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Figure 1: “Rosetta’s Ever-changing View of a Comet” in 210 images of Comet 67P/Churyumov-
Gerasimenko taken between July 2014 and September 2016. (ESA/Rosetta/NavCam)

In 1799, French soldiers uncovered a stone slab near Rosetta, Egypt, during Napoleon’s Cam-
paign in Egypt and Syria. This stone, called the Rosetta Stone, was covered with three versions of
text—two using ancient Egyptian scripts (Demotic and heiroglyphics) and the other ancient Greek
(Downs, 2006). The Rosetta Stone, and later the Philae obelisk, was used to decipher Egyptian
hieroglyphs thus unlocking Ancient Egyptian literature and culture. About 200 years later, a new
campaign bearing the names Rosetta and Philae was launched, but this time it would unlock the
history of the solar system.
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Figure 2: Rosetta’s route (grey, dashed) to 67P be-
gan in March 2004 (1) and lasted about 10 years. Be-
fore rendezvousing with 67P in May 2014 (8) and dis-
patching Philae to 67P’s surface the following Novem-
ber (9), Rosetta had four gravity assists from Earth
and Mars (2-4, 6) and flew by asteroids 2867 S̆teins
(5) and 21 Lutetia (7) in 2008 and 2010, respectively.
(ESA/JPL)

The Rosetta mission was approved as a
Cornerstone Mission for the European Space
Agency (ESA) in November 1993. The
spacecraft—aptly named for the Rosetta Stone
of ancient Egypt—would embark on a ten-
year journey into deep space to rendezvous
with Jupiter Family Comet 67P/Churyumov-
Gerasimenko and observe it as it made its way
towards the inner solar system and perihelion
(point of orbit closest to the Sun). This mission
would be a mission of many firsts, with Rosetta
being the first spacecraft to orbit a comet’s
nucleus, to fly alongside a comet approaching
the inner solar system, to observe closely the
transformation of a frozen comet by the Sun’s
warmth, and to dispatch a lander to the sur-
face of a comet, among other scientific and en-
gineering feats (ESA, 2014a); by contrast, past
missions to comets have been “fast flybys” that
provided mere snapshots of cometary dust and
ice (Taylor et al., 2015).

In March 2004, Rosetta was launched from
French Guiana, using gravitational kicks from
flybys of Earth and Mars to propel it deeper into
space (ESA, 2014b). After nearly four orbits
around the Sun (Fig. 2), Rosetta caught up with
67P in August 2014 and delivered the Philae lander about two months later. The lander’s observing
time was cut short of the five months hoped for; after its landing harpoons failed to fire, Philae
bounced twice before landing in the shadow of a cliff on the surface of 67P that prevented it from
recharging its solar-powered battery after two days of taking data. The Rosetta orbiter, however,
had its mission lifetime extended by nine months until September 30, 2016; it observed the comet as
it traveled from about 3.6 AU to 1.2 AU from the Sun and back out toward the outer solar system.

The comet 67P as seen by Rosetta (Fig. 1) has two lobes connected by a short neck from which
much of cometary activity (i.e. water outgassing) was observed. The cause of the bi-lobed nature
of 67P is unknown, but it is thought to be either the result of a collision 4.5 billion years ago or
perhaps even mass loss concentrated around the middle of the comet (Sierks et al., 2015). The
modeled mass of 67P is 1013 kg with outflowing grains of mass 10−10 to 10−2 kg, and the bulk
density of the comet is ∼470 kg/m3 (similar to that of cork) (Rotundi et al., 2015; Sierks et al.,
2015). While the physical characteristics of 67P—specifically it being bi-lobed—are peculiar, the
chemical nature of the comet is even more interesting and, in some cases, puzzling. Observations
of water, oxygen, and organic compounds are discussed here, along with their implications and new
questions that the Rosetta mission has raised.

