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Key Points:

« Detailed crater statistics were performed for key stratigraphic markers at the Chang’E-4 landing region.
« Alder is older than the mare basalts at the landing site, and Finsen is the youngest.
+ Minor contributions of ejecta by Alder should exist at the shallow subsurface.
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Abstract: The Chang’E-4 mission has been exploring the lunar farside. Two scientific targets of the rover onboard are (1) resolving the
possible mineralogy related to the South Pole-Aitken basin and (2) understanding the subsurface processes at the lunar farside.
Publications to date that are based on the reflectance spectra and radar data obtained by the rover have shown a persistent
inconsistency about the local stratigraphy. To explain both the abnormal surface topography at the landing site and the unexpected

radargram observed by the rover, the Alder crater has been frequently reported to be older than the mare basalts at that landing site.
However, this argument is not supported by earlier geological mapping nor recent crater statistics. Resolving this controversy is critical
for a full understanding of the geological history of the landing area and for correct interpretations of the scientific data returned.
Employing detailed crater statistics, rigorous statistical analyses, and an updated crater chronology function, this study is determined to
resolve the relative ages of the Alder crater, Finsen crater, and the mare basalts on the floor of Von Karmén. Our results reveal that while
background secondaries and local resurfacing have widely occurred in the study area, affecting age determinations, the statistics are
significant enough to conclude that the Alder crater is the oldest among the three targets. This independent constraint is consistent with

both the crosscutting relationships of different terrains in this area and global stratigraphic mapping. Our results exclude Alder as a
possible contributor of the post-mare deposits at the landing site, appealing for a more systematic stratigraphy study to resolve the

provenances of these deposits.

Keywords: Moon; Chang'E-4; impact craters; absolute model age; stratigraphy

1. Introduction

The Chang'E-4 mission, consisting of a relay satellite, a lander, and
a rover, has been successfully deployed to the floor of the Von
Karman crater (diameter D = 185 km; 46.4°S, 176.5°E). The landing
area is located within the South Pole-Aitken (SPA) basin (Wu WR et
al., 2017), which is the largest impact structure on the Moon. The
formation of the SPA basin has excavated ancient lunar crustal
and even upper mantle materials (Potter et al., 2012). However,
the possible composition of the lunar mantle has been elusive in
previous studies that were based on orbital composition data and
numerical simulations of the SPA impact (Melosh et al., 2017). Two
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important reasons for the debates are that (1) simulations of large
impact basins depend heavily on unconstrained parameters, and
(2) interpretations of planetary remote sensing normally have
multiplicity. Therefore, sampling the SPA has been a high priority
target for furture surface explorations on the Moon.

A key scientific target of the Chang’E-4 mission (CE-4) is to ex-
plore the composition of surface materials within the SPA, finding
information that might be traced to possible mantle materials ex-
cavated by this ancient basin (Wu WR et al., 2017). However, this is
not a straightforward task. Besides the ambiguous initial crustal
configuration after the SPA basin was formed (e.g., whether or not
the hypothesized thick melt sheet has been differentiated), post-
impact modification has been extensive, as numerous impact
basins and multiple episodes of volcanic eruptions have occurred
at different places within the SPA (Moriarty Ill and Pieters, 2018).
Resolving the provenance of surface materials and detecting the
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primordial materials formed by the SPA is critical to finding the
mantle materials that were excavated.

Based on reflectance spectra returned by the rover, most inter-
pretations have suggested that the surface regolith is enriched in
calcium-rich pyroxenes, and that olivine is a minor component
(Lin HL et al., 2020; Ma P et al., 2020; Huang J et al., 2020), which
are consistent with orbital observations (Huang J et al., 2018; Ling
ZCetal,, 2019). An obvious impact ray is visible at the landing site,
which was delivered by the Finsen crater (D = 73 km; 42.3°S,
177.7°W) to the northeast of Von Karman. Therefore, the proven-
ance of the surface regolith is usually ascribed to the distal ejecta
delivered by Finsen (Figure 1). On the other hand, morphological
studies have shown that the entire landing area has been occu-
pied by secondaries with various sizes and degradation states,
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which were delivered by craters from different directions (Huang J
et al.,, 2018). Mixing of surface materials should be pronounced
(Figure 1c), which is evident by the different compositions ex-
posed from various depths by relatively large impact craters
(Huang J et al.,, 2018; Li CL et al, 2019). Indeed, both basaltic
(Huang J et al., 2020) and feldspathic rocky fragments (Ma P et al.,
2020) have been found by the rover. Therefore, understanding the
major source(s) of regolith at the landing site is critically import-
ant to interpret the compositional data returned. Specifically, be-
sides Finsen, which other crater(s) contributed additional ejecta to
the post-mare deposits?

