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Carbon dioxide (CO,) is one of the most abundant species in cometary nuclei, but because
of its high volatility, CO; ice is generally only found beneath the surface. We report the
infrared spectroscopic identification of a CO, ice—-rich surface area located in the Anhur
region of comet 67P/Churyumov-Gerasimenko. Spectral modeling shows that about 0.1%
of the 80- by 60-meter area is CO; ice. This exposed ice was observed a short time

after the comet exited local winter; following the increased illumination, the CO; ice
completely disappeared over about 3 weeks. We estimate the mass of the sublimated CO,
ice and the depth of the eroded surface layer. We interpret the presence of CO; ice as
the result of the extreme seasonal changes induced by the rotation and orbit of the comet.

n comets, sublimation caused by solar illu-

mination is the major mechanism that dif-

ferentiates volatile species over their long

dynamical lifetimes. The penetration of heat

into the comet’s nucleus causes chemical
stratification, with more volatile molecules, such
as CO and CO,, receding into the interior ices,
whereas less volatile molecules, such as water,
remain close to the surface and enrich the near-
surface ices (7). The seasonal variability associated
with the relatively large orbital eccentricities of
comets is further complicated by the irregular
shape of their nuclei and the inclination of their
rotational axes, which amplify the seasonal
effects. Thus far, thermal evolution models have
not provided evidence of recondensation or fast
sublimation of volatile species following an ex-
treme seasonal cycle. Evidence from the comet
67P/Churyumov-Gerasimenko (67P/CG) confirmed

the general volatiles stratification scheme during
the preperihelion period, when the spatial dis-
tribution of water vapor and CO, in the gaseous
coma was interpreted as the result of CO, ice
sublimating from inner layers, with water ice sub-
limating closer to the surface (2-6). A diurnal
cycle of water ice has been observed in which an
ephemeral frost layer forms in response to sudden
shadowing conditions and day-night variation (7).
In early 2015, the southern hemisphere of 67P/
CG was emerging from shadows and leaving its cold
season, during which subsurface temperatures were
aslow as 25 to 50 K (8). In particular, an area located
in the Anhur region [at longitude 66.06° and latitude
-54.56° in Cheops coordinate frame (9)] had exper-
ienced a 4-year-long winter season before being
illuminated by the Sun in mid-January 2015.
Using the VIRTIS-M (Visible, Infrared and
Thermal Imaging Spectrometer, Mapping Chan-

nel) onboard the Rosetta spacecraft (10), we
detected a CO, ice-rich area in the Anhur region
on 21-22 March 2015, when the comet was 2.05
astronomical units (AU) from the Sun. This re-
gion is 80 by 60 m (resolved at 20 m per pixel in
VIRTIS-M images) and is shown in the general
context of the nucleus digital shape model in Fig. 1.
The deposit is located in a smooth area of the
Anhur region, on the large lobe of the nucleus
(I1). The same spectral data set, for which we give
additional details in (72), has been used to derive
quantitative information on CO, abundance. The
irradiance/solar flux (I/F) spectrum of the pixel
with the most intense absorption features is shown
in Fig. 2. The I/F spectrum is characterized by a
steep red spectral slope up to 1.5 um; an ab-
sorption triplet at 1.97, 2.01, and 2.07 um; and
two further absorptions at 2.7 and 2.78 um. These
features correspond to known absorption fea-
tures of CO, and thus indicate the presence of
CO, ice on the surface of 67P/CG. The CO, ice
fundamental band at 4.26 um is not visible in the
I/F spectra because of the thermal emission from
the nucleus. Detailed descriptions of the spectral
variability across the CO, ice-rich area, the re-
moval of the thermal emission signal, and the
spectral modeling are given in (12).

