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ARTICLE INFO ABSTRACT

Article history: China’s Chang’e-5 (CE-5) mission, the first lunar sample return mission since 1976, landed at 43.06°N,
Accepted 21 February 2021 51.92°W on Dec. 1, 2020, in Northern Oceanus Procellarum. CE-5 targeted a mare plain (Em4/P58)
Available online xxxx composed of distinctive young (~1.6-1.7 Ga) moderate-Ti mare basalts, with elevated Th abundance

Editor: W.B. McKinnon (inherent or extraneous). Thus, the regolith and rock fragments sampled by CE-5 come from some

of the youngest mare basalts on the Moon, near Rima Sharp, and from the center of the globally

Keywords:

Chang'e-5 anomalous Procellarum KREEP Terrane (PKT), hypothesized to be responsible for the generation of the
landing site young volcanism. To provide context for the analysis and interpretation of the returned samples and in-
chronology situ measurements of the regolith substructure with penetrating radar, we constructed a detailed geologic
geological mapping map and stratigraphic assessment of the site. The stratigraphy consists of ancient highland materials (PKT
mare basalts crust and ejecta from Iridum and Imbrium basins), local silica-rich volcanism, overlain by a sequence of
regolith mare basalts, capped with Em4/P58. A ~4-7 m thick regolith layer developed by post-mare bombardment
overlies the Em4/P58 protolith and contains admixed impact ejecta from distant sources, mainly from
Harpalus (~6 wt.%), followed by Copernicus (~2 wt.%) and Aristarchus (~1 wt.%). New crater size-
frequency measurements of Em4/P58 provide the necessary crater spatial density reference for calibration
of the lunar cratering chronology with radiometric ages of the returned samples. The geological map
and assessment of regolith provenance indicate that samples returned by CE-5 will address fundamental
questions in lunar chronology, thermal evolution, basalt petrogenesis, and the nature of PKT, as well as

provide key calibration for lunar and planetary chronologies and remote sensing data.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction 2020 at 43.06°N, 51.92°W (Wang et al., 2021) in Northern Oceanus

Procellarum (Fig. 1), ~170 km ENE from Mons Riimker (Zhao et

Chang’e-5 (CE-5), China’s first lunar sample return mission and  al, 2017). The landing site (Fig. 2) is within some of the youngest

the first sampling attempt since Luna-24, landed on December 1, lunar mare basalts (1.21 Ga, Qian et al, 2018; 1.33 Ga, Hiesinger

et al, 2011; 1.53 Ga, Qian et al., 2021; 1.91 or 2.20 Ga, Morota

et al, 2011), representing material not sampled by any previous
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G ) (5-8 wt.%), high-Th content (5-8.5 ppm, inherent or extraneous),
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and relatively high-olivine Eratosthenian-aged mare basalts (~13
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Fig. 1. Regional context of the CE-5 landing site (green triangle) on the Em4/P58 mare basalts (black outline) adjacent to Mons Riimker (red outline). The white box (42-
44°N, 40-53°W) shows the area mapped in this study. The craters labeled in green and yellow represent the pre-Em4/P58 and post-Em4/P58 impact craters, respectively.
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

investigated by Chang'’e-3 in-situ (Zhao et al.,, 2014), and collected
by the Apollo-16 (Fagan and Neal, 2016) and Apollo-12 missions
(Neal et al., 1994), however, the CE-5 landing site is much younger
than them. The CE-5 mare basalts, located in the PKT (Jolliff et al.,
2000a), have enormous potential for improving our understanding
of the recent thermal evolution and impact history of the Moon
(National Research Council, 2007; Qian et al., 2021).

Soil and rock fragments returned by CE-5 will be carefully stud-
ied in laboratories using cutting-edge techniques (Zhang et al.,
2020). An understanding of the provenance of the materials at the
CE-5 landing site from a variety of perspectives (temporal, local,
regional, global, and with depth below the surface) is essential
to address the series of fundamental scientific questions. For the
CE-5 landing site, continuous impact and space weathering pro-
cesses after the emplacement of the mare protolith control the
compositions of lunar soils (Head and Wilson, 2020; McKay et al.,
1991); and here the underlying moderate-Ti basalts can be used to
study the late-stage Iunar volcanism (Head and Wilson, 2017; Wil-
son and Head, 2017). Regolith is developed on top of all geological
units on the Moon, following their emplacement, due to the de-
structive effects of cratering and ejecta emplacement at all scales,
in addition to space weatherings (Pieters and Noble, 2016). Thus, it
is certain that the CE-5 samples will contain components from dif-
ferent proximal and distal sources, as also shown by Apollo/Luna
missions (e.g., McKay et al., 1991). Distal impact ejecta permits the
study of distant impact events/materials, which may carry deep
crust/mantle components, extending knowledge of the Moon are-
ally and in the subsurface.

