MNRAS 000, 1-15 (2020) Preprint 23 October 2020 Compiled using MNRAS IXTEX style file v3.0
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ABSTRACT

Alteration processes on asteroid and comet surfaces, such as thermal fracturing, (micrometeorite) impacts or volatile outgassing,
are complex mechanisms that form diverse surface morphologies and roughness on various scales. These mechanisms and
their interaction may differ on the surfaces of different bodies. Asteroid Ryugu and comet 67P/Churyumov-Gerasimenko, both,
have been visited by landers which imaged the surfaces in high spatial resolution. We investigate the surface morphology and
roughness of Ryugu and 67P/Churyumov-Gerasimenko based on high resolution in situ images of 0.2 mm and 0.8 mm pixel
resolution over an approximately 25 cm and 80 cm wide scene, respectively. To maintain comparability and reproducibility, we
introduce a method to extract surface roughness descriptors (fractal dimension, Hurst exponent, joint roughness coefficient, root
mean square slope, hemispherical crater density, small scale roughness parameter and Hapke mean slope angle) from in situ
planetary images illuminated by LEDs. We validate our method and choose adequate parameters for an analysis of the roughness
of the surfaces. We also derive the roughness descriptors from 3-dimensional shape models of Ryugu and orbiter camera images
and show that the higher spatially resolved images results in a higher roughness. We find that 67P/Churyumov-Gerasimenko is
up to 6% rougher than Ryugu depending on the descriptor used and attribute this difference to the different intrinsic properties
of the materials imaged and the erosive processes altering them. On 67P/Churyumov-Gerasimenko sublimation appears to be
the main cause for roughness, while on Ryugu micrometeoroid bombardment as well as thermal fatigue and solar weathering
may play a significant role in shaping the surface.

Key words: planets and satellites: fundamental parameters — comets: general — minor planets, asteroids: general — methods:
data analysis — techniques: image processing

1 INTRODUCTION ences measurements of reflectance spectroscopy including imagery

Hapke 1984) and th: 1 emission (Davidsson et al. 2015).
The roughness of airless planetary surfaces is an influential parameter (Hapke ) and thermal emission (Davidsson et a )

for remote sensing observations of celestial bodies. It has important

i ] ; ; Methods to derive the surface roughness from a planetary body
impact on the photometric behaviour of a surface and therefore influ-

