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1 INTRODUCTION

ABSTRACT

We provide a three-dimensional model of the inner layered structure of comet 67P based
on the hypothesis of an extended layering independently wrapping each lobe. A large set of
terrace orientations was collected on the latest shape model and then used as a proxy for the
local orientation of the surfaces of discontinuity which defines the layers. We modelled the
terraces as a family of concentric ellipsoidal shells with fixed axis ratios, producing a model
that is completely defined by just eight free parameters. Each lobe of 67P has been modelled
independently, and the two sets of parameters have been estimated by means of non-linear
optimization of the measured terrace orientations. The proposed model is able to predict the
orientation of terraces, the elongation of cliffs, the linear traces observed in the Wosret and
Hathor regions and the peculiar alignment of boulder-like features which has been observed in
the Hapi region, which appears to be related to the inner layering of the big lobe. Our analysis
allowed us to identify a plane of junction between the two lobes, further confirming the
independent nature of the lobes. Our layering models differ from the best-fitting topographic
ellipsoids of the surface, demonstrating that the terraces are aligned to an internal structure
of discontinuities, which is unevenly exposed on the surface, suggesting a complex history of
localized material removal from the nucleus.

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

tical, Spectroscopic, and Infrared Remote Imaging System), which
comprises a Narrow Angle Camera (NAC) for investigation of nu-

ESA’s Rosetta spacecraft provided the unique opportunity to per-
form a detailed analysis of the nucleus of comet 67P/Churyumov—
Gerasimenko (67P) thanks to the wide number of frames acquired
during the 2-yr mission. The onboard camera system OSIRIS (Op-
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cleus surface and a Wide Angle Camera (WAC) for gas and dust
studies (Keller et al. 2007), allowed the identification of an un-
expectedly complex surface morphology (Thomas et al. 2015),
dominated by circular pits generated by endogenic activity (Vin-
cent et al. 2015), fractures at all scales (El-Maarry et al. 2015a;
Groussin et al. 2015; Auger et al. 2015), scattered boulders (Pajola
et al. 2015, 2016a), gravitational deposits produced by the collapse
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of cliffs (Pajola et al. 2017) and ordered sets of terraces and mesas
(Massironi et al. 2015; Thomas et al. 2015; Pajola et al. 2016b).
Such geological complexity is also reflected by the large number of
regions (26) in which a relatively small body as the comet 67P has
been subdivided (El-Maarry et al. 2016, 2017).

Comet 67P is characterized by a peculiar bilobate shape:
the larger lobe, hereafter the big lobe (BL), has a size of
4.1 x 3.3 x 1.8km, while the small lobe (SL) is approximately
2.6 x 2.3 x 1.8km wide (Jorda et al. 2016). The BL and the SL
are connected by a bridge of material ~2.2km long and ~0.8 km
wide which is known as the neck. The shape of the comet nucleus,
its activity, and the surface morphology, as observed by OSIRIS
cameras during the Rosetta mission, are described by Sierks et al.
(2015) and Thomas et al. (2015). The two lobes are thought to be
the result of a non-destructive impact which joined two independent
objects (Massironi et al. 2015; Jutzi & Benz 2017).

One of the major discoveries about 67P is the presence of morpho-
logical features that can be related to layered material, constituted
by ordered set of terraces and mesas. Using these morphologies as
a proxy for the local orientation of the inner structure, Massironi
et al. (2015) produced geological cross-sections of the Northern
hemisphere of the cometary body, providing pieces of evidence for
a large-scale layering of the nucleus, independently wrapping each
lobe. This finding suggested a separated evolution of two bodies
that joined together in a non-destructive collision. In that work the
terraces were interpreted as the surfaces of discontinuity which sep-
arate the layers. Other observations by Rickman et al. (2015) and
Marchi et al. (2015) reinforced a view of a globally layered body,
where the layers are not local and shallow-surface features but are
instead expression of an extended inner structure.

The existence of potentially layered materials is also documented
for other Jupiter-family comets (Bruck Syal et al. 2013; Cheng,
Lisse & A’Hearn 2013), although the possible process leading to
layers formation remains unclear. Observations made on Tempel-
1 led to the idea that layers might be the results of the accretion
process itself (Belton et al. 2007).

Davidsson et al. (2016) suggests that denser external layers might
be the results of an increase in collision velocities during the come-
tesimal formation: denser layers would thus wrap an inner porous
core. Jutzi & Benz (2017) proposed that the layers might be the
direct result of the lobe-forming impact: after the initial disruption,
subsequent re-accumulation might have led to the formation of a
layered sequence.

Geomorphological maps of 67P show that the presence of
layering-related morphological features is common in the North-
ern hemisphere (Giacomini et al. 2016) as well as in the Southern
one (Lee etal. 2017). These analyses supported the idea of a globally
layered structure although did not allow the three-dimensionality of
the layering to be clearly constrained.

In this paper we describe the work done so far to investigate the
morphology of 67P and its potential connection with the geometry
of an inner layered structure of global extension.

By measuring the orientations of the observed flat terraces and
mesas on the latest comet nucleus shape model, we have gener-
ated a simplified 3D model of closed surfaces containing the flats
themselves. This model is able to consistently predict the orienta-
tions of terraces and mesas and to trace the predicted intersection
of the discontinuities on the surface, enabling the identification of
the morphologies which might be related to the layered structure.