Recently, new geological maps for the Apollo-11/12 landing
sites (Igbal et al., 2020, 2019) were produced using modern lu-
nar datasets to check and calibrate the lunar chronology func-
tion, because of the importance of these events to lunar/planetary
chronologies. Similarly, the geologic mapping of the CE-5 land-
ing site provides the basis on which to calibrate lunar/planetary

chronology functions in the much younger 1-2 Ga timeframe (van
der Bogert and Hiesinger, 2020). Due to the variability of ages de-
termined for the regional mare during other broader studies, we
select crater spatial density reference areas for the mare unit near
the landing site and measure these specifically for the calibration
of the chronology with the laboratory-measured radiometric ages.

To ensure that these key scientific questions can be addressed
in the laboratory, it is critical to have a framework for the inter-
pretation of the materials collected by CE-5. Thus, we produced a
geological map and stratigraphic column, to help understand the
origins of the diversity of sampled materials, and to place these
into the current understanding of lunar history and evolution. Both
the geological column and map can help the sample analysts to
select key scientific questions in relation to the CE-5 samples, en-
hancing the results of these analyses.

2. Geological mapping

The CE-5 landing site is located in Northern Oceanus Procel-
larum, northeast of Mons Riimker (Fig. 1). The Riimker Quan-
drangle was first mapped by Scott and Eggleton (1973) (1:1M
scale); they distinguished Imbrium-aged (Im) and Eratosthenian-
aged (Em) mare basalts, highlands (Ith), and impact crater mate-
rials. More detailed geological maps of the Riimker region, which
divided the units stratigraphically and number them in order of
their formation ages, were produced by Zhao et al. (2017) and Qian
et al. (2018), focusing on the candidate CE-5 landing region (41-
45°N, 49-69°W); geologic units were subdivided into mare (Im1,
Im2/P10, Im3, Em1, Em2, Em3, and Em4), Riimker plateau (IR1,
IR2, and IR3), dome (sd, Id, and Idm), and highland (Ith) mate-
rials. Now that the precise location of the landing site is known
(Fig. 2AB), small-scale geological mapping can be conducted to
provide valuable local context for the samples. Thus, we mapped a
region between 42-44°N and 40-53°W (Fig. 5). Data and methods



Y. Qian, L. Xiao, Q. Wang et al.

53°0W 52°30'W 52°0'W 51°30'W 51°0'W 50°30'W 50°0'W
- T &

44°0'NEER)

43°30NH

43°0'N

42°30N [

8 44°0N

143°0N

- 1V H42°0N
ol =2 O
OW 51°30W 51°0W 50°30W 50°0'W

Earth and Planetary Science Letters 561 (2021) 116855

Fig. 2. (A, B) CE-5 landing site at 43.06°N, 51.92°W (green triangle) shown in the Chang'e-2 (CE-2) Digital Orthophoto Map (DOM) and LROC Narrow Angle Camera (NAC)
datasets (white arrow), respectively. (C) Panoramic image of the landing site. The yellow arrow indicates the largest kipuka in the region. Rima Sharp is located to the east

of the studying area, covered mainly by NE-SW ejecta.

used to derive the geological map are described in the Supplemen-
tal Material (Note S1).

Based on the methodology outlined, the CE-5 landing site was
classified into three major geological units (mare basalt, highland,
and impact crater materials); structures (sinuous rilles, wrinkle
ridges) were also mapped.