Water

An abundance of water—including water ions and the isotopologues H2
16O, H2

18O, H2
17O, and

HDO—was observed by several instruments on Rosetta as comet 67P warmed up during its approach
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Figure 3: Variations of the total water production rate observed by Rosetta’s MIRO observations of
H2

16O 13-15 July 2014. The rotation period of 67P (12.4 hr) is shown by the red bar. During one
cometary rotation, two minima and two maxima are observed (Gulkis et al., 2015).

to perihelion. The first detectable traces of water ions were observed at a distance of about 3.6 AU
from the Sun in August 2014; at this time, solar wind ions were also detected traveling perpendicular
to the water ions. Six weeks later when 67P was 3.3 AU from the Sun, increased water ion activity
was observed. Moreover, solar H+ was deflected by ∼20◦ and He+ by ∼10◦ (Nilsson et al., 2015).
That is, not only did Rosetta observe the increase in ionic activity from 67P as it approached the
Sun, but it also observed the rapid formation of a temporary magnetosphere that shielded the comet
from substantial solar ionic radiation.

Rosetta also observed increased production of neutral water, which gave insight to the structure
of 67P, specifically with respect to the neck region. Water outgassing observed between early June
and late August 2014 (when 67P was at a distance of >3 AU) was localized to the neck. During
this time, the mean water outgassing increased from 0.3 kg/s (early June) to 0.6 kg/s (late July)
to 1.2 kg/s (late August) with increasing warming of cometary ice as 67P crept inward toward the
Sun. Rather than see a constant water outgassing rate about the mean over the rotation period
of 12.4 hours, which would be indicative of a homogeneous icy surface, substantial variation was
observed. Observations of the water production rate from a single point made 13-15 July 2014
(Fig. 3) exhibited two minima and two maxima per rotation (Gulkis et al., 2015). This indicates
the neck cross-section is elongated, with the absolute maximum being the result of direct heating
from the sun and the other local maximum the result of heating from directly opposite the observed
point. The mismatched minima are indicative of an irregular elongated shape (perhaps roughly a
non-elliptical oval, like the outline of an egg).

While water data divulged much about the physical nature of 67P, they also raised questions
about the origins of Earth’s oceans. Comets are a contender for being the primary source of Earth’s
ocean water (Marty, 2012), and previous D/H ratio measurements in other Jupiter Family Comets
(JFCs) are consistent with the terrestrial D/H ratio in water (Hartogh et al., 2011; Lis et al., 2013).
However, the D/H ratio in 67P was found to be (5.3±0.7)×10−4, about three times that of Earth’s
oceans (Fig. 4). This phenomenon indicates that JFCs might have diverse origins (Altwegg et al.,
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Figure 4: D/H ratios in different solar system objects. Diamond represent data obtained via in situ mass
spectrometry measurements, and circles refer to data obtained with astronomical methods (Altwegg et al.,
2015, and reference therein)

2015); however, there is only a limited sample of JFCs for which the D/H ratio has been taken. The
enhanced D/H ratio with respect to that of JFCs and terrestrial ocean water also advocates against
Earth’s oceans being delivered principally by comets, suggesting an asteroidal origin is more likely
(Altwegg et al., 2015). While this finding has only raised questions about 67P (suggesting it was
originally perhaps a Kuiper Belt object that migrated inward) and Earth’s oceans (adding more
controversy to the asteroidal versus cometary origins debate), it has certainly made clear that our
current understanding of comets is quite limited.

Oxygen

Figure 5: Data show a strong correlation between
H2O and O2. Numbers on the x and y axes are arbi-
trary units proportional to number density (Bieler et
al., 2015).

Perhaps the most surprising find in the Rosetta
data was the first detection of molecular oxygen
(O2) in a cometary coma. O2 abundances in
67P were found to correlate strongly with H2O
(R = 0.88, Fig. 5) with a mean O2/H2O ratio of
3.80 ± 0.85%. The decreasing O2/H2O ratio for
high abundances of H2O has been attributed to
sublimation-condensation cycles of water ice on
the cometary surface (Bieler et al., 2015).

