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ABSTRACT

Context. The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) was designed to measure the composition of the
gas in the coma of comet 67P/Churyumov-Gerasimenko, the target of the European Space Agency’s Rosetta mission. In addition to
the volatiles, ROSINA measured refractories sputtered off the comet by the interaction of solar wind protons with the surface of the
comet.

Aims. The origin of different solar system materials is still heavily debated. Isotopic ratios can be used to distinguish between different
reservoirs and investigate processes occurring during the formation of the solar system.

Methods. ROSINA consisted of two mass spectrometers and a pressure sensor. In the ROSINA Double Focusing Mass Spectrometer
(DEMS), the neutral gas of cometary origin was ionized and then deflected in an electric and a magnetic field that separated the ions
based on their mass-to-charge ratio. The DFMS had a high mass resolution, dynamic range, and sensitivity that allowed detection of
rare species and the known major volatiles.

Results. We measured the relative abundance of all three stable silicon isotopes with the ROSINA instrument on board the Rosetta
spacecraft. Furthermore, we measured '*C/'2C in C,Hy, C,Hs, and CO. The DFMS in situ measurements indicate that the average
silicon isotopic composition shows depletion in the heavy isotopes *°Si and 3°Si with respect to 28Si and solar abundances, while
13C to '2C is analytically indistinguishable from bulk planetary and meteorite compositions. Although the origin of the deficiency of
the heavy silicon isotopes cannot be explained unambiguously, we discuss mechanisms that could have contributed to the measured

depletion of the isotopes 2°Si and *°Si.

Key words. comets: individual: 67P/Churyumov-Gerasimenko — comets: general — ISM: abundances — astrochemistry —

solid state: refractory — solid state: volatile

1. Introduction

In August 2014 the European Space Agency’s Rosetta spacecraft
arrived at comet 67P/Churyumov-Gerasimenko (hereafter 67P)
and started an in-depth investigation of the comet and its sur-
rounding coma (Glassmeier et al. 2007). One of the main goals
early in the mission was to find a suitable landing site for the
Philae lander module, which was then successfully deployed on
12 November 2014 on the surface of the comet. For this purpose
the Rosetta spacecraft performed ever-closer orbits around the
comet. This provided the Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis (ROSINA) with optimal observing condi-
tions as the neutral densities increased with decreasing distances
to the nucleus.

Article published by EDP Sciences

ROSINA was part of the Rosetta orbiter science payload
and measured the different volatile elements and compounds
and their abundances in the coma of the comet using the Dou-
ble Focusing Mass Spectrometer (DFMS; Balsiger et al. 2007).
The DFMS performed continuous measurements in the coma in-
cluding an orbital arc from the end of October to the beginning
of November 2014 over the southern winter hemisphere of the
comet. At this early stage in the mission at a heliocentric distance
of 3.07 au, the comet’s coma was still thin over the poorly sunlit
southern hemisphere, allowing at least some solar wind protons
to hit the surface unhindered. This period therefore proved to
be fruitful for measuring atoms sputtered from the surface by
impinging solar wind protons. Wurz et al. (2015) reported rela-
tive abundances of 2*Na, 2Si, *K, and *°Ca isotopes of which
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288 was the most abundant; however, the average elemental ra-
tios found did not match the bulk composition of any specific
type of known chondritic material. In this paper, we follow up
the constraints from the elemental composition with measure-
ments of the isotopic composition of Si.

Silicon isotopes can be used to study the processes that
shaped the refractory material before it was incorporated into
the comet. It has been shown that elements heavier than C are
formed in stars from which they are expelled during disruptive
events such as supernova explosions or through stellar winds
(Burbidge et al. 1957). It is therefore the stellar atmosphere that
defines the composition of the grain. The composition of the at-
mosphere, in turn, is controlled by the matter from which the
star originally formed and by the nucleosynthetic processes and
pathways (e.g., Hoppe & Zinner 2000). The interstellar medium
(ISM) is a collection of these materials and represents the pri-
mary source of the matter in planetary systems, including our
solar system. For this reason, relative abundances of elements
and their isotopes not only give insight into the processes inside
the star and possibly its catastrophic end, but also into the evo-
lution of the ISM and the protosolar nebula through the decay of
long-lived radio nuclides, the interaction with cosmic rays, and
mass-dependent as well as independent fractionation processes
(Ott 1993).