2.1. Mare basalts

The dominant geologic unit in the landing region is a mor-
phologically and spectrally defined mare basalt, named P58 in
Hiesinger et al. (2011, 2003) with an absolute model age (AMA)
of 1.33 Ga, and defined as Em4 in the geological map of Qian et
al. (2018) with an AMA of 1.21 Ga; Em4 and P58 have slightly
different borders. Our detailed geological investigation reveals that
although there are minor compositional variations in the mapped
mare, almost all of these variations are related to crater rays/clus-
ters from distant, usually, non-mare sources, which tend to lower
the mare Ti content by surficial mixing (Fig. 3BC; see also Sec-
tion 4); therefore we find that no further subdivision of the
mare unit is warranted at this scale. We designate the mare unit
as “Em4/P58”, representing the “Eratosthenian-aged mare basaltic
unit”. The AMAs of Em4/P58 are updated and assessed in Section 3
to provide landing site-specific results for comparison with radio-
metric sample ages.

Em4/P58 is a type of moderate-Ti mare basalt with an esti-
mated TiO, abundance of 5-8 wt.% (Fig. 3B) and FeO abundance
of 16.5-17.5 wt.% (Fig. 3C). Pyroxene (PYX) is interpreted to be the
major mineral type, identified by strong absorptions at 1 and 2 pm
(Qian et al, 2021); together, yielding a greenish hue in the Moon
Mineralogy Mapper (M3) Integrated-Band-Depth (IBD) color com-
posite map (Fig. 3F). The absolute mineral abundances of clinopy-
roxene (CPX), orthopyroxene (OPX), olivine (OLV), and plagioclase
(PLG) are estimated based on the Kaguya Multiband Imager (MI)
data (Lemelin et al.,, 2019) (CPX, ~31, OPX, ~15, OLV, ~13 and
PLG ~41 wt%, assuming CPX 4+ OPX + OLV + PLG = 100 wt.%,
Fig. S1). If assuming all TiO, are stored in ilmenite (ILM) and CPX
4+ OPX + OLV + PLG + ILM = 100 wt.%, it gives the abundances
of CPX, OPX, OLV, PLG, and ILM are 27, 13, 11, 36, and 12 wt.%,
respectively. The original TiO, content of fresh mare basalts may
be higher, and PLG may be lower, because of widespread regolith
contamination by crater rays of non-mare origin (Fig. 3BC).

The formation and emplacement mechanism of Em4/P58 mare
basalts is not well-understood. Rima Sharp, the longest lunar sin-
uous rille (Hurwitz et al., 2013), extends across the unit and is
thought to be one of the major sources of Em4/P58 (Qian et al.,
2021). Underlying dikes may be another source, but no evidence
of eruptive fissures or flow fronts are seen within the unit.
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Fig. 3. (A) LROC Wide Angle Camera image, (B) Clementine TiO, abundance, (C) Clementine FeO abundance, (D) MI false-color map, and (E) M3 IBD color composite map of
the mapped area. The red triangle represents the CE-5 landing site, the black lines represent distal ejecta (see also Section 4), and the crater counting areas are outlined by

yellow lines. The distal ejecta have a preferred direction of NE-SW.
2.2. Highlands

The highlands are the non-mare materials within the mapped
area (unit Ith of Scott and Eggleton, 1973) and described as hilly
to hummocky small patches resembling the Alpes Formation. We
concur with their description and classification and map the hilly,
small patches within the region as Imbrian hilly terra (Ith).

There are seven Ith occurrences within the study area. They
have a higher albedo and their surfaces are smoother and more
degraded than the mare surface (Fig. 4H), due to more prominent
downslope movement on steep slopes and relatively older ages.
Ith outcrops are kipukas, embayed by Em4/P58. Raised crater rims
classified as Ith are remnants of mostly flooded craters (Fig. 4H).
Ith was interpreted previously as ejecta of the Iridum impact (Scott
and Eggleton, 1973), occurring at ~3.9 Ga (Ivanov et al., 2016).

Ith has very low TiO, and FeO abundances, due to the very low
abundances of mafic minerals (Fig. 3BC) in highland materials. The
PLG abundance of Ith is much higher than for the mare, as shown
by the blue color in M3 IBD color-composite map (Fig. 3F), with an
abundance of ~50-60 wt.% (Fig. S1F).

