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Abstract Chang'e‐4 (CE‐4) achieved the ﬁrst farside landing in Von Kármán crater. In the landing site,
linear features have been identiﬁed previously from SLDEM and considered to be ejecta from the
neighboring Finsen crater. The 5 cm grid spacing digital elevation model of the landing site, generated from
the rover's panoramic images, provides more details of the rugged terrain. We further interpret the
superimposition of NE‐SW ejecta from Finsen crater on the underlying SE‐NW dome‐like surface relief from
Alder crater. The landing site is ~70 m higher than the mare basalts within Von Kármán crater.
Numerical simulations predict ~30 and ~35 m ejecta deposited at the landing site from Finsen and Alder
craters, respectively. The good agreement between the digital elevation model data and ejecta
predicted thickness reveals the topographic evolution of Von Kármán crater, indicating that the
rover‐measured material is excavated from Finsen crater with possible contributions from Alder crater.

Plain Language Summary Chang'e‐4 probe, including a lander and a rover, achieved the ﬁrst
farside landing in Von Kármán crater within the South Pole‐Aitken basin (SPA). The SPA is the largest
and oldest impact basin on the Moon and is thought to have exposed lunar mantle materials according to
numerical simulations. The in situ explorations at the landing site by the Yutu‐2 rover can reveal
information about lunar deep materials and shed light on the early impacting history of the Solar System.
Here, we present a detailed topographic analysis of the landing site using a rover‐image‐derived ﬁner
grid spacing DEM, existing orbital‐data‐derived DEMs, and numerical simulations. The results reveal the
topographic evolution of the SPA and demonstrate that the surface material explored by the Yutu‐2 rover is
lunar deep interior material excavated from Finsen crater with possible contributions from Alder crater
rather than the underlying mare basalt.

1. Introduction
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As the oldest and largest impact basin on the Moon, the South Pole‐Aitken (SPA) basin was thought to have
exposed the lunar lower crust and probably upper mantle material according to the spectral analysis of
remote sensing observations and numerical impact cratering simulations (e.g., Head et al., 1993; Ivanov
et al., 2018; Lucey et al., 1998; Melosh et al., 2017; Ohtake et al., 2014; Pieters et al., 2001; Potter et al.,
2012; Spudis et al., 1994). The basin was subsequently bombarded by numerous impacts and ﬁlled by
multistage basaltic eruptions (Moriarty & Pieters, 2018; Wilhelms, 1987), which have greatly modiﬁed the
topography and surﬁcial compositions and buried the original structures of the SPA basin (Pieters et al.,
2001; Prettyman et al., 2006; Spudis et al., 1994). The topographic evolution of the SPA basin is a key to tracking the origination of its surﬁcial compositions (e.g., Moriarty & Pieters, 2016; Prettyman et al., 2006) and
reconstructing the early impacting and volcanic history. The Chang'e‐4 (CE‐4), composed of a lander and
a rover, landed at (177.588°E, 45.457°S) in Von Kármán crater within the SPA on 3 January 2019 (Di
et al., 2019a), providing a unique opportunity for the in‐situ exploration of the SPA basin (Jia et al., 2018;
Wu et al., 2019). In this work, we used the rover's panoramic images to generate the ﬁner grid spacing digital
elevation model (DEM) of the landing area and conducted numerical impacting simulations of the neighboring craters. Based on morphology from the rover DEM and existing orbital DEMs, and crater modeling, we
quantitatively deciphered the topographic structure at the CE‐4 landing site and the topographic evolution
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history of the Von Kármán crater. With the morphology at the CE‐4 landing site, we reevaluated the
origination of surﬁcial materials measured by the Yutu‐2 rover (Li et al., 2019; Lin et al., 2019).