Following the first successful exterrestrial ground-penetrating
radar, performed by the Chang’E-3 mission (Xiao L et al., 2015; Fa
WZ et al., 2015; Zhang JH et al,, 2015), the Yutu-2 rover of Chang’
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Figure 1. Geological context of the Chang'E-4 landing area and the landing site is marked as a white circle. (a) The landing area is located on a
mare unit, and key craters in the surrounding area are denoted in white. The central coordinates of this area are 46°S, 178°E. (b) Composition and
maturity difference of materials in the landing area and impact rays delivered by the Finsen crater are the blueish diffuse materials. (c) The
regional topography of the landing site is dominated by the northeast-to-southwest-trending lineations that were formed by the Finsen crater.
Note that numerous younger secondaries are visible in this map, e.g., white arrows. The location of this area is denoted as the white box in panel (a).
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E-4 is equipped with a similar payload to investigate the propaga-
tion of electromagnetic waves in lunar farside materials. A scientif-
ic target is to understand the formation of regolith at the lunar
farside. In the radargram obtained, materials deeper than ~40-
45 m are believed to be mare basalts that filled in the floor of Von
Karman; materials shallower than ~10-13 m (Lai JL et al,, 2019,
2020; Li CL et al., 2020; Ding CY et al,, 2020; Zhang L et al,, 2020)
have dielectric properties similar to typical lunar regolith.

The possible provenance of the >~40 m thick porous deposits is
obscure, and widespread discrepancies exist in the interpreta-
tions. Referring to published stratigraphic ages of impact struc-
tures around the landing site (Figure 1a), earlier studies predicted
that Finsen was the major contributor of the post-mare deposits
(Li CL et al,, 2019). Employing an analytical model for the thick-
ness of impact ejecta as a function of radial distances to the par-
ent crater, the total thickness of ejecta delivered to the landing
site by all significant post-mare craters is less than 14 meters
(Huang J et al., 2018; Lai JL et al., 2020). However, numerical simu-
lations for the formation of Finsen- and Alder-sized craters pre-
dicted an ejecta thickness of > 60 meters at the landing sites (Di
KC et al,, 2019), which is much larger than the thickness of post-
mare deposits observed by the lunar penetrating radar (Lai JL et
al, 2019; Lai JL et al,, 2020; Li CL et al.,, 2020). On the other hand,
the thickness of post-mare deposits constrained by the radar-
gram is consistent with orbital observations, which were based on
the reflectance spectra of small craters that have exposed subsur-
face mare basalts (Huang J et al,, 2018; Ling ZC et al., 2019; Li CL et
al., 2019). After scanning all the possible source craters that may
have delivered ejecta to the landing site (Huang J et al., 2018; Lai
JL et al., 2020), the key question now is whether Alder is older or
younger than the mare basalts at the landing site (Figure 1a).

The above literature review summarizes the key question tar-
geted in this paper, which is to resolve the relative ages of the
Alder crater, the Finsen crater, and the mare basalts on the floor of
Von Karman. While we are aware that earlier studies (Ivanov et al.,
2018; Pasckert et al., 2018; Huang J et al., 2018; Ling ZC et al.,, 2019;
Gou S et al., 2020; Lu et al,, 2021) have tried to estimate the model
ages for some of our targets via crater statistics, this paper is built
on more focused studies of various crater populations for each of
the targets. Strictly following technical suggestions to perform
crater counts (Michael and Neukum, 2010) and analyze crater size-
frequency distributions (SFD; Robbins et al., 2018), we avoid
caveats known to the crater count community, such as obvious
secondaries (Xiao ZY and Strom, 2012; Xiao ZY, 2018), image resol-
ution (Wang YC et al., 2020), and slopes (Xiao ZY et al., 2013). Mul-
tiple counting areas are selected based on photogeology study
for each of the targets, and crater populations at various diameter
ranges are studied.

