounds, but the carbon con-
tent of cometary dust was only measured for the Oort Cloud comet 1P/Halley, during its
flyby in 1986. The COmetary Secondary Ion Mass Analyzer (COSIMA)/Rosetta mass spec-
trometer analysed dust particles with sizes ranging from 50 to 1000 pm, collected over 2
yr, from 67P/Churyumov-Gerasimenko (67P), a Jupiter family comet. Here, we report 67P
dust composition focusing on the elements C and O. It has a high carbon content (atomic
C/Si=5.5"]3 onaverage ) close to the solar value and comparable to the 1P/Halley data.
From COSIMA measurements, we conclude that 67P particles are made of nearly 50 per cent
organic matter in mass, mixed with mineral phases that are mostly anhydrous. The whole
composition, rich in carbon and non-hydrated minerals, points to a primitive matter that
likely preserved its initial characteristics since the comet accretion in the outer regions of the
protoplanetary disc.

Key words: astrochemistry —space vehicles: instruments—techniques: miscellaneous—
comets: general —comets: individual: 67P/Churyumov-Gerasimenko.

1 INTRODUCTION

Comets were accreted during the early stage of the formation of
the Solar System. Because of their small size and their accretion
in a cold environment far from the Sun, the composition of comets
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light elements than the most primitive objects of the asteroid belt,
the parent bodies of carbonaceous chondritic meteorites (Bell et al.
1989). In particular, a high concentration of carbon (close to the solar
abundance) would be considered as evidence of a primitive material.
The dust particles ejected from comet nuclei are therefore expected
to be among the most pristine material within the Solar System,
remaining almost unmodified and stored at low temperatures since
their co-accretion with ices to form the icy bodies (Mumma &
Charnley 2011).

Several past space missions have shed a first light on cometary
dust composition. In 1986, the first in situ analyses of the Oort Cloud
comet 1P/Halley dust particles with the Giotto, Vega 1 and Vega 2
missions revealed that they contain minerals and carbonaceous mat-
ter made of C, H, O and N atoms (Kissel et al. 1986a; Kissel et al.
1986b; Clark et al. 1987; Jessberger et al. 1988; Lawler & Brownlee
1992). Their overall composition was estimated to be close to the
one of the solar photosphere for most of the measured elements.
In particular, the atomic C/Si bulk ratio of 1P/Halley particles was
estimated to be 4.4 &= 1.3 (Jessberger et al. 1988), almost six times
the average C/Si ratio of 0.76 %+ 0.10 found in CI carbonaceous
chondritic meteorites and only less than twice to the protosolar
abundance of 7.19 + 0.83 (Lodders 2010). Twenty years later, the
Stardust mission enabled the first laboratory analysis of samples
brought back to Earth from 81P/Wild 2, a Jupiter family comet.
One major finding was that the returned particles contained crys-
talline minerals (silicates mainly) that have been processed at high
temperature in the inner parts of the protoplanetary disc (Brownlee
2014). However, a quantification of the carbonaceous materials in
the particles of 81P/Wild 2 was not possible due to the high impact
speed and collection method of these particles (Sandford et al. 2010;
Brownlee 2014).

We report here the global composition, including for the first
time carbon and oxygen abundance ratios, of the refractory phases
of dust particles from the Jupiter family comet 67P/Churyumov-
Gerasimenko (hereafter 67P), as deduced from the COmetary Sec-
ondary Ion Mass Analyzer (COSIMA) instrument measurements
during the Rosetta mission. COSIMA is a Time-Of-Flight Sec-
ondary Ion Mass Spectrometer (TOF-SIMS) onboard the Rosetta
orbiter. The determination of the elemental composition of comet
67P’s dust is one of the main goals of the COSIMA instrument
(Kissel et al. 2007). Two notable facts differentiate analyses with
COSIMA from those of previous missions: (i) the Rosetta space-
craft followed comet 67P at close distances for a period of 2 yr;
during this time, COSIMA collected more than 35 000 cometary
particles and fragments thereof (Merouane et al. 2017), with sizes
ranging from ~10 to 1000 pm, and analysed in situ about 250 of
them. Previous missions were flybys missions and thus could not
spend more than a few hours near the cometary nuclei. (ii) The
low impact velocity of the collected particles (<10 m s~!; Rotundi
et al. 2015) on the COSIMA targets preserved the dust chemical
properties and part of its physical structure (e.g. the porosity of the
particles; Hornung et al. 2016; Langevin et al. 2016). On the con-
trary, the Stardust space probe collected cometary particles at high
velocity impact (6 km s~ '), which altered the samples to some extent
and compromised the quantification and characterization of the less
refractory material (the carbon content in particular; Sandford et al.
2010; Brownlee 2014). Giotto, Vega 1 and Vega 2 collected parti-
cles at even higher velocities (68, 79 and 77 km s~!, respectively).
This hypervelocity was directly used for the impact-ionization pro-
cess of the mass spectrometers PIA, PUMA-1 and PUMA-2, but
made it difficult at that time to have completely accurate quantitative
results due to the lack of relevant ground calibration experiments
(Jessberger et al. 1988).
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2 METHODS