We proceed by showing some of the morphologies which have
been linked to the layering with the aid of the three-dimensional
shape model, with special attention to the terraces. In the method-
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ological section, the procedures used to quantify and to model the
orientations of terraces are then presented. Results of the modelling,
their connection with the observed morphologies and their implica-
tions in terms of the nucleus internal structure are then discussed in
the concluding sections.

2 LAYERING-RELATED MORPHOLOGIES

For our analysis we used two different shape models of 67P. The
first is computed by means of photoclinometry technique (SPC) by
Jorda et al. (2016) and the second was produced through stereo-
photogrammetic methods (SPG, Preusker et al. 2015; Preusker
et al. 2017) from images collected by OSIRIS cameras (Keller
etal.2007). The computations were made on the SPG full-resolution
global triangular mesh provided by Preusker et al. (2017), the cg-
dlr_spg-shap7-v1.0 shape model, composed of more than 40 million
facets with a typical point spacing of 1-2 m. For all snaphots in this
manuscript we used a reduced version of this model.

To better understand the observed features within their gravita-
tional context, we computed the gravitational slopes as the angle
between the local surface normal and the opposite vector of the
estimated acceleration field. We employed the Werner’s method
(Werner 1994) to compute the local gravity vector, considering the
body made of homogeneous material with a density of 532 kg m~—3
(Jorda et al. 2016). Gravity was computed using a reduced version
of the shape model, composed of 500 000 facets. The contribution of
centrifugal forces due to the body’s rotation, considering a rotation
period of 12.4043 h (Sierks et al. 2015), was then added obtaining
an estimate of the total acceleration field on the surface.

The high-slope regions are aligned in laterally persistent cliffs
(see Fig. 1 a and Section 3 of the supplementary material) which are
stacked on top of each other, forming series of planar terraces sepa-
rated by almost-vertical cliffs. Terraced terrains, which are present
both in the Northern and in the Southern hemisphere at a variety of
scales, clearly represent a morphological oddity for their consistent
coupling with elongated high-slope regions (cliffs), their ordered
and repetitive stair-case pattern and their parallelism with linear
traces that can be observed on the cliffs and inside pits (see also
Massironi et al. 2015; Thomas et al. 2015; Vincent et al. 2015).

Fig. 1(b) shows a topographic profile of 67P, obtained by cutting
the three-dimensional shape model across y—w in Fig. 1(a), thus
the resulting cross-section spans from Anhur to the Imhotep flat,
passing through the Bes top, which constitutes a mesa. The clear
alternation between flats and cliffs is further highlighted in Fig. 1(c)
where their average orientations have been traced with segments of
different colours (blue for the terraces and red for the cliffs).

The flat segments can be extended inside the nucleus, as shown
in Fig. 1(c), allowing to correlate terraces at the opposite sides of
the elevated Bes area. This suggests that the surfaces corresponding
to the terraces must indeed continue inside the nucleus, in the form
of three-dimensional curved surfaces.

Under this view two consecutive terraces define a tabular element,
or layer, which is curved and bounded by two discontinuities, which
are materialized on the surface by the terraces themselves. Stacks
of layers appear to be repetitive and ordered. In some cases the
layer-defining discontinuities can be directly observed on cliffs as
linear traces, consistently aligned with the nearby terraces (Thomas
et al. 2015).

A similar explanation was also provided by Rickman et al. (2015)
and Marchi et al. (2015), who observed the coincidence of planar
features at the opposite sides of elevated terrains, although they
simplified their geometry as planes. Massironi et al. (2015) and Lee

6102 4890300 0} U0 }senb Aq £96229%/L+.S/Z 1ddNS/697A0BNSqE-0]0NE/SEIUW/WOS"dNO dILBPEIE//:SA]Y WO} POPEOJUMOQ



Figure 1. (a) A render of the three-dimensional shape model by Preusker
et al. (2017), centred on the Imhotep region on the BL. High-slope regions
(>35°) have been shaded in red and highlighted in yellow to demonstrate
their elongated and laterally persistent geometry. It is evident that cliffs and
terraces create a staircase pattern. (b) Topographic profile obtained cutting
the model along the y—w direction from Bes towards Imhotep region further
illustrates the alternation of flats and cliffs. In cross-section (c) cliffs and
terraces are highlighted by red and blue lines, respectively. Arrows illustrate
how the terraces change orientation along the topographic profile. To main-
tain coherent these orientations the surfaces forming the terraces must indeed
be curved within the nucleus interior. ImagelD reference: WAC_2016-07-
02T10.41.45.806.

etal. (2017) drew possible geological sections of the internal layered
geometry of 67P by interpreting the terraces as the morphological
expression of bedding planes organized in independent onion-like
structures for the two lobes.

3 METHODS

3.1 Terraces mapping

Terraces appear to be the most evident feature suggesting an in-
ner layering: they are widespread all over the comet surface and
they present a variable areal extension, depending on the scale of
observation.

We identified as many terraces as possible on both the lobes by
tracing their boundaries on the nucleus shape model.

We followed the subsequent criteria to identify a valid terrace:

(i) it must appear planar;
(i1) it must exhibit a typical geometry, bounded by cliffs or steep
slopes and being part of a set of terraces.

Following these criteria a mesa is considered a special case of a
terrace, bounded on all sides by cliffs. We underline that terraces
are not necessarily gravitationally flat, although this is a common
feature (see also Massironi et al. 2015). We detected 250 and 233
terraces on the BL and on the SL, respectively (Fig. 2).

