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We compared and assessed the results of measurements and observations by the Lunokhod 1 and Yutu
rovers, both of which explored the northwestern part of Mare Imbrium. Both sites are within the dis-
tinctive Eratosthenian-aged lava flow geologic unit and our comparisons showed that the geologies of
these exploration sites are very similar. As in the majority of other areas of the Moon, the dominant
landforms in these sites are small impact craters, having various degrees of morphologic prominence and
states of preservation, and rock fragments, mostly associated with the rims and interiors of fresh craters.
The shape and the degree of preservation of the observed rock fragments in these two sites are similar. In
both sites sporadic rock fragments were observed whose morphologies suggest that their source rocks
had columnar jointing. Localization of these specific rocks on the rims of 450-470 m in diameter craters
implies that the source rocks are at depths of 40-50 m. Regolith in the study areas is typically a few
meters thick, but locally can be much thicker. The ground penetrating radar of the Yutu rover revealed
the multilayer regolith structure, which is determined by superposition of crater ejecta; with some local
variations, this type of the regolith stratigraphy should be typical of the majority of lunar mare sites. The
physico-mechanical properties of the regolith in these two sites appear to be rather similar: the bearing
capacity ranges from 0.04 to 1.44 kg/cm?, with a modal value ~0.45 kg/cm?, and the shear strength
ranges from 0.02 to 0.1 kg/cm?, with a modal value ~0.05 kg/cm?. Both these factors decrease by a factor
of 3-4 with an increase of surface slope from ~2 to 12°. The chemical composition of surface materials
determined by the rover instruments at these two sites differ from those derived from the remote
sensing data for the Eratosthenian-aged basalts on which the two sites are located. This could be partly
due to low measurement accuracies, especially in the case of Lunokhod 1, but may also represent real
variations in the composition of the surface materials compared to returned lunar samples. Difference in
the spatial resolution of the in-situ and remote-sensing analyses should also be taken into account.
Recommendations for future lunar rover missions are as follows: (1) to use ground penetrating radar and
a robotic arm, and (2) to employ radial study tactics for impact crater documentation and analysis.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

part of Mare Imbrium including Sinus Iridum, as well as Montes
Jura, which is the adjacent part of the Imbrium basin rim. The

This work is a part of a joint research project between Brown
University, Providence, RI, USA, Nanjing University, Nanjing, China,
China University of Geosciences, Wuhan, China, and the Vernadsky
Institute, Moscow, Russia. Its goal is a study of the northwestern
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formation of the Imbrium impact basin is considered to be the
beginning of Imbrian epoch (Wilhelms, 1987), and its subsequent
filling with basaltic lavas during the Imbrian and Eratosthenian
time were important events in the geologic history of the Moon
(Hiesinger et al. 2010). Within the study area are landing sites of
the USSR Luna 17 lander, which on November 17, 1970, delivered
to the lunar surface the Lunokhod 1 rover, and the Chinese
Chang'E-3 spacecraft, which 43 years later on December 14, 2013,
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Fig.1. A LRO WAC mosaic showing the northwestern part of Mare Imbrium and Sinus Iridum with locations of the Luna 17 and Chang'E-3 landing sites indicated. Courtesy of
NASA/ASU/LPL. Both landing sites are located within the lower albedo Eratosthenian mare unit near its boundary with the slightly higher albedo and older Imbrian lava flows

(Wu et al.,, 2015).

brought to this area of the Moon some 500 km to the northeast,
the Yutu rover (Fig. 1).

In this project we analyzed different sets of data to characterize
the landings and traverse regions and to intercompare them. The
present paper is mostly based on analysis of the imagery and other
data taken in-situ by the Lunokhod 1 and Yutu rovers, while the
complementary paper (Wu et al., 2015) is based on analysis of the
remote sensing data.

2. Lunokhod 1 area

The Luna 17 lander, with Lunokhod 1 onboard, landed in the
northwestern part of Mare Imbrium ~75 km SE of Promontorium
Heraclides, which is a part of Montes Jura. According to analysis of
remote sensing data, the landing site is within the Eratosthenian
lava unit (Schaber, 1969, 1973; Hiesinger et al., 2010; Qiao et al.,
2014) near the boundary with Imbrian-aged lavas (Wu et al., 2015;
Zhang et al., 2015). The typical landscape of the Lunokhod 1 study
area is shown in Fig. 2.

The Luna 17 landing site coordinates are 38.24°N, 35.00°W, and
the coordinates of the ending position of Lunokhod 1 are 38.32°N,
35.01°W (determined from the map of Shingareva et al., 2012). The
total length of the Lunokhod 1 route was 9436 m (Fig. 3). The last
communication session with Lunokhod 1 was on September 30,
1971 on the eve of lunar night after which Lunokhod 1 did not
respond to control center commands (Ivanov et al., 1978).

Lunokhod 1 is an eight-wheel rover with a mass of 756 kg
(Anisov et al., 1971). Its wheel track width was 20 cm in the soil,
and when the rover tracks are seen in panoramas their width is a
convenient tool to measure sizes and distances in the close vicinity
of the rover. Lunokhod 1 explored the lunar surface using the
following instruments: (1) four panoramic cameras, (2) Penet-
rometer PROP (PRibor Otsenki Prokhodimosti=Instrument to
measure trafficability) to measure physico-mechanical properties
of the surface material, and (3) X-ray fluorescence spectrometer

RIFMA (Roentgen Isotopic Fluorescent Method of Analysis) to
measure the elemental composition of the surface material. The
rover also had an X-ray telescope and cosmic ray detectors to
measure the radiation environment, and a laser retroreflector to
measure with high precision the Earth-Moon distances by laser
ranging from observatories on Earth (Fig. 4).