2. Data and Method

Different versions of global mosaics obtained by the Lunar Recon-
naissance Orbiter Camera (LROC; Robinson et al., 2010) and Wide
Angle Camera (WAC; 100 m/pixel) are used as the base map to
study the regional context. Images obtained by the Kaguya Ter-
rain Camera (TC; Haruyama et al., 2008) are used to analyze the
morphology of local areas. The LOLA digital elevation model core-
gistered with SELENE data (SLDEM; 59 m/pixel; Barker et al., 2016)
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is employed to analyze the topography (Barker et al., 2016). Mater-
ials with different compositions and/or preservation states are dif-
ferentiated based on the Clementine Ultraviolet-Visible global
mosaic (Eliason et al., 1999). All single frame imagery data are cal-
ibrated using the USGS Integrated Software for Imagers and Spec-
trometers (http://isis.astrogeology.usgs.gov/) following the stan-
dard process procedure. Table ST summarizes the data sources
used in this study.

Selection of counting areas was based on the above data, follow-
ing the guidance introduced by Michael and Neukum (2010). Con-
tinuous ejecta deposits and possible melt pools on both crater
rims and crater floors were taken as the counted areas. The count-
ing areas voided complicated topographies and shadows, and
each counting area is homogeneous in terms of surface morpho-
logy (Xiao ZY et al., 2013). Both the interiors and exteriors of Alder
and Finsen have been heavily contaminated by secondaries (sec-
tion 3), similar to the situation on the mare surface in Von Karman
(Huang J et al., 2018). Therefore, during the selection of counting
areas, we were limited by small sizes of ideal counting areas. To
enhance statistical significance, we also selected larger areas that
include shallow slope regions, but only craters that are much lar-
ger than half of the topographic wavelength are included, so that
potential negative influences caused by mass movements are
avoided (Xiao ZY et al., 2013). This approach allows us to perform
cross comparisons of results derived for multiple counting areas
of a single target. Table S2 in the appendix shows detailed inform-
ation of the counting areas.

To avoid incomplete recognition, images with a solar incidence
angle of > 60° were used to collect craters in the counting areas
(Ostrach et al., 2011). Table S3 shows information of the base im-
ages used for the counts. The crater counts were performed by ex-
haustive searching of craters larger than 3 pixels of the base im-
age, but only craters larger than 10 pixels are considered com-
pletely included (Wang YC et al., 2020). The counting process has
excluded obvious chains and clusters of secondaries (McEwen and
Bierhaus, 2006; Xiao ZY and Strom, 2012).

The novel technique of analyzing crater size-frequency distribu-
tion (SFD) advocated by Robbins et al. (2018) is used here. A Gaus-
sian kernel density estimator (i.e. KDE) is used to derive the crater
SFD, and the mean value and bandwidth of the KDE are the meas-
ured crater diameter (D) and 0.1D, respectively. The hybrid-boot-
strap method is used to estimate the 2¢ confidence intervals of
the SFD (Robbins et al., 2018). Compared to traditional methods of
analyzing crater SFD, the new technique is more rigorous in terms
of statistic reliability (Robbins et al., 2018). The dedicated crater
counts performed here are characterized by small samples of us-
able craters (Section 3), because shadows normally occupy large
areas of images obtained for such high latitude areas, and abund-
ant secondaries are recognized in these areas, limiting both the
size of usable counting areas and the number of usable craters
(Section 3). The advantage of this new statistical technique is es-
pecially apparent for such small samples. The crater chronology
function proposed by Robbins (2014) is updated from that of
Neukum et al. (2001), and it is used here together with the pro-
duction function proposed by Neukum et al. (2001) to derive the
absolute model ages.

Chang YR and Xiao ZY et al.: An updated constraint on the local stratigraphy at the Chang'E-4 landing site
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3. Results

3.1 Crater Size-Frequency Distribution at the Finsen
Crater

Finsen is a typical complex crater that features faint impact rays
(Figure 1b). It has been taken as a Copernican-aged crater (Ling et
al., 2018), but the preservation of impact rays is not strictly corre-
lated with the stratigraphic age of the parent crater (Hawke et al.,
2004). In geologic maps published by both Wilhelms et al. (1979)
and Fortezzo et al. (2020), Finsen was mapped as an Eratostheni-
an-aged crater. Previous crater counts for Finsen (lvanov et al.,
2018; Gou et al., 2020) yielded a model age of ~3.5 billion years
(Ga), which is not so different compared to the ~3.6 Ga old mare
basalts in the floor of Von Karmén (Huang J et al.,, 2018; Ling ZC et
al., 2019; Pasckert et al., 2015). After the submission of this paper,
a new publication on the model age of Finsen emerged, which
was based on crater counts on the southern floor and ejecta,
yielding numbers of ~3.0 and 3.1 Ga, respectively (Lu et al., 2021).

