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ABSTRACT

Context. Between August 2014 and September 2016, the ESA space mission Rosetta escorted comet 67P/Churyumov-Gerasimenko
(67P) during its perihelion passage. The onboard OSIRIS Narrow Angle Camera (NAC) acquired high-resolution multispectral images
of the cometary surface. These datasets allowed a characterization of the spectrophotometric variegation of the layering of the large
lobe, correlated with the layer structural elevation.
Aims. We perform a spectrophotometric characterization of the outcropping strati�cation of the small lobe of 67P as a function of its
structural elevation, and consequently, a spectrophotometric comparison of the layered outcrops of the two lobes.
Methods. We selected two sequences of post-perihelion OSIRIS NAC images (�2.4 au outbound to the Sun), from which we built up
two multispectral images, framing an extended geological section of the onion-like strati�cation of the small lobe. Then we classi�ed
the consolidated areas of the outcropping and the relative coarse deposits that were identi�ed in the multispectral data with a two-class
maximum likelihood method. For this, we de�ned the classes as a function of the structural elevation of the surface.
Results. As a result, we identi�ed a brightness variegation of the surface re�ectance that is correlated with the structural elevation.
The outer class, which is located at higher elevations, appears darker than the inner class. This �ts previously obtained results for the
large lobe. The re�ectance values of the nucleus of 67P tend to decrease with increasing structural elevation.
Conclusions. The observed spectrophotometric variegation can be due to a different texture as well as to a different content of volatiles
and refractories. We suggest that the outer outcrops appear darker because they have been exposed longer, and the inner outcrops appear
brighter because the surface has been more effectively rejuvenated. We interpret this variegation as the result of an evolutionary process.

Key words. comets: general � comets: individual: 67P/Churyumov-Gerasimenko � methods: data analysis

1. Introduction

Before its controlled landing on the surface of comet
67P/Churyumov-Gerasimenko (hereafter 67P) on September
2016, the ESA Rosetta spacecraft escorted the comet during
its approach to the Sun. The images acquired by the Optical,
Spectroscopic and Infrared Remote Imaging System (OSIRIS,
Keller et al. 2007) allowed describing a cometary nucleus with
a bilobed shape (Sierks et al. 2015), with a recognizable large
lobe called �body� and a small lobe called �head�. They are
connected by a narrow region called �neck�. The nucleus of
67P is characterized by several geomorphological features such
as cliffs, hogbacks, cuestas, mesas, and sets of terraces, and by
recurring packs of layers. These layers support the assumption
that the nucleus is strati�ed like an onion. This onion-like strat-
i�cation independently envelopes both lobes and formed before
they merged through a low-velocity collision (Massironi et al.
2015; Davidsson et al. 2016; Penasa et al. 2017).

The OSIRIS observations, and in particular those made by
the Narrow Angle Camera (NAC), also permitted deriving the
spectrophotometric properties of the cometary body of 67P and

thereby to study the heterogeneities of the nucleus in terms of
albedo, texture, and composition. Fornasier et al. (2015) found
that in the 250�1000 nm wavelength range, the nucleus shows
a red-sloped spectrum with no clear absorption bands, similarly
to other cometary nuclei. The nucleus of 67P has a dark surface
in absolute terms overall, with an estimated geometric albedo of
6:5 � 0:2% at 649 nm. Albedo and spectral slopes, computed
in the 535�882 nm range, show local variations that allowed
Fornasier et al. (2015) to distinguish three groups of physio-
graphic regions (El-Maarry et al. 2015, 2016) that are character-
ized by low, medium, and high spectral slopes, respectively. The
regions with relatively bluer (i.e., lower) spectral slopes corre-
spond to brighter regions enriched in water ice (e.g., Hapi), those
with redder (i.e., higher) spectral slopes characterize darker
regions with dust coatings (e.g., Ash), while the intermedi-
ated slopes are characterized by collapsed materials (e.g., Aten).
However, the analysis of the spectral slope variations highlighted
that there is no correlation between groups of spectral slopes and
particular morphologies, and the spectral slopes are not repre-
sentative of a vertical diversity in the composition of the nucleus
(Fornasier et al. 2015).
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Table 1. OSIRIS-NAC image datasets.

