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Abstract Chang’E-4 (CE-4) successfully landed on the floor of the Vidir{an crater within the South
Pole-Aitken basin (SPA). One of its scientific objectivesdsdetermine the subsurface structure and the
thickness of lunar regolith at the landing site and alongttieerse route of the Yutu-2 rover. Using orbital
data, we employed small craters (diametetskm) on the floor of the Von Karmén crater as probes to
investigate the subsurface structure and stratigraphyso€E-4 landing site. In this study, 40 dark-haloed
craters that penetrate through the surface Finsen ejedtexaavate underlying mare deposits were identi-
fied, and 77 bright ray craters that expose only the undeylyesh materials but do not penetrate through
the surface Finsen ejecta were found. The excavation depthese craters and their distances from the
Finsen crater center were calculated, and the thicknesibditon of Finsen ejecta on the Von Karman
floor was systematically investigated. The boundary betviasen ejecta and underlying mare basalt at
the CE-4 landing site is constrained to a depth of 18 m. We pawgosed the stratigraphy for the CE-4 site
and interpreted the origins of different layers and the ggickl history of the Von Karman crater. These re-
sults provide valuable geological background for intetipgedata from the Lunar Penetrating Radar (LPR)
and Visible and Near-infrared Imaging Spectrometer (VNi8)the Yutu-2 rover. The CE-4 landing site
could provide a reference point for crater ejecta distitouand mixing with local materials, to test and
improve ejecta thickness models according toithgtu measurements of the CE-4 LPR.
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1 INTRODUCTION composition and subsurface structure of the landing site
and the geological history of this region (Jia et al. 2018).
The Von Karman crater is a perfect location to inves-
On 2019 January 3, Chang’E-4 (CE-4) safely landed in théigate both lunar farside volcanism and deep-seated ma-
eastern Von Karman crater (186 km in diameter; central coterials possibly from the lunar upper mantle. The SPA is
ordinates 44.4S, 176.2E) within the 2500-km-diameter an ancient impact structure on the lunar farside (Wilhelms
South Pole-Aitken basin (SPA) (Li et al. 2019; Di et al. et al. 1979), which shows distinctive geochemical charac-
2019). CE-4 is the firsin situ exploration mission on the teristics and has a unique geological history (e.g., Fieter
lunar farside as well as in the SPA basin. One scientifet al. 1997; Lucey et al. 1998; Jolliff et al. 2000). Except
ic objective of this mission is to determine the mineralfor ultramafic mantle material exposure, previous studies
compositions of surface materials and perform geologicahlso suggest the presence of differentiated impact melt-
characterization of the landing site (Jia et al. 2018). Thes at the bottom of the SPA basin (e.g., Morrison 1998;
Visible and Near-infrared Imaging Spectrometer (VNIS)Hurwitz & Kring 2014; Vaughan & Head 2014). The Von
and Lunar Penetrating Radar (LPR) aboard the Yutu-Karman crater lies within the Mg-pyroxene annulus de-
rover are the two key instruments for revealing the surfacéined by Moriarty Il & Pieters (2018). Its floor was filled



8-2 X.H. Fuet al.: The Subsurface Structure of the CE-4 Landing Site

by mare basalts in the Late Imbrian Period (Pasckert et aéxcavated by the primary crater. The other group comprises
2018). The basalt plains were subsequently reshaped layaters surrounded by low-albedo deposits known as dark-
ejected materials from surrounding young craters. Botlhaloed craters (DHCs) (Head & Wilson 1979; Salisbury
mare basalts and mafic materials with abundant Mg-ricket al. 1968). The DHCs are interpreted as resulting from
pyroxene are exposed on the floor of the Von Karmarthe excavation of low-albedo material from the subsur-
crater. The morphology, mineralogy, and geochemistry oface, such mare basalts, glass materials or impact melt-
Von Karman crater were investigated (Huang et al. 2018s, although the nature and origin of DHCs are not com-
Ling et al. 2018, 2019; Qiao et al. 2019) using orbital datapletely understood (Head & Wilson 1979; Kaydash et al.
because it had been listed as the landing site of the CE-2014). The presence of DHCs has been taken as an indica-
mission (Jia et al. 2018). tor of ancient lunar volcanic deposits or cryptomaria (Bell

The subsurface structure of the CE-4 landing site con® Hawke 1984; Whitten & Head 2015). _
tains a direct record of the sequence of major geological The crater excavation method can assess the thickness

events and the geological history of this area. The im©f Finse.n ejectg and determine the vertical boundary be-
pact structures in the regional vicinity of the Von Karmantween Finsen ejecta and mare basalts. On the Von Karman
crater span the vast expanse of geological time, from thoor, DHCs are craters that punch through overlying ejec-
pre-Nectarian SPA basin (Wilhelms et al. 1979) to thel@ to excavate underlying mare material. BRCs expose only
Nectarian Von Karman crater (Stuart-Alexander 19783, th the underlying fresh -materla_ls but do not-exhume the mare
Imbrian Alder crater (82 km in diameter) (Wilhelms et al. Pasalt layer below Finsen ejecta. Coordinated analyses of
1987) and the Copernican Finsen crater (73km in diamet—he crater excavation depths angl their fjlstancgs from the
ter) (Ling et al. 2019). Superpositions among these cratdfinsen crater center can constrain the ejecta thickness.
materials and mare basalt units establish local stratigcap To test this hypothesis, we searched the small craters
sequences. From lunar surface mineralogy and morphold? this area and identified the DHCs and BRCs. Their di-
gy analysis (Pasckert et al. 2018; Huang et al. 2018; QiagMmeters (as well as estimated excavation depths) and dis-
et al. 2019), it has been widely accepted that the FinsefNces from the Finsen crater were collected. Using these
crater is the main source of surface ejecta in the easte@fbital datasets, we investigated the thickness and distri
portion of the Von Karman crater floor as well as at thebution of the Finsen ejecta on the Von Karman floor. This
CE-4 landing site (Pasckert et al. 2018; Li et al. 2019)study provides substantial geological background for CE-
However, several key questions about the subsurface strug-exploration, such as the stratigraphic sequences and ma-
ture and stratigraphy are still open. What is the thicknéss dor geological events in the SPA. The thickness estimates
Finsen ejecta? How much ejected material did these cratef@r different geological units at the CE-4 landing site are
deliver to the Von Karman crater floor? Is the Alder ejectarobust. Future measurements by the Yutu-2 rover will pro-
below or above the mare basalt unit? Stratigraphic investide furtherinsights into the subsurface setting of thessar
tigations of the CE-4 landing site allow reconstruction of