have been developed for various scales. On large scales, roughness is
an important parameter for the geologic interpretation of planetary
terrains (Helfenstein 1988; Steinbriigge et al. 2020). It also causes
* E-mail: katharina.otto@dIr.de effects such as self-heating when light is reflected and radiated to
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another point on a planetary surface due to the local tilt of the ter- In the following sections we rst summarize the space mission
rain. This can increase local erosion or activity on comets and theoperation at Ryugu and 67P and their main observations (Section 2),
Yarkovsky and YORP-e ects on asteroids (Keller et al. 2015; Rozitis followed by a detailed description of the data used in this work (Sec-
& Green 2013, 2012). These e ects are usually accounted for withtion 3). In Section 4 we introduce the roughness parameters and
a su ciently high resolution shape models which have been derived methods developed to extract them. Section 5 includes an analysis
for many planetary missions from image data (Preusker et al. 20190f the model parameters and summarizes the roughness parameters
2015) or laser altimetry (Barnouin-Jha et al. 2008). The latter al-of Ryugu and 67P. Section 6 discusses the in uence of the model
lows the derivation of surface roughness from the pulse width of theparameters and possible formation mechanisms of surface rough-
re ected laser beam (Steinbruigge et al. 2018). ness. Finally, a discussion of the wider context of the results and its
On smaller scales, surface roughness in uences the spectral rockonclusion is given in Sections 7 and 8, respectively.
signature at wavelengths from the visible to thermal spectrum
(Davidsson & Rickman 2014; Hapke 1981). Generally it is assumed
that planetary surfaces are covered with a particulate medium thap |\ SITU OBSERVATIONS
depending on the particle size and shape in uences the re ectance
spectra of the observed surface (Hiroi & Peters 1991). HoweverBefore deriving roughness parameters for Ryugu and Churyumov-
with increasing spatial resolution of the spectral data the porosityGerasimenko, we rst introduce the general scene of the landing
and roughness of the surface material can in uence the spectral corsites.
trast, spectral shape and the absolute re ectance/emission due to
additional volume scattering and cavity e ects (Rost et al. 2018) . .
and should be taken into account in order to avoid a misinterpre-z‘1 Scene of the MASCOT landing site
tation. In addition, the roughness on scales that cause shadowing, June 2018 JAXA's Hayabusa2 mission rendezvoused with Cb-type
e ects or small scale self-heating have to be considered when innear-Earth asteroid Ryugu (Watanabe et al. 2019, 2017). Ryugu is
terpreting near-infrared and thermal measurements (Davidsson et & top-shaped asteroid of approximately 950 m diameter (Figure 1a).
2009). However, only topographic features larger than the thermals relatively low density of 1.19 g/chisuggests a high bulk porosity
skin depth, usually in the centimetre scale, a ect these measurementg50%) and rubble pile structure (Watanabe et al. 2019). Ryugu is
(Davidsson et al. 2015). For example, the thermal skin depth of asrelatively dark with a geometric albedo of 4.0% at OUB% (Tatsumi
teroid Ryugu is approximately 1.5 3cm (Hamm 2019) and 0.6 cm et al. 2020; Sugita et al. 2019) and has been linked to Cl or CM mete-
for comet Churyumov-Gerasimenko (Davidsson et al. 2016). orites (Jaumann et al. 2019; Kitazato et al. 2019; Sugita et al. 2019).
The Hayabusa2 sample collection procedure revealed that bouldershe surface and regolith appear rough, covered with rocks and boul-
on C-type asteroid Ryugu are covered with a layer of ne grained ders of various sizes and shapes (Sugita et al. 2019) while smaller
particles (<1 mm) that were removed from the boulder surfaces durparticles in the sub-centimetre size range and dust are missing (Jau-
ing the collection process (Morota et al. 2020). In situ observationsmann et al. 2019). Four morphologic types of boulders have been
of Ryugu as well as comet Churyumov-Gerasimenko reveal that theiidenti ed (Sugita et al. 2019): the unique bluish boulder Otohime
surfaces are depletedin ne grained materials and that the majority oSaxum near the south pole, bright and mottled, bright and smooth,
surface features are bare rocks or centimetre to decimetre sized pagind dark and rugged boulders. The last two types have also been ob-
ticle assemblies (Jaumann et al. 2019; Mottola et al. 2015; Schrodegerved by the Mobile Asteroid Surface Scout (MASCOT) during its
et al. 2017a; Yano et al. 2006). The rock surface roughness has imdescent and the rugged boulder type has additionally been observed
plications for the shear strength and friction angles of the regolithin situ in high image resolution on Ryugu's surface (Figure 1c).
with higher surface roughness introducing higher friction between MASCOT was detached from the Hayabusa2 spacecraft®n 3
the constituents (Jiang et al. 2006; Reeves 1985; Xu & Sun 2005). October 2018 and after the initial descent phase and relocation on the
In applied geological sciences the roughness is often estimated bgurface, MASCOT landed near a crumbly and rough boulder which
visually comparing a rock pro le with a standard roughness scaleit observed in situ with four on-board instruments (Jaumann et al.
(Barton & Choubey 1977). More objective methods involve deter- 2019) (camera, radiometer, magnetometer and spectrometer (unable
mining the fractal dimension or the root mean square of the slopeto return expected data) (Ho et al. 2017)) including a high resolution
distribution (RMS-slope) of rock pro les (Lee et al. 1997; Tse & camera (MasCam) (Jaumann et al. 2017). Due to a slight tilt towards
Cruden 1979). The RMS-slope is also commonly used as roughihe surface (22with respect to the surface plane), a eld-of-view
ness parameter in thermal modelling (Davidsson et al. 2015; Rozitiof 55 and the Scheimp ug optics of MasCam, resolutions down to
& Green 2013). Another roughness parameter taking into accound.15mm could be achieved in the lower part of the images while
more complex surface structures, including overhangs and caves, iat the same time maintaining image sharpness for larger distances.
the small scale roughness parameter, which is the geometric measuralditionally, MasCam was equipped with an LED array composed
of the surface area in relation to its at projected area (Davidsson &of four individual colours (blue, green, red, NIR) for illumination
Rickman 2014; Lagerros 1997). during night time. A mini-move by MASCOT allowed observing of
In this work we will extract roughness parameters from the only the scene from two di erent directions, which was used to derive a
two surfaces of small bodies imaged in situ: asteroid Ryugu andthree dimensional shape model of the observed rough boulder on a
comet Churyumov-Gerasimenko. This allows us to derive the mil-spatial scale down to3 mm (Figure 2a) (Scholten et al. 2019).
limeter scale roughness measured over a horizontal scale of a few tens MasCam showed a scene, approximately 25 cm across, highlight-
of centimetres of the two volatile-rich bodies, compare them quan-ing a bare boulder with bright inclusions in the millimetre scale, but
titatively and discuss the di erent alteration processes' in uence on visible absence of sand and pebble-sized particles (Jaumann et al.
the surface structure. To gain insight of the dependence of roughnes019). This in combination with the radiometric measurements led to
on the spatial scale, we also apply our method to two global imageshe conclusion that the boulder is highly porous (28% 55%) and that
from Ryugu and Churyumov-Gerasimenko. By doing so we avoidthe tensile strength is relative low (200 280 kPa) (Grott et al. 2019).
any in uence that the method of derivation may have on the result. In fact, small pores larger than 1 mm could not be observed while
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smaller pores may be present but not resolvable within the Mas-
Cam image (Grott et al. 2019). The three dimensional scene shows
a prominent hollow in the foreground with a size of approximately
7 cm with multiple smaller indentations 2 cm) and a roughly 2cm
extended overhang at the right hand corner of the scene (Figure 1c).
The hollow and indentations have a convex shape. Cauli ower-like
undulations on the scale ofl cm form the surface texture of the
boulder. They are covered with further, smaller undulations of ap-
proximately 2 3 mm, which suggests a fractalnature of the surface.
Although there are exceptions, the feature size of 1cm and 2 3mm
appears to be characteristic for this scene.