2.3. Impact craters

Impact crater-related features are subdivided into six cate-
gories: Copernican craters, Eratosthenian craters, crater chains,
crater clusters, ghost craters, and buried craters. No Imbrian-aged
craters have been identified in the mapped region, consistent with
the Eratosthenian-aged mare surface (Qian et al, 2021, 2018).
Some ghost craters are likely Imbrian-aged although others may
be early Eratosthenian; we classified them according to their un-
usual morphology, i.e., ghost craters.

Copernican crater units (Cc, Ccm, Ccr): Copernican craters (Cc)
have sharp rims, prominent ejecta (Ccm) and rays (Ccr) (Fig. 4AB).
Copernican craters have high optical maturity values (OMAT) and
albedos. The presence of distinctive ejecta and/or rays is the
primary diagnostic characteristic for a Copernican age (Fig. 4A),
which is identified also in the OMAT maps (Fig. 4B). Some crater
chains and clusters are Copernican in age, classified separately, and
mapped as crater chains or crater clusters.

Eratosthenian crater units (Ec, Ecm): Eratosthenian craters (Ec)
have sharp rims and degraded ejecta (Ecm), and do not have
high albedo or immaturity rays. Their OMAT values and albedos
are much lower than those of Copernican-aged craters, especially
without abundant ejecta and no rays at all (Fig. 4DE). Some crater
chains and clusters are Eratosthenian-aged, but we map them as
separate units.

Crater chain unit: Crater chains typically form a line of similar-
sized secondary impact craters (Fig. 4C). They have a high albedo
(both from immaturity and contamination of the bright highland
material). They usually have shallow depths, and often overlap
each other, with some crater chains developing herringbone pat-
terns, with the “V” pointing back to the parent crater. Crater chains
are products of satellite craters oriented radially around their pri-
mary craters. In the mapped area, most crater chains can be traced
back to parent craters Aristarchus, Copernicus, Harpalus, Kepler,
and Riimker E, determined according to the orientation of their
long axes and/or herringbone patterns (see also Section 4).

Crater cluster unit: In contrast to crater chains, crater clusters
are less-linear groupings of similar-sized craters that often over-
lap one another (Fig. 4F). Some are very degraded with reduced
crater rim heights. Crater clusters are produced by collections of



Y. Qian, L. Xiao, Q. Wang et al.

B

Centered at (43.212°N, 52.088°W)

—=

Circular
Depression

Centered at (42.161°N, 52.278°W)

m Copernican Crater =l

Centered at (42.687°N, 51.8°W)

Jmmrd Eratosthenian Crater gl
Centered at (43.212°N, 52.088°W)

Centered at (42.536°N, 52.096°W)

Earth and Planetary Science Letters 561 (2021) 116855

JOMAT

IOMAT
High': 0.4

Centered at (43.463°N, 51.285°W)

Fig. 4. Morphological features of the CE-5 region. (A, B) Copernican craters, (C) Crater chains, (D, E) Eratosthenian craters, (F) Crater clusters, (G) Circular depression, indicating
an entirely buried crater, (H) Highlands exposures and ghost craters, and (H) Rima Sharp, which exhibits inner rilles (yellow) and inner levees (green). The basemaps are

CE-2 DOM images.

secondary craters, but their source craters cannot readily be traced,
due to the absence of obvious directional orientations.

Ghost crater unit: Ghost craters are partially buried craters, usu-
ally occurring in proximity to exposed highlands (Fig. 4H). The
majority of ghost craters are buried by Em4/P58, with portions of
their less mafic rims protruding above the embaying flat mare unit.
Based on their size and orientation, these craters may be satellite
craters of the Iridum impact (Scott and Eggleton, 1973), widely dis-
tributed in highlands east of Em4/P58.

Buried crater unit: Buried craters are entirely buried circular
landforms (Fig. 4G). They are identified based on the presence of a
circular depression in the mare surface. They can be distinguished
from strongly degraded craters by the absence of protruding rim
segments, and their size (~1 km). In the mapped area of the

Eratosthenian-aged mare surface, we found no primary craters in
the size range of the ~1 km circular depressions that had been
degraded to this extent; thus, this adds support to the interpreta-
tion that they are pre-mare impact craters that have been flooded
during emplacement of Em4/P58.