The observation of heterogeneous isotopic abundances in
primitive meteorites reveals details about the chemical evolu-
tion and the corresponding physical environment showing that
the material in our solar system originates from different sources
and is only partially mixed and not fully homogenized. In partic-
ular, presolar grains such as silicon carbide (SiC) and graphite
exhibit distinct isotopic ratios in many elements compared to
the bulk solar system ratios (Zinner 1998; Nittler 2003; Davis
2011). In contrast, the ratios observed in calcium-aluminum-rich
inclusions (CAls), which formed early in our solar system, show
much smaller deviations with respect to the bulk material of the
solar system. Through the analysis of primitive meteorites, the
heterogeneity of presolar grains is well established. They are
mostly observed in the form of diamonds, silicates, oxides, SiC,
graphite, and silicon nitride, but constitute only a small fraction
of the mass and are embedded in matter processed during the
formation of our solar system (Hoppe & Zinner 2000; Hoppe
2009; Floss & Haenecour 2016). These characteristics show that
presolar material in part survives the collapse of the protosolar
nebula and the formation of the Sun and the planets. It seems
clear, however, that the carbonaceous interstellar grains found in
meteorites do not represent the bulk presolar matter, i.e., they
themselves are special because they survived not only the incor-
poration into the meteorite at high temperatures, but also the ox-
idizing environment of the solar system (Ott 1993). The presolar
origin of a portion of (or the precursor to) the organic matter in
primitive chondrites is also debated (e.g., Alexander et al. 2010,
2014; Remusat et al. 2016).

Comets are thought to represent an even more pristine com-
ponent of solar system material than meteorites. The latest re-
sults from the Rosetta mission also indicate that the nucleus of
the comet itself is primordial and still contains layered features
obtained during the formation process (Massironi et al. 2015),
although this is contested by current solar system formation
models (Jutzi et al. 2016). However, neither theory contradicts
the supposition that parts of the ices could be of interstel-
lar origin and never sublimated. This is supported by the ele-
vated HDO/H,O ratio in the water of 67P (Altwegg et al. 2015),
which — according to recent modeling results (Cleeves et al.
2014) — cannot be produced in a protoplanetary disk (and
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requires a significant amount of water ice inherited from the ear-
liest stages of star formation). Further evidence comes from an
even higher D,O/HDO ratio (Altwegg et al. 2017), similar to in-
terstellar ratios (Butner et al. 2007; Coutens et al. 2014). This
conclusion is consistent with the detection of highly volatile
species incorporated in the cometary ices (Davidsson et al.
2016), such as CHy; and CO (Bockelée-Morvan et al. 2004,
Le Roy et al. 2015), N, (Rubin et al. 2015), Ar (Balsiger et al.
2015), and the amounts of O, that correlate well with H,O
(Bieler et al. 2015a). The most recent observation of volatile
molecular sulfur, S;, even suggests that sublimation and re-
condensation with the trapping of volatiles becomes improbable,
due to the very short photo-lifetime of S, (Calmonte et al. 2016).
Given the strong indication that at least parts of the ices in 67P
are older than our solar system, the focus is again on the refrac-
tory material. From what we know so far, the cometary dust and
ice is well mixed and no large-scale heterogeneities seem to be
present (Pitzold et al. 2016), which is supported by CONSERT
measurements through the smaller lobe (Kofman et al. 2015).
However, the degree of mixing of ices and refractory material
is not fully understood. Isotopic ratios should give some clues
about the distribution and the transport of the refractories in the
early solar system. This includes the possibilities that the mate-
rial in 67P is of presolar origin or formed closer to the Sun and
then was transported later, for example through radial mixing, to
the comet formation region before incorporation with the unal-
tered ices. For this purpose we analyzed measurements obtained
by ROSINA DFMS shortly before lander delivery in November
2014. The mass spectra show the presence of the three stable Si
isotopes and allow a first look at the isotopic ratio of Si sput-
tered by the solar wind off the dust particles in this comet. No
higher mass molecule containing Si such as SiH or SiO has been
identified, which supports the theory that Si was sputtered as an
atom from the surface. For reference, we compare our data to
the relative solar abundances of the three stable Si isotopes from
McSween & Huss (2010) of 92.230%, 4.683%, and 3.087% for
288i, 298i, and *°Si (¥Si/?8Si = 0.0508 or 2Si/*’Si = 19.7 and
30Si/28Si = 0.0335 or 28Si/3°Si = 29.9), respectively, which all
fall within the ranges provided by the Commission on Isotopic
Abundances and Atomic Weights of the International Union of
Pure and Applied Chemistry (Berglund & Wieser 2011).

2. ROSINA DFMS sensor on Rosetta

The ROSINA DFMS is a double focusing mass spectrometer
based on the principles of Mattauch & Herzog (1934) in a Nier-
Johnson configuration. The DEMS is part of the ROSINA instru-
ment suite (Balsiger et al. 2007) and is dedicated to the charac-
terization of volatiles and their abundances in the coma of 67P.
The DFMS has a high mass resolution of m/Am = 3000 at the
1% peak height on the mass-to-charge ratio 28 u/e channel to
allow separation of N, from CO. The DFMS has a field of view
+20° for neutral gas and was mounted on Rosetta’s instrument
platform nominally pointing at the comet.