the general sequence of geological events in the region. 2 DATA AND METHODS

Small craters can penetrate through lunar surface gez— 1 Data
ological units and act as probes into the underlying mate-"
rials. Such craters have been widely used to determine thge generated regional data mosaics of the Lunar

thickness of the surface unit and the compositions of lavgkeconnaissance Orbiter (LRO) Wide-Angle Camera
flows, impact melt sheets beneath them and other hidde(fp_ROC WAC, 100m pixet!, Robinson et al. 2010),
layers (Budney & Lucey 1998; Chen et al. 2018). Doze”Narrow-Angle Camera (NAC, up to 0.60m pixdl
of small craters (less than 2 km) are found on the floor oRgpinson et al. 2010), and Kaguya Terrain Camera (TC)
the Von Karman crater. Based on these small crater stugyrtho mosaic (10 m pixel size; Haruyama et al. 2008) to
ies, Huang et al. (2018) reported that the thickness of thgerform the identification and topographic analysis of s-
fine grain’ regolith varies from~2.5 to 7.5m using the ma| craters on the Von Karman floor. More details about
method of Quaide & Oberbeck (1968) in the landing re-xac and NAC image processing are described in Qiao
gion. In the present study, we attempt to use these crategg 5. (2019). LROC NAC images, with the highest spa-
to derive the thickness of Finsen ejecta and constrain thgy| resolutions (0.5-2m) of the lunar surface among all
subsurface structure of the CE-4 landing site. available orbital data, were acquired at different incizien
The small craters on the Von Karman floor can be catangles. The NAC images covering the Von Karman crater
egorized into two distinct groups by the ejected materiahre all at moderate/high solar incidence angie$@).
albedo around individual craters. One group is the craters The global mineral abundance maps (60 m pixXgl
surrounded by bright rays or ejecta patterns. These briglgroduced by Lemelin et al. (2016) from Kaguya MI
ray craters (BRCs) are relatively young. The bright contin-spectrometer data were also used here. Quantitative min-
uous ejecta blanket is likely formed due to fresh materiakralogical analysis for major rock-forming minerals (o-
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livine, orthopyroxene, clinopyroxene and plagioclase) is
obtained through radiative transfer modeling calculation
The Kaguya Ml-extracted mineral abundance hds a=
7wt% uncertainty from the Lunar Soil Characterization
Consortium (LSCC) data (Lemelin et al. 2019). Kaguya
MiI-derived silicate abundance maps allow detailed miner-
alogical characterization of the Von Karman floor and i-
dentification of small craters.

Identification of the DHCs and BRCs on the Von
Karman crater floor included three steps. First, the DHCs
and BRCs were identified in the Kaguya TC mosaics,
which provide nearly 100% coverage of the Von Karman
floor. Second, the DHCs and BRCs were confirmed on the
NAC images with solar incidence angles less thafi. 55
In the third step, the identified DHCs and BRCs were re-
checked on the Kaguya Ml-extracted mineral abundance
maps. DHCs on the Von Karman floor should expose
basaltic materials that are obviously different from the su
rounding Finsen ejecta. The materials excavated by BRCs

usually show mineral compositions similar to those of the

surrounding terrain. This similarity occurs because thes&!9- 1 LROC WAC image mosaic of the Von Karman crater with-

small craters do not penetrate the uppermost Finsen ejel-'® SPA basin. Thbold white circle marks the rim location of
ta. A t ts of I t . It e Von Karman crater, and tlietted white circles mark the rim
a. Actcurate measurements of small crater Sizes Wereé al§fyiinns of the Von Karman M, Leibnitz, Oresme and Finsen

!:Jerformed based on Kaguya TC images and LROC NAGaters. Theyellow square marks the position of Fig. 2. The
Images. projection is a Lambert conformal projection centered & £/
In the present study, crater identification and diam-44.5’S, and north is up.

eter measurements were performed manually using the

CraterTools extension in ArcMap (Kneissl et al. 2011).andD are the diameter of the transient crater and the final
This tool has been extensively used in crater counting andiameter, respectively. The final diameter of a small crater
diameter measurements in planetary science (e.g., Hea¢hs obtained by the CraterTools extension in ArcMap. For
et al. 2010). Crater diameter measurements are defined dne Finsen crater, the diameteéd) is 73km, andR; is

the basis of a best-fit circle, fit to the crater rim based or80.66 km.