2. Data and Methods
2.1. Data
The lunar rover Yutu‐2 (Jade Rabbit‐2) carries two pairs of stereo cameras, that is, a panoramic camera
(Pancam) and a navigation camera (Navcam). These cameras were designed to obtain three‐dimensional
(3‐D) terrain information for the lunar surface, with Pancam mainly for topographic analysis and Navcam
for rover navigation (Jia et al., 2018). The Pancam is a stereo camera mounted on the camera bar of the
CE‐4 rover. It has a stereo base of 270 mm and a ﬁeld of view of 22.9° × 16.9°. The image size is 2,352 pixels
× 1,728 pixels in color mode and 1,176 pixels × 864 pixels in panchromatic mode (Jia et al., 2018). To acquire
a 360° panorama, the rover takes 56 pairs of images with 28 different azimuth angles and two elevation
angles. The panoramic mosaics (Figure 1) are automatically generated from the left‐eye images taken at
three locations. The Pancam stereo images are used to generate a high‐resolution DEM of the landing site.
The landing site is located in Von Kármán crater with a diameter of 186 km, which is adjacent to Leibnitz
cater (237 km in diameter), Finsen crater (73 km in diameter), and Alder crater (82 km in diameter)
(Figure S1 in the supporting information). To analyze the geologic context of the landing site, the
SLDEM2015, which is the combined product of Lunar Orbiter Laser Altimeter (LOLA) data and DEMs
generated from Kaguya's terrain camera images (Barker et al., 2016), was also employed. The SLDEM2015
has a resolution of 512 pixels per degree (an effective resolution of ~42 m at the CE‐4 landing site).
In addition, we produced a 0.9‐m‐resolution seamless digital orthophoto map (DOM) mosaic of the CE‐4
landing site region covering 51 km × 30 km using 100 Lunar Reconnaissance Orbiter Camera (LROC)
narrow‐angle camera (NAC) images (Di et al., 2019b). This high‐resolution DOM was used for detailed
context analysis of the landing site. The Chang'e‐2 DOM with a resolution of 7 m was also used as a base
map for topographic analysis.
2.2. DEM Generation and Topographic Analysis
High‐resolution DEMs at the three locations were automatically generated from the stereo images through
image matching, 3‐D coordinate calculation of the matched points, and DEM interpolation (Liu et al., 2015).
The three DEMs were merged into a larger, 380×390 m DEM of the landing site based on accurate locations
of the rover determined by the visual localization technique (see Figure 2). Note that the resolution of the
rover data depends strongly on distance from the camera station, but even in the far range where it is worst,
it is smaller than the 5 cm grid spacing used, and reveals much smaller details than the previously available
LROC and SLDEM2015 data sets.
The topographic analysis was performed at the CE‐4 landing site and its vicinity based on the Pancam DEM
and the SLDEM2015. The Pancam DEM reveals the details of topography not associated with local craters,
and the surface relief of the landing site may have preserved the uneven background terrain. This allowed us
to analyze the topographic context using the SLDEM2015. In order to bridge the gap for the different resolution between the Pancam DEM and the SLDEM2015, a DEM with a grid spacing of 5 m derived from LROC
NAC stereo images (downloaded from http://wms.lroc.asu.edu/lroc/view_rdr/NAC_DTM_CHANGE4) was
incorporated (see Figure 2). The DEMs and elevation proﬁles were rendered using the ArcGIS software.
Figure 3 shows the SLDEM2015 color‐coded based on nonlinear stretching (see Figure 3) within a large
region, in which the trend of topographic variation can be clearly seen.
2.3. Numerical Simulation of Impact Ejecta
In order to investigate whether the topography at the CE‐4 landing site is dominated by the ejecta of neighboring craters of Von Kármán crater, we used the multimaterial, multirheology iSALE‐2D (Dellen version)
shock physics code (Collins et al., 2004; Wünnemann et al., 2006) to model the impact cratering process and
ejecta distribution of Finsen and Alder craters. The iSALE is based on the SALE (simpliﬁed arbitrary
Lagrangian Eulerian) hydrocode (Amsden et al., 1980) and has been used to simulate both small‐scale
laboratory experiments (Wünnemann et al., 2016) and large‐scale lunar basin formation (Miljković et al.,
2013; Potter et al., 2012; Potter et al., 2013; Yue et al., 2013; Zhu et al., 2015, 2017, 2019).
DI ET AL.
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Figure 1. The three 360° image mosaics (left is north, clockwise) produced from the Pancam's left‐eye images taken at the locations marked as black dots in Figure 2
labeled by S1, S2, and S3.