2.1 Instrument description

The COSIMA instrument is a TOF-SIMS that collected and anal-
ysed in situ cometary dust particles in the vicinity of comet
67P/Churyumov-Gerasimenko (Kissel et al. 2007). As stated be-
fore, the particles were collected at low impact velocity (<10 m
s~!; Rotundi et al. 2015) on a set of target plates, each of 10 x 10
mm? in size. All the particles considered in this study have been
collected on target plates covered by a porous gold layer (Hornung
et al. 2014). During the escort phase of the mission, which lasted
more than 2 yr, the temperature within the instrument was about
283 K. Collected particles were first localized by an embedded mi-
croscope called COSISCOPE, which imaged the targets before and
after exposure to the cometary dust in the near comet environment
(Langevin et al. 2016). Selected particles were then analysed by
SIMS. The primary ion beam was generated by a liquid indium ion
source, with energy of 8 keV. The beam was pulsed (~1000 ions
per pulse within 3 ns with a 1.5 kHz repetition rate) and focused
to give a footprint of 35 x 50 um? (full-width at half-maximum)
on the target. The primary '"In* ions impacted the solid sample
and released secondary ions from the top surface layers by colli-
sion cascades. The secondary ions came from a few nanometres
of the primary ion’s impact area (Henkel & Gilmour 2014). These
ions were then accelerated into a drift tube with an ion reflector,
resulting in a mass spectrum of secondary ions on the detection
system. The nominal mass resolution m/Am of COSIMA is about
1400 (full-width at half-maximum at m/z = 100; Hilchenbach et
al. 2016), which enables in most cases, in this mass range, to dis-
tinguish elemental ions from hydrogen-bearing organic ions for a
given integer mass. Positive and negative ion mass spectra were ac-
quired on and near each analysed particle. Because the footprint of
the primary ion beam can be comparable to the size of the particles,
mass spectra can contain secondary ions from the particle, the target
plate or both. To preserve the lifetime of the primary indium ion
source of the instrument and to extend it for the whole 2 yr Rosetta
mission, no sputtering was performed on samples before the anal-
yses presented in this study. Sputtering is a current methodology
in the sample analysis protocol in TOF-SIMS, but it is extremely
costly in terms of primary ion source consumption. Each spectrum
had an acquisition time of 2.5 min and corresponds to 225 000
individual primary ion beam shots. The mean current is estimated
to be 7 nA cm~2. For each analysis performed, two consecutive
spectra were acquired at the same X- and Y-coordinates. A series
of spectra could be measured at different coordinates on the same
particle at a specific date. If the first analysis set was promising, the
same particle could be analysed again as needed.

2.2 Selected dust particles

For this study, a set of 30 particles representative of a large range
of sizes (area comprised between 0.7 x 10* um” and 23 x 10*
wm?), typologies and collection times, before and after perihelion,
has been selected for the high quality of their mass spectra and the
ability to separate the spectra acquired on the particle from those
measured on the nearby background (see Sections 2.4.1 and 2.4.2
for more details on the way the spectra are evaluated and selected).
This selection is presented in Table 1. It lists 30 cometary particles
that belong to the four typologies observed (Langevin et al. 2016)
and their collection dates cover a wide time range (from December
2014 to March 2016). Some of them have also been analysed several
times. In the negative mode of the instrument, 16 particles have been
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Table 1. Characteristics of the dust particles selected for this study.

Name Target  Typology Area Collection Date(s) of analysis Date(s) of analysis
(10* m?) period in positive mode in negative mode
Bonin (B.) 1CD R 34 31/07/2015-01/08/2015  21/08/2015; 10/09/2015 -
Devoll (De.) 1CD G 0.9 (*) 31/07/2015-01/08/2015  16/10/2015 -
Umeka (Um.) 1CD G 1.02 03-04/07/2015 21/08/2015; 10/09/2015 -
André (An.) ICF G 2.62 09-14/01/2015 17/12/2015 16/12/2015
Elly (EL.) ICF R 1.36 24-25/01/2015 17/12/2015 16/12/2015
Hase (H.) ICF R 1.64 24-25/01/2015 17/12/2015 16/12/2015
Isbert (I.) ICF R 2.8 28-29/01/2015 17/12/2015 16/12/2015
Alicia (Al.) ICF R 1.86 16-20/12/2014 11/12/2015 10/12/2015
Justus ICF G 5.92 28-29/01/2015 10/12/2015
Uli (UL) ICF C 1.66 20-27/12/2014 29/01/2016 10/12/2015
Atika (At.) ICF G 1.86 16-20/12/2014 17/12/2015; 03/02/2016 -
Giinter 1D2 R 12.35 29/02-01/03/2016 - 14-15/04/2016
Amelie 1D2 R 6.10 16-18/11/2015 - 25/11/2015
Sophie 1D2 R 4.92 16-18/11/2015 - 25/11/2015
Juliette (Jul.) 1D2 G 2.39 23-29/10/2015 18/11/2015 18/11/2015
Fadil (F) 1D2 G 1.63 16-18/11/2015 26/11/2015 -
Karen (Ka.) 2CD S 13.80 25-26/07/2015 05/08/2015; 17/09/2015; 30/09/2015; 25/02/2016 -
Jean-Pierre (JP.) 2CF S 9.5 24-25/01/2015 08/01/2016; 04/02/2016 -
Jessica (Je.) 2CF S 232 26-27/01/2015 07/01/2016; 04/02/2016 -
Lari (L.) 2CF S 1.96 24-25/01/2015 01/01/2016 -
Kenneth (Ke.) 2D1 R 453 11-12/05/2015 18/06/2015; 02/07/2015 17/06/2015
Roberto (R.) 2D1 S 0.7 (*) 11-12/05/2015 18/06/2015; 02/07/2015 17/06/2015
Francesco 2D1 R/G 12.07 11-12/05/2015 - 17/06/2015
David (Da.) 2D1 S 4.9 (%) 11-12/05/2015 13/06/2015; 23/12/2015 12/06/2015
Jakub (Ja.) 2D1 S 11.98 11-12/05/2015 21/05/2015; 13/06/2015 12/06/2015
Enako (En.) 2D1 S 1.1(%) 11-12/05/2015 18/06/2015 -
Stefane (St.) 2D2 R 0.94 17-18/01/2016 11/02/2016 -
Juvenal (Juv.) 3C7 C 1.5 01-09/03/2015 13/11/2015 -
Matt (M.) 3CF R 2.8 24-25/01/2015 13/01/2016; 05/02/2016 -
Sachi (Sa.) 3DI C 0.78 11-12/05/2015 02/12/2015 -

Note. For each particle, the name, the collection target plate, the typology classification, the collection period and the dates of TOF-SIMS measurements in
positive and/or negative modes are indicated. The typology of the particles refers to the classification established by Langevin et al. (2016): R, G, C and S stand
for Rubble pile, Glued cluster, Compact particle and Shattered cluster, respectively. The area of the particles is calculated according to the method described
in Langevin et al. (2016), except for the particles designed by (*) for which an estimation is given because the proximity of other particles makes it difficult to
accurately discern their outlines.

selected and account for a total of 242 negative mass spectra. In the
positive mode of the instrument, 25 particles have been selected and
account for a total of 494 positive mass spectra.