three points selected along the rim. The center of thiseircl

was taken as the crater position. 2.3 Description of the Study Area

i §
£
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2.2 Ejecta Thickness Models and Crater Excavation The Von Karman crater is a Nectarian crater (Stuart-
Depth Alexander 1978) with degraded topographic and morpho-

logic features (Fig. 1). This crater is surrounded by sev-

The radial variations in Finsen ejecta thickness have alseral other large impact craters: Leibnitz3.88Ga,D =
been estimated by ejecta thickness models. Based on oP36km, Yingst et al. 2017) in the north, Finsen in the
served ejecta thicknesses from explosion craters, téalest northeast, Von Karman MI§ = 225km) /L/L’ in the
craters, and laboratory craters and on observations of ejesouth, Alder in the southeast, and Oresme (pre-Nectarian,
ta from Copernicus and the Imbrium basin, several model® = 73 km, Wilhelms et al. 1979) in the west (Fig. 1). The
have been developed to estimate the thickness of ejecta aCaesme crater, characterized by a damaged outer rim, is
given distance from a crater. All these models are summapossibly older than the Von Karman crater based on the ge-
rized in Table 1. In these equationss ejecta thickness,  ological map by Wilhelms et al. (1979). The Von Karman
is the distance from the center of the crater to a given locaM crater has been heavily destroyed by Von Karman and
tion, andR; is the radius of the transient crater. All thesethus relatively older. The ejecta of the Leibnitz crater
variables are in meters. For the present study, we utilizeturies the north rim crest of the Von Karman crater, indi-
all these models to estimate the Finsen ejecta distribsitiorcating its relatively young age. Clearly, Leibnitz and athe
on the Von Karman crater floor. More details about theseyoung craters all delivered significant amounts of ejected
models are discussed in Section 4. materials onto the floor of the Von Karman crater (Fig. 1).

In the present study, the excavation depth,(.) of The Finsen ejecta and mare basalts that filled in the
each crater was calculated with the following equations invon Karman crater exhibit different mineral and chemi-
Melosh (1989):Hcy. = 0.1Dy, D; = 0.84D, whereD, cal compositions. The eastern portion of the Von Karman
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Table 1 Multiple Models to Estimate the Thickness of Ejecta

Equations References
1 t=014R""(r/Ry) 30 McGetchin et al. (1973)
2 t=0.033R(r/R)" 30 Pike (1974)
3 ¢t =0.0078R(r/R¢)~ 261 Housen et al. (1983); Petro & Pieters (2008)
4  t=3.95(£1.19)R:93%°(r/R:)~30  Sharpton (2014)

b 2 L T TR
A

Mons Tai

Tianjin
Von Karman

Zhinyu

Tianjin

Fig.2 Geological context of the study area and the identified soratiers. Panel A is the Kaguya TC mosaic; Panel B shows the
Kaguya Ml-retrieved abundance mapping of plagioclase instiudy area (Lemelin et al. 2016). THetted line indicates the study
area. The radial ejecta of the Zhinyu crater and the 15.24xité diameter) region around the Tianjin crater are exatlitbr the
following small crater mapping to minimize the effects oa #stimation of Finsen ejecta thickness. Wiite andred circlesrepresent

the DHCs and BRCs identified in the present study. Jébow square marks the position of Fig. 3. All the maps in this study are
projected into the Lambert conformal 225 projection, cexdeat 176, 44.5 S, and north is up.

crater floor is homogeneous in surface FeO (11 wt%-Fig. 2B), Finsen ejecta shows a unique yellow tone. We
13wt%) and TiQ (1wt%—2wt%) content using Kaguya define this area as the continuous ejecta blanket of the
Mi-derived elemental maps (Qiao et al. 2019). The mard-insen crater (dotted line polygon in Fig. 2). The boundary
deposits exposed by the Zhinyu crater show relativelyoetween the Von Karman crater floor and wall is adapted
elevated FeO abundances (13wt%-18wt%) and broadrom the mare boundary defined by Nelson et al. (2014).
er TiO, (1wt%-3wt%) range. Nearby mare material- The CE-4 landing site (red star in Fig. 2) is located on the
s show relatively higher average olivine (9wit®wt%)  western edge of the study area.

and clinopyroxene (16 wt%4 wt%) abundances (Fig. 2).
Finsen ejecta contain more feldspathic components, At the edges of the study area, we observe two crater-

with an estimated average plagioclase abundance &f With diameters>3.5km (Fig. 2). The Zhinyu crater
45Wt% 4 wi% (Qiao et al. 2019) (Fig. 2) (3.6 kmin diameter) is fresh and has a sharp and raised rim.

The Tianjin crater (3.6 km in diameter) lies at the base of
We define the study area for the small crater searcthe Von Karman inner wall and is moderately degraded. On
using the Kaguya MI-derived plagioclase abundance maghe plagioclase abundance map, the Zhinyu crater produces
Finsen ejecta are characterized by relatively elevated plaadial mare deposits with lower plagioclase and delivers
gioclase abundance. On the plagioclase abundance mé#pem to the adjacent regions. The regions that may con-
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tain ejecta derived from this crater are all excluded here3.2 The Identification of Bright Ray Craters

The Tianjin crater does not show an obvious composition-

al contrast with the surrounding terrain. Neverthelesg, anBright ray craters are characterized by high-albedo de-
craters within the 15.2-km region (4 times its diameter)POsits occurring around the crater (Hawke et al. 2004).

around the Tianjin crater are ruled out for the small crateMost small craters with typical bright rays can be identi-
search. fied in Kaguya TC images. However, due to the low spatial

resolution of Kaguya TC images, it is difficult to accurate-

ly measure the diameters of these craters. The high spatial

resolution images acquired by the LROC NAC were used.
3 RESULTS In the NAC images with incidence angles 44° — 55°, _
fresh ejecta of these craters show enhanced contrast with
the background, which makes BRCs easily recognizable
(Fig. 3). We identified 77 BRCs and determined their diam-
) - eters and center locations on the NAC images. On Kaguya
Dark-haloed craters were identified in the study area foly_retrieved abundance maps of silicates, these craters
lowing the three steps in Section 2.1. The DHC candiy,gyajly show no obvious compositional contrast with the

dates firstly identified on the Kaguya TC images wereg,rounding terrain, indicating that they did not penetrat
then reexamined on the NAC images (see examples ithrough the Finsen ejecta (Fig. 4).