For each identified terrace or mesa we computed a reference
orientation, by extracting the vertices of the shape model within
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the mapped boundary and computing the best-fitting plane, using
the same methods used by Massironi et al. (2015). The best-fitting
plane provides a unit normal 7, while the centroid of the fitted
vertices provides a reference point p for localizing the observation.

In addition to the measurement errors, the estimated orientation of
aterrace is also affected by additional errors that must be considered:
for example, the best-fitting normal is only an approximation of the
original orientation of the discontinuity surface, because of possible
erosive and depositional phenomena that might have modified its
geometry (Fig. 3).

3.2 Modelling the terrace orientations

By following the work by Massironi et al. (2015), we decided to
verify the possibility that these terraces represented the exposed
discontinuity surfaces of a pervasive structure characterizing the
two lobes of 67P. To reach this goal we modelled each flat terrace as
an ellipsoidal surface, belonging to a family of concentric ellipsoids,
with constant axis ratios. Each lobe is independently modelled by a
different family of ellipsoidal shells.

We based our choice on the idea that the layers form shells
wrapping the nucleus, one on top of each other, defining onion-like
curved envelopes that can be approximated by triaxial ellipsoids.

To derive an analytical expression for the model, we first con-
sidered the generic ellipsoid centred in the origin and with unitary
a-axis length:

2 2 2
X y b4
St =1,
az b 2
where x, y, z are the coordinates of a generic point p on the ellipsoid
surface. We then considered the family of ellipsoids concentric to
this one, whose axes are all proportional to the same scaling factor
Al

x2 yZ ZZ

reld (Ab)> + (hc)?

with a>b>c and a=1, (D

=1 @

This equation defines an infinite number of ellipsoidal shells, one
for each A > 0, all of them sharing the same axial ratios, which
correspond to the b and ¢ parameters. Solving for A, we obtain

1
A= b—z = f(p), where t= \/b262X2 + D022+ 2y (3)
¢

This function thus associates a specific scalar value X to the point p,
which is then used in equation (2) to explicitly obtain the equation
of the ellipsoidal shell passing for that point. The normal of the shell
passing for p corresponds to the gradient of f (p):

)

{bcx cy bz
RBen = | ——>» 7.5
t bt ct

T
} =Vfp) C)

This formulation for a family of ellipsoidal shells has the advantage,
over other possible choices, to have a simple analytical solution.

In the more general case, the family of ellipsoids is not centred
in the origin and can be arbitrarily oriented in space. We can thus
generalize the modelling equations (2) and (4) to account for a
centre ¢ = [cy, ¢y, c.]" of the ellipsoid other than the origin, and
an arbitrary orientation provided by the rotation matrix R, so that A
becomes

A=fR'-(p—0) &)
and the gradient
na =R-VfR"-(p—oc). ©)
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500 m

Figure 2. Visualization of the terraces identified on the BL (255) and the SL (239). For each terrace a point in space and the correspondent best-fitting plane
normal were estimated. In blue the observations on the SL and in red the ones on the BL. For interpretation of the colours in this figure, the reader is referred

to the web version of this article.

The rotation R can also be parametrized as a triplet of angles «,
B, v (see e.g. Diebel 2006), describing the orientation in terms of
subsequent rotations around the ellipsoid’s axis (i.e. Yaw, Pitch and
Roll). Construction of the matrix R from the three angles, together
with pyTHON code for model evaluation, is reported in Section 1 of
the supplementary material.

In the following, we will refer to the model defined by equations
(5) and (6) as the ellipsoidal model (EM), and to the scalar value
) obtained from equation (5), as the reference-ellipsoid semimajor
axis (RES).

The proposed model allows to use the RES value as a metric of
distance from the centre of the ellipsoidal shells. For example, the
difference A, — A1 = f(p,) — f(p,), for two points p, and p,, on
two different terraces, returns the separation calculated along the
a-axis of the two corresponding shells.

The complete ellipsoid-based model is thus defined by a param-
eter vector of eight values:

x =[ce, ¢y, cna,boa, Byl @)
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three parameters for the coordinates of the centre, two for the axial
ratios, and three for the orientation.

For each mapped terrace we can define an angular value 0, cor-
responding to the misalignment of the terrace from the model’s
prediction:

6 = arccos (ﬂ 'ﬁm) s ®)
e

where ng is the vector representing the modelled orientation pro-

vided by equation (6) and i, is the actual orientation of the terrace,

as estimated on the shape model.

To estimate the parameters, their standard errors and to test
the uniqueness of the solution, we adopted a bootstrap approach
(Efron 1979; Chernick 2008): the input data set of observations was
resampled with replacement 10000 times, simulating the results
that might come from a different observation collection campaign.

By means of a non-linear optimization performed using the Ceres
solver (Agarwal et al. 2016), we computed the parameters for the
best-fitting EMs at each iteration by minimizing the sum of the 6>
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Figure 3. Talus and eroded surfaces introduce uncertainties into the esti-
mated attitudes, here represented by the ¢ angle. Notice that these errors are
likely to be larger than the numerical error introduced by the vertex-fitting
procedure, which is estimated to be lower than 5° (Massironi et al. 2015).

angles:

k
min Z 62, )
i=0

where £ is the total number of observations to be fitted. This proce-
dure provided 10 000 different possible parameters vectors for each
lobe, whose distributions are shown in Fig. 4. From these distribu-
tions, we computed the parameters maximum likelihood estimates
(MLEs) and the respective standard errors, which provided the
reference solutions reported in Table 1. These parameters fully de-
fine two EMs in the Cheops reference frame (Preusker et al. 2015)
which are used to describe the layered structure of the two lobes.