2.3 Particle Atika as a reference for a typical cometary SIMS
signature

TOF-SIMS analyses by COSIMA probed different areas of the col-
lected particles: their surface after collection (some particles result
from fragmentation of a larger parent before reaching the target;
Langevin et al. 2016; Merouane et al. 2017) and their inner volume
after the pulverization due to SIMS analyses. As an example, the
COSISCOPE images of the particle Atika are displayed in Fig. 1.
The sub-pixel image (a) was acquired on 2015 February 9, before
the SIMS analysis, when its initial size was 170 x 115 x 85 um’.
The image (b) was acquired on 2015 December 17 after the first
negative SIMS analysis. It can be noted that the particle is frag-
mented into more smaller units, a phenomenon previously reported
in Hilchenbach et al. (2016) and Hilchenbach et al. (2017). Fur-
ther analyses were conducted until the last image (c) obtained on
2016 June 10. The final size of 250 x 160 x 30 um® demonstrates
the particle’s fragmentation; its height loss, in particular. Its tensile
strength is low enough (Hornung et al. 2016; Hilchenbach et al.
2017) so that the primary ions shatter the particle, without modi-
fying the signature of its mass spectra after several analyses. Thus,
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experiments conducted on particles such as Atika have allowed to
perform positive SIMS analyses on a freshly exposed cometary
surface.

2.4 Data analysis

As stated above, due to the size of the ion beam, when analysing
a cometary particle, the secondary ions are emitted most of the
time from the particle itself but also from the surrounding target
background. Therefore, it is essential to remove this non-cometary
contribution from the spectra. The 2 yr of analyses with COSIMA
have led to a good characterization of the cometary particle signa-
ture. A processing method has been established to retrieve the signal
coming from the cometary particles for the positive and negative
mass spectra.

2.4.1 Data analysis for positive mass spectra

TOF-SIMS is surface-sensitive instrument. Positive ion mass spec-
tra from the target background of COSIMA are dominated by
PolyDiMethylSiloxane (PDMS) polymers (C,HOSi),, a common
component measured in the background of TOF-SIMS experi-
ments due to its high ionization yield even at very low concen-
trations (Henkel & Gilmour 2014). Its positive mode mass spec-
trum is characterized by a specific fingerprint, in which the highest
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June 10, 2016
Z=30 um

Figure 1. Optical images of particle Atika taken at different dates. Image (a) shows the particle before any SIMS analysis, (b) and (c) after several analyses in
positive and negative modes. Each image is the sum of two images with two grazing incidence illuminations from the left and the right. Image (a) is a sub-pixel
sampling, images (b) and (c) are nominal sampling (Langevin et al. 2016). The estimated height (Z) of the particle Atika is indicated for each image taken by

the microscope COSISCOPE.

intensity peaks are at m/z = 73.05 [Si(CH3);"] and m/z = 147.07
[Si,O(CH3)s™]. Additional peaks from the target background in-
clude the primary ion "In* at m/z = 114.90, the contribution of
the gold target at m/z = 196.97 and some hydrocarbon fragments
CH, at m/z < 100.

The processing method to retrieve the signal coming from
cometary particles in the positive mass spectra addresses three cru-
cial points: the selection of relevant mass spectra, the choice of the
normalization and the assessing of the so-called matrix effect that
imposes a careful use of subtraction method when handling mass
spectra.

For a given particle, the analysis is most of the time carried out
as a line scan or a matrix. This allows covering a large area over
the selected particle and next to it. It is therefore possible to obtain
a substantial number of spectra over the particle plus some spectra
over the background target. Several indicators allow sorting the mass
spectra acquired on the particle (hereafter spectra ON) from those
measured on the background near the particle (hereafter spectra
OFF). The selection of the spectra ON is based on the COSISCOPE
images, the low intensity of PDMS peaks (see the example of the
particle Kenneth in Fig. 2), the high intensity of elemental ions
such as iron (°Fet) at m/z = 55.94 and magnesium (**Mg*) at
mlz = 23.99, and the behaviour of '>C* (m/z = 12.00) becoming
the most intense peak of the series C*, CH*, CH,*, CH3" (Fray
et al. 2016). The selection of the spectra OFF is mainly based on a
high PDMS signal in comparison to the one on the particle (Fig. 2).
Spectra have also been acquired on target plates before any exposure
to the cometary dust; thus, they can be used as a background surface
reference.

Mass spectra have to be normalized in order to be compared. The
choice of the normalization can vary depending on the goal of the
analysis. In this study, we have considered the PDMS peak intensity
at m/z = 73.05 as the normalization parameter. The reason is that
PDMS is the main contributor in the instrument background in the
positive mass spectra and the peak at m/z = 73.05 is the highest
one. The quantification of Si and C in the cometary particles is
one of the main objectives of this study. In order to estimate these
specific abundances, the contribution of PDMS to the signal of these
elements has first to be removed as well as possible from the spectra
ON.