A digital terrain model (DTM) was produced for this area based
on the analysis of LRO NAC image stereopairs (Karachevtseva et al.,
2013). It was found that the altitude range in the area is ~50 m,
while for the entire Lunokhod 1 route the altitude range was not
more than ~25 m and the slopes, measured at a baseline of the
rover wheel separation distance (~2 m), are typically less than
~10°. The rover first moved to the south. It then turned back to the
landing site and continued its way to the north, making a rather
large loop SW of crater Borya (Fig. 3).

Fig. 5 shows the Luna 17 lander with the rover wheel offramps
and the rover wheel tracks. The images were taken late in January
1971 when the rover returned back to the lander.

2.1. Craters

The landscape-forming features in the area of landing site and
its vicinity are mostly impact craters of meters, tens and hundreds
of meters in diameter scale (Fig. 6).

In Fig. 6, craters several meters in diameter, with various
degrees of morphological prominence, are observed and the cen-
timeter- to decimeter-size rock fragments are seen as well. On the
basis of their degree of morphological prominence, craters are
classified into three main morphologic classes (A, B and C), and
two intermediate classes (AB and BC), first suggested by Florensky
and Taborko (1972) (Fig. 7).

Craters of classes A, AB, B, BC and C typically comprise 0.5-1, 2-3,
15-20, ~30 and ~50% of the total population of small craters, cor-
respondingly (Florensky et al., 1971, 1972, 1978; Basilevsky 1976).
They represent the evolutionary sequence from newly-formed cra-
ters of class A to strongly degraded craters of class C. The
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Fig. 2. Landscape at the Lunokhod 1 study area with the mountains of Promontorium Heraclides on the horizon. The rover tracks are seen in the lower part of the image and
in the upper right is seen part of a relatively large crater with rock fragments outlining its rim. Part of TV panorama L1_D11_S01_P01. Here and in further references, the
meaning of the panorama numbering system is: L1-Lunokhod 1, D11-number of working day (lunation), SO1-number of working session during this day, PO1-number of

panorama taken at this session.

morphologic prominence of small lunar craters depends on their age
and size: craters of smaller size degrade from the class A to class C
faster than craters of larger size. Estimates of the potential lifetimes
of small lunar craters (Basilevsky, 1974, 1976) were made by con-
sidering the intersection of craters of different sizes (and represent-
ing different morphologic classes) in comparison with morphologic
analysis of several craters at the Apollo landing sites, for which
absolute ages of formation were found from isotopic studies of the
returned samples. In these studies, a crater lifetime was interpreted
as the time during which a crater in the process of its degradation
could still be visually identified. In the recent work of Basilevsky et al.
(2014) on the morphometry of small craters in the areas traversed by
Lunokhod 1 and 2, it was found that the visual identification of
craters is typically possible if the crater depth/diameter ratio is larger
than ~0.03.

It was found that for craters smaller than ~150 m in diameter,
the potential crater lifetime T depends on the crater diameter D, as
T=2.5 D, where T is in millions of years (Ma) and D is in meters.
For craters larger than ~150 m in diameter, the T(D) dependence
was found to be T (Ma)=8D (m)-900 (Ma). So, for example, for
craters having D=100 m, their potential lifetime will be ~250 Ma.
Craters of this size belonging to class A and thus representing the
first 0.5-1% of the crater evolution are not older than 1.2-2.5 Ma,
and so on. The majority of craters seen on Lunokhod 1 panoramas
are not larger than 5-10 m in diameter so they are not older than
12-25 Ma, while the largest crater in this area, Borya, (morpho-
logic class B, D=470 m) was formed between 100 and 500 Ma ago
(Abdrakhimov et al., 2014). As discussed by Basilevsky (1974), the
accuracy of this method is ~30% of the determined age. To improve
upon this estimate and technique, new sample return missions to
the Moon are necessary.

2.2. Rock fragments

The rock fragments in the Lunokhod 1 study area (and in
majority of other areas of the Moon as well) are mostly associated

with rims and internal slopes of rather large (tens and hundreds
meters in diameter) craters which, during the impact event,
penetrated through the regolith layer to the rocky substrate (e.g.,
Morris and Shoemaker, 1968; Florensky et al., 1971, 1977; Schultz,
1976) (Fig. 8).

It is seen in Fig. 8a that 0.5-1 m-sized rocks on the rim of Borya
Crater (comprising a cluster to the right center of the image) have
a subdued morphology that implies their relatively long exposure
on the lunar surface (more than tens of millions years according to
Basilevsky et al. (2013)). This agrees with the observed absence of
2-5 m sized boulders on the rim of Borya Crater in LRO NAC image
M150749234LC. This 470-m crater belongs to morphologic class B
and using the technique of Basilevsky (1976) allows one to esti-
mate its age as approximately 150-200 Ma (Abdrakhimov et al.,
2014). Rocks seen in Fig. 8b are on the internal slope of the same
crater, Borya. They are sharp-edged and angular suggesting a
shorter time of surface exposure probably due to evolution of the
regolith layer on the rather steep inner slope of this crater by the
downslope material movement and due to excavation by the new-
formed smaller crater (e.g., Schultz, 1976; Basilevsky et al., 2014).