Activity Date, time Filters Dataset �F27 �F27 ResF27 Physiographic
(�) (km) (m px�1) regions

MTP026P/
STP095/COLOR_
MAP_001

2016-02-10,
07:05-07:07

16(360.0) 24(480.7) 23(535.7)
22(649.2) 27(701.2) 28(743.7)
41(882.1) 61(931.9) 71(989.3)

C 65.76 51 0.95 Wosret, Bastet,
Neith, Maftet,
Anuket

MTP025P/
STP093/SHAP7a

2016-01-27,
21:22-21:24

16(360.0) 24(480.7) 23(535.7)
22(649.2) 27(701.2) 28(743.7)
41(882.1) 61(931.9) 71(989.3)

D 62.24 69 1.30 Wosret, Bastet,
Neith, Maftet,
Anuket

Notes. The second and third columns refer to the date, time span, and �lter number (with the relative central wavelength in nm) of the image
acquisitions. The image sequences were used to obtain multispectral images renamed datasets C and D. Columns �F27, �F27, and ResF27 refer to the
phase angle, the distance between the spacecraft and the comet, and the image spatial resolution. The last column reports the framed physiographic
regions.

The Visible and InfraRed Thermal Imaging Spectrometer
(VIRTIS, Coradini et al. 2007) observations indicate a global
surface composition dominated by dehydrated and organic-rich
refractory materials (Capaccioni et al. 2015), although several
local bright spots were interpreted as exposures of water ice
(Pommerol et al. 2015; Fornasier et al. 2016; Filacchione et al.
2016). Overall, the sublimation processes are in�uenced by the
different diurnal insolation conditions, by the proximity to per-
ihelion passage (i.e., seasonal variations), and by the different
morphologies of the cometary nucleus that lead to regional vari-
ations of the local volatile content (Vincent et al. 2015). Some
regions are indeed subject to cyclical sublimation processes as
a function of the illumination conditions over the local day. In
this case, the activity is only partially connected to the exposure
of ices and mainly depends on a sort of daily water cycle that
affects the uppermost layers (De Sanctis et al. 2015). Approach-
ing perihelion, the increasing level of activity partially removes
the overlying refractory mantling material. This causes the expo-
sure of the underlying ice-rich layers and leads to bluer colors
for the nucleus of 67P, with a decrease in the mean visible to
near-infrared spectral slope up to �30% and considerable diur-
nal color variations (Fornasier et al. 2016), as well as a shortward
shift of the VIRTIS 3200 nm absorption band (Longobardo et al.
2019, and references therein).

The layering of the consolidated material is persistent at the
regional scale and can be easily recognized on the systems of
terraces and cliffs, cuestas, and mesas that characterize the mor-
phology of the comet (Massironi et al. 2015). Belton et al. (2018)
suggested that this well-organized system of strata is due to the
modi�cation of the primitive cometary material. Speci�cally,
they suggested that it is the result of the deep inward propaga-
tion of water-ice phase-change fronts that alternating active and
quiescent phases led to the formation of intra-strata materials and
strata boundaries, respectively.

The different orientation of the terraces was measured by
Penasa et al. (2017) to produce a three-dimensional ellipsoid-
based geometrical model (ellipsoidal model, EM) with which
the intersection of the nucleus layering with the topography can
be predicted. This model can be used to de�ne the position of
any point on the cometary nucleus in terms of its structural ele-
vation, which provides a distance measure from the center of
the ellipsoidal layering (i.e., points at same structural elevation
lie on the same ellipsoid-shaped layer). The model was used
by Ferrari et al. (2018) to verify the spectrophotometric varie-
gation of the layering of the large lobe of 67P as a function

of the structural elevation. The EM allowed them to distin-
guish two distinct classes of the outcropping nucleus material
by means of a maximum likelihood (ML) supervised classi�-
cation. This classi�cation highlighted a correlation between the
absolute re�ectance and the structural elevation of the material.
The two proposed classes show a different brightness and spatial
distribution in function of the EM: the inner class is brighter and
localized on the innermost layers (i.e., Imhotep region), and the
outer class is darker and localized on the outermost layers (i.e.,
Apis region). This spectrophotometric variegation can have been
enhanced by localized volume removals that led to the exposure
of an inner shell that is brighter than the outer shell. Follow-
ing their interpretation, the surface brightness variegation can be
attributed to a difference in composition (e.g., different content
in volatile materials) or textural properties (i.e., roughness and/or
porosity) of the cometary nucleus.