In the measurement mode used here, the neutral gas parti-
cles of cometary origin enter DFMS and are ionized through
electron impact inside the ion source. Ions from the coma, how-
ever, are efficiently suppressed from being detected by an addi-
tional acceleration potential such that their energy exceeds the
energy focusing capabilities of the instrument (AE/E ~ 1%).
After extraction from the source and passage through a set of
deflection plates, the ion beam is guided through an electrostatic
and then a magnetic analyzer before impinging on one of the
two rows of the position-sensitive micro-channel plate detector
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(MCP) mounted along the dispersive direction of the instrument.
The electron shower generated in the MCP is then measured on
the Linear Detector Array (LEDA). Therefore, even though the
DFMS was set to measure neutrals, the particles that were finally
detected were the corresponding ions, which included fragments
produced during the ionization process inside the ion source.

The potentials applied on the ion optical elements allow only
a narrow interval around a chosen integer mass-to-charge ratio to
be detected at a time in high resolution (approximately +0.25 u/e
at 28 u/e). Hence, measurement of ions with different mass-to-
charge ratios are done sequentially. This leads to the complica-
tion that not all species are measured at the same time as it takes
roughly 30 s between two different mass-to-charge ratios includ-
ing approximately 10 s instrument settling time after setting the
voltages and 19.8 s integration time. The three Si isotopes on
mass-to-charge ratios of 28 u/e, 29 u/e, and 30 u/e were mea-
sured back-to-back within 90 s. Given that the measurements are
performed sequentially, it is also possible to adjust the MCP volt-
age (i.e., gain step) individually for each mass-to-charge ratio to
amplify low signals while avoiding saturation of the detector by
abundant species. This increases the dynamic range of the instru-
ment (10'°), but requires detailed knowledge of the gain curve
of the detector at the different gain steps, especially when deriv-
ing isotopic ratios. The DFMS has 16 different gain steps (each
amplifying the signal by a factor of ~2.6 over the previous gain
step); however, most of the data in the reported measurement pe-
riod is within one gain step. Another complication comes from
the MCP that experienced different charge deposition across the
two rows of 512 pixels each. Therefore, individual pixels are in
different stages of their aging process, which has to be accounted
for. To monitor the aging process, the ion beam is moved across
the whole detector during a dedicated calibration campaign and
the detector response is recorded. This procedure was repeated
at regular intervals throughout the mission and led to different
pixel gain curves for various gain steps.

The analysis of the DFMS spectra therefore consists of the
following steps: first the detector offset is subtracted, subse-
quently the measured signal is multiplied by the detector amplifi-
cation including the aging effects of each individual pixel (gain).
Since the foci of this study are the ratios of the three stable Si iso-
topes, only the relative sensitivities of the isotopes 288i, 29Si, and
30Si have to be taken into account. This correction compensates
for the mass-dependent fractionation inside the DFMS and con-
tains the decreasing sensitivity for higher mass ions because of
slower impact velocities on the detector and thus reduced yield
on the MCP. More details on the detector and the data analysis
can be found in Balsiger et al. (2007) and Le Roy et al. (2015).

3. DFMS measurements in the coma
of 67P/Churyumov-Gerasimenko

Figure 1 shows three example DFMS mass spectra measured
in direct sequence at mass-to-charge ratios 28 u/e (top), 29 u/e
(middle), and 30 u/e (bottom). The Si isotopes, i.e., the cor-
responding ions, are found sufficiently separated from other
molecules to the left of the corresponding integer mass-to-charge
ratio as labeled. Silicon-28 is the most abundant isotope of a
refractory element detected by ROSINA at 67P, and it is high
enough such that the two minor stable isotopes 2°Si and 3°Si
were also detected. The shapes of the peaks in the DFMS spec-
tra are well known and can be represented by the sum of two
Gaussian profiles (see Rubin et al. 2015). The three mass spectra
show the contribution from each species as dashed lines and the
corresponding envelope (black solid line) fitted to the data. The

total amount of detected ions is proportional to the integrated
area under the peak, i.e., the corresponding fit in case of overlap
resulting from the finite instrument resolution.

A total of 144 mass spectra obtained between 31 October
and 6 November 2014 were analyzed for both MCP/LEDA de-
tector rows. Out of 288 mass-to-charge spectra at 28 u/e, 264
were recorded at gain step 15 (second highest amplification).
The remaining 16 spectra were recorded at gain step 14. All 288
mass-to-charge spectra at mass-to-charge ratios 29 u/e and 30 u/e
were recorded at gain step 16, the highest amplification. Mass-
to-charge ratio 29 u/e and 30 u/e therefore share the same pixel
gain (they are detected on nearly the same pixels on the detector)
and overall gain step, and to first order any uncertainty of these
cancel when ratios are derived.