Rocks seen on the images differ in primary shape and degree of
degradation (Fig. 9) and can be classified according to these
parameters (e.g., Florensky et al., 1978).

The primary shape of these rocks depends on the character of
jointing of the source rock. Columnar jointing, typical for basalts,
does not necessarily lead to only prismatic shapes. All rock shapes
observed in Lunokhod 1 area could be formed by fragmentation of
rocks with columnar jointing (see also, http://marlimillerphoto.
com/Ig-84.html) and especially if the formation of rock fragments
from the rock basement occurs under such dynamic conditions as
high-velocity impacts.

A rock fragment whose shape suggests that the source rock could
have been characterized by columnar jointing is shown in Fig. 10.

It is seen in Fig. 10 that the rover had partly driven on the
~30 x 50 cm rock fragment that led to separation along a part of
the rock (arrow) parallel to the rock jointing planes. This location
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Fig. 3. Lunokhod 1 traverse on the background of LRO WAC mosaic. Courtesy of NASA/ASU/LPL. Crater names on the map are the first names of the Lunokhod crew members
and leader of the science team Boris Nepoklonov (Borya) (http://planetarynames.wr.usgs.gov/).
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Fig. 5. The lander seen by the TV panoramic camera of the rover. The camera is looking to the south. The width between the rover wheels base is 160 cm and the wheel
width is 20 cm. Portions of panoramas L1_D03_S07_P19 and L1_D03_S07_P14, correspondingly.

is on the WSW rimcrest of the 470-m Borya Crater, and this
implies that the depth of excavation of this crater is ~40-50 m
(Melosh, 1989, formula 5.5.4). Typically the rimcrest is the place
where the deepest part of the target material is deposited, and
thus the rock with columnar jointing probably came from this
~40-50 m depth. Its morphologic freshness suggests that the
majority of the time since the formation of Borya Crater (150-
200 Ma ago, see above) it was buried in the subsurface and only
recently exposed, probably by a small crater-forming event.

2.3. Regolith

Regolith surfaces were observed along all traverse of Lunokhod 1;
no outcrops of rocky basement were seen. The presence of rock

fragments in ejecta of morphologically fresh craters which, at the
time of their formation, penetrated through the regolith to the rocky
basement, permitted the estimation of the typical thickness of
regolith layer in the Lunokhod 1 area to be ~4-6 m (Florensky et al.,
1978). On the rims of the largest fresh craters (200-500 m in dia-
meter) the regolith thickness may reach 10-15 m: sum of pre-crater
regolith thicknesses and thicknesses of the crater ejecta, for the latter
see also McGetchin et al. (1973), formula 3; Basilevsky et al. (1983),
formula I1.34). On the floors of the largest degraded craters (classes
BC and C) the regolith thickness may reach a few tens of meters:
filling of fresh craters (H/D ~ 1/5) with ejecta from other craters to
reach the degradation stage BC-C (H/D <1/10). On the rims and
slopes of relatively large fresh craters, the surface of the regolith is
covered with rock fragments. In other geomorphologic situations,
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Fig. 6. Typical landscape in the Lunokhod 1 study area. Portion of panorama L1_D09_S05_P10.

when the surface is free of rock fragments, it typically has a smooth
to cloddy texture, and containing gravel-size particles. Fig. 11 shows
the surfaces of undisturbed regolith and the results of deformation of
the regolith by the Lunokhod turning in place.

It is seen in Fig. 11b that clockwise displacement of regolith
material by the rotating and turning wheel caused the newly-
formed surface to be smooth due to compaction and shear. Fig. 11c
also shows the result of clockwise material displacement, leading
to material piling up, with the surface consisting of centimeter-
sized clods and probably rock fragments. This figure demonstrates
the cohesive character of the regolith material.

Measurements by the PROP instrument, which was part of the
Lunokhod 1 payload, showed that the bearing capacity of the
regolith along the traverse varied from 0.04 to 1.44 kg/cm?, with a
modal value close to 0.45 kg/cm?. The shear strength of the
regolith material was found to be between 0.02 and 0.1 kg/cm?,
with a modal value close to 0.05 kg/cm? (Leonovich et al., 1978).
Accuracies of these measurements are estimated to be 5-10% of
the measured values (Malenkov, personal communication). Values
of these two parameters were found to decrease by a factor of 3-4
with an increase of the surface slope from ~2 to 12°. Similar values
of the regolith bearing capacity and its dependence on surface
slope were found for the regolith of the Lunokhod 2 study area in
northeast Mare Serenitatis within the mare-flooded Le Monnier
Crater (Basilevsky et al., 1984).

The chemical composition of the regolith material was mea-
sured by the X-ray-fluorescence spectrometer “RIFMA” (Kocharov
and Viktorov, 1978). Although this instrument made measure-
ments at almost every traverse station, measurements of sufficient
duration to provide good statistics of the data were made at only
four stations. The following chemical compositions were mea-
sured at four stations (recalculated in mass % of oxides): Si0,-36.4
to 51.4%, Fe0-10.3 to 16.7%, Ca0-8.4 to 12.6%, Al,03-11.3 to 18.9%,
TiO,- < 6.7%, K,0- < 1.2-2.4%. If we consider the overall range of
compositions these values correspond marginally to low-Ti alu-
minous basalts (Taylor et al., 1991). If we consider compositions
measured at individual stations the closest although still marginal
is the correspondence to low-Ti aluminous basalts observed at
station 10 about 250 m north of the Luna 17 landing site.