In this work, we investigate the spectrophotometric prop-
erties of the small lobe layering of 67P by means of images
acquired by the OSIRIS NAC camera. These images include
the southern regions Wosret, Bastet (southern portion) and Neith
and part of the northern regions Maftet and Anuket (El-Maarry
et al. 2015, 2016). The southern hemisphere of 67P appears
�attened and topographically less dynamic than the northern
hemisphere, showing lesser textural diversity and the lack of
large dust-covered regions, wide-spread smooth terrains, and
large depressions (Lee et al. 2016). On the basis of the EM,
these regions represent an extended geological section of the
onion-like strati�cation of the small lobe, with the outermost
layers outcropping in Bastet, Maftet and in the part of Wosret
toward Hatmehit, whereas Neith, Anuket, and the part of Wosret
toward the neck correspond to the innermost layers. The results
obtained from the spectrophotometric analysis of the small-lobe
layering were then integrated and compared with those obtained
by Ferrari et al. (2018) for the large lobe.

2. Geological setting
The images used for this work were acquired with the OSIRIS
NAC imaging system, which is equipped with 12 �lters in the
wavelength range between 250 and 1000 nm (NUV-VIS-NIR).
The two selected image sequences (Table 1 and Figs. 1a and b)
are post-perihelion acquisitions of January and February 2016
(2.44�2.33 au) that include the Wosret, Bastet, Neith, Maftet,
and Anuket regions. They cover the maximum number of
available �lters (9 each) and have a similar spatial resolution
(0.95�1.3 m px�1) and phase angles (62�65�).
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G. Tognon et al.: Spectrophotometric variegation of the 67P layering as seen by OSIRIS

Fig. 1. View of the small lobe of 67P with subdivision into physiographic regions: (a) NAC_2016-02-10T07.06.04.905Z_IDG0_1397549400_F22
and (b) NAC_2016-01-27T21.22.31.724Z_IDG0_1397549000_F22, displayed in Rosetta standard orientation with the sun at the top. (c) Close-up
of the southern hemisphere of the small lobe. The boundary between Wosret and Bastet is marked by a scarp (indicated by a green arrow) and
debris with boulders (indicated with a blue arrow). Ochre arrows point to pits on Wosret, and the white arrows highlight a difference in tone
between the northern (brighter) and southern (darker) portion of Bastet. The purple arrows indicate two spaced bands of layered material. Red and
yellow arrows point to fractures, and the pink arrow highlights polygonal cracks. (d) and (e) Geomorphological maps realized on images (a) and
(b), respectively.
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Table 2. Root mean square error (RMSE) warping values.

Dataset Filters RMSE

C 22�27
23�27
24�27
16�27
28�27
41�27
61�27
71�27

1.39
1.06
0.76
0.55
0.47
0.77
1.30
1.66

D 22�27
23�27
24�27
28�27
41�27
71�27
61�27
16�27

0.35
0.41
0.41
0.39
0.36
0.41
0.41
0.49

In general, the regional units in the southern regions of
67P are fractured consolidated terrains, in which it is possible
to observe evidence of strati�cation, and loose unconsolidated
materials that consist of talus and gravitational accumulation
deposits with isolated boulders (El-Maarry et al. 2016; Lee et al.
2016; Pajola et al. 2016).

Most of the southern hemisphere on the small lobe of 67P
lies in Wosret region, which appears topographically �at, with
some great changes of relief near the boundary with Maftet
and Hatmehit regions. It is also characterized by outcrops of
consolidated terrains that are dominated by fractures, together
with pitted areas and polygonal cracks (e.g., close to Maftet
and the Hatmehit depression. These are indicated in Fig. 1c
with yellow, ochre, and pink arrows) (Lee et al. 2016; Auger
et al. 2018). Toward the northern Maftet region, which is de�ned
by a higher plateau that encloses several dust-covered irregu-
lar depressions with boulders (El-Maarry et al. 2015), various
almost parallel lineaments form two bands of layered mate-
rial at a distance of about one hundred meters from each other
(Fig. 1c, purple arrows), and the rough surface toward the neck
is marked by several fractures that reach 300 m in length (Fig. 1c,
red arrows). The boundary between Wosret and Bastet is instead
characterized by a scarp (Fig. 1c, green arrow) with debris and
boulders at its feet (Fig. 1c, blue arrow). Bastet is a rough
consolidated region that straddles the northern and southern
hemispheres of the small lobe of 67P. Compared to the north-
ern part, the southern part is more fractured and appears darker
(Fig. 1c, white arrows) (El-Maarry et al. 2015, 2016). El-Maarry
et al. (2016) interpreted this different hue to the lack of lighter-
toned dust coatings. On the other side, Wosret borders the
Anuket region, which is characterized by outcrops of consoli-
dated material (Giacomini et al. 2016). Finally, the Neith region,
located on the neck, exhibits strata heads that are cut by fracture
systems and gravitational deposits at their feet (Lee et al. 2016).