We take two strategies of crater statistics to investigate the model
age of the Finsen crater. Four populations of relatively large
craters at several locations of both the continuous ejecta deposits
and crater floors are selected (Figure 2), and 7 populations of rel-
atively small impact craters on several smaller areas are selected
(Figure 3). The two sets of crater populations are complementary
to each other, as they cover different diameter ranges. Therefore,
possible contributions caused by background secondaries (Xiao
ZY, 2018) and heterogeneous resurfacing processes can be invest-
igated. A ~30 km diameter is located on the northeastern crater
rim of Finsen (Figure 1a), so its secondaries and the impact-in-
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duced resurfacing have heavily affected nearby regions. There-
fore, the selected counting areas are away from the northern and
eastern rims, and craters on the floor of Finsen are used with spe-
cial cautions (Figures 2 and 3).

The absolute model ages derived from the four populations of rel-
atively large craters and those derived from the seven popula-
tions of relatively small craters are shown in Figures 4 and 5, re-
spectively. The results differ from each other by a maximum factor
of > 2,i.e., the D > 0.4 km small crater population on the crater floor
(Figure 5c) versus the D > 0.15-0.45 km crater populations on the
continuous ejecta deposits (Figure 5a). Within error bars, most
model ages of the 11 populations are around ~2.0 Ga (Figures 4c,
4d, 5b and 5d). The population of relatively large craters on the
crater floor yields a comparable model age with that derived by
Lu et al. (2021), Gou et al. (2020), and Ivanov et al. (2018), testify-
ing a good repeatability of our crater collection. In conclusion, the
majority of the absolute ages modelled for Finsen are less than
3.0 Ga.

3.2 Crater Size-Frequency Distribution at the Alder Crater

The overlapping relationship between ejecta formed by Finsen
and Alder suggests that Finsen is younger than Alder, which is
consistent with the updated geologic map (Fortezzo et al., 2020;
Figure 6b). Considering the short distance between Finsen and
Alder, the Finsen impact has substantially modified the northern
rim and floor of Alder, evidenced by the strong modification of
the mare basalts on the floor of Von Karmén caused by Finsen’s
ejecta (Figure 1c). Therefore, we select counting areas that are

[ Ejecta 2 ;

Figure 2. Collections of relatively large craters on the continuous ejecta deposits and floor of Finsen. Panel (a) shows the locations of the

counting areas, and panels (b)-(e) show the detailed morphology of the counting areas and craters used to estimate absolute model ages. Craters

as small as several pixels were included in counts, but only those larger than chains and clusters of obvious secondaries are used to derive the

crater densities (marked as yellow circles). For crater populations collected in panels (b)-(e), the minimum diameter used for age determination is
1.1,0.7,0.7 and 0.8 km, respectively. Names of the counting areas are denoted nearby, and WAC means that the count was based on LROC WAC

mosaics.
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Figure 3. Collections of relatively small craters on the continuous ejecta deposits and floor of Finsen. Panel (a) shows the locations of the
counting areas, and panels (b)-(h) show the detailed morphology of the counting areas and craters used to estimate absolute model ages.
Craters as small as several pixels were included in counts, but only those larger than chains and clusters of obvious secondaries are used to derive
the crater densities (marked as yellow circles). For crater populations collected in (b)—(h), the minimum diameter used for age determination is
0.14,0.15,0.45,0.2,0.15, 0.5, and 0.4 km, respectively. Names of the counting areas are denoted nearby; TC means the count was based on
Kaguya TC images.
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Figure 4. Cumulative crater size-frequency distribution and absolute model ages for the four populations of relatively large craters collected on
the crater floor and ejecta deposits of Finsen. The colors and names of the counting areas correspond to those shown in Figure 2. Shaded colors
are the errors for the crater size-frequency distributions.
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Figure 5. Cumulative crater size-frequency distribution and absolute model ages for the seven populations of relatively small craters collected
on the crater floor and ejecta deposits of Finsen. The names of the counting areas correspond to those shown in Figure 3. Shaded colors are the

errors for the crater size-frequency distributions.