Fig. 3). Previous studies proposed that the solar incidence
angles can affect small craters’ detection and measuremeg-; -~ . . :

.3 Crater Excavation Depth and Ejecta Thickness
t (Ostrach et al. 2011; Antonenko et al. 2013). To exam- P )
ine this, we compared numerous NAC images of the sam@ye estimated the thickness of Finsen ejecta on the floor of
area taken with different incidence angles. Small cratergye \on Karman crater using the small craters that com-
arid their surrounding ejepta show significant a_lbedo Vf'”ipletely penetrated (DHCs) and failed to penetrate (BRCs)
ations and no shadows in the NAC images with low in-through this ejecta layer. In the study area, 40 DHCs and
cidence angles. The images with incidence angles of lesg7 BRCs were identified. Their diameters, crater centers,
than 20 are the ideal NAC dataset for a small crater searchgistances from the Finsen crater center, and estimated ex-
However, the NAC images that cover the study area wergayation depths are listed in Tables 2 and 3. The excavation
all acquired atincidence angles Iargerthaﬁ.4101eorefore, depth of each crater was estimated using the crater excava-
the NAC images with incidence angles4f® — 55° were  tjon equation of Melosh (1989) (see the equation in sec-
the mcon!plete coverage of the NAC images with incidencgyow|-shaped interiors and smooth walls (see the examples
anglesi0® — 55° in the study area, some BRC candidatesyy Fig. 3). Their distances from the center of the Finsen
cannot be verified. These craters were not involved in th@rater vary from 110 to 180 km. Most of the DHCs range
following ejecta estimation. from 400 to 800 m in diameter (Fig. 5). The BRCs are rel-

The abundance maps of silicates obtained by Kaguyatively small, with diameters of less than 250 m (Fig. 5).
MI (Lemelin et al. 2016) were also applied for verification ~ Figure 6 shows the correlation of crater excavation
of DHCs. As mentioned above, mare basalts are charactetlepths with their distances from the Finsen crater cen-
ized by a lower abundance of plagioclase (PI) and higheter. Note that the DHCs (red circles) and BRCs (green
abundances of olivine (Ol) and clinopyroxene (CPX) thardiamonds) are clearly plotted in two clusters. An obvi-
Finsen ejecta. On the P1 abundance map, we can easily reégds boundary is found between these clusters. The DHCs
ognize the isolated green spots on the yellow-toned Finseae concentrated above this boundary, while the BRCs
ejecta (Figs. 2B and 4C). The green spots, consisting ddre located below the boundary. This result is reasonable
green-toned ejecta from the Zhinyu crater, represent mafeecause the DHCs have larger diameters and excavation
materials from the mare basalt layer beneath Finsen ejegepths than the BRCs. The boundary between the ‘pene-
ta. Therefore, Pl abundance variations between exhumdthting’ DHCs and the ‘non-penetrating’ BRCs (Fig. 6) ap-
mare deposits and Finsen ejecta distinguish them and eproaches the true thickness of Finsen ejecta distributed on
able us to check the DHCs. Figure 4 shows eight typicathe eastern portion of the Von Karman crater floor.
DHCs found near the CE-4 landing site. On the abundance Finsen ejecta thickness was also estimated using ejecta
maps of PIl, Ol and CPX (Figs. 4B-D), we note that the lo-thickness models (Table 1). The Finsen ejecta distribation
cations and sizes of the DHCs measured in the Kaguya T@erived from these models follow the same trend (Fig. 6):
and LROC NAC images match well with the crater shapeshe ejecta thickness decays exponentially with the radial
outlined by mineral distributions. All the DHCs identified distance. However, the curves built based on these mod-
on Kaguya TC and LROC NAC images are confirmed inels are all lower than the boundary constrained by small
the abundance maps of silicates. craters (Fig. 6). This result suggests that all these model-

3.1 The Identification of Dark-haloed Craters
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Diameter: 940 m

Center: 178.386°E, 4

Fig. 3 Typical DHCs and BRCs on the eastern floor of the Von Karnratec. White circles represent the best-fit circles of two DHC
rims. BRCs with high-albedo rays are also notesdl @rrows). The NAC image IDs are M141099568R and M1148327111L.
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gh

Plagioclase (Wt %) =
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“Zclinopyroxene (wt %) 3 -

Fig.4 DHCs and BRCs identified on the orbital images and Kaguya éitieved abundance maps of silicates. Panel A presents
LROC NAC images overlaid on the Kaguya TC mosaic. The IDs ef NAC images used here for small crater identifications are
M1145979809L, M1145979809R, M143453659L, M143453659R 2805776471, and M1229577647R. Panels B, C, and D are
Kaguya Ml-retrieved abundance maps of plagioclase, @ivand clinopyroxene, respectively. Thaite andred circles in the 4
panels represent the best-fit circles of DHCs and BRCs, cagply. DHCs exhume basaltic materials with lower Pl anghleir Ol

and CPX contentded arrows indicate the identified BRCs, which show no compositionaitast with the background. Thed star
shows the location of the CE-4 landing site.