2.4. Structures

Wrinkle ridges: Wrinkle ridges are linear to sinuous tectonic
features (Watters, 1988) primarily distributed in the western
mapped area (Fig. 3A). They usually have a gently sloping broad
arch at their base and a sharp irregular ridge at the summit.
Wrinkle ridges in the area are predominantly orientated NW-SE,
reflecting the subsurface structures (Qian et al., 2018). Wrinkle
ridge formation in the area appears to have been a continuous
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Fig. 5. Geological map of the CE-5 landing site (green triangle, 43.06°N, 51.92°W) in Northern Oceanus Procellarum. The definitions of different geological features and units

are described in Section 2.

process, starting from as early as the Imbrian Period, and extend-
ing even to the current time (Watters et al., 2012; Yue et al., 2017).

Sinuous rilles: Sinuous rilles are volcanic channels that are con-
centrated in the eastern mapped area (Rima Sharp, Fig. 4I). Rima
Sharp has been described as the longest lunar sinuous rille (Hur-
witz et al,, 2013), ~566 km long, 0.8-3 km wide, and 20-50 m
deep (Qian et al, 2018). Rima Sharp traverses through the area
from north to south, exhibiting a width of ~850 m and a depth
of ~30 m. Nested features are observed within Rima Sharp, i.e.,
nested channels and nested levees (yellow and green lines, Fig. 41),
which may be the products of continuous and waning lava flow
through Rima Sharp, or that entered Rima Sharp from a source in
the south (Qian et al., 2021). Another small sinuous rille with a
width of ~180 m lies completely within the northwest part of the
area (Fig. 5).

3. Crater size-frequency distribution (CSFD) measurements on
the mare basalts

The cumulative number of craters >a reference diameter, usu-
ally 1 km or N(1), coupled with the radiometric and exposure
ages of lunar samples are critical for the calibration of the lunar
chronology function (Hiesinger et al., 2012; Igbal et al., 2020, 2019;
Neukum et al., 2001; van der Bogert and Hiesinger, 2020). This cal-
ibration allows the dating of unsampled surfaces across the Moon
and throughout the Solar System via CSFD measurements, which
shed light on the history and evolution of the planets (Hiesinger
et al., 2011). Given that there is no calibration point for the 1-3
Ga age range, a wide diversity of model ages for surface units are
predicted by different chronology functions (Hiesinger et al., 2020;
van der Bogert and Hiesinger, 2020). Thus, one of CE-5’s most im-
portant objectives is to compare the N(1) values at the landing site
with the radiometric ages of the CE-5 samples. Here, we report
both AMAs, to provide easy comparison with prior results, and
N(1) values using different production and chronology functions,

that can be used for a new chronology calibration point (Table S2).
Data and methods used to derive the AMAs are described in the
Supplemental Material (Note S2).

Five areas were selected for measurement of CSFDs on Em4/P58
based on the homogeneity of albedo, morphology, TiO, and FeO
abundance, and OMAT value maps (Fig. 3). Areas with low TiO,
and FeO abundances or high OMAT values were excluded from
the CSFD measurements because these areas are more likely to
have been affected by extensive secondary craters/ejecta, consis-
tent with our geological mapping (Fig. 5).

The results of the CSFD measurements are shown in Fig. 6.
Areas 1-5 have ages, fitted using Poisson timing analysis and
the Neukum et al. (2001) production and chronology functions,
of 1.68703) Ga, 1437021 Ga, 1.717037 Ga, 1.577331 Ga, and
1.60*_’8:}2 Ga, respectively. The N(1) values for each of these count
areas, plus AMAs derived via cumulative fitting using both the
Neukum (1983) and Neukum et al. (2001) production functions are
presented in Table S2. CE-5 landed within Area 5, which exhibits
an AMA of 1.6 Ga. These five ages are within error of each other,
suggesting that the surface age of the CE-5 landing site is ~1.6-1.7
Ga. We detected no significant age variations within the mapped
area.