3. Chang'E-3 area

The Chang'E-3 lander, with the Yutu rover onboard, landed in
the northwestern part of Mare Imbrium in between craters Laplace
F and Le Verrier E, ~500 km NE of the Luna17/Lunokhod 1 landing
site (Fig. 1). The Chang'E-3 landing site coordinates are 44.12°N,
19.51°W (Xiao et al., 2015). According to analysis of remote sensing
data, the landing site is within the Eratosthenian lava unit near the
boundary with older Imbrian-aged lavas (Zhao et al., 2014; Wu
et al,, 2015). The Yutu rover was safely delivered to the lunar
surface and started to traverse, making scientific observations with
its stereo cameras, ground penetrating radar and spectrometers.
The total length of the Chang'E-3 route is ~114 m. Fig. 12 shows
the lander imaged by the panoramic camera of the rover.

CE3_BMYK_PCAML-C-004_SCI_N_20140113190347_2014011-
3190347_0008_A;

CE3_BMYK_PCAML-C-005_SCI_N_20140113190450_2014011-
3190450_0008_A

The Chang'E-3 spacecraft landed on the lunar surface on the
east rim of a crater ~450 m in diameter (named Crater C1 in Xiao
et al.,, 2015). At the final stage of landing it used terrain recognition
equipment and software to hover ~100 m above the surface and
confirm if it was safe for landing. Fig. 13 shows the landing site on
the images taken by LRO NAC and the Chang'E-3 descent camera.

Yutu is a six-wheel rover with a mass of 140 kg. Its wheel width
is 15 cm (http://wiki.china.org.cn/wiki/index.php/Yutu_%28]Jade_
Rabbit%29) and as in the case with Lunokhod 1 panoramas, the
tracks of Yutu seen in panoramas are a convenient tool to measure
sizes and distances. Yutu explored the lunar surface and subsur-
face on the rim of Crater C1 using its four main instruments:
panoramic camera, Lunar Penetrating Radar (LPR), Visible-Near
Infrared Spectrometer (VNIS), and Active Particle-Induced X-ray
Spectrometer (APXS).

3.1. Craters

It is seen in Fig. 13a that the Crater C1 is morphologically
prominent. It has inner slopes with maximum steepness ~20-25°
and a depth-diameter ratio close to 1/6. This corresponds to the
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1/3-1/5
35 - 450

115 -1/7
25 -350

1/7 -1/10
15 - 250

1/10 - 1/12
10 - 150

<1/10
<100

Fig. 7. Morphologic classification of small lunar craters. The craters shown are 3-5 m in diameter. Portions of Lunokhod 1 panoramas L1_D08_S03_P05, L1_D10_S03_P04,
L1_D09_S02_P03, L1_D03_S07_P15 (flipped horizontally), L1_D_032_S04_P25 (flipped horizontally), correspondingly. In the right part of figure the typical depth/diameter

ratios and maximum angles of crater internal slopes are shown.

transition from morphologic class AB to class B (Lu et al., 2014) and
allows one to estimate the age of this crater as ~100 Ma (Basi-
levsky, 1976). Xiao et al. (2015) studied the crater size-frequency
distribution within the Crater C1 rim, counting craters on LROC
NAC image M181302794L, and determined the model age of
~27 Ma (see for details their Figure S8). So the Chang'E-3 landing
area is geologically very young and the local soil here should be

immature and rocky (McKay et al., 1991). This can be seen in
Fig. 13b: the 17-m-diameter crater ~17 m north of the lander
designated by Xiao et al. (2015) as Crater C2 has a rocky rim. Its
depth of excavation is only about 1.5 m; on the basis of the crater
radius and distance from the crater center, the Crater C1 ejecta
thickness is calculated to be about 4-6 m (McGetchin et al., 1973,
formula 3; Basilevsky et al., 1983, formula I1.34). Similar estimates
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Fig. 8. (a) Moderately rocky surface in the WSW part of the rim of the relatively large (D=470 m) crater Borya (see Fig. 3). In the upper part of the image the opposite
internal slope of this crater is seen. (b) Rocky surface on the western internal slope of crater Borya. Parts of panoramas L1_D07_S04_P08 and L1_D06_S02_P03,

correspondingly.

Fig. 9. Lunokhod 1 rover images of rock shapes and degrees of degradation. I-IV-The rock shape: irregular, pyramidal, prismatic and flattened, correspondingly. 1-3-Degree
of degradation: angular, rounded-angular, rounded, correspondingly. The rocks shown are 30 cm to ~1 m in diameter. Parts of Lunokhod 1 panoramas.

made by Qiao et al. (2015) derived a thickness of 5 m. On this basis,
it appears that Crater C2 did not penetrate below the blocky ejecta
of Crater C1 and excavated mostly these ejecta.

The view of the southern part of Crater C1 and the crater
eastern rim taken by the Yutu rover camera can be seen in Fig. 14.