Generally the gain steps used were high during the reported
period. The reason is that the measurements were performed
over the southern hemisphere at less active times allowing un-
hindered access for solar wind ions to the comet for subsequent
sputtering of material from the surface (see Wurz et al. 2015).
Later, when the comet was more active and the solar wind at-
tenuated in the coma, the sputtered signal vanished. Even one
of the major species in the coma, carbon monoxide, was rel-
atively low during the observation period. When deriving the
ratio at or near the surface of the comet, we also took into ac-
count that the density measured at the spacecraft is modified by
the different velocities of release. In the sputtering process the
velocity difference is proportional to the inverse square root of
the mass of the species, v ~ 1/4/m (Wurz et al. 2015). The im-
pact of energetic ions onto a solid surface results in the release
of atoms through sputtering with a well-defined energy distri-
bution (Sigmund 1969; Betz & Wien 1994). The velocity of the
different isotopes hence depends on the mass of the particles,
v = V2E/m , and as a consequence, the heavier isotopes move
more slowly. Flux conservation results in a higher local density
ratio of the heavier to the lighter species measured at Rosetta,
e.g., nwgi/naxg;, compared to the ratio of the sputtered fluxes of
the same species released from the surface, e.g., fosi/fssi:

mosi _ fosivssi _ fosi fosi

nassi  fasivosi fasi fssi

Figure 2 shows that the observing conditions remained simi-
lar during the measurement period. Rosetta was just outside of
30 km from the center of mass of the comet (bottom panel). The
heliocentric distance changed only marginally and variations in
the flux of solar protons hitting the cometary surface are associ-
ated with variations of the solar wind. Because the three isotopes
were measured sequentially, the short-term variations in the so-
lar wind flux on timescales of minutes affect the derived ratios
and further increase the scatter in addition to the scatter due to
low count statistics. However, 144 measurements for each of the
two MCP rows distributed over the course of 6 days will even
out such short-term variations. We therefore co-added all mass
spectra of the same mass-to-charge ratio from which the results
were derived, and for comparison averaged the 288 individual
ratios (weighted by their errors), which leads to the same con-
clusions. The middle panel in Fig. 2 shows the sub-spacecraft
(SSC) longitude and latitude. The subsolar latitude is also in-
dicated and shows that the northern hemisphere was mostly il-
luminated and active (Bieler et al. 2015b) while the spacecraft
moved above the southern hemisphere at local winter and cov-
ered almost 12 cometary rotations. Rosetta flew close to the ter-
minator plane (or slightly on the night side) and on the afternoon
side indicated by the phase angle and local time in the top panel,
respectively.

ma2ogi

~ 1.018

mosg;
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Fig. 1. ROSINA DFMS mass spectra on mass-to-charge ratios 28 u/e (top), 29 u/e (middle), and 30 u/e (bottom) obtained during 20 s integration
each. The ionized isotopes 28Si*, °Si*, and 3°Si* have large mass defects and can be found below the corresponding unit mass-to-charge ratio on
the left side in the spectra. Among other molecules also carbon monoxide, i.e., the corresponding ions '?C'°0O* and '*C'°0* on mass-to-charge
ratios 28 u/e and 29 u/e, respectively, can be identified in the exact same data. The dashed lines indicate fitted peaks containing the sum of two
Gaussians each, while the black solid line shows the corresponding curve derived from the sum of the individual contributions. The error bars

contain counting statistics.

Given the large angular acceptance of DFMS and the dis-
tance of ~30 km, the whole comet was in the field of view and
the sputtered species originated from almost anywhere on the
nucleus when exposed to solar wind. The results are thus differ-
ent from what is typically seen, for example from the analysis
of presolar SiC, graphite, and SizNy inclusions, which are large
enough to be analyzed individually. Here each measurement rep-
resents an average over the part of the surface in the field of
view and accessible to solar wind. The results are reported in the
o-notation together with 1-o errors (and appended are the ratios
of the heavy to the light isotope and the ratio of the light to the
heavy isotope):

29Si ZSSi
5%°Si = 1000><[/—|57P - 1),

ngi/2SSi|solar
3OSi/ZSSi|67P |
3051/28‘31" ’

solar

5°°Si = 1000 x (
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and

308i/29Si
§3°Si/%Si = 1000 x (/—|67P - 1],
solar

3OSi/29Si|

which gives the observed deviations of cometary material com-
pared to solar material in permil (%o). Uncertainties were derived
by error propagation taking into account 10% uncertainty of the
relative detector gain amplification (3% for 5°°Si/*°Si as this ra-
tio is measured on the same gain step), an uncertainty of 5%
due to variation in the solar wind proton flux remaining after the
averaging process per mass-to-charge difference (10% between
28 u/e and 30 u/e, and 5% between 28 u/e and 29 u/e and 29 u/e
and 30 u/e), and count statistics.

Combining all 288 measurements shows a depletion of the
heavy isotopes 2°Si and 3Si relative to 28Si and solar abun-
dances. Summing up all mass spectra yields for 2°Si with respect
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Fig. 2. Observation geometry during the period of interest. The rop
panel shows the phase angle of Rosetta (left y-axis) and the local time
of the sub-spacecraft location on a reference sphere (right y-axis). The
middle panel shows the subsolar point latitude and the sub-spacecraft
latitude (both left y-axes) and longitude (right) on the same reference
sphere. The bottom panel shows the heliocentric distance of the comet
(left) and the distance of Rosetta from the center of mass of the comet
(right). Coordinate system: Jorda et al. (2016).

to 28Si:

6%Si = (~145 + 98)%o
298i/%8Si = 0.0434 + 0.0050
288i/¥Si =23.0+2.6

for 3°Si with respect to 2Si:

§9Si = (=214 + 115)%o
308i/288i = 0.0263 + 0.0038
288i/308i = 38.0 £ 5.6

and correspondingly:

§9S1/2°Si = (=97 + 55)%o
308i/2°Si = 0.595 + 0.036
28i/308i = 1.7 £ 0.1.