away from the northern rim of Alder, and we are cautious that the
crater floor of Alder might also be affected by Finsen's ejecta
(Figure 6a). On the other hand, Alder is much more degraded than
Finsen, as the melt sheets formed by Finsen are still preserved on
the crater terraces (Figure 3), but those formed by Alder are not
recognizable. Instead, numerous secondaries are observed over-
lapping Alder’s ejecta deposits (Figure 7). Therefore, the heavy to-
pographic degradation and large abundance of superposed sec-
ondaries at Alder prohibit us from using populations of small
craters to estimate the model ages. In total, three areas on the
continuous ejecta deposits and the entire crater floor are selected
to investigate the absolute model age of Alder (Figures 6 and 7).

The absolute ages modeled for the four populations of impact
craters collected at Alder are shown in Figure 8. Considering error
bars, ejecta on the southern ejecta (Figure 8d) is significantly older
and that on the crater floor is significantly younger (Figure 8b).
The ages are clustered around ~3.9 Ga with a much smaller range
than the 11 ages derived for Finsen (Figure 5). As such, the
modeled ages of Alder are uniformly larger than 3.8 Ga.

4, Discussion

4.1 Age Relationships Between the Mare Basalts in Von
Karman and the Alder and Finsen Craters

4.1.1 Inconsistencies in ages modelled for different crater
populations

For both Finsen and Alder, the absolute ages modelled for the dif-
ferent crater populations exhibit statistically significant differ-
ences (Figures 4, 5 and 8). The crater counts have strictly followed
standard technical requirements (Michael and Neukum, 2010;
Xiao ZY and Strom, 2012; Wang YC et al., 2020), so that each of the
crater populations collected was designed to represent the age of
the target crater.

Considering error bars, 5 of the 11 crater populations collected on
both the floor and ejecta deposits of Finsen are clustered around
2.0 Ga (Figures 4c, 4d, 5d); 2 are close to ~3 Ga (Figures 4a and 4b);
3 are around ~1.2 Ga (Figure 5a); and 1 is ~3.7 Ga (Figure 5c¢). The
3 crater populations collected on the floor yield model ages of
3.0 Ga (Figure 4a), 2.1 Ga (Figure 5b), and 3.7 Ga (Figure 5c¢), indic-

Chang YR and Xiao ZY et al.: An updated constraint on the local stratigraphy at the Chang’E-4 landing site
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Figure 6. Morphological context of the Alder crater and the counting areas. (a) The four counting areas on the floor and continuous ejecta

deposits of Alder are marked in different colors. (b) Geologic map for the area of interest around the landing site (Fortezzo et al., 2020).

Stratigraphic units with different colors are explained in the figure legend. (c) Contents of olivine within and around the Alder crater derived from

the Kaguya Multiband Imager (Lemelin et al., 2016).

ating a significantly non-random spatial distribution. Figure 2e
shows that on the crater floor of Finsen, craters larger than 0.8 km
are obviously clustered at the southeast, where the 3.7 Ga model
age was derived (Figures 3h and 5c¢). The eastern crater floor is
completely depleted of craters larger than 0.8 km (Figure 2e).
However, when employing a prevalent algorithm to estimate the
spatial distribution of impact craters (Michael et al., 2012), the
statistical test does not show obvious clustering for the D > 0.8 km
population (Figure S1 in the appendices). This echoes a previous
test, which showed that the spatial distribution algorithms were
not accurate (Xiao ZY and Werner, 2015). Our observations sug-
gest that the D > 1.1 km crater population on the crater floor is
heavily contaminated by background secondaries that cannot be
differentiated from similar-sized primaries based on morphology
(Xiao ZY, 2018). Therefore, the crater densities derived do not rep-
resent the true value for the crater floor.