The images of MasCam show a cauli ower-like rock surface tex-
ture, which can also be observed for cohesive ne grained materials.
This is particularly evident in the images acquired during night when
the LEDs were used to illuminate the surface. This structural appear-
ance resembles pristine cometary material observed in situ by the
Philae lander comet Churyumov-Gerasimenko (Bibring et al. 2015;
Schréder etal. 2017a) and is also similar to fracture surfaces of aque-
ously altered carbonaceous chondrites (Fuchs et al. 1973; Gounelle
& Zolensky 2014). We will discuss the similarities and di erences
between Ryugu's and Churyumov-Gerasimenko's surface texture in
more detail in this work.

Figure 1. Asteroid Ryugu and comet 67P/Churyumov-Gerasimenko imaged2.2 Scene of the ROLIS landing site

from orbit (upper row) and in situ (lower row). a) Ryugu is approximately . .
900 m in diameter. b) Churyumov-Gerasimenko from a frontal view with On November 12 the Philae lander on board the Rosetta mission was

the small lobe in front of the big lobe 2.5km across). ¢) In situ image detached and landed on comet Churyumov-Gerasimenko (Ulamec
of Ryugu illuminated with MasCam's red LED. The scene is approximately €t al. 2016). After the initial touchdown and bounce, Philae got
25cm across. The darker appearing area in the lower right corner is a cavt0 rest at the Abydos site, a relatively rough terrain on the comet.
(' 7cmwide). d) In situ image at Philae's second landing site on Churyumov- Churyumov-Gerasimenko is a bi-lobate Jupiter family comet with
Gerasimenko illuminated with ROLIS' red LED. The scene is approximately dimensions 4.3km 2.6km 2.1km (Jorda et al. 2016). With an
80 cm across. Stray light is clearly visible as alternating light and dark circular estimated bulk porosity of 70 75% (Jorda et al. 2016), Churyumov-
areas origipatir_lg from the Iowe_r edge of the image. The overexposed featurgsarasimenko is more porous than asteroid Ryugu. Churyumov-
in the top right is caused by Philae's leg. Gerasimenko is relatively dark with a geometric albedo of 6.2% at
0.55um (Ciarniello et al. 2016). Geomorphologically, Churyumov-
Gerasimenko possesses a north-south dichotomy exhibiting a rough
consolidated terrain in the south and a smooth airfall-covered terrain
in the north. This is probably caused by the increased erosion of
the southern hemisphere during the perihelion passage (Keller et al.
2015). The rough terrain of the southern hemisphere, where Philae
came to its nal rest, is composed of consolidated material of 10
50 cm thickness (Knapmeyer et al. 2018). This layer probably formed
by sintering and cementing of volatiles and dust in the near surface
layers (Spohn et al. 2015). Two camera systems on-board Philae,
CIVA and ROLIS, showed this consolidated rough terrain in detail
(Poulet et al. 2016; Schréder et al. 2017a). Similarly to MasCam on
Ryugu (Jaumann et al. 2019), CIVA reports on two types of textures
within the eld of view - a smooth ne-grained and a rough granular
texture (Poulet et al. 2016). ROLIS describes a consolidated jagged
surface with cracked plates. Schroder et al. (2017a) also note the
fractal nature of Churyumov-Gerasimenko's surface by describing
similar surface morphologies on various scales.
The ROLIS camera on-board Philae operated in a similar manner
Figure 2. The 3-dimensional shape models used in this work and represenf0 MasCam on Ryugu. Both cameras possess a 1024024 sensor
tative pro les. a) The MasCam shape model from the in situ observation ofand a four colour LED array (465 812 nm (MasCam), 470 870 nm
Ryugu. The scene is approximately 25 cm across and a facet is about 3mrROLIS)) for illuminating the near surface (Jaumann et al. 2017,
wide. The light shaded area is the MARA footprint. b) ONC DTM of the area Mottola et al. 2007). ROLIS was mounted underneath the Philae
around Mascot's landing site (50 m60 m at 20 cm spatial resolution). ¢)-d)  |ander and was focussing on a surface 30cm away from the lens.
Pro les thrqugh MasCam.anq ONC DTM (black lines) as indicated in a) and At this distance the eld of view of 58 has a pixel resolution of
b), respectively. The red line is the reference surface. 0.33 mm (Mottola et al. 2007). However, as Philae landed on its side
and thus ROLIS partly pointed to the horizon ROLIS' in nity lens,
aimed to be employed for long distances during descent, yielded the
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