4 RESULTS

Table 1 summarizes the reference solutions of the parameters for
the two EMs. Each model defines a family of ellipsoids with
fixed b/a and c/a ratios, which correspond to the b and ¢ pa-
rameters reported in Table 1. The parameters c,, ¢y, and c; are the
centres of the ellipsoids and «, 8, and y are Yaw, Pitch, and Roll
angles, describing their orientation in space.

Angular residuals for the reference solutions show that the EMs
explain the observations with a misalignment which is lower than
18° for most of the terraces. Full histograms of the residuals are
reported in Fig. 1 of the supplementary material.

Notice the large values for the estimated 2o error for the y angle
for the SL: this is due to the fact that the resulting ellipsoid is
substantially a rotational ellipsoid (b and ¢ are equal considering
the 20 confidence intervals), thus allowing for a broader range of
solutions in terms of y angle. On the contrary, the EM of the BL
shows an evident triaxiality and consequently the 2o value for the
y angle is lower.

A comparison between the centres of the best-fitting topographic
ellipsoids (white arrows in Fig. 4), obtained from the SPC shape
model by Jorda et al. (2016) and our EMs, shows a significant shift
of 284 and 508 m, respectively, for the BL and the SL centres (see
also the values reported in Section 2 of the supplementary material).

Parameters of Table 1, coupled with equation (5) and some ad-
ditional calculations can be used to estimate the values of RES for
each of the vertices of the 3D shape model. This must be done sep-
arately for the two lobes. Fig. 5 provides a visual representation of
the three-dimensional EMs and their intersection with the nucleus
surface. Vertices of the shape model laying at the same RES are pre-
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dicted to be part of the same layer. Contour lines thus correspond
to the intersection of the ellipsoidal shells with the nucleus surface,
providing a visual clue of the local orientation of the layering and
a possible global correlation of distant terrains. When contour lines
are closely spaced, the layers are predicted to emerge from the nu-
cleus at a high angle with the local topography. On the contrary, lines
that are spaced far apart represent layers that are either emerging at
a low angle or exposing the layer-forming discontinuity itself.

RES values computed for the nucleus interior allow cross-
sections to be produced as shown in Fig. 6. Notice that the in-
tersections of ellipsoidal shells with the section plane shown in the
figure (dashed lines), as well as the contour lines of Fig. 5, do not
represent any specific discontinuity recognized on the nucleus, but
must be regarded as a simplified representation of the local orienta-
tion of the layering, as predicted by our model. The global continuity
of these surfaces, their relation with our model, and some possible
geometrical arrangements of layers will be discussed in detail in
Section 6.

The range of RES values on the BL goes from 1.4 to 2.6km
and from 0.72 to 2.1 km on the SL. The deep interior of the comet
(corresponding to depths lower than 1.4 for the BL and 0.72 km for
the SL) is not exposed anywhere on the surface. The total thickness
of the visible layered sequences is thus of about 1.2 and 1.38 km for
the BL and the SL, respectively.

5 COMPARISON WITH OBSERVED
MORPHOLOGIES

The EM can be used to predict the local orientation of layering and
the general aspect we can expect to observe on the surface, depend-
ing on the angles at which the layering encounters the topographic
surface.

Surface pieces of evidence of the inner layering are constituted by
both linear traces, which might be visible wherever the topography
is cutting the layers at a high angle, and locally flat terrains, in the
form of mesas or terraces, which are expected to be parallel to the
local layer orientation predicted by our model.

We thus used selected OSIRIS images for validating our mod-
elling results. For each selected OSIRIS image, we rendered a syn-
thetic picture of the nucleus from the same point of view of the
camera and with the sun lighting the shape model at the same
orientation as it was at the time of image acquisition. We used
the computed gravitational slopes to artificially colour the major
cliffs on the comet. To better represent the model predictions and
to produce uncluttered figures, we traced on the shape model the
predicted layer intersection with the nucleus surface (in the form
of RES contour lines) wherever the two following conditions are
simultaneously satisfied:

(i) the layer is predicted to encounter the surface at an angle
greater than 25°, to exclude regions where the layering is not ex-
pected to be well exposed in the form of linear traces;

(ii) the gravitational slopes are greater than 35°, to exclude those
regions that are likely covered by dust and would not allow the
underlying layering to be observed.

Some of the images used have been previously discussed in lit-
erature (see Massironi et al. 2015; Rickman et al. 2015; El-Maarry
et al. 2016; Giacomini et al. 2016; Lee et al. 2017); thus additional
details about the general context and the previous interpretations
can be found in the related references.

MNRAS 469, S741-S754 (2017)
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Figure 4. Histograms of the parameters obtained by the bootstrap iterations for the BL (left column) and for the SL (right column) from which the reference
solutions of Table 1 were obtained as the median values. The parameters c,, ¢y, and ¢; are the coordinates of the centre of the EM, b, and c their axial ratios,
while «, 8, and y are the Yaw, Pitch, and Roll angles. Coordinates of the centre of the best-fitting topographic ellipsoid, as resolved by Jorda et al. (2016), are
plotted as white arrows. For interpretation of the colours in this figure, the reader is referred to the web version of this article.