60,000{

40,000
%)
€
>3
o
O
20,000
4200
4000 ¢
3800 =
0 >
8600 8800 9000 3600

9200 9400  gg00
X (um)

Figure 2. Spatial distribution of the PDMS intensity for the analysis of the
particle Kenneth. The counts of the PDMS fragment Si(CH3)3 " is displayed
on (lowest values) and off (highest values) the particle.

The methodology to retrieve the signal coming from a cometary
particle in the positive mass spectra is as follows (see Fig. 3 for
illustrations of this methodology):

i. Selection of the spectra ON

ii. Selection of the spectra OFF

iii. For both sets of spectra ON and OFF, determination of the
number of counts of the PDMS peak at m/z = 73.05

iv. Subtraction of the set of spectra OFF from the set of spectra
ON after normalization to PDMS at m/z = 73.05. The cometary
particle contribution to the peak intensity Ig+ is retrieved as follows:

Topust
IE+ = IE:;N — ([ng X — . (1)

1 |
PDMSE

This work intends to report the global composition of 67P
cometary particles. Besides the analysis of each particle individ-
ually, a total of 494 positive ions mass spectra ON from 25 distinct
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particles have been selected (see Table 1). This represents 247 dif-
ferent locations on the cometary particles, as for each analysis two
successive spectra are acquired at the same X- and Y-coordinates.
As explained below, in the results section, all the collected and anal-
ysed dust particles present similar mass spectra signatures. Thus,
the sum of this large number of spectra allows increasing the signal-
to-noise ratio to detect some elements that present a very low signal.
An additional selection of 50 positive ion mass spectra acquired on
the gold target plates before exposure to the cometary dust was used
as the selection OFF.

Before calculations, the spectra are rebinned and mass calibrated.
Then, a Levenberg—Marquardt algorithm (Denis & Schabel 1996)
allows fitting the peaks by a Gaussian curve. The outcomes are the
position, the width and the number of counts for each fitted peak.
The residual of the peak fit is below 0.3 per cent. Normal isotopic
abundances are considered (Lodders 2010) and mass interferences
corrected (Stephan 2001). Background spectra display a C*/73 7 ra-
tio of about 0.01 due to contamination. For the analyses performed
on the particles, spectra selected ON have a C*/737 ratio at least 10
times larger than on the spectra OFF (extended data fig. 4 in Fray
et al. (2016) for particle Kenneth with values ranging from 0.3 to
1.3). It implies that the carbon contribution of the contamination to
the C™ signal of the spectra ON Kenneth is below 3.3 per cent. For
the sum of the 494 mass spectra, the contribution of the contamina-
tion to the C* signal is 5.4 =+ 2.2 per cent and to the Sit signal it
is 11.3 4 3.4 per cent. After the subtraction of the contamination,
the error on the estimation of the cometary C*/Si* ratio is 5.6 per
cent (2.2 per cent for C* + 3.4 per cent for Si*). The same rea-
soning applies to the others element abundances determination in
positive mode, except that these elements are nearly absent from
the contamination.

Finally, we can compare the resulting background-subtracted
spectra (initially presenting variable amounts of PDMS) with raw
spectra taken on some particles presenting a very low level of back-
ground contribution. As an example, the sum of 30 positive ions
mass spectra ON Atika is displayed in Fig. 3(a). It is an ideal case
as the PDMS signal is nearly absent (i.e. the PDMS intensity at
m/z = 73.05 is very low compared to the gold peak). As an il-
lustration of the processing method, a selection of 4 mass spectra
ON Umeka is displayed in Fig. 3(b). The spectrum clearly shows
a major PDMS contribution in ON Umeka compared to ON Atika.
Fig. 3(c) is the selection of 14 mass spectra OFF Umeka, showing a
typical signature of the target background. Fig. 3(d) shows the result
of the processing method to retrieve the cometary signal of Umeka,
where the signals of PDMS at m/z = 73.05 and m/z = 147.07 are not
present anymore. The processed spectrum is very similar to the raw
spectrum of Atika on Fig. 3(a), particularly in that there is strong
'H+,12C+ and ?8Si™ signals. This is the case for all cometary spectra
processed (see also Fig. 5), independently of the intensity of PDMS
peaks in the initial measured ON. The subtraction method described
above allows to remove a large number of major background inter-
fering peaks with the cometary particles’ signatures. Some peaks
after data post-processing still elude a proper characterization due
to mass resolution, such as the one at m/z = 43.00 (Figs 3 and 5)
with potential contribution of ions such as CH;Si* (m/z = 43.00),
HNCO™ (m/z = 43.01) and C,H;0™ (m/z = 43.02).

2.4.2 Data analysis for negative mass spectra

In a typical negative ion mass spectrum of the target background, the
PDMS signature is present with two main fragments at m/z = 59.00
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Figure 3. Application of the processing method to retrieve the cometary
signal for the positive mass spectra. Image (a) displays the sum of 30 mass
spectra ON Atika, (b) displays the sum of four mass spectra ON Umeka and
(c) the sum of 14 mass spectra OFF Umeka. The mass spectrum displayed
in (d) is the final signature of particle Umeka after the subtraction of its
associated background.

(CH3Si0O7) and m/z = 74.99 (CH3SiO,™); however, PDMS is not
the major contributor to the background signal. Other species, like
halogen ions, are strongly present in the target signature, such as
PR~ (m/z = 18.97), 3Cl~ (m/z = 34.97), 3’Cl-(m/z = 36.97),
PBr~ (mlz = 78.92) and 3'Br~ (m/z = 80.92). The strong peak at
miz = 196.97 (7 Au~) arises from the gold target plate.