Uncertainties in the relative signal amplification between the
different mass-to-charge spectra affect the obtained isotopic ra-
tios. Fortunately, there is another isotopic ratio in the exact same
dataset that can be used for comparison. The top panel in Fig. 1
shows the presence of CO and the middle panel the correspond-
ing molecule with the heavy C isotope, '*C. For reference we
used the abundances of 98.892% for '>C and 1.108% for '3C
B¢/2C = 0.0112, McSween & Huss 2010), again within the
ranges provided by the Commission on Isotopic Abundances and
Atomic Weights of the International Union of Pure and Applied
Chemistry (Berglund & Wieser 2011). Compared to these values
the solar wind appears to be depleted in '*C by approximately
10% as shown by ion probe isotopic measurements of carbon
trapped in the top 50 nm of the lunar regolith (Hashizume et al.
2004).

Carbon monoxide is one of the dominant cometary volatiles
at 67P at that time of the mission (Le Roy et al. 2015) even
though the absolute amount outgassing from the winter hemi-
sphere is slightly reduced with respect to summer (Hissig et al.
2015). Still, the signal is much stronger compared to Si. How-
ever, an extra difficulty arises, due to the closeness of the peaks

of BCO and HCO, which are of similar mass and therefore add
uncertainty to the fitted area under the peak. The CO signal
shown here contains contributions from parent CO in the coma
and a negligible contribution of CO from spacecraft background
(Schléppi et al. 2010). Furthermore, CO is formed through elec-
tron impact dissociation (e.g., of CO,) inside the DFMS ion
source (Le Roy et al. 2015), which amounts to 10—20% of the
total CO signal during the investigated period. We obtain a mean

§13C = (34 + 103)%0
Bc/2C =0.0116 +0.0012
2¢c/BCc =86.0+38.5

in CO, consistent with bulk planetary and meteoritic C abun-
dances; the error bar contains 10% pixel gain and fit uncer-
tainty and a minor contribution from counting statistics. This
is supported by the detailed analysis of the 67P C isotope ra-
tio 6'°C = 60 + 50 in CO, (3C/™2C = 0.0119 + 0.0006,
2C/13C = 84 + 4; Hissig et al. 2016). Inside the DFMS the
CO signal has different contributions: CO, is fragmented in-
side the ion source which amounts to 10—-20% of the CO sig-
nal; however, we did not separate the individual contributions to
the CO signal as the observed '3C/'C ratio is much closer the
Hissig et al. (2016) values and to bulk planetary and meteoritic
C in comparison to the deviation observed in the Si isotopes.

Figure 3 shows the co-added mass spectra of all 288 indi-
vidual measurements per mass-to-charge ratio. This has been
used to investigate the '>C/'>C isotopic ratio in two other
molecules in the exact same dataset, namely in C;Hy and C,Hs,
which are both most likely daughter products of ethane, C,Hg
(Le Roy et al. 2015). The former yields

83C = (65 £ 151)%0
BC/2C =0.0120 £ 0.0017
2c/BCc=83.6+11.8

in C,Hy and includes 10% detector gain uncertainty, 10% fitting
uncertainty, and a minor contribution from count statistics error.
The latter yields

§13C = (41 £ 109)%0
Be/2C =0.0117 £ 0.0012
2c/BCc=855+9.0

in C;Hs and includes 3% detector gain uncertainty (same gain
step thus smaller error due to different peak centroids, see Fig. 3),
10% fitting uncertainty, and a minor contribution from count
statistics.

Unfortunately the resolving power of the DFMS is not high
enough to separate C'80 in the shoulder of NO, and therefore the
180/ 10 isotopic ratio in CO cannot be investigated. Obviously
the investigated period is not particularly well suited to deriving
C isotopic ratios and this unsuitability is reflected in the error
bars. We therefore refer to the work by Hissig et al. (2016) who
chose periods specifically for C and O isotopes, which, how-
ever, were not good for the detection of the three Si isotopes.
Nevertheless, the combination of all these measurements indi-
cates that possible mass dependent fractionation processes inside
the instrument, including the applied electron-impact ionization
technique, cannot be the cause of the measured depletion of the
heavy Si isotopes.