X.H. Fuetal.: The Subsurface Structure of the CE-4 Landing Site 8-7

20 35

1B A Dark halo craters B Bright ray craters
N=40 0F N=77

14l B ;2

Counts
Counts

6r 10} 2

41 ; Z

; : g
200 300 400 500 600 700 800 900 1000 0 50 100 150 200 250 300 350 400
Crater diameter (m) Crater diameter (m)

Fig.5 Histogram of diameters for DHCs (A) and BRCs (B) identifiedha study area.

4 DISCUSSION

o Dark halo craters

= 005IR(R)° CE\:” Bright ray craters 4.1 Possible Reasons for the Underestimation of

102 o -4 landing site Ejecta Thickness Models
— [©]
% 5 §o o Several ejecta thickness models have been proposed to es-
2 & § timate the ejecta thickness and spatial distribution adoun
£ 1 é@\ a crater. The ejecta thickness can be expressed as a func-
§ tion of the crater size and the distance between the crater
i

W center and a location of interest. It is generally descrdzed
N t =T(r/R:)’, wheret is the thickness at radial distance
10° b from the crater centefl is the ejecta thickness at the rim

T of the craterR; is the radius of the transient crater, and
2.0 25 3.0 35 4.0 45 5.0 55 6.0 6.5 .

Normalized distance from Finsen center r/R, is the exponent of the power law.
The models of McGetchin et al. (1973) and Pike

Fig.6 Thickness estimates for the Finsen ejecta plotted as 5197_4) are the_ most cited models for eject thickness e_St"
function of the distance from Finsen center. e circlesand ~ Mation (e.g., Xie & Zhu 2016; Zhu et al. 2015). McGetchin
green diamonds represent the DHCs and BRCs identified in the €t al. (1973) developed a power law equation based on
study area. Their distance from Finsen crater center ($able the results of nuclear and high explosive cratering events,
and 3) have been normalized to the transient radius of Finsesmall-scale laboratory cratering experiments, naturaéme
crater (: = 30.66 km). Thesolid curves present the thickness of - orite impact craters, and estimates for lunar cratersyihcl
Fmsen ejecta calculqted usmg.the different models (seetmm.- ing numerous cratering events. They defiffeéndb as
s in Table 1). Thevertical gray line represents the CE-4 landing T = 0.14R,%™, b = —3. Pike (1974) modified this equa-

site (- = 140.15km, r/R, = 4.57). Its distance from the Finsen . . id . f the thick f ei he i
crater centerr(= 140.15 km) is calculated based on the landing tion in consideration of the thickness of ejecta at the rim

location (177.588E, 45.457 S) reported by Di et al. (2019). of terrestrial analogs and experimental explosion craters
Pike (1974) revised the equation fér. 7" = 0.033R;.

Generally, the Pike equation predicts approximately an or-
der of magnitude greater amount of material introduced to
s might underestimate the thickness of the Finsen ejectany given location on the surface than the McGetchin mod-
Among the five models, the curve built based on the equagl.
tion of Pike (1974) is closest to the boundary in Figure 6.  Housen et al. (1983) developed another model based
We followed the approach of Pike (1974) and revised theion dimension analysis of impact cratering. This model is
equation ag = 0.053R,(r/R;)~>C. This revised equation applicable to different planetary surfaces and contains se
(black curve in Fig. 6) gives the best fit to the actual ejeceral variables depending on the target properties. Petro &
ta thickness in the normalized distance range 3.5-4.7. IRieters (2004) simplified the Housen et al. (1983) scal-
Section 4.1, we discuss possible reasons for the deviationsg equation and suggestdd = 0.0078R;, b = —2.61.
of these ejecta thickness models. Sharpton (2014) investigated lunar craters with diameters
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Table 2 DHCs Identified in the Study Area

Crater diameter Lon Lat Distance from Finsen Excavatiortlﬂ@nater diameter Lon Lat Distance from Finsen Excavatiortidep

(km) ©) ©) center (km) (m) (km) ©) ®) center (km) (m)

0.607 177.80 -45.41 135.82 51.03 | 0.410 177.67 —45.00 129.99 34.48
0.712 178.01 -45.33 130.78 59.78 | 0.489 177.95 -44.98 124.90 41.08
0.958 178.38 -45.43 127.54 80.47 | 0.460 177.65 -45.26 135.12 38.63
0.709 178.97 —45.60 123.50 59.57 | 0.407 177.67 -44.76 125.64 34.16
0.636 178.12 -45.57 134.51 53.46 | 0.502 177.73 -45.61 141.06 42.13
0.975 178.06 —45.70 138.10 81.93 | 0.400 177.77 -46.28 155.19 33.62
0.569 177.88 -45.81 143.23 47.77 | 0.376 176.87 —46.88 181.47 31.56
0.503 177.77 -45.91 147.01 42.23 | 0.461 177.63 —45.46 139.43 38.75
0.558 178.01 -45.95 144.55 46.84 | 0.506 178.10 —45.08 124.47 42.53
0.473 178.11 -45.96 143.30 39.77 | 0.328 178.00 —45.04 125.33 27.58
0.555 177.83 -46.23 153.26 46.59 | 0.442 178.09 —44.96 122.11 37.13
0.805 177.92 -46.13 149.85 67.58 | 0.318 177.92 -44.95 124.69 26.71
0.574 178.16 —46.10 145.99 48.19 | 0.222 177.96 —45.73 140.24 18.68
0.713 178.23 -44.51 111.50 59.88 | 0.415 178.71 -46.17 140.73 34.84
0.880 177.69 —44.53 121.30 73.89 | 0.480 178.15 -46.37 152.41 40.34
0.454 177.72 -44.80 125.51 38.17 | 0.484 178.26 —44.61 112.85 40.61
0.439 178.26 —45.37 128.00 36.84 | 0.352 177.24 -45.78 152.20 29.57
0.368 178.07 —44.55 115.09 30.90 | 0.272 177.94 —46.55 159.44 22.83
0.473 178.85-45.84 130.85 39.76 | 0.500 177.90 -44.73 121.20 41.98
0.346 178.75 —-45.69 128.54 29.07 | 0.265 177.75 -45.12 130.91 22.22

from 2.2 to 45 km. They followed the model of McGetchin between the surface Finsen materials and the mare basalts.
et al. (1973) and proposed that the ejecta thickness at thihe Alder crater is one candidate to have transported eject-
rim of a complex crater i§" = 3.95(+1.19) R,%-3%9. ed materials to the study area (Fig. 1). Alder is an Imbrian