The data treatment in negative mode has been handled by the use
of a multivariate analysis namely the Non-negative Matrix Factor-
ization (hereafter NMF) (Gillis & Vavasis 2014; Trindade, Abel &
Watts 2017) that was particularly suitable for the COSIMA negative
mode data. Here, we have used NMF to decompose the negative
mode signal into two components, one corresponding to the back-
ground contribution and one corresponding to the cometary parti-
cles contribution. The signal S computed by NMF is described as
follows:

S =H x W)+ (Hy, x Wy). 2)

Here W, and W, are the two spectral components; H;, and H, are
the weighting coefficients for each component. Before the NMF
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Figure 4. Application of the Non-negative Matrix Factorization (NMF) on a selection of negative mass spectra (target 1CF particles). The W component (in
black) is attributed to the background signature and the W» component (in red) to the cometary signature. For better visibility, the panels show the components

W) and W, for specific mass ranges and a logarithmic scale for relative intensities.

method is applied, a careful selection of spectra taken ON and OFF
the particles has to be performed, as for positive mode data treat-
ment. When the NMF method is successfully applied, the W, and
W, components correspond to two different looking spectra, W,
is assigned to the background and W, to the cometary signature.
In negative mode, we have been able to verify that both the NMF
method and the normalization-subtraction method (applied simi-
larly to what is described for positive mode) give similar results,
in terms of mass spectra signatures and elementary quantifications.
The NMF processing method can either be applied to single parti-
cles to reveal their individual signature, or to a set of particles to
obtain an average signature.

In positive mode, specific peaks clearly arise only from the
cometary particle. This is not the case in negative mode. How-
ever, a left shoulder next to the main peak systematically appears
when a cometary particle contribution is accounted for, as displayed
in Figs 4(a)—(c). This left shoulder differs from the electron peak
(electrons sputtered off the grids within the reflectron are present in
COSIMA negative ion spectra; Kissel et al. 2007). The left shoulder,
observed in negative mode only, can be explained by the potential
difference between the target plate and the surface of a particle that
is due to the implantation of the positive primary ions ''*In" in the
insulating material of the particles. The negative ions ejected from
a positively charged surface have then a lower velocity than those
originating from the uncharged surface of the target. Due to the set-
tings of the lenses in the reflectron of COSIMA, the ions originating
from the charged surface (i.e. the cometary particles) have a shorter
TOF than the ions from the uncharged surface (i.e. the background
target) and hit the detector first (Fray et al. 2017; Hornung et al., in
preparation).

An application of the data treatment for negative mass spec-
tra is illustrated in Fig. 4. In this example, 38 spectra ON and 6
spectra OFF (acquired on the target plate 1CF) were selected and
the NMF decomposition was applied to this selection. The two re-

sulting components W, (in black) and W, (in red) are associated
to the background signature and the cometary signature, respec-
tively. The main peak preceded by a left shoulder is only present in
the W, component for specific peaks corresponding to a signature
from the analysed particle surface. In panel (a), this left shoulder is
present in the cometary signature for >C~ (m/z = 12.00) and '?CH™
(m/z = 13.01), in panel (b) for 'O~ (m/z = 15.99) and '*OH"
(m/z = 17.00) and in panel (c) for 328~ mfz = 31.97 (with a contri-
bution from 'O, at m/z = 31.99). The principal peaks can contain
a variable contribution from the target background. Two charac-
teristic fragments of the PDMS are shown in panel (d) CH3SiO~
(mlz = 59.00) and in panel (e) CH3SiO,~ (m/z = 74.99). An-
other peak originating from the gold target, '’ Au~ (m/z = 196.97)
is displayed in panel (f). These three peaks do not display a left
shoulder and the near absence of PDMS and gold peaks in the W,
component—the cometary signature—demonstrates the efficiency
of the NMF decomposition. For accurate quantification results on
the cometary particles content, we have only used the area of the
shoulder peaks in W, component to assess ion relative ratios.

Interestingly enough, the average '>C~/?Si~ ion ratio given by
the left shoulder of the cometary particles signature is higher than
the same ratio obtained from the background signature. Given that
PDMS [(C,H¢OSi),] in the background spectra is the main contrib-
utor to '>C~ and 28Si~ peaks in negative mode, the C/Si atomic ratio
is at least equal to 2 for the background. Therefore, a preliminary
observation that can be made, according to negative mode measure-
ments, is that the average C/Si cometary atomic ratio is necessarily
above 2.

From this point onward, negative mode measurement will mainly
be used to assess the O/Si atomic ratio in cometary particles.
The NMF decomposition gives an error of about 10 per cent
on the mean '*0~/?8Si~ cometary ion ratio. This uncertainty is
due to the variability of the result depending on the selected set of
spectra for each target.
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Table 2. RSF values used for elemental quantifications.

Element RSF (-) (+) Standard Mode COSIMA instrument
C/Si 0.025 0.005 0.007 Silicon carbide Positive Reference model
O/Si 12.2 1.1 1.1 Forsterite Negative Reference model
Na/Fe 18 12 35 (Kriiger et al. 2015) Positive Reference model
Mg/Fe 1.6 0.8 1.6 Olivine San Carlos Positive Flight model
Al/Fe 1.8 1.1 2.8 (Kriiger et al. 2015) Positive Reference model
Si/Fe 3.3 1.7 33 Olivine San Carlos Positive Flight model
K/Fe 27 13 24 (Kriiger et al. 2015) Positive Reference model
Ca/Fe 3.9 1.7 3.0 (Kriiger et al. 2015) Positive Reference model
Cr/Fe 1.5 0.6 0.9 (Kriiger et al. 2015) Positive Reference model
Mn/Fe 2 0.3 0.4 (Kriiger et al. 2015) Positive Reference model
Fe =1 Olivine San Carlos Positive Flight model

2.5 Relative sensitivity factors

Quantification of elemental abundances in SIMS requires the use of
relative sensitivity factors (RSFs). For a known element E relative to
the normalizing element Ey, the RSF is calculated from a standard
as follows:

(E/EO )Slandard

Ig= /IE§ is the ratio of the positive or negative secondary ion
intensities and E/E the elemental ratio of the standard.