The spectra of the CO, ice-rich area have been
fitted with a radiative transfer model (13, 14),
allowing us to derive quantitative information on
end-member abundances, mixing modalities, and
grain sizes. The I/F spectrum is simulated by
using areal and intimate mixtures of two com-
ponents: the dark terrain (DT) unit, correspond-
ing to the measured average organic-rich spectrum
of the comet's surface (15) after the application of
photometric correction (16), and CO, ice derived
from optical constants (77, 18). The composition
of the DT unit, characterized by low albedo, a
red slope, and a broad absorption feature in the
3.2-um range, is still uncertain (19). To check the
quality of the spectral retrieval, we performed an
additional fit by replacing CO, ice with crystal-
line water ice (20-22). The VIRTIS spectral mix-
ing and data processing methods are described
at length in previous works (23, 24). The mod-
eling of each individual pixel in which CO, ice
was detected is discussed in (12).

The results of the spectral modeling are shown
in the left panel of Fig. 2. The best-fitting model
including a water ice component requires 99.7%
DT with a slope (necessary to correct for pho-
tometric response) of -3.8% pm™", plus 32-um
water ice grains in areal mixing for the remain-
ing 0.3%. The quality of this fit is very poor,
however (x2 = 3.85), in particular in the 2.0-um
and 2.7- to 2.8-um ranges, where water ice is
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Fig. 1. VIRTIS-M infrared images of the Anhur CO; ice-rich area, 21-22 March 2015. The center of
the yellow dashed box is the location of the CO,-rich patch in VIRTIS-M images (A) 11_00385598211 and
(B) 11_00385688463, as well as (C) on the nucleus shape model (from http://sci.esa.int/comet-viewer/?
model=esa). VIRTIS-M color images are a RGB combination of infrared bands (blue at 1.2 um, green at
2.0 um, and red at 4.0 um). A description of the VIRTIS-M acquisitions is given in (12).
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Fig. 2. Spectral modeling of the CO, surface ice from the 21 March 2015 observation. (A) VIRTIS-M
reflectance (black curve, from observation 11_00385598211; pixel s = 126, | = 109) and spectral simulations
carried out with dark terrain (DT) and H,0 ice in areal mixing (top, plus 0.002 offset), DT and CO5 ice in
intimate mixing (center, plus 0.001 offset), and DTand CO; ice in areal mixing (bottom) for the Anhur CO,
ice—rich area. Spectral intervals shaded in gray correspond to data that are missing as a result of
instrumental order sorting filters. Error bars, shown every five bands to improve readability, give the
instrument noise on the pixel. (B) Imaginary part k of refractive indices for H,O ice (blue curve) and CO. ice
(black curve). Optical constants for CO, are from (17, 18) and for H,0 are from (20-22). Vertical lines mark
the k local maxima corresponding to the strongest absorption bands at 1.05, 1.25, 1.65, 2.05, and 3.10 um
for HO ice (in blue) and at 1.97, 2.01, 2.07, 2.70, and 2.78 um for CO; ice [in black; also shown in (A)].

not able to reproduce the observed absorption
features, indicating its absence in this area.
Better fits are achieved by replacing water with
CO, ice (Fig. 2). We show two possible models.
The first corresponds to an intimate mixing (72)
of 99.2% DT with a -5.12% um ™ slope, plus 0.8%
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800-um CO, ice grains. The second case corre-
sponds to an areal mixing of 99.9% DT with a
slope of -4.76% pm™’, plus 0.1% 50-um CO, ice
grains. With a residual of x> = 2.05, the areal so-
lution appears marginally better than the inti-
mate, for which x> = 2.45. The addition of water

ice to the components of the mixture does not
improve the fit quality. In both models, less than
1% CO, ice is sufficient to account for the ob-
served spectral absorption features.