The underestimation of these models. relative to th&"ater thatis clearly older than Finsen crater. However, th

ejecta thicknesses indicated by the DHCs and BRCs iders€duence of the Alder impact event and the Von Karman
tified in this study, may be related to their assumptions ang0!c@nism is quite ambiguous. In the western portion of
limitations. The McGetchin model was noted to have beerYo" Karman, Finsen ejecta becomes thin to discontinuous
established from inadequate lunar data and to be incoﬁ(‘-’_'th increasing distance from _the Finsen center. If AI(_jer
sistent with the general form of either empirical or the-€i€Cta lies on mare basalt units, there should be unique
oretical studies of craters (Pike 1974; Xie & Zhu 2016)_morpholog|cal features for tracking their source region,
The Housen et al. (1983) model was corrected to accoursch as linear features and secondary impact cratersfcrate
for the curvature of the Moon (Petro & Pieters 2004) tochains. However, we found no morphological evidence in
investigate the mixing of materials excavated by impacfhe western portion of the Von Karman floor. This obser-

basins on a global scale. This is clearly not the case for th¥2tion indicates that the materials in the western portion o

Finsen ejecta distribution on the Von Karman crater floorth® Von Karman floor should not have been derived from

The Sharpton (2014) model was based on investigations lipe Alder crater. We suggest that the formation of the Alder
21 small-scale impact craters on the Moon. This equatiofiatér should have been earlier than the emplacement of
should not be extrapolated to large complex craters such &8&re basalt; thus, Alder ejecta could lie beneath the basalt
the Finsen crater (73km in diameter, with a central peaki@yer- There are two craters on the rim of the Von Karman
because the formation conditions (such as the size of pr&/ater: Von Karman L (Eratostheniaf) = 29km) and
jectiles and transient cavity diameter; Xie & Zhu 2016) of " (Imbrian, D = 29 km). Their contributions can also be

the Finsen crater were different from those of craters wit{gnored because of their young ages and relatively smal-
diameters of 2—45 km. | sizes. In summary, the superposition relationships rule

out the possible contribution of ejecta materials from othe

The underestimation of the ejecta models may be dugraters

to the contribution of other craters in addition to Finsen.

Based on the surface morphology and mineralogical fea-

tures of the study area, the Finsen crater is the main sourde2 The Stratigraphy of the CE-4 Landing Site

of the surface ejecta layer. However, other craters, old-

er than Finsen but younger than Von Karman volcanismThe SPA is the largest and oldest recognizable impact basin
might also have contributed. Such an ejecta layer should lien the Moon. It is a high-priority landing site for scientific
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Table 3 BRCs Ildentified in the Study Area

Crater diameter Lon Lat Distance from Finsen Excavatiortlﬂ@nater diameter Lon Lat Distance from Finsen Excavatiortidep

(km) ©) ©) center (km) (m) (km) ©) ®) center (km) (m)
0.219 177.94 -45.26 130.68 18.41 0.200 177.44 —-44.60 127.14 16.81
0.155 177.95-45.20 129.18 13.01 0.229 177.50 -44.60 126.03 19.23
0.092 177.83 -45.16 130.29 7.72 0.333 177.89 —44.50 117.44 28.00
0.029 177.80 —45.15 130.56 2.43 0.286 177.91 -44.37 114.79 24.00
0.086 177.73 -45.14 131.61 7.26 0.121 177.30 -45.93 154.48 10.17
0.062 177.74 -45.15 131.66 5.20 0.288 178.47 —44.40 82.06 24.21
0.070 177.67 -45.13 132.45 591 0.205 177.05-45.95 158.56 17.19
0.069 177.69 -45.11 131.75 5.80 0.177 178.03 -46.54 158.14 14.86
0.092 177.70 —-45.06 130.59 7.72 0.145 178.23 -46.15 146.08 12.16
0.080 177.82 -45.01 127.69 6.76 0.192 177.99 —44.67 118.62 16.13
0.094 177.45-44.83 130.71 7.90 0.124 177.80 -45.77 143.49 10.43
0.123 177.57 —45.90 149.69 10.35 0.192 178.58 —46.07 139.68 16.13
0.124 177.59 —-45.87 148.72 10.41 0.176 178.44 -46.00 139.90 14.76
0.138 177.35-45.87 152.32 11.62 0.059 177.76 —44.73 123.49 4.98
0.173 177.48 -45.84 149.81 14.52 0.090 177.69 —44.62 122.96 7.54
0.155 177.35-45.79 150.65 13.01 0.068 177.73 -44.62 122.16 5.69
0.127 177.22 -45.81 153.05 10.65 0.108 177.93-44.77 121.28 9.08
0.107 177.08 —45.86 156.31 8.99 0.150 177.80 -44.80 124.04 12,57
0.155 177.10 -45.79 154.60 13.00 0.067 177.88-44.81 122.92 5.65
0.228 177.25-45.75 151.37 19.15 0.132 178.05-44.78 119.44 11.07
0.132 177.28 -45.74 150.82 11.05 0.142 177.74-46.31 156.34 11.94
0.220 177.27-45.71 150.30 18.51 0.129 177.66 —45.18 133.50 10.86
0.212 178.92 -46.10 136.45 17.83 0.076 177.88-44.63 119.59 6.42
0.119 178.74 —45.85 132.34 10.04 0.270 178.14 -44.54 113.50 22.71
0.123 178.59 —45.93 136.26 10.37 0.149 178.72 —45.95 135.18 1251
0.087 178.83 -45.83 130.87 7.27 0.200 177.38 -45.93 153.29 16.81
0.057 178.79 —45.80 130.64 4.81 0.153 177.96 —46.24 151.80 12.83
0.073 178.80 —45.82 130.76 6.11 0.131 178.30 —45.99 141.32 11.01
0.099 178.68 —45.70 129.59 8.30 0.123 178.17 -45.25 126.81 10.30
0.118 178.63 —45.67 129.59 9.90 0.150 178.40 -45.34 125.27 12.57
0.194 178.86 —45.55 123.72 16.33 0.155 177.61 -44.35 120.15 13.00
0.096 178.73 —45.56 125.53 8.04 0.204 177.38 -44.63 128.78 17.09
0.138 178.65 -45.57 127.02 11.62 0.055 178.59 —45.38 123.32 4.66
0.124 178.73 —45.59 126.36 10.41 0.112 178.60 —45.41 123.95 9.43
0.167 178.27 —45.48 130.24 14.04 0.088 178.39 —45.36 125.92 7.40
0.124 177.42 —-45.08 135.78 10.40 0.135 177.47 -45.86 150.20 11.33
0.094 177.44 —45.10 135.63 7.90 0.088 178.08 —45.46 132.57 7.38
0.123 178.15-45.76 138.20 10.30 0.142 177.41-44.71 129.54 11.95
0.181 178.16 —45.75 137.84 15.22