Standards used to calculate an RSF have to be chosen carefully
as the ionization yields depend on the sample material and the
instrumental parameters. The RSFs deduced from calibration and
used in this study to convert ion ratios to elemental ratios are pre-
sented in Table 2. As for the analyses conducted on the cometary
particles, no sputtering was applied on the standards (Kriiger et al.
2015). For most of the elements (Na, Al, K, Ca, Cr and Mn), the
RSF values relative to Fe have been determined in positive mode
by analyses of relevant minerals with the reference model (RM)
of COSIMA (Kriiger et al. 2015). Quantification of carbon with
SIMS in this case is, however, challenging. In this study, the RSF
(C, Si) has been measured from positive secondary ions of a silicon
carbide (SiC) sample analysed in the RM instrument (>97.5 per
cent, Aldrich). Even though silicon carbide is not expected to be
the main carrier of carbon in the cometary particles, it has been
chosen as a proxy for an intimate mixture of C and Si at compara-
ble abundance levels. The RSF (C, Si) extracted from the geometric
mean value of the calibration measurements made on silicon carbide
and the statistical 1-sigma error from these measurements are given
in the Table 2. As a test, the RSF (C, Si) value was applied to the
C*/Si™ ratio measured on the 50 positive ion mass spectra acquired
on the gold target plates before their first exposure to the cometary
dust. These spectra display a background signature largely domi-
nated by PDMS (C,HsOSi),. The C/Si atomic ratio of 2.470%, cal-
culated from the background spectra, is consistent with the PDMS
average C/Si ratio of 2. Oxygen provides both O~ anions and O
cations; however, the O™ signal is very weak in the positive mass
spectra compared to the others peaks. On the contrary, the O~ peak
has a very high number of counts in the negative mass spectra.
Metals, such as Mg and Fe, produce only cations and thus can-
not be used in the negative spectra as normalizing element. Silicon
provides both cations and anions. In cometary dust, oxygen is ex-
pected to be essentially borne by silicates. A pure synthetic forsterite
(Mg,Si0,4) sample [provided by Centre de Sciences Nucléaires et
de Sciences de la Matiere (CSNSM), initially from A. Revcolevski],
measured in the RM instrument in the negative mode, has been used

RSF (E, Ey) = (3)

MNRAS 469, S712-S722 (2017)

to obtain the RSF (O, Si) in negative mode. The uncertainty is the
statistical 1-sigma error calculated from different measurements on
the forsterite sample. Thus, for carbon and oxygen, the RSFs given
in Table 2 are relative to Si.

A terrestrial San Carlos olivine sample [(Mg;7Fe(2)SiO4] of
well-defined elemental abundances, provided by CSNSM, has been
deposited on a gold target of the flight instrument (XM) before
the launch of the spacecraft and stored in the instrument during the
flight. This sample was repeatedly analysed by SIMS in space, under
the same conditions as for the analyses of the cometary particles
collected, and was used as an internal calibration to estimate RSF
(Mg, Fe) and RSF (Si, Fe) for the cometary matter. The uncertainties
of 50 per cent for these two RSFs take into account the measured
variabilities within the COSIMA flight model olivine sample and the
known variability of these RSFs among different mineral samples
(Krtger et al. 2015).

3 RESULTS AND DISCUSSION

3.1 COSIMA mass spectra of 67P dust particles

The whole set of particles (>250) analysed by COSIMA between
September 2014 and June 2016 present similar mass spectra sig-
natures (in both negative and positive modes), which constitute a
specific fingerprint for 67P’s dust. Typical mass spectra of particles,
measured in the positive mode by the COSIMA instrument, are
presented in Fig. 5, after data post-processing. As shown in these
spectra, a very high 28Si* peak is always accompanied by a strong
12C* signal, while peaks from other elements (e.g. >*Na™*, *Mg*,
3Fe*) show varying intensities from one particle to another. This
systematic signature has not changed over the 2 yr of the mission,
and even if the observed variations reflect some compositional di-
versity among the particles, they are not correlated to their size,
typology (Langevin et al. 2016), date of collection or time inter-
val between collection and measurement. This signature indicates
that at the scale of approximately 40 pm, which is the spatial res-
olution of the COSIMA ion beam, 67P dust particles are always
a mixture of carbonaceous matter and mineral phases. This obser-
vation is consistent with the results from 1P/Halley dust analyses
that have reported a mixture of ‘CHON’ and silicate components at
sub-micrometre scales (Lawler & Brownlee 1992). It is also consis-
tent with the analyses of cosmic dust particles of possible cometary
origin collected on Earth, such as Chondritic Porous Interplan-
etary Dust Particles (CP-IDPs) and UltraCarbonaceous Antarctic
MicroMeteorites (UCAMMs), which reveal chemical and miner-
alogical heterogeneity at the level of ~100 nm and below (Bradley
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Figure 5. Typical positive ion mass spectra of three dust particles (Matt,
Karen and Jessica) from comet 67P. The spectra are obtained after data
post-processing and displays the major quantified elements C, Na, Mg, Si
and Fe.

2010; Dobrica et al. 2012). This heterogeneity would thus be aver-

aged at the scale of the COSIMA instrument analyses (~35 x 50
2

um-).

3.2 Elemental composition of 67P’s dust

In Table 3 is listed the average elemental composition relative to
Fe of 67P’s dust derived from the 30 particles selected for this
study. The major elements quantified to date are C, N, O, Na,
Mg, Si and Fe. Minor elements include Al, K, Ca, Cr and Mn.
H and S are ubiquitous in the particles mass spectra, but their
accurate quantification requires more ground calibration work. The
N/Fe ratio shown in Table 3 is deduced from the N/C atomic ratio
measured by Fray et al. (2017). These data complement and broaden
the preliminary results acquired during the first 3 months of the
mission at the comet (Schulz et al. 2015; Hilchenbach et al. 2016).