In our simulations, we used the analytic equation of state for dunite (Benz et al., 1989; Ivanov et al., 2010)
and the Tillotson equation of state for gabbroic anorthosite to represent the compositions of impactor and
target, respectively. We accounted for the strength and damage models (Collins et al., 2004; Ivanov et al.,
2010). The acoustic ﬂuidization model (Melosh, 1979; Melosh & Ivanov, 1999) was considered as well to
facilitate collapse in the impact cratering process. The parameters of materials used in the model are listed
in Table S1 in the supporting information. We assumed a vertical impact with a typical impact velocity of 15
km/s (Le Feuvre & Wieczorek, 2011) on a gabbroic target (Hurwitz & Kring, 2014; Potter et al., 2012). We

Figure 2. The DEMs and topographic proﬁles of the CE‐4 landing area. The base map is the LROC NAC DOM in (a), with 5 cm grid spacing DEM generated from
Pancam stereo images, and the elevation data in (b) is from LRO NAC DEM. The elevation proﬁles of left and right panel in (c) correspond to lines in (a) and
(b) with the same labels, respectively. The elevations in the right panel are referenced to the landing point so that consistent with the left panel.
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Figure 3. SLDEM2015 and topographic proﬁles of the context of the CE‐4 landing site. The base map is a DOM from the Chang'e‐2 image. The resolution of the
DEM is approximately 42 m in this region. Six proﬁles correspond to the lines on the DEM with the same labels. Simple cylindrical projection is used in the image.

tracked the ejecta trajectories during the impact cratering process and estimated the ejecta thickness at any
given distance from the impact site (see Wünnemann et al., 2016; Zhu et al., 2015, 2017, 2019).

3. Results and Discussion
3.1. Local Variation of Topography From the Pancam DEM
The topography of the CE‐4 landing area was expected to be relatively ﬂat, excluding numerous small craters, because it was ﬁlled with mare basalt, similar to that at the Chang'e‐3 landing site (Liu et al., 2015).
However, the 360° panoramas achieved by the Pancam show a rugged landscape (Figure 1) that cannot be
attributed to the presence of small craters but suggests a rolling topographic background. The DEM made
from the rover data (Figure 2a) quantiﬁes this assessment. For comparison, the LROC NAC DEM is also
shown (see Figure 2b). The rover DEM is in landing site local coordinate system and the elevation is with
respect to the landing point. The elevation of LROC NAC DEM is referenced to the average radius of the
Moon, and simple cylindrical projection is used in Figure 2b. The elevation proﬁles from these two DEMs
are shown in Figure 2c, from which we can ﬁnd that these two DEMs are consistent but the Pancam
DEM provides more details of the terrain. The DEMs show that the terrain of the landing site is generally
higher in the NE than in the SW (~8 m overall elevation difference). The elevation proﬁles in two directions
clearly depict the local topographic variations. Local elevation changes in the NE and SW corners (~5 m) and
undulations in the NW‐SE direction (~2–3 m) can be noted. The comparison between the DEM and the
LROC NAC DOM clearly shows that the local elevation changes and undulations are not associated with
any local craters. These high‐resolution observations imply that the surface relief has preserved the uneven
background terrain, considerably more rugged than expected for a basalt ﬂow with small craters superimposed, but consistent with the ejecta deposits of large, distant craters.
3.2. Large‐Scale Variation of Topography and Ejecta Thickness From Finsen and Alder Crater
The above topographic features are conﬁrmed by the SLDEM2015 for a large area of eastern Von Kármán
crater (see Figure 3). The NE‐SW‐trending stripes, ~30–50 m higher than the background terrain and pointing to Finsen crater, strongly indicate ejecta from Finsen crater. In the NW‐SE direction, the dome‐like
uplifts (e.g., proﬁle BB′) point to Alder crater. The elevation proﬁles (D‐D′, E‐E′, and F‐F′) show differences
of ~40–50 m, which could be referred to as the maximum thickness of the dome‐like uplifts because the
effect of the Finsen crater ejecta has been eliminated. According to the DEM measurements and the geological context (see Figure S1), we interpret the rugged topography of the landing site as the overlapping of
ejecta from Finsen crater on top of ejecta of Alder crater. The directions of ejecta from Fisen and Alder crater
are approximately perpendicular.
DI ET AL.
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Figure 4. Ejecta thickness simulation for Finsen crater. The thickness of
ejecta at the CE‐4 landing site from Finsen crater is ~32 m. A similar
simulation was also carried out for ejecta from Alder crater with a result of
~35 m.
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At the CE‐4 landing site, the average elevation is ~70 m higher than the
surface of background mare basalt measured at the center of the Von
Kármán crater (see Figure 3). This suggests that the accumulated thickness of ejecta from Finsen and Alder craters at the landing site should
be approaching to this value. Although we cannot completely exclude that
the NW‐SE dome‐like uplifts was due to the eruption of mare basalt along
a straight line fracture, there were no topographic features of basaltic lava
ﬂows. It is important to point out that the topographic variation at the
landing area noted by previous works (e.g., Huang et al., 2018; Qiao
et al., 2019) are the local elevation variations and undulations due to
ridges of topmost layer, similar to our observations in the Pancam and
LROC NAC DEMs (see Figure 2). The maximum value of the variations
is at best a lower limit on the accumulated thickness of ejecta from the
Finsen and Alder crater. In this study, the total ejecta thickness is measured as the height of the site above the ﬂoor of von Karman based on
SEDEM2015 data rather than the amplitude of the ray‐like ridges or of
very local topography at the site.
3.3. Ejecta Thickness Predicted by Numerical Impact
Cratering Simulations