Notably, the 3.68 + 0.03 Ga, ~3.5 Ga, ~3.0 Ga ages of Finsen repor-
ted by Ivanov et al. (2018), Gou et al. (2020), and Lu et al. (2021),
respectively, were all located on the crater floor. Of the four melt
pools investigated on the southern rim of the Finsen crater, three
exhibit clustered model ages around 1.2 Ga (Figure 5a), while the
remaining one is ~2.0 Ga (Figure 5b). We do not have an explana-
tion for the 1.2 Ga age, which is substantially younger than the
majority of ages (i.e., ~2.0 Ga). Normally, crater populations that
are ~2.0 Ga and younger have not reached an equilibrium state at
D > 0.2 km (Xiao ZY and Werner, 2015), so the small ages are not
due to crater obliteration, as demonstrated by their sparse spatial
distribution. Contamination by secondaries is serious at smaller
diameters, as shown by obvious secondaries chains at smaller dia-

meters (Figure 3). However, contamination by background sec-
ondaries would cause densities larger than the average value,
which is inconsistent with the smaller densities observed. Two
possible explanations exist, but we are not able to find evidence
to confirm or exclude either: (1) the Finsen impact was accompan-
ied by immediate but uneven deposition of self-secondaries (Xiao
ZY et al., 2016), such that a quick equilibrium was achieved on the
melt pools that would have been otherwise impossible on normal
mare surfaces (Xiao ZY and Werner, 2015); (2) as evidenced by the
numerous impact rays that pass the southern rim of Finsen
(Figure 1b), post-impact resurfacing by distal ejecta might have
occurred on the southern rim of Finsen, which would have prefer-
entially removed some of the small crater populations there.

The inconsistencies in the four ages modelled for Alder are relat-
ively small, but still statistically significant (Figure 8). Past and cur-
rent geology maps both assigned a stratigraphic age of Early Im-
brian (i.e., 3.85-3.75 Ga; Stoffler et al., 2006) for the Alder impact,
and the floor materials were mapped as younger basin ejecta that
have a stratigraphic age of Imbrian (Figure 6b). The content of
olivine mapped by the Kaguya Multiband Imager (Lemelin et al.,
2016) shows that the flat floor, northeastern crater wall, and east-
ern ejecta deposits of Alder all exhibit an elevated abundance
compared to the surrounding materials (Figure 6c). Morphology
study does not reveal potential volcanic deposits on the floor,
suggesting that the olivine-rich materials might be distal ejecta
that postdate Alder. Therefore, the 3.8 Ga age derived for the
crater floor is consistent with a partial resurfacing event by distal
ejecta (Robbins, 2014). The counting area on the southern ejecta
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South Ejectall

Figure 7. Detailed morphology of the 4 counting areas selected within and around Alder. The color and name of the counting areas correspond

to those shown in Figure 6. Yellow circles in each panel mark the location of craters that are used to estimate the crater densities.

deposits (Figure 7¢) has a model age of ~4.0 Ga, and the largest
crater collected is ~4 km, which is 1/4 of the width of the count-
ing area. The effect of small sizes of counting areas on age de-
termination might be a reason for the slightly-larger density de-
rived (Van Der Bogert et al., 2015).

4.1.2 Alder is older than the mare basalts on the floor of Von
Karman
The mare basalts on the floor of Von Karmén have been rigor-

ously constrained via crater counts on three small areas and also
the entire floor, yielding a robust age of ~3.6 Ga (Huang J et al.,
2018). Within error bars, this value is consistent with both earlier
(Pasckert et al., 2015) and later (Ling ZC et al., 2019) independent
determinations. For comparison, here we have placed a solid con-
straint on the maximum and minimum model ages for Finsen and
Alder, respectively, which are ~2 Ga and ~3.9 Ga according to the
chronology function of Robbins (2014). Therefore, the debate
about whether or not the Alder crater has contributed ejecta to

Chang YR and Xiao ZY et al.: An updated constraint on the local stratigraphy at the Chang’E-4 landing site
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Figure 8. Cumulative crater size-frequency distribution and absolute model ages for the four populations of craters collected on the crater floor
and ejecta deposits of Alder. The names of the counting areas correspond to those shown in Figure 7. Shaded colors are the errors for the crater

size-frequency distributions.

the mare surface in Von Karman can be settled.