human and robotic exploration missions (e.g., Jolliff et al inated from the lunar mantle (Li et al. 2019), which will be
2012). The nature and formation of the SPA basin haveontinuously investigated by the Yutu-2 rover. According
implications for several fundamental questions about luto the mineralogical characterization of materials exhdime
nar early evolution (Jolliff et al. 2017; Shearer et al. 2011 by craters, low-Ti mare basalt represents the layer below
including lunar impact chronology, large impact basin for-the Finsen ejecta. The low-Ti basalt emplacement in the
mation, and lunar farside volcanism. Lunar stratigraphy is/on Karman crater occurred at 3.6 Ga (Huang et al. 2018).
significant for understanding the geological history and geThis basalt layer was finally covered by Finsen ejecta at
ological event sequence of the study area (Fig. 1). The VoB69+130Ma (Ling et al. 2019). Based on the DHC and
Karman crater is located on the impact breccia/melt shed@RC excavation depth calculations, we conclude that the
produced by the SPA impact event. After the formation ofvertical depth of the boundary between the overlying ejec-
the Von Karman crater (Nectarian Period), its floor wasta layer and the mare basalt layer is approximately 18 m at
resurfaced by multiple ejecta blankets from the surroundthe CE-4 landing site.
ing craters and filled with low-Ti mare basalts. In this sec-
tion, we investigate the superposition of materials on the Both the Finsen ejecta and mare basalt layers have
floor of the Von Karman crater and construct the stratigralong exposure histories on the lunar surface. Regolith lay-
phy of the study area as well as of the CE-4 landing site. ers should have developed on the top surfaces as a result
of long-continued bombardment. We propose that, prior to
Finsen ejecta composes the uppermost layer in the $he superposition of the Finsen ejecta, a basaltic regolith
tudy area (Fig. 7). Finsen ejecta, the yellow tones in théayer developed on the surface of the mare basalt plains.
Pl abundance map (Fig. 2B), widely covers the study area he surface of the mare deposits was affected by subse-
These OPX-rich (and CPX-poor) materials may have origguent impact events since their emplacement at 3.6 Ga and
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was gradually reworked by micrometeorites and solar winéind Alder ejecta at the CE-4 landing site are approximately
ions until the surface was finally buried by Finsen ejecteb20 and 29 m, respectively. The materials below Leibnitz
at 969-130Ma (Ling et al. 2019). We estimated that theejecta should be impact breccias/melts, which usually oc-
thickness of the ancient basaltic regolith layer is approxicur on the fractured floor of a crater according to terrelstria
mately 4-5m, the same as the average regolith thicknegaspact structure studies. We assume that the SPA basin is
in lunar mare regions (McKay et al. 1991). The ancien-the oldest lunar basin; thus, its impact breccia/melts form
t basaltic regolith layer was very likely disturbed by thethe base of the stratigraphy of the study area.

impact transport of Finsen ejecta and mixed with these for-  The stratigraphy of the CE-4 landing site is determined
eign materials. This mixing occurred because the materidlased on the results of small crater mapping and geologi-
in the primary ejecta curtain interacted with and incorpo-al investigations of the study area (Fig. 7). A brief ge-
rated local material (Oberbeck 1975). Thus, there shouldlogical history of the study area is proposed as follows:
have developed a transitional and mixed zone near th& Nectarian impact event formed the Von Karman crater
boundary between Finsen ejecta and mare basalt (shag@ith a central peak, and impact melts/breccia spread on
ed regions in Fig. 7). However, it is difficult to assess thethe crater floor; the Leibnitz impact event produced mass
thickness of the mixed zone. materials that overlaid the northern rim and floor of the