From the impact cratering simulations, we ﬁnd that asteroids with diameters of 6.2 and 6.5 km can produce
impact craters with diameters of ~73 and ~82 km, respectively, the analogs to the diameters of Finsen and
Alder craters (see the supporting information).
Figure S2 shows the structure of the ﬁnal crater for the simulation with an impactor diameter of 6.2 km and
an impact velocity of 15 km/s. This simulation produces a complex crater with a diameter of ~73 km, similar
to the size of Finsen crater. The central peak is ~2 km below the preimpact surface, consistent with that of
Finsen crater. We calculated the average proﬁle of topography for Finsen crater from the LOLA observations
in a crater‐centered projection over the white region in Figure S3. The proﬁles of elevation derived from the
impact simulation and observations match well, suggesting that our impact model could reasonably reproduce the formation of Finsen crater. The ejecta thickness varying along the radial distance from the crater
center derived from this typical simulation (see Figure 4) can therefore represent the ejecta distribution of
Finsen crater.
Figure 4 shows the ejecta thickness as a function of radial distance from the rim of Finsen crater to 200 km
from the crater center. The ejecta deposit near the crater rim is ~1.9 km and decreases with increasing radial
distance from the crater center. The decrease in ejecta thickness with distance can be described by a power
law with an exponent of −3.2, which is consistent with the results of laboratory experiments (Stöfﬂer et al.,
1975) and ejecta thickness observations for lunar craters (McGetchin et al., 1973). The CE‐4 landing site is
~138 km from the center of Finsen crater. According to our simulation, ~32‐m‐thick ejecta from the
Finsen crater was deposited at the CE‐4 landing site, in agreement with the thickness derived from the topographic variation. In addition, ~35‐m‐thick ejecta from Alder crater was estimated to deposit at the landing
site based on the simulations. The total ejecta thickness of ~67 m from both Finsen and Alder craters match
well with the difference of topographic evaluation (~70 m) between the background mare basalt (measured
at the center of the Von Kármán crater) and the terrain at the landing site. These results directly support that
the surﬁcial materials at the CE‐4 landing site are from ejecta of Finsen crater (Hu et al., 2019; Huang et al.,
2018; Li et al., 2019; Lin et al., 2019), rather than the local mare basalts.

4. Conclusions
From the 5 cm grid spacing DEM of the CE‐4 landing site, LROC NAC DEM and the SLDEM2015, linear
ejecta features were identiﬁed and measured. Thicknesses of ejecta deposited at the landing site from
Finsen and Alder craters were estimated through numerical impact cratering simulations. The observations
and numerical simulations reveal the topographic evolution of eastern Von Kármán crater within the SPA
basin. Although Von Kármán crater was ﬁlled with mare basalt (Huang et al., 2018; Pieters et al., 2001),
its surface was covered at least by two sets of ejecta with approximately perpendicular directions. The
DI ET AL.
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ﬁndings indicate that the surface materials explored by the lunar rover were delivered mostly from Finsen
crater, but little from the deeply buried mare basalt. This study also demonstrated that topographic evolution
is an important factor for probing the inherent compositions of the SPA basin in future missions to understand the early impacting history and the origination of surﬁcal materials.
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