Fig. 6 displays the elemental abundances of the 67P particles
calculated relatively to Fe [(E/Fe)¢7p] and compared to the CI chon-
drite composition relatively to Fe (Lodders 2010). These results are
compared to the in situ analyses of comet 1P/Halley inferred by
PUMA-1 onboard Vega 1 (Jessberger et al. 1988) and to a compila-
tion of laboratory analyses on 81P/Wild 2 dust particles captured in
aerogel (Flynn et al. 2006; Ishii et al. 2008; Lanzirotti et al. 2008;
Leroux et al. 2008; Stephan et al. 2008b). Our results show that the
overall composition of 67P’s dust, normalized to Fe, is chondritic
within a factor of 3 for most of the elements. Nevertheless, a notable
exception is constituted by C, which greatly exceeds the chondritic

Carbon-rich dust in comet 67P  S719

Table 3. Elemental abundances relative to Fe in 67P’s dust and in the
ClI-type chondrite (Lodders 2010).

Element 67P (=) (+)

C/Si 5.5 1.2 14

O/Si 5.5 0.5 0.5

N/C 0.035 0.011 0.011

Element 67P (=) (+) CI chondrite (+/-)
C/Fe 19 14 25 0.87 0.11
N/Fe 0.66 0.69 1.1 0.064 0.011
O/Fe 19 11 22 8.8 1.1
Na/Fe 0.28 0.18 0.56 0.07 0.01
Mg/Fe 0.40 0.20 0.40 1.2 0.1
Al/Fe 0.061 0.037 0.095 0.10 0.01
Si/Fe 3.5 1.7 3.7 1.1 0.1
K/Fe 0.0074 0.0035 0.0069 0.0042 0.0003
Ca/Fe 0.019 0.008 0.015 0.069 0.006
Cr/Fe 0.0093 0.0035 0.0062 0.015 0.001
Mn/Fe 0.015 0.003 0.003 0.011 0.001
Fe =1 =1

Note. The N/C atomic ratio has been measured by Fray et al. (2017). The
uncertainties for 67P data are estimated from the RSFs. For the elements
C, N and O, successive normalizations have been applied to obtain the
abundances relative to Fe.

composition. As shown in Fig. 6, the composition of 67P’s dust
reported here is consistent with that of 1P/Halley and 81P/Wild 2.
In the case of the latter, C, N, O and Si could not be quantified
(Sandford et al. 2010; Brownlee 2014) and the high K amount is
probably due to contamination (Stephan et al. 2008a).

3.3 The carbon and oxygen content

The average abundances of carbon and oxygen relative to silicon
in 67P particles are shown in Fig. 7 and compared to the protoso-
lar abundances (Lodders 2010) and to the compositions of Halley
dust (Jessberger et al. 1988), CP-IDPs (Thomas et al. 1993) and
CI chondrite (Lodders 2010). As mentioned before, for both these
ratios, no data can be derived for 81P/Wild 2 dust. From Fig. 7(a),
it can be noted that the high carbon-to-silicon atomic ratio in 67P’s
dust (C/Si = 5.5 14 ) is close to the solar value and comparable
to comet Halley’s value. The C/Si ratio in 67P’s dust is twice the
value found on average in CP-IDPs [although in some single par-
ticles of anhydrous IDPs, carbon abundance is measured up to 47
wt% (Thomas, Keller & McKay 1996)] and six times higher than
that in CI carbonaceous chondrites. However, it is much lower than
what can be measured in some UCAMMs (C/Si atomic ratio higher
than 50; Dartois et al. 2013). Fig. 8 presents the C/Si atomic ratio
of the 67P cometary particles selected for positive mode analyses.
It shows that the variability of the C/Si atomic ratio of the particles
is not correlated to their collection target plate nor to their typol-
ogy (Langevin et al. 2016). Fig. 9 shows that the ratio is also not
correlated to their collection period, before or after the perihelion.
As displayed in both figures, the C/Si ratios measured for the dis-
tinct particles span a fairly wide range (approximately from 2 to
nearly 10, if we take the error bars into account), but they always
remain distinctively high. This high C/Si ratio, close to the solar
elemental abundance, may be an indication that these cometary
dust particles have better preserved their initial semivolatile content
than the primitive carbonaceous chondrites and CP-IDPs collected
on Earth. Furthermore, as previously published (Fray et al. 2016),
the carbon in 67P’s dust particles is probably mainly present as
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Figure 6. Comet 67P/Churyumov-Gerasimenko (67P) dust elemental ra-
tios relative to Fe and to the CI chondrite composition (Lodders 2010)
compared to 1P/Halley’s dust (Jessberger et al. 1988) and 81P/Wild 2’s dust
collected in Stardust aerogel (Flynn et al. 2006; Ishii et al. 2008; Lanzirotti
etal. 2008; Leroux et al. 2008; Stephan et al. 2008b). The values correspond
to the relative ratios (E/Fe)¢omet/(E/Fe)cr. The N/C atomic ratio has been
measured by Fray et al. (2017). The error bars for 67P data come from the
RSFs’ uncertainties and can be amplified by successive normalizations. For
instance, the uncertainty displayed for C is the addition of uncertainty on the
RSF for calculation of C/Si, plus uncertainty for Si/Fe, plus uncertainty on
C/Fe in CI-type chondrite (see Table 3). Therefore, error bars can be ‘artifi-
cially’ enhanced due to successive normalizations to compare all elements
on a same plot (this explains why error bars on N are so large in this plot,
compared to the actual value measured for N/C, shown in Table 3).

macromolecular material, as it shows similarities with the Insoluble
Organic Matter (IOM) found in carbonaceous chondrites. However,
there are some differences, such as the inferred H/C ratio that is
higher and could be indicative of a more primitive nature for 67P
carbonaceous matter (Fray et al. 2016).