An additional set of 12 OSIRIS images that can be used to com-
pare the model’s prediction with the observed morphologies can be
found in Section 4 of the supplementary material.

5.1 Small lobe

The section in Fig. 6(a) illustrates the peculiarity of the Hathor
region. The Hathor cliff morphology has been previously discussed
by Thomas et al. (2015), Rickman et al. (2015), Groussin et al.
(2015) and El-Maarry et al. (2015a) for the singular lineations that
can be observed, which have been previously interpreted as a set of
vertical fractures perpendicular to the traces produced by an inner
layering.

Actually, the cliff cuts the SL EM at a rather high angle with
respect to local ellipsoidal surfaces, exposing the layers along their

MNRAS 469, S741-S754 (2017)

Table 1. MLEs of the EM parameters and relative 2o errors, for both the
BL and the SL.

Parameter” BL 20 SL 20
Cy —0.473 0.076 1.06 0.13
cy 0.32 0.08 —0.346 0.066
c. —0.167 0.066 0.01 0.059
b 0.805 0.044 0.76 0.073
c 0.544 0.028 0.704 0.069
o 44.8 4.3 28.1 9.3

B 15 6.7 —11.2 5.7

y 66.3 39 -173 34.4

¢ Distances in km and Tait-Bryan angles in degrees, following the intrinsic
z—y’—x” convention. Everything in the Cheops reference frame (Preusker
etal. 2015). b and c are the axial ratios with respect to the a-axis.
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Figure 5. The RES predicted by the models can be used as metric for evaluating the relative position of any point on the surface, in terms of layer superposition.
Vertices located at the same structural level have the same colour. Considering the onion-like conceptual model by Massironi et al. (2015), each contour line
(in white), corresponds to a specific shell. Contour lines are traced every 50 m of RES, letters correspond to the viewing direction in the Cheops reference
frame. For interpretation of the colours in this figure, the reader is referred to the web version of this article.

shortest dimension, thereby showing the layers thickness. This re- A very good correlation is evident between the observed features
sult is confirmed by Fig. 7 which shows both the linear features at the Hathor surface and the contour lines of the layers at the
traced by Thomas et al. (2015) and the geometry of the modelled surface. Our model shows that Hathor is the region with the best
ellipsoidal shells at the surface. and larger exposure of layers on the whole cometary body.
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Figure 6. Cross-sections cutting through the nucleus. The black line represents the shape model at the section plane. A small number of observations near the
section plane have been plotted with a red mark for the BL and a blue one for the SL. In grey the interior part that has no surface expression (not outcropping).
Dashed lines represent the shells derived from the EM, with a relative spacing of 200 m. Distances are in km on the section plane. The insets show the position
of the section plane on the SPC model. For interpretation of the colours in this figure, the reader is referred to the web version of this article.

Figure 7. The Hathor cliff. In (a) the original figure of Thomas et al. (2015) (see also Rickman et al. 2015) with highlighted in green and brown two sets
of perpendicular linear features. Brown lines run ‘upwards for much of the height of the cliff’, while green lines are described as ‘linear features aligned
with small terraces, which might suggest inner layering’. The presence of terraces and of corresponding high slopes is evident in (b) where slopes >35°
have been coloured in red. In (c) the modelled orientation of the layer traces on the cliff, as computed using the EM for the SL. The two arrows in the
centre image show a continuous terrain composed of superimposed terraces, that appear to be in continuity with the structure of the SL. ImageID reference:
NAC_2014-08-07T20.37.34.564. For interpretation of the colours in this figure, the reader is referred to the web version of this article.

Hathor faces the nucleus neck region, which is probably the most
complex layered structure to interpret, since the SL and the BL join,
and the layers intersect each other. In this region the terraces appear
to maintain the original information about the layered structure of
two independent lobes, although a large portion of the SL has been
lost.

Fig. 8(a) shows the Southern hemisphere (Wosret region) of the
SL as captured by the NAC camera. Several parallel linear features
were identified by Lee et al. (2017) and interpreted as the possible
expression of the inner layering.

MNRAS 469, S741-S754 (2017)

When compared with the corresponding EM for the SL (Fig. 8b),
these linear traces are in good agreement with the overall layer
orientation predicted by the model. Notice that the EM have been
fitted by using terrace orientations only, and no linear features were
used for determining the models.

5.2 Big lobe

As described in Section 4 the EM for the BL is significantly shifted
with respect to the corresponding best-fitting topographic ellipsoid.

6102 1990100 01 U0 }sonb Aq £96229%/17/S/Z 1ddnS/69¢A0BNSqE-00ILE/SEIUW/WOO dNO"OIWSPEdE//:SAY WO} POPEojUMod



o
2
S
=
=
&S
&
5
7
|
~

Linear features
—Strata
—Terraces / Cuestas
Fractures
— Scarps
Niches
Pit margins

3D modelling of 67P layering  S749

Figure 8. In (a) NAC image showing the map of linear features identified by Lee et al. (2017) in the Wosret region (Southern hemisphere of the SL). In (b) the
corresponding shape model coloured by the RES scalar field computed from the EM of the SL. Contour lines represent the traces produced by the intersection
of a set of evenly spaced ellipsoidal shells defined by our model. ImagelD reference: NAC_2015-05-02T10.42.52.535. For interpretation of the colours

in this figure, the reader is referred to the web version of this article.