4.2 Indications to Interpretations of Scientific Data
Returned by the Yutu-2 Rover

The surface topography at the landing site was once regarded as
critical evidence to support that Alder was older than the mare
basalts beneath the landing site (Di KC et al., 2019). The mare sur-
face on the floor of Von Karman is uneven in elevation, and topo-
graphic highs and lows are common (Figure 1¢; see also Lai JL et
al., 2020). For example, the landing site is located on a relatively
high elevation area, believed to be caused by ejecta delivered
from Alder. Finsen'’s secondaries are heavily degraded on the floor
of Von Karman, but the northeast to southwest lineations are still
well-preserved (Figure 2b). If Alder were indeed younger than the

mare basalts and Finsen were formed ~3.5 Ga ago (Gou S et al.,
2020), secondaries delivered by Alder should be similarly obvious
on the floor of Von Karman, considering the very small age differ-
ence (<100 Ma) between Finsen and Alder. However, no topo-
graphic traces of Alder's ejecta are visible at the landing site
(Figure 2c). Moreover, without obvious ejecta deposition, the sur-
face topography of lunar mare basalts can be uneven due to post-
volcanism modification, which is a common phenomenon on the
Moon. For example, the arbitrary example shown in Figure 9 is a
normal mare unit that is located to the north of the Timocharis
crater.

After reviewing recent advances in the local stratigraphy at the
Chang’E-4 landing site, this work pins down the age relationship
between Alder and the mare basalts at the landing site. The result
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confirms earlier orbital observations (Huang J et al., 2018; Ling ZC
et al,, 2019) and supports past and recent geologic maps with
quantified model ages. Implications of the results to the interpret-
ation of data obtained by Yutu-2 await further studies, but we
mention two immediate indications here: (1) for the post-mare
deposits, the lunar penetrating radar would not detect substan-
tial ejecta delivered by Alder; and (2) for the surface regolith de-
tected by the Yutu-2 rover, the reflectance spectra obtained con-
tain little information about Alder’s ejecta.

This result leaves a question: Besides Finsen, which craters are the
other provenances of materials in the post-mare deposits? Theor-
etical predictions suggest that Finsen'’s ejecta should have domin-
ated the post-mare ejecta, which is on the order of ~8 m (Huang J
et al, 2018; Lai JL et al.,, 2020). However, the lunar penetrating
radar resolves post-mare deposits up to ~40 m thick (Lai JL et al.,
2020; Li CL et al.,, 2020). More systemic work is warranted on the
possible contributors of distal ejecta to the landing site. On the
other hand, the ballistic sedimentation model that was used to
predict ejecta thickness was built on empirical and limited obser-
vations, and the predictions may be biased compared to real
world impacts, such as complexities caused by various impact
angles and pre-impact topography.

5. Conclusion
We perform rigorous crater statistics for different populations of

Figure 9. Mare surface on the Moon frequently exhibits uneven
elevations, which are not obviously correlated with ejecta deposits. A
nearside mare unit (central coordinates of the frame are 28.6°N,
12.0°W) close to the Timocharis crater is used here as an example, and
such phenomena are not rare on the Moon. (a) A Kaguya Terrain
Camera mosaic shows the general morphology of the mare units,
where many degraded secondaries are visible. (b) SLDEM shows the
regional topography of the mare unit, which features uneven
elevations, but no obvious ejecta deposits are associated with the
high topography. The unit of elevation here is kilometer.

impact craters that are superposed on various ejecta facies of the
Finsen and Alder crater. The results are cross-compared to check
replicability and reliability. Together with the revealed heterogen-
eous modification history of the different facies, discrepancies in
crater densities are analyzed, concurring in the significant contri-
bution of uneven depositions of background secondaries and re-
surfacing by distal ejecta. Compared to the model age of mare
basalts in the floor of Von Kérman, our results unambiguously
show that Alder is older than the basalts. Thus, their geological
signature is not recorded in the surface topography, nor in sub-
surface structures revealed by the lunar penetrating radar, nor in
the reflectance spectra obtained by the Yutu-2 rover. While this
study has reshaped the possible provenances of the post-mare
ejecta deposit in Von Karman, we appeal for more focused stud-
ies on the post-mare impact history around the impact site.
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Table S1. ID of imagery data used in this study.
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Continued from Table S2
Counting areas Cer}tral . Centr.al . Area
Latitude(°N) Longitudes (°E) (km2)
Finsen-South Floor -42.3 -177.8 127
Finsen-Ejecta 1 -44.3 -177.5 2698.7
Finsen-Ejecta 2 -43.8 -178.1 1006.5
Finsen-Ejecta 3 -43.8 -178.1 1447.8
Finsen-Floor -42.3 -177.8 822
g'ﬁi:soumwe“ ~50.6 ~1792 28195
Alder-East Ejecta -49 -174.8 1058.2
Alder-South Ejecta -50.4 -1774 240.8
Alder-Floor -48.6 -178.3 1026