CE3_BMYK_PCAML-C-014_SCI_N_20140113191411_201401
13191411_0008_A;

CE3_BMYK_PCAML-C-015_SCI_N_20140113191514_201
40113191514_0008_A

In Fig. 14 it is seen that the rim of Crater C1 is covered by
numerous rock fragments, typically a few decimeters across. The
largest rock in the lander near vicinity is the so called Loong Rock,
1.5 x 4 m (see below; Xiao et al., 2015). But it is seen in this figure
and in Fig. 12 that generally the meter-sized rock blocks are pre-
sent on inner slopes of the Crater C1, but practically absent on its

rim where they certainly were emplaced at the time of crater
formation, however then with time were destroyed. This suggests,
according to Basilevsky et al. (2013), that crater C1 is ~100 Ma old,
and this is in agreement with other age estimates based on crater
morphologic prominence and size (Abdrakhimov et al., 2014; Lu
et al.,, 2014), as previously discussed.

In close proximity to the landing site, a number of craters with
sizes of decimeters to meters, and 15-20 m in diameter, are seen,
with various degree of maturity (Fig. 15).

3.2. Rock fragments
Rock fragments in the Chang'E-3 study area, as in the Lunokhod

1 area, are mostly associated with fresh craters. Their highest
abundance in the Chang'E-3 study area is observed within the
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rimcrest and inner slopes of the Crater C1 (D ~ 450 m, morpho-
logic prominence transitional from class AB to class B). Rock
fragments here, as in the Lunokhod 1 area, vary in primary shape
and degree of degradation, as summarized in Fig. 16. The varieties
of rock fragments seen in this figure appear very similar to those
observed in Fig. 9 in Lunokhod 1 images.
CE3_BMYK_PCAML-C-018_SCI_N_20140113191821_
20140113191821_0008_A
CE3_BMYK_PCAML-C-015_SCI_N_20140113191514_
20140113191514_0008_A
CE3_BMYK_PCAML-C-024_SCI_N_20140113192435_
20140113192435_0008_A
CE3_BMYK_PCAML-C-009_SCI_N_20140113190859_
20140113190859_0008_A
CE3_BMYK_PCAML-C-016_SCI_N_20140113191616_
20140113191616_0008_A
CE3_BMYK_PCAML-C-009_SCI_N_20140113190859_
20140113190859_0008_A
CE3_BMYK_PCAML-C-009_SCI_N_20140113190859_
20140113190859_0008_A
CE3_BMYK_PCAML-C-006_SCI_N_20140113190552_
20140113190552_0008_A

Fig. 10. A rock fragment, whose shape suggests that the source rock was char- CE3_BMYK_PCAML-C-018_SCI_N_20140113191821_
acterized by columnar jointing. Part of panorama L1_D05_S01_PO1. 20140113191821_0008_A

Fig. 11. (a) Panorama L1_D1_S04_P10 taken by the camera with horizontal axis of scanning. Its left part shows the lunar surface behind the rover, the right part, the surface
ahead, and the central part shows a device to measure roll and pitch of the camera: the bowl with a graduated surface on which a small ball (white arrow) moves to different
positions at different rolls and pitches. (b) and (c) the left and right parts of the panorama enlarged and turned clockwise and counterclockwise, correspondingly.
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Fig. 13. Crater C1. (a) Portion of LRO NAC image M1142582775R showing the 450 m crater with Chang'E-3 lander seen (at end of black arrow) on its eastern rim. The image
was taken on December 25, 2013, nine days after the landing. (b) Portion of image 4'57"" taken by the Chang'E-3 descent camera 4 min and 57 s from the beginning of the
video showing the immediate vicinity of the landing site (http://www.youtube.com/watch?v=QzZkF1MAsb8). Asterisk denotes the final lander locality.

CE3_BMYK_PCAML-C-037_SCI_N_20131224193949_
20131224193949_0006_A

CE3_BMYK_PCAML-C-009_SCI_N_20140113190859_
20140113190859_0008_A

CE3_BMYK_PCAML-C-019_SCI_N_20140113191923_
20140113191923_0008_A

Among the observed rocks, one rock fragment appears to
represent an example of columnar jointing (Fig. 17). Comparing its
size and angular distance from the rover with those for the lander
and the rover wheel tracks seen in different part of the same
panorama, it was possible to estimate that the rock is ~1 m long
and 15 cm wide. The rock is observed on the rim crest of the 450-
m Crater C1; this suggests that it was ejected from a depth of ~40-

50 m, while its sharp-edged appearing pristine morphology
probably indicates that for significant part of the time since for-
mation of Crater C1 this rock was in the subsurface and only
recently was excavated by a small impact cratering event (compare
with Fig. 10 in the Lunokhod 1 part and the related text there). A
few similar-appearing elongated rocks are seen at greater dis-
tances on the western inner slope of Crater C1.

The largest rock that Yutu rover approached is Loong Rock,
~1.5m high and 4 m long. It consists of a few closely adjacent
parts, the larger of which is shown in Fig. 18a.

The Loong Rock is described by Xiao (2014) and Xiao et al.
(2015) as coarse-grained rock, basalt or dolerite, with brighter
millimeter-sized inclusions, probably phenocrysts. Besides the
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Fig. 14. Crater C1. Southeastern part of the rim (foreground) and southwestern part of inner crater wall slopes (background). The “standing” prismatic rock fragment in the

lower right of the figure is ~0.5 m high. Portion of Yutu panorama, images.