The CO, ice features were detected on 2 con-
secutive days (21 and 22 March 2015). This means
that the CO, ice area was stable against day-night
variations in temperature. However, after the
March detection, VIRTIS-M did not observe the
Anhur region again until 12-13 April 2015, when
the heliocentric distance was reduced to 1.87 AU
and the pixel scale was reduced from 20 to 39 m
per pixel. At this time, the spectra acquired did
not show any of the previously observed CO,
absorption features (Fig. 3), indicating that the
CO, ice patch had diminished to a level below
the detection limit of the VIRTIS-M instrument
(band depth less than 1% relative to the local
continuum, corresponding to <0.1% CO, ice abun-
dance), if not disappeared altogether. The re-
duction of the spatial resolution by a factor of
about 2 and the increase of the solar phase angle
from 54° to 79° between the two sets of obser-
vations must be considered in interpreting the
disappearance of the CO, ice spectral features:
Apart from the change in spatial resolution,
the last images are more affected by long shad-
ows caused by local topography, making the
detection of the CO, ice more difficult. Con-
versely, assuming a uniform distribution of CO,
ice in areal mixing with the DT within the initial
80- by 60-m area, one should expect to also de-
tect it on the less resolved images because the
instrumental resolution is still within the size of
the area of interest.

The maximum surface temperature, derived
by modeling the thermal emission at 4.5 to 5.0 ym
with a Bayesian method (25), increased in this
area from 218.8 K on 21 March 2015 to 225.9 K on
13 April 2015. However, given that the surface is
not isothermal at the subpixel scale because of
local roughness and shadows, these should be
considered as upper limits, representative only
of the warmest fractions of the pixel, correspond-
ing to the more illuminated subpixel areas. The
measured temperatures are well above the sub-
limation temperature of CO, ice, which is about
80 K (26); therefore, the CO, ice-rich region can-
not be in thermal equilibrium with the DT, and
continuous sublimation must occur. For this
reason, intimate mixing between CO, ice and
DT is much less favorable than areal mixing. As
aresult of the sublimation of the volatile species on
the surface, an increase in the local roughness of
the more illuminated areas is very likely to occur.

We investigated the illumination history of the
Anhur CO, ice-rich area by tracing the variation
of the incident solar flux during the time for
which VIRTIS-M observations are available.
Throughout the period from January 2011 to
January 2015, the Anhur region was in permanent
shadow, whereas from 14 January 2015 forward,
the combined effect of decreasing heliocentric dis-
tance and longer insolation caused a net increase
of solar flux to the area (Fig. 4). After scaling the
instantaneous solar flux with the cosine of the
incidence angle calculated using the nucleus
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digital shape model (27, 28), we found that at the
time of the CO, ice detection (21-22 March 2015),
the maximum solar flux at local noon was about
80 W/m? (Fig. 4). At the time of the second series
of VIRTIS-M observations, the maximum solar flux
at local noon had increased to about 135 W/m?>.

The integrated solar flux accumulated by an
area of 0.4 m? corresponding to the CO, areal
occupancy within the 400-m? VIRTIS-M pixel, is
equal to 2.026 x 107 J over the 45 rotations of the
comet occurring between the available VIRTIS-M
observations. Assuming a latent heat of sublima-
tion of 552 kJ/kg for CO, ice (26) and neglecting
the thermal conduction in view of the very low
thermal inertia reported for 67P/CG (8, 29), we
derive a value for the total amount of sublimated
ice of 35 kg, equivalent to the erosion of a 5.6-cm-
thick layer [further details are given in (72)]. This
value is an upper limit, assuming a complete sub-
limation of the ice during 45 rotations. A similar
estimate, performed from the beginning of the
illumination conditions in early January 2015
until the time of the CO, ice detection, gives an
additional sublimated ice mass of 22 kg. Hence,
the area within a VIRTIS-M pixel experienced a
maximum sublimation of 57 kg of CO, ice, cor-
responding to the erosion of a 9-cm layer, in about
3 months. The temporal trend of the cumulative
CO, ice sublimation mass is shown in Fig. 4.

This amount of sublimated CO, ice is too small
to contribute meaningfully to the gaseous coma
emissions. Above the southern hemisphere, VIRTIS
has detected a CO,/H,O ratio of about 4% (4),
but no evidence has been found in VIRTIS-M
spectra of increased H,O or CO, gaseous ac-
tivity in the surroundings of the Anhur region.
In fact, even assuming a sublimation rate of 1 kg
of CO, ice per day from a 20- by 20-m area, the
resulting column density of 10" m™2 in the am-
bient coma is about two orders of magnitude
lower than the average value of 10 m™ mea-
sured by VIRTIS-M (4).