The Finsen ejecta has also been continually reworkefon Karman crater; the formation of the Alder crater also
by small young craters since ejecta formation. We Sugge§gan_sported a th_m layer of exhumed mat_erlals; basaltlc_ vol
that a regolith layer exists on the top surface of the Finsefanism was active at 3.6 Ga, and low-Ti basalt flows filled
ejecta. The regolith layer should be a fine-grained, homgnost of the floor; a basaltic regolith layer formed on the
geneous mixture of local materials, compared with the unSurface of the mare basalt plain; in the long Eratosthenian
derlying rocks. Huang et al. (2018) assessed the regolitReriod, no large crater formed in the adjacent area, and
thickness in a rectangular area (average 5.8km in the gasaltic regohth f(.)rmed-on the s.urface of th_e mare basal;
W direction and 2.4 km in the N-S direction, including the the Copernican Finsen impact ejecta overlaid the basalt u-
CE-4 landing site) using NAC images with incidence an-Nit and covered the study area; subsequent small impact
gles of less than 55 They estimated that the regolith thick- €Vents struck the surface, and some of them excavated the
ness in this area varies from2.5to 7.5 m. Itis not possible Underlying basaltic materials and formed the craters with
to estimate the regolith thickness at the CE-4 landing sitéark halos.
using the same method because the CE-4 site is not cov-
ered by these NAC images with incidence angles of les§.3 Implications for the CE-4 Mission

than 55. However, the rectangular area in the eastern por_—l_h LPR aboard the Yutu-2 is pl d to det
tion of the Von Karman crater is a relatively small and s- N aboar € Yull-c Tover s planned fo deter-

mooth plain, which clearly has the same exposure historg]Ine the subsurface structure and the (_jepth of the sub-
and impact flux. Therefore, we assume that the local re_urface layers. It covers two channels with different pen-

golith layer of the CE-4 landing site has the same thicknesgtrat'on_ depths: a low-frequency channel (CH-1, 60 MHz)
as the rectangular area of Huang et al. (2018). and a high-frequency channel (CH-2, 500 MHz) (Guo et al.
2019; Jia et al. 2018). CH-1 is designed to determine the

To reveal the deeper layers, relatively large craters 0gypsyrface structure to a depth of several hundreds of me-
the floor of the Von Karman crater are needed. The largesgrs, CH-2 is intended to detect the fine structure of the lu-
crater near the study area is the Zhinyu crater. It is approx;ar regolith with a penetration depth 6.0 m (Guo et al.
imately 3.6 km in diameter with an estimated excavation2019; Jia et al. 2018).
depth of 310 m. This crater exposed massive mare deposit- The results of LPR CH-1 can refine the established

s (Fig. 2B), indicating that it did not penetrate throughgyatigraphic column and answer several key guestions
the mare basalt layer. The bottom of the mare basalt layzp gt deep layers at the CE-4 landing site. These results
er must be deeper than 310m. There are no craters on g reveal more structural details, such as the mixed zone
Von Karman floor that exhume materials beneath the margeyyeen Finsen ejecta and mare basalt, the thicknesses of

basalts. Therefore, the crater excavation method cann@{,sen ejecta and basaltic regolith, and the superposition
provide further stratigraphic information at greater #&pt  g|ationship of Alder ejecta and mare deposits. LPR will

The superposed relationships of these ‘hidden’ layeralso yield the thicknesses of mare basalts and possible sub-
under the mare basalt layer have been interpreted accorldyers, which will provide significant information for un-
ing to the ages of the craters (Huang et al. 2018). Thelerstanding lunar volcanism and assessing the volume of
Nectarian Leibnitz crater and Imbrian Alder crater bothmare deposits. LPR CH-2 will reveal the fine subsurface
delivered ejecta to the Von Karman floor. The CE-landingstructure of the regolith layer in meters, comparable with
site is 224 and 134 km from the Leibnitz and Alder craterthe Apollo drill cores. The CE-4 landing site shows the su-
centers, respectively. Using the proposed model (the equaerposition of multiple ejecta layers. Thesitu measure-
tion in Fig. 6), we estimate that the thicknesses of Leibnitanents of LPR could serve as reference points to investigate
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Local mixed orbital dataset, this study identified the craters that may
Eq foooliniaver have delivered materials to the CE-4 landing site and speci-
= 557.5m fies their ejecta thicknesses and superposition relatipnsh
LA Nixed zor = —=18m s. This information will contribute to the CE-4 mission and
E Fg:ggri{gztnaage Ancient help us understand the geological context and the origin of
- LCP and P rich it various materials.
-FeO 10-12 wt% [Soollh
: 5 CONCLUSIONS
Low-Ti mare basalt
Chcprion oo We identified 40 dark-haloed craters on the Von Karman
A crater floor that have penetrated through the surface Finsen
ejecta and excavated underlying mare deposits and 77
Alder ejecta (Imbrian age) 222 bright ray craters that expose only the underlying fresh ma-
terials. Based on the small cater mapping, we constrained
Leibnitz ejecta the Finsen ejecta thickness at the CE-4 landing site. We
iestess have provided a proposed stratigraphy for the CE-4 site
and interpreted the origins of different layers and the ge-
N ological history of the Von Karman crater. These result-
s provide valuable geological background for interpreting
Von Karmén impact melts/breccias data from LPR and VNIS on the Yutu-2 rover. We suggest
(NEIEaN S95) that the CE-4 landing site could serve as a reference point
=2 for crater ejecta distributions and mixing effects withdbc
PN|  SPAmpact melisforeccias (pre-Nectarian age) materials, which could be used to test and improve ejecta

Fig.7 The stratigraphy and subsurface structure proposed in thickness models according to the results of the CE-4 LPR.
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