Fig. 15. The morphologically prominent crater C2 of 17 m in diameter (see also Fig. 13)
and smaller craters of various morphologic prominence. Portion of Yutu panorama,
part of image 074 from http://moon.bao.ac.cn/multimedia/img2dce3jsp.

phenocrysts, also seen on the surface of this rock are microcraters
(Fig. 18b), similar in appearance to those seen on the surface of the
returned Apollo samples, for example Apollo 15 sample 15555,
composed of basalt (Fig. 18c). The Loong Rock is estimated to have
been exposed on the surface since the formation of Crater C1
(~100 Ma, see above) and rock sample15555 was exposed on the
surface for approximately the same time: 76-90 Ma (Marti and
Lightner, 1972; Podosek et al., 1972; York et al., 1972).

3.3. Regolith

The surface of the regolith at the Chang'E-3 site, as it is seen in
Figs. 12, 14 and 15, can be both rocky and smooth. The regolith
physico-mechanical properties were not measured here but as it
can be concluded from the images of the wheel tracks (Fig. 19),

they are probably rather similar to those at the Lunokhod 1 site
(Figs. 2, 6, 8).

It is seen in Fig. 19 that the wheel tracks of the Yutu rover and
Lunokhod 1 look rather similar. Considering the different masses
of the Yutu rover (140 kg) and Lunokhod 1 (756 kg), the number of
wheels (6 and 8) and the wheel diameter (30 and 50 cm) and
wheel width (15 cm and 20 cm) one can conclude that the wheel
load on the soil in case of Yutu differs from that of Lunokhod 1 by
less than a factor of 2.5. This suggests that the strength of the
upper part of regolith in these two localities probably does not
differ much.

Qiao et al. (2015) studied small crater morphologies and their
frequencies of distribution within the broad vicinity (5 x 5 km) of
the Chang'E-3 site and found that the average regolith thickness
here is 5-7 m; this is in agreement with estimations by Fa et al.
(2014) and Shkuratov and Bondarenko (2001).

The Yutu rover was equipped with ground penetrating radar
which sounded the subsurface structure of the regolith along the
whole Yutu traverse (Qiao et al., 2015; Su et al., 2014; Xiao et al.,
2015; Zhang et al., 2015). The instrument has two dominant fre-
quencies: 60 MHz (Channel 1, which revealed subsurface struc-
tures to depths of ~400 m) and 500 MHz (Channel 2, which
revealed structures at depths less than 12 m, but with greater
detail compared with the Channel 1 data). It was found that the
upper layer, which is a regolith formed after the Crater C1 crater-
forming event, is 1-2 m thick. Below this, down to the depth of
~4 m, is the layer representing ejecta of Crater C1. Underlying the
ejecta is a layer, whose base is at a depth of 6-10 m, interpreted as
regolith accumulated before the formation of Crater C1. Materials
at depths larger than ~6-10 m show regular layering and the radar
echoes indicate a higher density compared with shallower regolith
or ejecta deposits. This competent material extending to the depth
of 35 m is considered to be the Eratosthenian basalts. Below this is
a several meters thick layer interpreted as paleoregolith formed on
top of the Imbrian-aged lava flows; within the Imbrian flows are
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Fig. 16. Yutu rover images of rock shapes and degrees of degradation. I-IV-Rock shape: irregular, pyramidal, prismatic and flattened, correspondingly. 1-3-Degree of
degradation: angular, rounded-angular, rounded, correspondingly. Compare to those seen in the Lunokhod 1 traverse panoramas (Fig. 9). The rocks shown are a few
decimeters in diameter. Parts of the Yutu panoramas (from I to IV and left to right).

Fig. 17. Columnar fragment (arrow) on the rim of Crater C1. Portion of Yutu panorama, part of image ID: CE3_BMYK_PCAML-C-015_SCI_N_20140113191514_20140113191514_0008_A.
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Fig. 18. (a) The major part of Loong Rock; (b) enlargement of the area outlined by box in (a), arrows point to microcraters a few millimeters in diameter; (c) the Apollo 15
rock sample 15555, arrows point to microcraters. Figure parts (a) and (b) are portions of image CE3_BMYK_PCAML-C-015_SCI_N_20140113191514_20140113191514_0008_A;

(c) is part of NASA image S71-43393 (http://www.Ipi.usra.edu/lunar/samples/atlas/).

Fig. 19. Wheel tracks of Yutu rover (a) and Lunokhod 1 (b). Parts of the Chang'E-3 lander panorama portion of image 043 from http://moon.bao.ac.cn/multimedia/img2dce3.
jsp and Lunokhod 1 panorama L1_D02_S05_P20. Scale bars are for the close parts of the images.

seen boundaries at depths of 140, 240 and 360 m. Zhang et al.
(2015) report different depths at which these boundaries are seen:
195, 215, and 345 m.

The Visible-Near Infrared Spectrometer (VNIS) instrument
made measurements in four points along the Yutu route (Liu et al.,
2014; Zhang et al., 2015). The measurements covered ~20 x 20 cm
surface areas at a distance of ~1.3 m in front of the rover. The
spectral range was from 450 nm to 2400 nm. The spectra clearly
document the presence of high-Ca pyroxene and are consistent
with basalts. The presence of abundant olivine is also suggested
but is more difficult to quantify. Additional data are needed for
more detailed interpretations.