3. Methods

In order to compare the morphological domains and the spec-
trophotometric properties of the cometary material, we made
a geomorphological map for each set of images by means of
the software Esri ArcGis 10.4.1 (Figs. 1d and e). The maps

highlight that consolidated materials are present throughout, and
evidence of the strati�cation is ubiquitous. We also distinguish
some unconsolidated material units: coarse deposits and �ne
materials. The �rst includes mass-wasting deposits and boulder
�elds that may have been generated by sublimation processes
and gravitational collapses. The �ne materials include areas that
are characterized by smooth dust coatings, which are potentially
due to airfall deposition and can be easily transferred from a site
to another. We then converted the images of Table 1, which are
calibrated in spectral radiance (expressed in W m�2 nm�1 sr�1)
according to the OSIRIS standard calibration pipeline (Tubiana
et al. 2015), to re�ectance (i.e., radiance factor I/F) using the
following equation:

I
F

=
�r2

hImeas

Fs
; (1)

where Imeas is the measured spectral radiance, Fs=� is the solar
spectral irradiance at 1 au measured at the central wavelength
for each �lter, and rh is the heliocentric distance of the comet in
au. Successively, the images of each sequence were reorganized
according to the �lter wavelengths and were coregistered through
at least 40 ground control points (GCPs) for each image using
the image-to-image function of the software Exelis Envi Classic
5.0 and using the WARP_TRI function (i.e., linear interpolation
method) of the software Exelis IDL 5.0. The root mean square
errors (RMSEs) resulting from the GCP positioning are listed in
Table 2. Two multispectral images framing the areas of interest
were thus created and renamed datasets C and D, consecutively
to datasets A and B by Ferrari et al. (2018).

We used the stereo-photoclinometry shape model
SHAP8_v1.9 of comet 67P by Jorda et al. (2016) com-
bined with the NAIF-SPICE kernels and relative IDL code
toolkit (Acton 1996; Acton et al. 2018) to produce synthetic
images that reproduce the original illumination conditions of
the comet. This allowed us to derive the illumination angles at
the moment of image acquisition and to exclude emission and
incidence angles greater than 80� from the processing.

Finally, to correct the illumination and topographic effects,
we applied the Akimov disk function (Shkuratov et al. 2011, and
references therein), and in particular, its parameter-free version.
As tested by La Forgia et al. (2015), the Akimov parameterless
function works well on the surface of 67P and indeed yields the
best approximation to the Hapke correction, with the advantage
that it has no parameters. In addition, for the purpose of this
study, we did not need to derive an absolute albedo, and given the
small phase angle coverage of our data, it is suf�cient to retrieve
the equigonal albedo at phase angles 62�65�. Because residual
values due to small misalignments of the �lters were still present
in shadowed areas, we brought the signal of all the pixels with
re�ectance values lower than 0.002 to background value. False-
color images obtained by the multispectral images are shown in
Figs. 2a and b.

The obtained nine-�lter multispectral images were then used
to produce spectral slope maps, for which the following equation
was used:

S =
I=FNearIR � I=FGreen

�NearIR � �Green
�

104

I=FGreen
; (2)

where I=FNearIR and I=FGreen are the Akimov-corrected
re�ectances for the near-infrared (F41, 882.1 nm) and green
(F23, 535.7 nm) �lters, and the slope is expressed in percent
/100 nm. Figures 2c and d show the spectral slope maps for the
two datasets.
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G. Tognon et al.: Spectrophotometric variegation of the 67P layering as seen by OSIRIS

Fig. 2. Panels a and b: false-colors images (red, green, and blue correspond to �lters 28, 23, and 24, centered at 743.7 nm, 535.7 nm, and 480.7 nm,
respectively) obtained by the multispectral images. Panels c and d: spectral slope maps for the two datasets obtained with Eq. (2); the black boxes
frame the same areas of �ne material deposits; they show different spectral slope values.