It is also possible to investigate individual ratios derived
from three sequentially measured single spectra as represented

A123, page 5 of 9
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Fig. 3. Same as Fig. 1, but co-added over all 288 individual mass spectra and used to derive the reported isotopic ratios of 2°Si/?8Si, 3°Si/?8Si,

308i/#8i, and *C/*?C in CO, C,H,, and C,Hs.

in Fig. 1. The left panel in Fig. 4 shows the ratios of 28Si, 2°Si,
and 3°Si in §-notation. When the ratios are solar they fall on the
dashed lines, while the observed deviations at 67P from solar are
given in permil (%o). The red points show the individual ratios,
derived from three subsequent measurements of mass-to-charge
ratios 28 u/e, 29 u/e, and 30 u/e within 90 s. For the individ-
ual ratios the sputtered signal is low, in particular for the minor
isotopes 2°Si and 3°Si, which leads to large error bars (includ-
ing a 10% error due varying solar wind conditions). The black
point denotes the ratio derived from the averaged spectra shown
in Fig. 3.

To further investigate possible isotope fractionation pro-
cesses a connecting (solid black) line is drawn between the origin
and the average of all points (the resulting slope is ~0.68). The
gray envelope shows the error of the average,

2 2
o= \/(0'62951) + (0 5208i)°.

For reference, the mass dependent fractionation line (black dash-
dotted) through the origin with slope

B= ln(mZSSi)/ln(%) = 0.5092

moog; N3og;
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is added (see Young et al. 2002). The discussion follows in the
next section.

The right panel of Fig. 4 shows 6*°Si versus ¢'3C in CO with
the black solid line denoting the average isotope composition.
Despite the difficulty distinguishing '3CO from HCO, the hor-
izontal spread (indicated by the gray area with o3¢ error) is
smaller because the count rates are higher and because the ratio
is not sensitive to variations in the solar wind.

4. Discussion and conclusions

Strongly depleted heavy Si isotopes with respect to solar com-
positions are rare in solar system materials (Nguyen et al. 2010;
Nguyen & Messenger 2014; Floss & Haenecour 2016). The Si
isotope composition of the majority of the matter is either close
to solar values or exhibits a minor enhancement of heavy iso-
topes. The ROSINA DFMS, however, indicates a depletion in
the heavy isotopes >°Si and 3°Si at comet 67P, which are differ-
ent from the solar abundances by 1-0 to 2-o0-. In the following
discussion we focus on the possible reasons for this depletion,
bearing in mind that our results do not fully exclude solar Si iso-
tope abundances.
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Fig. 4. Measured isotopic ratios of Si plotted in -notation depicting deviations in permil (%o). Left: individual 6*°Si vs. 6°°Si ratios (red points)

and average (black point). Also shown is the expected line from mass dep
and average (black solid line, slope ~0.68) with error (gray area, see text)

endent fractionation (black dash-dotted line) and a line through the origin
. Right: data points showing individual 6*Si vs. §'3C in carbon monoxide

and the black solid line the average 6'*C = 34%o with error (gray area, see text). The black dashed lines indicate the corresponding reference values

in both plates from McSween & Huss (2010). Below and on the left side

A possible explanation is the fractionation of solar system
material. The scatter of the individual observations shown in
Fig. 4 is considerable, and therefore our results are also con-
sistent with mass dependent fractionation. Material in primi-
tive meteorites including refractory inclusions such as CAls are
to some degree homogenized and reprocessed in the solar sys-
tem, unlike interstellar silicates, graphite, diamond, and silicon
carbide, which constitute presolar material (Floss & Haenecour
2016). Therefore, the measured deviations from solar isotopic
ratios in most meteoritic material are much smaller than the
variations of Si isotopes measured in presolar grains and are
inconsistent with ROSINA measurements. This is also true for
equilibrium Si isotope fractionation between gaseous SiO and
solid forsterite during condensation from nebular gas that yields
much smaller degrees of fractionation (Dauphas et al. 2015).
Our results do not exclude additional mass-dependent fraction-
ation, which can occur in equilibrium or in kinetically con-
trolled physical or chemical processes such as diffusion, evap-
oration, and phase changes (Ott 1993; Chakrabarti & Jacobsen
2010; Zambardi et al. 2013). It is clear, however, that the mea-
sured depletion is large for any kind of mass dependent fraction-
ation and different from most of the material found in the inner
solar system. Furthermore, earlier measurements by ROSINA
(Wurz et al. 2015) and COSIMA (Hilchenbach et al. 2016) in-
dependently confirm increased Si abundances compared to solar
abundances. This would be compatible with a silicate enrich-
ment of the refractory material.

Further possibilities are solar and cosmic irradiation of the
exposed surface material that could induce mass dependent
isotopic fractionation. At the time of the observations, Rosetta
was above the less illuminated southern hemisphere. However,

are the histograms of the individual measurements.

this part of the nucleus became much more active as the comet
approached perihelion and the subsolar point moved to the
southern hemisphere. It is estimated that the comet lost sev-
eral meters of surface material per apparition (Keller et al. 2015;
Hansen et al. 2016) and thus exposed new and fresh material
while shedding the old. Similar to the case of the abundant O,
found in the comet, which cannot be explained by radiation in-
duced processes (Bieler et al. 2015a; Mousis et al. 2016), it is
unlikely that the surface material received high enough doses of
radiation during the 6.4 yr orbital period of the comet to explain
the observed degree of fractionation.