The Active Particle-Induced X-ray Spectrometer (APXS) oper-
ated at three points along the Yutu traverse (Neal et al., 2015). The
measurements showed that regolith here contains approximately
4.7 wt% TiO,, 12-12.6 wt% Al,03, 21.3-22.1 wt% FeO, 8.3-9.1 wt¥%
MgO, ~10.1 wt% Ca0, and ~0.12 wt¥% K,0. When compared with
results taken by Clementine, Lunar Prospector and Chang'E-1
orbital data (Lucey et al. 2000; Prettyman et al., 2006; Wu et al.,
2012) it was found that discrepancies evident between orbital and
CE-3 data are only in TiO, (lower than orbital) and FeO (higher
than orbital). Neal et al. (2015) considered the possibility of
additions of highlands material to the local regolith or dilution of

local material by low-Ti basaltic material from spatially close
localities of the latter, and rejected these options, concluding that
the CE-3 XRS data represent a new type of mare basalt. Zhang et al.
(2015), considering contents of KREEP-indicative trace elements,
supports the idea of a new type of basalt and suggests two dif-
ferent scenarios as to how it could be formed. The obvious dif-
ferences in the spatial resolution of the measurements compared
(centimeters versus hundreds of meters) should also be taken into
account.

4. Discussion

As described above, the Luna 17/Lunokhod 1 site and Chang'E-
3/Yutu site are very similar in surface geology. The major land-
forms are small impact craters, ranging from decimeters to a few
hundred meters in diameter, and displaying various degrees of
morphologic degradation. Rock fragments typically associated
with morphologically fresh craters, and mostly occurring on the
crater rims and internal slopes, are observed in both sites. Rock
shapes, and degrees of rock morphologic degradation, are similar
at the two sites. Sporadic rock fragments implying the presence of
columnar jointing in the source rocks were found at both the
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Lunokhod 1 and Chang'E-3 sites. They were observed on the rims
of craters 450-470 m in diameter, suggesting that these rock
fragments originated from the depths of 40-50 m.

The regolith in both regions explored is locally rather fine-
grained, and locally rocky. The mean thickness of the regolith layer
in the Lunokhod 1 and Chang'E-3 areas was estimated to be ~4-
6 m, but on the rims and floors of the largest craters it may reach a
few tens of meters. The Yutu ground penetrating radar found that
the regolith structure and thickness along its 114 m traverse (Xiao
et al,, 2015). The three-unit structure of regolith was found here:
the upper 1-2 m thick layer of regolith formed due to impact
regardening of the Crater C1 ejecta, the middle 2-3 m thick layer
of unreworked Crater C1 ejecta and the lower 4-6 m thick layer
formed before emplacement of Crater C1. Evidence was found for
the presence of one more layer of several meters thickness,
interpreted as regolith material occurring between the layers of
Eratosthenian and Imbrian-aged lavas at depths of 30-50 m
(paleoregolith). On the basis of the Yutu ground-penetraing radar
results (Xiao et al., 2015), it is clear that different varieties of
multilayered regolith structure should have also occurred in the
Lunokhod 1 area, and in majority of other mare areas as well.

The similarity in appearance of the Yutu and Lunokhod 1 wheel
tracks suggests a similarity in the surface material strength as
measured in the Lunokhod 1 area (bearing capacity from 0.04 to
1.44 kg/cm? with a modal value ~0.45 kg/cm?: shear strength from
0.02 to 0.1 kg/cm? with modal value ~0.05 kg/cm?, both decreas-
ing by factor 3-4 with increase of the surface slope from 2 to 12°).
On the basis of the Lunokhod measurements and the Yutu images,
these values are probably typical of the Yutu traverse region as
well.

The regolith chemical compositions measured in the Lunokhod
1 and Yutu sites raise questions because they differ from those
derived from the remote sensing data for the Eratosthenian-aged
basalts on which these two sites are located. The Lunokhod
1 measurements showed values of Si, Fe, Ca, Al, Ti, and K
(Kocharov and Viktorov, 1978) which correspond marginally to
low-Ti aluminous basalts (Taylor et al., 1991). The Yutu measure-
ments showed difference from the orbital remote sensing data in
TiO, (lower than orbital) and FeO (higher than orbital). On the
basis of the Yutu measurements, Neal et al. (2015) suggested that
the surface material here could derive from a new type of mare
basalt and this suggestion is in agreement with the conclusions of
Zhang et al. (2015). Part of the orbital/in-situ data discrepancy
could be due to low measurement accuracies, especially in the
case of Lunokhod 1. But the discrepancies may also be due to real
variations in the composition of the surface materials, especially at
the small spatial scale. The classification of the four major known
types of lunar basalts are derived from the limited number of the
sites from which sample were returned, and thus, mare basalt
petrologic variability may be higher than is currently envisioned
(e.g., Taylor et al., 1991).

5. Conclusions

® Luna 17/Lunokhod 1 and Chang'E-3/Yutu sites are both within
the Eratosthenian-aged mare lava flow geologic unit and ana-
lysis of the in-situ data gained by these rovers showed that the
geology of these sites is very similar, thus emphasizing that
even over widespread areas of the same unit, characteristics of
emplacement and regolith formation can be similar.