The lower O/Si atomic ratios of 67P and 1P/Halley dust, com-
pared to that of the CI chondrites and to the protosolar values,
are consistent with the pristine nature of these comets (Fig. 7b).

Indeed, the high O/Si ratio in CI chondrites results from aqueous
alteration of minerals in their parent body (Lodders 2010). The mass
spectra of 67P dust particles do not show signatures indicating the
presence of typical hydrated minerals, such as phyllosilicates, as
evidenced by the very low OH™/O~ ion ratio measured in 67P
particles. Indeed, the OH~/O~ ion ratio from the average composi-
tion of the selected particles ranges between 0.2 and 0.3, while for a
phyllosilicate, the ratio is about 0.6 when measured on the reference
model of COSIMA. The absence of signatures of hydrated minerals
was also reported by the VIRTIS/Rosetta instrument (Capaccioni
et al. 2015; Quirico et al. 2016). Compared to the protosolar abun-
dance, the seeming lack of oxygen in 67P’s dust could be due to the
large amount of oxygen contained in water molecules, either in the
gas or in the ice phases of the protosolar disc. Water, in these two
forms, is not measured by COSIMA. These results underline a pris-
tine mineralogy for the cometary material that has not undergone
liquid water alteration, contrary to the CI chondrites.

3.4 Averaged composition of 67P’s particles

Fig. 10 shows the mean elemental composition of 67P’s particles
in atomic (Fig. 10a) and mass (Fig. 10b) fractions. These results
are based on the elements quantified in this work, the N/C atomic
ratio measured by Fray et al. (2017) and on some reasonable as-
sumptions detailed here after for H and S. We make the assumption
that (i) H/C = 1. This ratio can be regarded as a reasonable es-
timate based on observations that the macromolecules detected in
67P’s particles contain more H than the IOM measured in chon-
dritic meteorites (Fray et al. 2016); the highest H/C in IOM being
0.8 (Alexander et al. 2007). Also, (ii) we assume that sulphur is
mainly in iron sulphides, thus essentially bound to iron, and use a
chondritic S/Fe atomic ratio of 0.5 (Lodders 2010). The mass ratio
of organic to mineral matter in 67P’s dust (Fig. 10c) was estimated
with additional assumptions. (iii) The main carriers of the elements
Si, Fe, Mg, Na, Al, Mn, Ca, Cr, K and S are supposed to be in
the mineral phase. (iv) According to previous results (Fray et al.
2016; Fray et al. 2017), the main C and N carriers should be organic
matter, whereas O is present in both organic and mineral phases.
Considering the observations and elemental composition reported
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Figure 7. Comparison of (a) carbon and (b) oxygen elemental ratios relative to silicon in the protosolar disc (Sun) (Lodders 2010), cometary dusts of 67P
(this work) and of Halley (Jessberger et al. 1988), CP-IDPs (Thomas et al. 1993) and CI chondrites (Lodders 2010).
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Figure 8. C/Si atomic ratio of the selected cometary particles. For each
particle, the name, the collection target plate and the typology classification
are indicated. The latter refers to the classification determined in Langevin
et al. (2016). Data are obtained by the positive mode analyses and the error
bars are calculated from the RSFs’ uncertainties.

in this study, the mineral phase in 67P’s dust is predominantly
composed of anhydrous silicates. Other oxides, if present, would
be very minor phases. Then, (v) taking into account stoichiometry
rules, the O/Si atomic ratio in the mineral phase would be, at most,
4. In that case, the remaining oxygen is in the organic phase and
gives an assumed O/C atomic ratio of 0.3, which is close to the
average O/C ratio of ~ 0.2 measured in the IOM of carbonaceous
chondrites (Alexander et al. 2007), but lower than the O/C ~ 0.5
measured in a carbon-rich area of an anhydrous cluster IDP (Flynn
et al. 2001). In conclusion, according to our results and these esti-
mations, the carbonaceous content is approximately 45 per cent in
mass in 67P dust particles of about 50-1000 pm in size.

This result also shows that the macromolecular carbonaceous
matter, previously identified as being the main carbon-bearing com-
ponent of dust particles (Fray et al. 2016), is one of the main con-
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Figure 9. C/Si atomic ratio of the selected cometary particles as a function
of their collection period. The typology of the particles refers to the clas-
sification determined in Langevin et al. (2016). Abbreviations of particle
names are listed in Table 1. The dotted line represents the date of perihelion
of comet 67P. Data are obtained by the positive mode analyses and the error
bars are calculated from the RSFs’ uncertainties.

stituents of the non-volatile components of comet 67P’s nucleus.
Considering the cometary volatile fraction, carbon-bearing com-
pounds are observed by the ROSINA/Rosetta instrument at the
level of a fraction of per cent in mass relative to water abundance
(Le Roy et al. 2015), aside from CO, and CO which are the most
abundant compounds in the coma after H,O. If the dust-to-water
mass ratio is above 5 in comet 67P (Fulle et al. 2016), by mak-
ing a rough assumption that dust-to-ice ratio in the nucleus would
be approximately the same, the macromolecular phase would be
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Atomic% y Weight%

Weight%

Figure 10. Averaged composition of 67P’s dust particles as deduced from COSIMA measurements and some hypotheses detailed in the text. The averaged
composition is given (a) by atomic fraction and (b) by atomic mass fraction. Image (c) is the mineral and organic content estimated in mass fraction.
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the main reservoir of carbon in the comet. Comets such as 67P
and 1P/Halley being among the richest objects in carbon, the car-
bonaceous macromolecular phases could also be the main carbon
reservoir in the early stage of the Solar System formation. Then, car-
bon has probably been delivered to Earth and other planets mainly
under this macromolecular form, where it might have played a lead-
ing role in prebiotic evolution.
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