The O2/H2O ratio in 67P is surprisingly high
given that models predict a ratio of at least an
order of magnitude lower Taquet et al. (2012).
Thus the source of such cometary abundances is
not well-understood. One hypothesis is that the
detected molecular oxygen is primordial O2 that
was trapped in the water ice 4.5 billion years
ago. This would explain the correlation between
O2 and H2O since the sublimation of water ice
into gas would also release trapped oxygen. The
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Figure 6: Possible formation pathways from the parent species H2O, CO, CH4, and NH3 of organic
compounds identified in 67P by COSAC/Rosetta. Species in red are tentative detections, and species in
green are first-time cometary detections. Adapted from Goesmann et al..

question of the high observed O2 abundances, however, remains. This phenomenon might be ob-
served if the solar system hence 67P formed from an oxygen-rich disk in which O2 accreted onto
and got trapped on grain surfaced as the disk rapidly cooled from >100 K to <30 K. An alternative
hypothesis is that the source of O2 is radiolysis of water ice; H2O is broken into H2, which can
diffuse out, and O2, which remains trapped in grains. Again, the correlation between O2 and H2O
supports this, but O3—a product of subsequent O2 radiolysis—was not detected in 67P’s coma
(Bieler et al., 2015).

Molecular oxygen has since been detected in Oort Cloud comet 1P/Halley (Rubin et al., 2015)
but with no further insights into the potential origins of cometary O2. Regardless, the detection of
O2 in the coma of 67P certainly challenged our understanding of comets and has opened up a new
avenue of cometary study.

Organics

67P was found to host a plethora of organic molecules, with its mineral-rich surface1 also rich in
organic compounds Capaccioni et al. (2015). These compounds include a number of oxygen- and
nitrogen-bearing species and even minor species such as sulfur-bearing organics and hydrocarbons
(Le Roy et al.). These species, along with the comet surface’s infrared profile, point to four key
parent molecules: H2O, CO, CH4, and NH3

2 (Goesmann et al.; Le Roy et al.).
While the specific formation pathways of organics derived from H2O, CO, CH4, and NH3 are

not well-constrained, a general idea of the formation pathways of oxygen- and nitrogen-bearing

1The surface of 67P was found to be comprised of silicates, olivines, pyroxens, and iron oxides (Capaccioni et al.,
2015).

2NH3 was not definitively detected, thus may have evaporated or depleted since the formation of nitrogen-bearing
species (Goesmann et al.).
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compounds has been established (Fig. 6). Alcohols and carbonyls are thought to come from reactions
between H2O and CO; amines and nitriles from CH4 and NH3, and amides and isocyanates from
all four. Among the 13 definitively detected oxygen- and nitrogen-bearing species formed within
this scheme, four—propanal (C2H5CHO), propanone ((CH3)2CO), ethanamide (CH3CONH2), and
isocyanatomethane (CH3NCO)—are first-time detections in comets (Goesmann et al.).

Of the detected species presented in Fig. 6, the amines are particularly interesting. Methylamine
(CH3NH2) is formed from formaldehyde, with one of the possible pathways involving methanimine
reacting with H2 to form CH3NH2. Methanimine, when reacted with HCN instead, also forms
α-amino acetonitrile, which is thought to be the direct precursor of glycine, the simplest amino
acid (Aponte et al.). Even more exciting is that glycine was in fact detected in the coma of 67P
(Altwegg et al.), making it the first confident detection of cometary glycine.3

Outlooks

Perhaps the biggest—and least satisfying—result from the Rosetta mission to comet 67P is that
we do not currently have a clear understanding of comets. Indeed, the mission brought us new
understanding of 67P specifically and comets generally. For the first time, the onset of a cometary
magnetosphere was observed as 67P approached the inner solar system. We also found that oxygen
and glycine can in fact be present in cometary comae. Furthermore, Rosetta provided us the first
detection of phosphorus in a comet (Altwegg et al.) and showed us the complete suite of elements
required for life as we know it (carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur) in
67P. Thus the Rosetta mission added data in support of the theory that life’s building blocks, and
perhaps even life itself, could be delivered to planetary bodies by comets.

The mission to 67P also raised many questions, particularly questions of origins. First, while 67P
is classified as a Jupiter Family Comet because of its orbit, its molecular profile does not match that
of a Jupiter Family object; rather, it appears that 67P might have been a Kuiper Belt object that
had migrated inward. Moreover, the Rosetta mission failed to bring concrete insight into whether
cometary water seeded Earth’s oceans and tips the scales away from comets and towards asteroids.
Despite raising these questions, Rosetta affirmed an important notion in the way of cosmochemistry:
we have a long way to go before we fully unlock the history of our solar system.

3Glycine was also detected toward the comet Wild 2 during the Stardust mission (?); however, these findings are
disputed do to possible contamination by by-products of the methods used to collect samples.
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