This is due to the fact that the layers on the BL have been subject
to a non-uniform removal process which left exposed both shallow
and deep layers. This structure can be appreciated in Fig. 9. The
colours are here used to represent the modelled RES for each pixel
of the OSIRIS image.

It can be seen in this figure that the most external layers have
been preserved only in small portions of the comet: they are cir-
cled in Fig. 9(a) and are coloured in pink to white (and highlighted
by an arrow) in Fig. 9(b). These areas represent the latest rem-
nants of the most external layers which have now been almost
completely lost. They remain in the form of mesas and are un-
equivocally related to layered terrains. At the same time also much
deeper layers are exposed on the BL: they are depicted in bluish
colour in Fig. 9(b), and essentially correspond to the Imhotep
region, where a single specific layer seems to be present at its
basis.

The Imhotep region has been described as an extremely smooth
surface which is enclosed on its boundaries by elevated rims made
of consolidated materials shows evidences of terracing (El-Maarry
etal. 2015b). Our model well explains this structure: the central part
of the Imhotep region constitutes one of the deepest exposures of
an inner shell of the onion-like layering of the 67P nucleus. On the
boundaries of this surface the material is layered, creating structures
whose elevated tops are reached through a series of staircase ter-
races, demonstrating the layered nature of the terrains. In practice,
from a structural point of view, the Imhotep region can be con-
sidered as a valley, exposing deep layers, surrounded by mountains
whose shallower tops can be up to 1.2 km higher and are constituted
by the Ash and Apis regions (Fig. 9a).

Mesas and terraces are common on the BL at a variety of RESs,
although in the Southern hemisphere only terrains at a deeper level
are preserved, with respect to the highest mesas in the Northern
hemisphere (see e.g. Fig. 5).

Finally, the BL, in contrast with what is observed in the Hathor
region of the SL, does not present any extended surface cutting at
high angle the internal layering: thus it exhibits the inner layering
mostly as staircase patterns of terraces. However, linear traces con-
nected with the layering can also be found here at a small scale, on
cliffs and on pits walls, as can be seen for example in Fig. 10.

5.3 Neck region

The neck region, which is a highly depressed terrain determining the
overall bilobate shape of 67P, has been previously described as the
junction between two independent cometesimal which joined to-
gether after a non-destructive collision (Massironi et al. 2015; Jutzi
etal. 2017). Since our model has been developed under this specific
assumption, we want to verify the possible agreement between the
modelled layered structure and the corresponding observed mor-
phological features, found in both OSIRIS images and in the 3D
shape model.

Fig. 11 illustrates a peculiar alignment of blocks-like features in
the neck region (in the Northern hemisphere, the Hapi region), that
was previously described by Pajola et al. (2015). Fig. 11(a) shows
the geopotential (total potential energy, obtained by considering
the contribution of the gravitational and rotational forces), at the
centre of Hapi. The contour lines of the potential trace a curved
topographic ridge, apparently constituted by aligned boulders.

Figs 11(b) and (c) show that the ridge is in geometric conti-
nuity with the set of terraces coloured in blue, while a second
set of terraces, located at a deeper structural level can be iden-
tified (in yellow in the figure). The white arrows in Fig. 11(b)
show two morphological structures that can be interpreted as a
small mesa (1) and a terrace (2), which is bounded on one side
by a small elongated cliff. This structure is likely a partially
buried layer of material, emerging from the dust blanket covering
Hapi.

This configuration suggests that the peculiar alignment of fea-
tures that can be observed in the Hapi region is the morphological
expression of a buried structure connected with the inner layering
of the BL. The geological section in Fig. 6(a) shows that in Hapi the
layers encounter the nucleus surface at a high angle, thus exposing
the layers as almost vertical elements. Furthermore the concavity of
the curved ridge is directed towards the BL, well in agreement with
the predicted shape that can be observed in Figs 6(b) and 5. The
aligned features can be seen as the remnants of a specific layer of
the BL that was emerging in the neck region and has been now
completely fragmented in place, into a partially covered ridge, scat-
tered of fragments that might be still physically connected to the
underlying structure.
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Figure 9. (a) Shape model of the comet nucleus with slopes higher than
35° highlighted in red. Circles show the location on the shape model of the
shallower terrains on the BL. (b) Projection of the EM on the same view of the
nucleus. The colours are representative of the layer depth in the RES scale,
in yellow contour lines of the RES field. Arrows show the same locations
circled in (a). ImagelD reference: NAC_2014-08-16T14.59.14.556.
For interpretation of the colours in this figure, the reader is referred to the
web version of this article.

Nucleus cross-sections in Fig. 6 well illustrate the modelled junc-
tion geometry for the two lobes which requires that the two layered
sequences of the lobes meet each other at varying angles in the
majority of the neck region, and are parallel in just a restricted con-
tact area. This geometry can be verified in Fig. 12, which shows an
OSIRIS image of the neck (Sobek and Anuket regions) in the South-
ern hemisphere of 67P, and the respective synthetic image obtained
from the shape model, well confirming the model’s prediction.