® As in the majority of other lunar places the dominant landforms
in these sites are small impact craters having various degrees of
morphologic prominence, and rock fragments, the latter mostly
associated with rims and interiors of fresh craters. Rock shape

and degree of preservation of the observed rock fragments in
these two sites are rather similar.

® In both the Lunokhod 1 and Yutu sites sporadic rock fragments
were observed whose morphologies suggest that their source
rocks were characterized by columnar jointing. Localization of
these specific rocks on the rims of craters of 450-470 m in
diameter implies that the source rocks were derived from
depths of 40-50 m.

® Regolith in the study areas is typically a few meters thick. The
ground penetrating radar of the Yutu rover showed the multi-
layer nature of the regolith structure, which is obviously
determined by superposition of crater ejecta and which, with
some variations, should be typical of the majority of other lunar
mare sites.

e The physico-mechanical properties of regolith in these two sites
seem to be rather similar: bearing capacity from 0.04 to
1.44 kg/cm? with modal value ~0.45kg/cm? and the shear
strength from 0.02 to 0.1kg/cm? with modal value
~0.05 kg/cm?, both decreasing by a factor of 3-4 with an
increase of surface slope from 2 to 12°.

® The chemical composition of surface materials determined by
the rover instruments at these two sites differ from those
derived from the remote sensing data for the Eratosthenian-
aged basalts on which these two sites are located. This could be
partly due to low measurement accuracies, especially in the
case of Lunokhod 1, but may also represent real variations in the
composition of the surface materials compared to returned
lunar samples.

6. Suggestions for future exploration

Lunokhod 1 (1970) was the first robotic lunar rover and initi-
ated the era of mobile planetary research laboratories. Yutu is the
most recent robotic lunar rover and the 43 year time interval
between these two missions could provide, and in some respects
did provide, a basis for improvements. Modern technologies made
it possible to decrease the total mass of the rover by more than a
factor of 5 (140 kg vs. 756 kg), maintaining approximately the
same number of scientific instruments onboard (4 vs. 6). The
smaller mass of the rover requires smaller launchers, and this
makes missions less expensive and thus more economically
plausible.

Panoramic cameras of Yutu compared to those of Lunokhod
1 are of smaller mass and provided higher resolutions and color
capability. The Active Particle-Induced X-ray Spectrometer (APXS)
of Yutu compared to the X-ray Fluorescence Spectrometer RIFMA
on Lunokhod 1 is also of smaller mass and provided higher
accuracies of elemental composition measurements. Yutu did not
have an instrument to measure the physico-mechanical properties
of the soil, like Lunokhod's PROP. This required the use of the
visual appearance of the wheel tracks of Yutu for indirect esti-
mates (see above). But Yutu did have ground penetrating radar
which is an innovation in in-situ planetary research that provided
valuable knowledge on the details of subsurface structure. This
instrument should be recommended for future robotic rovers
because in most study sites the subsurface structure is deduced
based on general geological considerations, but these should be
quantitatively tested and calibrated.

Yutu has a robotic arm with the APXS spectrometer mounted
on it and this provided the possibility to move the instrument to
the target of measurement. RIFMA was on the main body of the
Lunokhod 1 rover, being only 30 cm above the lunar surface and
could measure the surface composition of some area in the close
vicinity (decimeters) ahead of the rover (Kocharov et al., 1971).
Theoretically RIFMA could measure compositions of low rocks, but
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it was not in the field of view of the TV cameras so it was always a
risk to damage it in the case of a collision with a rock. In reality,
only soil surfaces were measured. Thus, the robotic arm of the
Yutu rover is a valuable tool, which should be recommended for
future lunar (and other planetary) rovers.

Robotic arms proved their effectiveness in the Mars Exploration
Rovers and Curiosity missions (e.g., Arvidson et al., 2006; Squyres
et al.,, 2006; Grotzinger et al., 2014). In the case of future lunar
rover(s) the robotic arms could bear a microscopic imager, various
spectrometers and a tool to clean up dusty surfaces. In a precursor
or in a companion mission of sample return, the robotic arm
should have the ability to pick up various samples. After the
Lunokhod 2 mission there were serious discussions in the Soviet
space research community about sending to the Moon a rover that
would collect samples which would then be delivered to Earth by
a companion spacecraft landing in the vicinity of the sample-col-
lecting rover, guided by a radiobeacon on that rover.

A rover with a robotic arm operating as a companion for the
sample return mission could take samples at different radial dis-
tances from the rims of relatively large craters. It is well known
from cratering mechanics (e.g., Basilevsky et al., 1983; Melosh,
1989) that the deepest target materials are deposited as ejecta on
the crater rim and with increasingly outward distance, materials of
shallower horizons are deposited. In the case of crater Borya at the
Lunokhod 1 area or Crater C1 at the Chang'E-3 site, this could be a
way to study the stratigraphy down to a depth of 40-50 m. If the
site in this, or in the precursor mission(s), was studied with
ground penetrating radar, the subsurface structure determined can
be compared with the sample sequence. Of course, such crater-
associated radial studies make sense not only in the case of sample
return but for in-situ studies as well.

This short discussion shows that by considering what was done
by both the Lunokhod 1 and Yutu rovers, important improvements
in strategy and tactics of future studies can be suggested. Two
instruments/devices (ground penetrating radar and robotic arm)
and crater-associated radial studies are strongly recommended for
future missions.
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