The observation of the CO, ice-rich spot was
unexpected at these heliocentric distances, given
the high volatility of CO,; water ice, a less volatile
species, was not observed in the same region at
the same time, as confirmed by the spectral fit
shown in fig. S5 (12). 67P/CG falls in the ensemble
of the CO,-rich comets, as demonstrated by the
high activity level of CO, above the southern he-
misphere, where the CO,/H,0 ratio is considera-
bly larger than in the northern hemisphere (4, 30).

The OSIRIS (Optical, Spectroscopic, and In-
frared Remote Imaging System) instrument did
observe water ice in this same region (31) in
April-May 2015, about 6 weeks after the initial
detection of the CO, ice by VIRTIS-M. At this
time (by 4 May 2015), the VIRTIS-M infrared
channel had stopped operating because of the
permanent failure of the active cooler, making
it impossible to further study the temporal evo-
lution of the Anhur region. Until then, the entire
part of the southern hemisphere illuminated by
the Sun was observed by VIRTIS-M with a spatial
resolution between 20 and 40 m per pixel. So far, CO,
ice has been recognized only in the Anhur region
discussed in this study, localized approximately
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Fig. 3. The disappearance of the CO, surface ice by 12-13 April 2015. VIRTIS-M acquisitions (A)
[1_00387470597 and (B) 11_00387561494. The position of the previously observed Anhur CO, ice
deposit is at the center of the yellow dashed box in each panel. (C) Reflectance data from the boxed areas
in the two acquisitions [bottom (A) and top (B) black lines] do not show the diagnostic triplet absorption at
2.0 um or the bands at 2.7 and 2.78 um (dashed vertical lines). The wide feature at 3.2 um is the DT
absorption due to organic material, the depth of which is correlated with the local reflectance level.
Spectral modeling results with pure DT are shown in red. For reference, the average DT reflectance
derived from (16) is shown in blue. A description of the spectral modeling is given in (12).
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pixel area (20 by 20 m) at the time of CO, detection.
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between a slope and a flat terrain showing a
regular topography in OSIRIS images (31). The
morphology and illumination conditions at this
place are similar to those of many nearby areas
observed by VIRTIS-M.

The presence of CO, ice at the surface of the
nucleus thus appears to be an ephemeral oc-
currence, which provides clues to the emplace-
ment mechanism. After perihelion passage, the
activity of a cometary nucleus starts to decrease,
with water sublimation decreasing first. Nucleus
thermodynamical modeling (7) shows that a strat-
igraphy associated to the volatility of the major
gaseous species is produced in the outer layers of
67P/CG. However, the combination of spin axis
inclination and nucleus shape means that the
Anhur CO, ice-rich area experiences a fast drop
in illumination, going into permanent shadow
quickly after equinox and, consequently, under-
going a rapid reduction in surface temperatures
in winter to less than 80 K, whereas the interior
remains warmer for a longer time because of the
low thermal inertia (8, 29). Sublimation of water
ice at depth is prevented, but sublimation of CO,
ice is not; CO, can continue to flow from the in-
terior to the surface, where it begins to freeze as a
result of the low surface temperatures. Moving
further toward the aphelion, the low surface tem-
peratures preserve the CO, ice on the surface,
which grows in >100-um grains until, on the next
orbit, it is exposed again to sunlight and subli-
mates away. This inverse temperature profile of
cometary surfaces (warmer inside and cooler on
the surface) going into winter after perihelion (in
permanently shadowed regions) could potentially
freeze other volatiles that are sublimed from the
warmer interior as well. Based on the temper-
ature of these surface areas, more volatiles species
such as CO and CH,, could also be frozen until the
next exposure to solar photons occurs. The same
phenomenon could also explain why no water ice
was seen at this site during the initial exposure to
the Sun, because the water ice would have been
frozen at lower depths than the CO, ice.