MNRAS 469, S741-S754 (2017)

Figure 10. In (a) a synthetic image with cliffs in red and (b) NAC view
of the same area on the BL also showing the predicted layers orientations
(yellow lines). In the lower panel two close-ups of the NAC picture, showing
linear traces on a cliff (1) and inside a pit (2). Outside the pit a set of small
terraces (white arrows in b) produce a staircase pattern towards the neck.
ImagelD reference: NAC_2016-09-30T03.11.30.762. For interpre-
tation of the colours in this figure, the reader is referred to the web version
of this article.

Thanks to the opposing structures defined by the layers in Fig. 12
and the observations in the Northern hemisphere of the neck, it is
possible to establish pertinence of the neck terrains either to the
BL or to the SL. For example, Fig. 7(b) (see white arrows) shows
a persistent set of ordered terraces that from the very top of a cliff
on the BL extends towards the centre of the neck and stops at the
curved ridge in Hapi, suggesting a structural continuity with the BL.
We used these pieces of information to obtain a plane of separation
between the two lobes, which is used throughout this paper to define
the pertinence of the EM (e.g. in Fig. 6).

6 DISCUSSION

Our analysis of the morphological features on the 67P nucleus
surface leads us to consider the nucleus, at least until a certain
depth, as formed by a series of layers. Each layer is an extended
tabular element, which is delimited at the top and at the bottom by
two discontinuity surfaces, wrapping the comet interior.

The presence of sets of ordered terraces, which are bounded
by elongated cliffs, is one of the main pieces of evidence for the
presence of layered material on 67P. These terraces in fact could
be interpreted as the result of a morphological process similar to
differential erosion, acting on the layers themselves. In the specific
case, erosion along the vertical direction appears to stop when it
encounters the top discontinuity surface of one layer, thus exposing
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Figure 11. The Hapi region in the neck is characterized by a peculiar
alignment of boulder-like features over a ridge. In (a) the geopotential shows
that these features are aligned over a morphological ridge, while the potential
minima are located at the sides of the ridge (yellow lines). (b) and (c)
illustrate the continuity of the ridge with sets of terraces at both ends of
the ridge. The concavity of the curved trace described by the outcropping
features is directed towards the BL suggesting a structural continuity with
the layers of that lobe. For interpretation of the colours in this figure, the
reader is referred to the web version of this article.

the flat surface. At the same time, horizontal erosion appears to
act much more efficiently on the exposed head of the layers, start-
ing a recession process that gradually removes material while still
maintaining steep cliffs.
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Another evidence of the presence of the layered structure is that
whenever the layer discontinuity surface encounters the topographic
surface at a high angle, they can be observed as persistent and
parallel linear traces, aligned with the terraces.

The evidence for a very large extension of these layers, that en-
couraged us to model them as wrapping the entire lobes, is demon-
strated by the persistence and the continuity of elongated vertical
cliffs on the nucleus, as well by the presence of extensive linear
features observed in the Hathor cliff. Another good example is the
overall geometry of the Imhotep region on the BL that our model
predicts to be the largest exposed discontinuity surface of a single
layer. It extends for more than 0.8 km? (Thomas et al. 2015) and
corresponds to the deepest exposed layer of the BL. Throughout
the entire cometary nucleus, terraces and linear features consis-
tently follow the prediction of our 3D model, as can be observed
for the linear features in Fig. 8. No major inconsistencies between
the observed features and the model prediction were found.

An interesting aspect of this analysis is that not only do the
obtained EMs for each lobe differ from the respective best-fitting
topographic ellipsoids, but also their centres are shifted by few
hundred metres with respect to the latter. This finding implies that
the observed orientations of terraces collected on the nucleus are
unlikely to reflect an average topography, but they rather point to
an internal structure which is now unevenly exposed on the comet.

This nucleus structure strongly suggests that the erosion of
cometary material did not take place at the same rate, independently
of the location on the body, but it has rather been not homogeneously
distributed. In fact there are specific regions that experienced en-
hanced erosion, and others that still preserve the latest remnants of
shallower terrains.

This concept is well illustrated in Fig. 6, where, for example, we
can see that the Hathor region on the SL has been subject to an ex-
tended process of material removal, which produced a topographic
surface cutting through the interior of the nucleus, confirming what
already suggested by Thomas et al. (2015), Massironi et al. (2015)
and Basilevsky et al. (2017).

Another not obvious conclusion of the analysis of our modelling
is that we were able to clearly establish the pertinence of cometary
material to either the BL or the SL. In fact, the geometry of the
curved cliffs that can be observed on the shape model (see Fig. 12)
in the Southern hemisphere, and the ridge in the Northern one (see
Fig. 11) suggests a precise plane of junction between the two lobes.

Also, we observe that the Imhotep region on the BL is well
aligned with one shell of the EM. This region is in fact predicted
to be one of the deepest (in terms of layering) terrains that can be
observed on the BL, thus suggesting it had experienced a process
of material removal of more than 1 km of layers on its top.

Looking at Figs 6-9, not only is the original layered structure of
each lobe evident, so providing confidence about their independent
formation, but also that a significant portion of the layers in the
proximity of the lobe junction is now lost (on top of the Hathor
cliff). Since it is rather difficult to justify this missing material in
terms of selective erosion driven by sublimation itself, it is very
probable that this material was lost during the impact that led the
two lobes to collide (Hirabayashi et al. 2016).