On the other hand, we assume no elemental fractionation
took place during the sputtering process on the comet’s surface.
Sputtering releases material from the surface in approximately
stoichiometric proportions into the exosphere after a steady
state of the sputter process has been established (Betz & Wehner
1983), and the composition of the flux of sputtered atoms will re-
flect the average bulk composition of the particles. Reaching this
steady state takes about 1 month in the solar wind for a freshly
exposed grain (Wurz et al. 2010) on Mercury. On 67P dust is
transported around the nucleus, especially from the southern to
the northern hemisphere when the comet is close to the Sun. The
southern hemisphere, above which the Si isotopes were mea-
sured, was inactive for several years prior to the measurements
and the material was left exposed on the surface since the last ap-
parition. Nevertheless, the transport of grains from north to south
cannot be fully discarded, and potentially exposed fresh material
releases material with Si isotope ratios different from bulk upon
sputtering by solar wind protons. When dust is freshly exposed
altered layers can form that are deeper than the topmost two to
three atomic layers from which the sputtered products originate.
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Non-steady-state situations, possibly favoring either amorphous
or crystalline forms of Si can potentially alter the measured el-
emental abundances but less so the isotopic ratios. Also, at low
temperatures, i.e., with negligible thermal diffusion, steady state
situations can be reached where the sputtered abundances cor-
respond to the bulk concentrations (Betz & Wehner 1983). Nev-
ertheless, in Secondary Ion Mass Spectrometry (SIMS), devi-
ations of the sputtered fluxes compared to bulk abundances can
also be observed for isotopes. Hence, reference samples are used
for calibration. Our measurement setup, with the primary ion
beam consisting of solar wind protons and the sputtering pro-
cess which occurs on the surface of the comet, adds an extra level
of complexity that we cannot fully account for. Shimizu & Hart
(1982) report enriched lighter isotopes up to a few percent in
the released secondary ions. The effect is approximately pro-
portional to the ratio of the involved masses and might in part
explain the observations, even though the DFMS measured the
neutrals from the sputtering process as opposed to the ions in
SIMS.

After leaving the surface the isotopes have different veloci-
ties, due to their different masses (see Sect. 3). The correction we
applied to the local density ratio to obtain the sputtered flux ratio
is on the order of a few percent, e.g., Vmasg;/mog; = 0.983 for
the 2°Si/?8Si ratio, and is minor compared to the observed devi-
ation. Once inside the instrument we use the lab derived calibra-
tion to correct for mass dependent fractionation inside the sensor
and compare our results to the C isotope ratios in the volatiles for
reference (Fig. 4).

The measured depletion of the heavy Si isotopes could also
point to a presolar origin of the Si in 67P that has not been
homogenized and reprocessed (even an extrasolar origin can-
not be ruled out). This would be surprising considering that a
significant fraction of the minerals found by the Stardust mis-
sion to comet 81P/Wild seem to originate from the inner solar
system (McKeegan et al. 2006; Brownlee 2014). On the other
hand, at least parts of the cometary ices in 67P seem to have sur-
vived the formation of the solar system (Calmonte et al. 2016;
Altwegg et al. 2017) and in the case of water have inherited D/H
ratios similar to ISM material. If this is true, the refractory mate-
rial enclosed in such icy grains should also be preserved, which
in turn hints at different formation scenarios for Wild 2 and 67P.
There are only a few measurements of ISM Si isotope ratios; e.g.,
Penzias (1981) report solar Si isotope ratios in the galactic cen-
ter region and thus suggest no galactic gradients in the 2°Si/*’Si
ratio (see also Wilson & Rood 1994). More recently, however,
Tercero et al. (2011) report depleted heavy Si isotopes in the
Orion KL region, albeit with large error bars: §2°Si = (-242 +
291)%0 (¥Si/*8Si = 0.0385 + 0.0148, 2Si/*Si = 26 + 10)
and 6°°Si/?°Si = (=108 + 315)%0 (*°Si/*’Si = 0.588 + 0.208,
28i%Si = 1.7 + 0.6).

The most abundant Si-bearing presolar grains are silicates
that are mostly identified by their anomalous O isotopic com-
positions (Messenger et al. 2003). For grains showing anoma-
lous O isotopic compositions, Nittler et al. (1997) proposed a
classification scheme of four groups based on the likely stel-
lar origin. Groups 1 to 3 could originate from asymptotic giant
branch (AGB) stars of different metallicities and at different evo-
lution stages, whereas the origin of group 4 grains is still unclear
(Hoppe 2009; Floss & Haenecour 2016). Silicon isotopes have
been measured for a number of presolar grains, whether they
are anomalous in O isotopes or not. From the available preso-
lar grain data (presolar grain database, Hynes & Gyngard 2009),
the few presolar silicates showing Si isotopic composition com-
patible with the average Si isotopic composition of 67P would
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mostly belong to group 1 presolar silicates. It should be noted
that this could reflect a statistical effect, as type 1 presolar grains
are about 10 times more abundant than those from groups 2 to
4. Nguyen & Messenger (2014) also pointed out possible dilu-
tion effects due to the small size of presolar grain compared to
the size of the analyzing beam during NanoSIMS measurements.
The range of variation of Si isotopic data for group 1 grains
compared to those in groups 2 to 4 shows both heavy Si iso-
tope enrichments and depletions. Group 1 presolar grains show
O isotopic compositions enriched in '’O and about solar (to sub-
solar) '80/'%0. They are thought to originate from O-rich low-
mass red giant and AGB stars, with an almost solar metallicity
(Nittler et al. 1997).