The 67P/CG nucleus shows two different tem-
poral activity cycles respectively caused by H,O
and CO, ices in different regions: Whereas water
ice has diurnal variability, with a surface subli-
mation and condensation cycle occurring in the
most active areas (7), the surface condensation of
CO, ice has a seasonal dependence. Similar pro-
cesses are probably common among many Jupiter-
family comets, which share with 67P/CG short
revolution periods and eccentric orbits (32).
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Rosetta’s comet 67P/Churyumov-
Gerasimenko sheds its dusty mantle
to reveal its icy nature

S. Fornasier,'* S. Mottola,? H. U. Keller,>® M. A. Barucci,’ B. Davidsson,* C. Feller,!
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The Rosetta spacecraft has investigated comet 67P/Churyumov-Gerasimenko from large
heliocentric distances to its perihelion passage and beyond. We trace the seasonal and diurnal
evolution of the colors of the 67P nucleus, finding changes driven by sublimation and
recondensation of water ice. The whole nucleus became relatively bluer near perihelion, as
increasing activity removed the surface dust, implying that water ice is widespread
underneath the surface. We identified large (1500 square meters) ice-rich patches appearing
and then vanishing in about 10 days, indicating small-scale heterogeneities on the nucleus.
Thin frosts sublimating in a few minutes are observed close to receding shadows, and rapid
variations in color are seen on extended areas close to the terminator. These cyclic processes
are widespread and lead to continuously, slightly varying surface properties.

11 cometary nuclei observed to date have
appeared to be dark, with only a limited
amount of water ice detected in small patches
(1, 2), although water is the dominant vola-
tile observed in their coma.

The Rosetta spacecraft has been orbiting comet
67P/Churyumov-Gerasimenko since August 2014,
providing the opportunity to continuously inves-
tigate its nucleus. The comet has a distinct bilobate
shape and a complex morphology (3-5), with a
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Seasonal exposure of carbon dioxide ice on the nucleus of comet 67P/Churyumov-
Gerasimenko

G. FilacchioneA. RaponiF. CapaccioniM. CiarnielloF. TosiM. T. CapriaM. C. De SanctisA. MiglioriniG. PiccioniP. CerroniM.
A. BarucciS. FornasierB. SchmittE. QuiricoS. ErardD. Bockelee-MorvanC. LeyratG. ArnoldV. MennellaE. AmmannitoG.
Belluccid. BenkhoffJ. P. BibringA. BlancoM. I. BleckaR. CarlsonU. CarsentyL. ColangeliM. CombesM. CombiJ. CrovisierP.
DrossartT. EncrenazC. FedericoU. FinkS. FontiM. FulchignoniW.-H. IpP. IrwinR. JaumannE. KuehrtY. LangevinG. MagniT.
McCordL. MorozS. MottolaE. PalombaU. SchadeK. StephanF. TaylorD. TipheneG. P. TozziP. BeckN. BiverL. BonalJ.-

Ph. CombeD. DespanE. FlaminiM. FormisanoA. FrigeriD. GrassiM. S. GudipatiD. KappelA. LongobardoF. MancarellaK.
MarkusF. MerlinR. OroseiG. RinaldiM. CartacciA. CicchettiY. HelloF. HenryS. JacquinodJ. M. ReessR. NoscheseR.
PolitiG. Peter

Science, 354 (6319), « DOI: 10.1126/science.aag3161

Rosetta observes sublimating surface ices

Comets are “dirty snowballs” made of ice and dust, but they are dark because the ice sublimates away, leaving some
of the dust behind on the surface. The Rosetta spacecraft has provided a close-up view of the comet 67P/Churyumov-
Gerasimenko as it passes through its closest point to the Sun (see the Perspective by Dello Russo). Filacchione

et al. detected the spectral signature of solid CO (dry ice) in small patches on the surface of the nucleus as they
emerged from local winter. By modeling how the CO sublimates, they constrain the composition of comets and how
ices generate the gaseous coma and tail. Fornasier et al. studied images of the comet and discovered bright patches
on the surface where ice was exposed, which disappeared as the ice sublimated. They also saw frost emerging from
receding shadows. The surface of the comet was noticeably less red just after local dawn, indicating that icy material is
removed by sunlight during the local day.
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