We have seen that the layers are defined by boundary discontinu-
ity surfaces, which appear to be somehow more resistant to erosion.
The geometry of these surfaces provides clearly an indication about
the lateral continuity of the layers. Our model does not necessarily
imply a global lateral persistence and/or a uniform thickness of the
layers, but it demonstrates that the layers are aligned to an inner
structure which does not follow the overall topography.
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Figure 12. (a) OSIRIS image with the predicted layer orientation and (b) respective synthetic image of the shape model with slopes higher than 35° are shown
in red (b). Arrows point along the direction of extended cliffs (red regions on the shape model), and especially on the BL (right lobe in (b) they exhibit a well-
defined curved shape. Following the terraces on both the BL and SL a junction surface can be located and a possible separation line (dotted line) can be traced.
The cliffs highlighted in the OSIRIS image well correspond to the contour lines of the model. ImagelD reference: NAC_2016-01-27T17.20.08.041.
For interpretation of the colours in this figure, the reader is referred to the web version of this article.

This idea is illustrated in Fig. 13: here the different conceptual
models are purely based on the orientation of planar features (ter-
races) and does not necessarily require those surfaces to be of global
extension. The proposed model in fact implies that the ellipsoidal
shells are continuous inside the nucleus: this assumption must be
considered a simplification required to obtain a model with a finite
number of parameters. As an example, Fig. 13(a) shows uniform
layers globally covering a lobe: this can be considered as the sim-
plest but also perhaps less probable layering structure. Cases as
shown in Fig. 13(b), where the discontinuity surfaces intersect, or
in Fig. 13(c), where the surfaces are of limited extension, can be
considered as well and would be coherent with the accretion models
proposed by Belton et al. (2007) and Davidsson et al. (2016). Also
configurations like the one represented in Fig. 13(d) are possible, in
which the local density of the layer-defining discontinuities varies.
However in all the cases, we have to remember both the long linear
features observed on Hathor and Wosret (>0.5km), and the large
flat of the Imhotep region, which itself comprises an area >0.7 km?
(Thomas et al. 2015). These extended features suggest that the scale
of the layer surfaces can definitely be as large as several hundred
metres, and probably more.

Finally, we can make some considerations about the accuracy of
our model. To constrain the EMs, the local orientation of terraces
has been used as a proxy for the local orientation of a corresponding
layer discontinuity surface. These vectors have been computed on
the latest available shape model for the comet, which has been
obtained by OSIRIS images. The errors introduced by the best-
fitting plane determination are expected to be around 5° (Massironi
etal. 2015) and are probably much smaller than the errors introduced
by the effect of erosion and fine material deposits on the terraces
(see Fig. 3). This last error cannot be easily quantified, although
regions with gravitational slopes in between 0 and 20° appear to be
extensively covered by fine material (Groussin et al. 2015). Errors
introduced by the dust cover could be expected to be in that range,
as a simple approximation. Residuals for the MLE, show that the
average accuracy of prediction for the terrace orientation is below
20°. Although this error might seem rather important it might be well
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Figure 13. Conceptual models showing how various configurations of dis-
continuities can lead to stair-step-like organization of terraces. Surfaces
might even have lateral variations causing layers to laterally change thick-
ness or to be well defined only locally. The scale of this ‘locality’ of layers
must still be greater than several hundreds of metres, given this is the scale
of several laterally persistent cliffs and terraces that can be observed. The
discontinuities in all these cases describe a global ordered structure, which
is now unevenly exposed.
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comparable with the errors introduced by erosion and deposition
of taluses on the terraces. Furthermore, we have to consider that
the ellipsoid-based model is definitely not the optimal model to
represent the structure although it appears a fair assumption for a
first, approximated analysis.

7 CONCLUSIONS

The morphological terraces observed on 67P have been previously
connected with an inner layering (Massironi et al. 2015). Layers are
defined by extended discontinuities, which form the flat surfaces
of the terraces and cut the nucleus in correspondence of the linear
traces observed on cliffs.

We have here shown that the observed flat surfaces, the linear
traces and the laterally persistent cliffs can be explained by a simple
ellipsoid-based model, which represents each layer-defining discon-
tinuity surface as an ellipsoidal shell. The modelled discontinuities
must be of local (at least several hundreds of metres) to possibly
global extension (thousands of metres) to justify the extended cliffs
and terraces.

The proposed three-dimensional model of the inner structure
results to be misaligned with respect to the observed average topog-
raphy, demonstrating the existence of an inner structure that is now
unevenly exposed on the cometary surface.

This model has clearly the limitations of using ellipsoidal surfaces
to fit the terraces and of keeping fixed the ellipsoids axis ratios.
However, this must be considered a first order approximation of a
more complex model which would be needed to better constrain
the internal structure of the layer-defining discontinuities, and the
relative layers thicknesses.

Even with this rough model we have been able to correlate actual
features observed on the nucleus with the predicted internal struc-
ture of discontinuities. This confirms that the two lobes of 67P are
characterized by a pervasive set of layer-defining discontinuities,
roughly aligned with ellipsoidal shapes, and which do not follow
the present surface.

Discussing the possible morphological phenomena which created
the observed terraces and cliffs goes beyond the scope of this work,
although our geometrical model now provides a solid support for
the quantification of the involved processes.

The derived structure of the comet nucleus represents a geometric
object that has evolved from the initial configuration in which the
observed discontinuities were created to the complex object that
was observed by OSIRIS, with a possible complicated history of
highly localized removal of large volumes of material.
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