We decided to perform a �rst two-class ML supervised clas-
si�cation on the multispectral images by means of the software
Exelis Envi Classic 5.0, with the aim to distinguish the consol-
idated outcrops from the �ne material deposits. These deposits
might be non-autochthonous of the regions under study because
they may have been deposited by airfall. This makes them
unsuitable for determining the spectral behavior of the strati�-
cation. Conversely, we combined the consolidated outcrops with
their related coarse deposits, which, being present near scarps
and terraces, can be considered as autochthonous mass-wasting
deposits generated by sublimation processes and gravitational

collapses. Dataset C frames a portion of the Hatmehit depres-
sion, which presents a wide deposit of �ne materials that are
probably due to airfall deposition, therefore we decided in
advance to exclude it from the classi�cations, along with the
framed portions of the large lobe of 67P.

To perform an ML supervised classi�cation, the guidelines
have to be de�ned. These are regions of interest (ROIs) that the
software must follow to attribute pixels to one class or another
on the basis of the likeness to the given datum. Therefore, we
selected a ROI that was representative of the consolidated and
coarse deposits and a ROI that was representative of the �ne
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Fig. 3. Panels a and b: multispectral-image �lter 27 centered at 701.2 nm overlapped by polygonal ROIs corresponding to �ne materials (cyan)
and consolidated materials (brown) created on the basis of the geomorphological maps of Figs. 1d and e. Panels c and d: maximum likelihood
supervised classi�cation of �ne materials (cyan class) and consolidated materials (brown class).

materials by grouping pixels on the basis of the previously made
geomorphological maps (Figs. 3a and b).

By comparing the results of the classi�cations (Figs. 3c
and d) with the geomorphological maps (Figs. 1d and e), it
is possible to verify the overall agreement in terms of class
distributions. The cyan class fully identi�es the mapped �ne
material deposits (i.e., light blue unit), allowing us to also infer
an extremely thin dust coating on the outcropping Bastet region.
The class corresponding to the outcropping consolidated terrains
and their relative deposits (i.e., brown class) covers the entire
remaining surface.

After they were identi�ed, the pixels related to the �ne mate-
rial classes were excluded in order to obtain two multispectral
images that ideally were made up by the outcropping consol-
idated materials and their coarse mass-wasting deposits alone
(Figs. 4a and b).

To characterize the spectrophotometric properties of the
strati�cation of the small lobe, we then created new ROIs on
the isolated outcropping material alone on the basis of the
structural elevation de�ned by the EM (Penasa et al. 2017).
ROIs corresponding to the outmost layers were de�ned in the
Wosret and Bastet regions at a small-lobe structural elevation of
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east, north, and west directions. Two RR Lyrae stars are
located at the position of the eastand west overdensities, thus
endorsing the presence of sub-structures far from And XXI’s
center.

Figure13shows the cumulative radial distributions of selected
samples of stars located inside twice therh of And XXI. We
performed a two-sample Kolmogorov–Smirnov (K–S) test
between these radial distributions. The RGB(green line) and
red-HB star(blue line) distributions shown in Figure13 are
indistinguishable and likely arise from the same stellar
generation. In fact, the K–S test provides ap-value as large as
p = 0.84, whereas the K–S test between upper-HB population
(red line) and RGB stars gives ap-value of onlyp = 0.24.

Finally, though the number of variables(RRLs+ACs) is very
small when compared to the number RGB stars the K–S test
givesp = 0.49 between the two samples.

7. MERGING?

In Section3.1 we showed the presence of two peaks in the
period distribution of And XXI RRab stars. The double peak
in the period distribution can be a clue for the presence of two
separate populations of RR Lyrae stars, with slightly different
age and/or metallicity. Selecting stars with period within 1�
from the two peaks in period, we� nd an average magnitude

Figure 13.Cumulative radial distributions of selected samples of sources in the
CMD of And XXI. Green line: cumulative distribution for the RGB stars; blue
line: distribution of the red-HB stars; red line: distribution of the upper-HB
sources; black line: distribution of the variable stars.

Figure 14.CMD of And XXI marked as open blue circles stars with membership spectroscopically con� rmed by Collins et al.(2013). Dashed lines are the Bressan
et al. isochrones for 12 Gyr,Z = 0.0002(magenta line) and 13 Gyr,Z = 0.0004(green line), respectively. Red� lled circles are RR Lyrae stars. Typical photometric
error bars are shown on the left.
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