Table S3. Basic information of base images used for the crater

Figure ID Image ID Pixel scale
Figure la LROC_WAC_Farside_Lowsun 100 m/pixel
Figure 1b Clem_mineral_ration_200m 200 m/pixel
Figure 1c SLDEM2015_512_60S_30S_135_180 59 m/pixel
Figure 2a M118681152M 111 m/pixel
Figure 2b M118681152M 111 m/pixel
Figure 2c M118681152M 111 m/pixel
Figure 2d M118681152M 111 m/pixel
Figure 2e M118681152M 111 m/pixel
Figure 3a M118681152M 111 m/pixel
Figure 3b TCO_MAP_04_S42E177S45E180SC 7.4 m/pixel
Figure 3¢ TCO_MAP_04_S42E177S45E180SC 7.4 m/pixel
Figure 3d TCO_MAP_04_S42E177S45E180SC 7.4 m/pixel
Figure 3e TCO_MAP_04_S42E177S45E180SC 7.4 m/pixel
Figure 3f TCO_MAP_04_S42E177S45E180SC 7.4 m/pixel
Figure 3g TCO_MAP_02_S42E177S45E180SC 7.4 m/pixel
Figure 3h TCO_MAP_02_S42E177S45E180SC 7.4 m/pixel
Figure 6a M118640443M 75 m/pixel
M118653839M 75 m/pixel
M118660799M 75 m/pixel
M118667400M 75 m/pixel
M118681152M 78 m/pixel
Figure 6¢ Lunar_Kaguya_MIMap_MineralDeconv
_OlivinePercent_50N50S
Figure 7a M118653839M 75 m/pixel
Figure 7b M118660799M 75 m/pixel
M118667400M 75 m/pixel
Figure 7¢ TCO_MAP_04_S48E177S51E180SC 7.4 m/pixel
Figure 7d TCO_MAP_04_S48E174S51E177SC 7.4 m/pixel
Figure 9a TCO_MAP_04_N27E345N30E348SC 7.4 m/pixel
TCO_MAP_04_N27E348N30E351SC
Figure 9b SLDEM2015_512_00N_30N_315_360 59 m/pixel

Table S2. Information of the counting areas performed in this study.

Counting areas Ceptral . Centr_al . Area
Latitude(°N) Longitudes (°E) (km?2)
gng:'somhwe“ _436 1795 598.2
Finsen-North Ejecta -43.6 -178.2 7.1
Finsen-West Ejecta -43.7 -178.4 514
Finsen-South Ejecta -43.9 -178.12 6.6
Finsen-East Ejecta  -43.8 -177.9 81
Finsen-West Floor  -42.5 -1783 167.8

counts.
Counting areas Base image Pixel scale Angle (°)
Finsen-North TCO_MAP_04_S39E 7.4 m/pixel
Ejecta 177542E180SC A mp
Finsen-West TCO_MAP_04_S42E
Ejecta 177S45E180SC
Finsen-South
Ejecta
Finsen-East
Ejecta
Finsen-Southwest
Ejecta
Finsen-West TCO_MAP_02_S42E 7.4 m/pixel
Floor 177S45E180SC ' P
Finsen-South
Floor
Finsen-Ejecta 1 M118681152M 75 m/pixel 76.2
Finsen-Ejecta 2
Finsen-Ejecta 3
Finsen-Floor
Alder-Floor M118640443M 75 m/pixel 75.2
Alder-Southwest \\11g653830M 75 mypixel 779
Ejecta
M118660799M 75 m/pixel 75.2
M118667400M 75 m/pixel 77.8
M118681152M 78 m/pixel 76.2
Alder-East TCO_MAP_04_S45E 7.4 m/pixel
Ejecta 174S48E177SC ’ P
Alder-South TCO_MAP_04_S48E
Ejecta 174S51E177SC
TCO_MAP_04_S45E
177S48E180SC
TCO_MAP_04_S48E
177S51E180SC
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