Supernova (SN) silicates have been found in a few objects,
mostly based on O isotopic measurements (Messenger et al.
2003; Bland et al. 2007; Floss & Stadermann 2009). When mea-
sured, the Si isotopes of these SN grains usually have close
to normal §°°Si and negative 6*°Si values, but a dilution effect
with normal surrounding silicate could affect the measurements
(as mentioned by Nguyen & Messenger 2014). Supernova sili-
cates show large 80 enrichments and !”O depletions. Unfortu-
nately, the O isotopes of these grains could not be determined by
ROSINA as the signal is dominated by O from volatiles.

Less abundant Si-bearing presolar grains are SiC, which are
5 to 10 times less abundant than presolar silicates. Silicon iso-
topes of mainstream presolar SiC show enrichment in the heavy
Si isotopes up to 200%o and a slope of 1.35 in a three-isotope
plot, reflecting the variation in initial parent stellar composition
and galactic cosmic evolution, as well as possible local hetero-
geneities in the local interstellar medium. Galactic cosmic evolu-
tion predicts that the 295i/?8Si and 3°Si/?8Si ratios increase with
galactic age (Timmes & Clayton 1996). During the AGB phase,
slight enrichments in heavy Si isotopes can be observed, but they
will not become significant until the star becomes C-rich. So the
Si isotopic compositions of silicate grains should reflect the par-
ent star metallicity. This is observed as the Si isotopic signature
of presolar silicates are systematically depleted in 2°Si and °Si
compared to that of mainstream SiC. SiC-X grains are thought
to originate from supernovae and show the complementary iso-
topic signature of mainstream SiC. However, they constitute
only roughly 1% of all meteoritic SiC (Hoppe & Zinner 2000).
X-grains are depleted in heavy Si isotopes (Hoppe et al. 1994)
with a slope slightly steeper than expected from mass depen-
dent fractionation (slope 0.6—0.7; see Hoppe & Zinner 2000).
SiC-X grains are thought to show signatures of advanced nu-
clear burning stages and inhomogeneous mixing of matter dur-
ing the explosion of the supernova; however, some observations
such as the enrichment of 2°Si with respect to 3°Si and the ex-
cess of N seem to be in contradiction with this interpretation
(Hoppe & Zinner 2000). SiC-X grains also show peculiar iso-
topic ratios in other elements such as N, C, and Al. None of these
species is accessible to ROSINA either, due to a strongly dom-
inating contribution from the volatile phase of the comet (e.g.,
the C-signal in DFMS is dominated by fragments from the ma-
jor volatiles CO and CO, broken up in the electron-impact ion-
ization process inside the ion source) or sputtered fluxes below
the detection limit (Al). Other types of interstellar grains con-
taining Si and showing depletion in the heavy isotopes are sili-
con nitride grains (Si3Ny, slope 0.67; Nittler et al. 1995) and in
graphite (Nittler et al. 1996; Travaglio et al. 1999; Amari et al.
2014). However, similar to the SiC-X grains, these grain types
seem to be very rare.

Comets are chemically very heterogeneous as indi-
cated by their variation in the measured D/H in water
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(Altwegg et al. 2015). Earlier observations of 67P show highly
volatile species and isotopic ratios corresponding to ices formed
in the ISM. If this is also the case for part of the refractory ma-
terial in 67P, this would in turn limit the amount of processed
presolar material in the comet forming region and limit the ra-
dial mixing of matter during the formation of our solar system.

Presolar matter makes up only a tiny fraction of primitive
materials and has very little influence on the bulk isotopic ratio.
However, as Ott (1993) pointed out, there is a mismatch between
the average isotopic ratios of presolar grains known to date and
the average solar ratios. If we investigate the heavy isotopes of
Si, 2°Si, and 3°Si, we find that, except for a small fraction, most
known presolar matter has solar Si isotope composition or is
enriched in the heavy Si isotopes and thus most likely repre-
sents only one part of the material from which the solar system
formed.

Our analyses show that the heavy Si isotopes at 67P are de-
pleted. 67P most likely is not representative of all comets; it is
instead one of a subset that formed far from the Sun. Its pris-
tine composition makes it very relevant to the study of the mat-
ter forming our solar system. We therefore expect comets to add
crucial information on the initial composition and formation sce-
narios. Complementary measurements by Rosetta COSIMA and
possible future comet sample return missions are indispensable
in this investigation.
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