4. Regolith materials: in-situ and exotic provenance

The entire mapped area is covered by a regolith layer originat-
ing from continuous impact bombardment following lava flow em-
placement (McKay et al., 1991). The regolith consists of two com-
ponents: 1) an in-situ component produced by impact reworking
of the underlying mare basalt protolith (Head and Wilson, 2020,
their Fig. 3) by micrometeorite rock breakup and comminution,
and agglutination (quenched impact glass and glass-welded parti-
cles); 2) an exotic component, contributed to the regolith by ejecta
from distant impact events and delivered to the site as crater rays
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Fig. 6. Absolute model ages and N(1) values derived from CSFD measurements for Areas 1-5 shown in Fig. 3A (see also Table S2). The CE-5 landing site is in area 5. The N(1)
values can be used in conjunction with laboratory radiometric age dates of the basalt samples to produce a new calibration point for the lunar cratering chronology.

and secondary craters; this component is volumetrically minor but
regionally informative (Liu et al., 2021; see also Section 4.2).

Analysis of Apollo/Luna mare regolith showed two developmen-
tal stages of the in-situ regolith component (Head and Wilson,
2020): 1) initial buffering trend: early coarse-grained/blocky pro-
tolith substrate ejecta undergoes continuous impact bombardment
reducing grain size, and adding agglutinates to the soil, reworking
already-existing regolith. Eventually, this thickening regolith layer
acts as a buffer to additional regolith growth, favoring reworking
over further breakup of the mare basalt protolith. 2) impact flux
trend: Eventually, decreasing impact flux lowers the bombardment
rate of older flows (thus the regolith growth rate will be non-
linear). This means that younger lava flows (such as Em4/P58) are
subject to both a lower integrated impact flux and a lower abso-
lute flux. We thus predict that the CE-5 regolith component will
be coarser-grained, blockier, and much thinner than that at the
Apollo-11/12/15/17 mare landing sites, all at least twice as old as
CE-5.

The exotic components contributed to the site from distant
craters are very important as they provide unique samples of a
much wider area of the lunar crust (e.g., the Copernicus ejecta and
non-mare breccias in the Apollo 12 landing site; Barra et al., 2006;
Jolliff et al., 2000b). Thus, estimating the sources of these com-
ponents is of critical interest to sample analysts, and we describe
these in the following section.

The sources of exotic materials at the CE-5 landing site were
initially studied by Qian et al. (2018) and Xie et al. (2020). Xie et
al. (2020) selected ten candidate ejecta source craters (Aristarchus,
Pythagoras, Hausen, Robertson, Aristoteles, Langrenus, Harpalus,
Philolaus, Copernicus, Sharp B, and Carpenter), and then applied
CSFD measurements to the continuous ejecta of each crater to

determine which may be post-mare in age (only source craters
younger than Em4/P58 can be candidate sources). They then used
ballistic sedimentation models to calculate the ejecta thickness
at the CE-5 site for each crater. Xie et al. (2020) proposed that
~12-13% of exotic materials should be found in Em4/P58 regolith,
mainly from Aristarchus, Copernicus, Sharp B, and Harding. Thus,
the in-situ component dominates the regolith in the CE-5 landing
region. We note, however, that CE-5 actually landed outside their
study area, which was smaller than the nominal CE-5 landing re-
gion. In addition, the detailed ejecta mapping undertaken in our
study (Section 4.1) shows that the ejecta in Em4/P58 have a dom-
inant direction of NW-SW, suggesting Aristarchus and Copernicus
are not major ejecta source craters for Em4/P58, contrasting with
Xie et al. (2020)’s results. To resolve these discrepancies, we exam-
ine source crater ejecta distributions and their thicknesses within
our study area.

4.1. Ejecta distribution from distant impacts

In contrast to the 1.6-1.7 Ga age range we determined immedi-
ately surrounding the CE-5 landing site, the overall Em4/P58 unit
has a late-Eratosthenian age (~1.53 Ga, with some variations; Qian
et al.,, 2021); all pre-Eratosthenian craters and most Eratosthenian
craters nearby are not ejecta source craters. Calling on the initial
global selection of Xie et al. (2020), their ejecta thickness calcula-
tion, and our regional investigation of young craters, we propose
that Aristarchus, Copernicus, Harding, Harpalus, Kepler, Lichten-
berg, Pythagoras, and Sharp B are the potential main source craters
for foreign materials in this region (Fig. S2). Although Riimker E is
relatively smaller than the others (6.76 km in diameter), it is close
to Em4/P58 and its ejecta is easily distinguished from the mare
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Table 1
Main source craters and calculated ejecta thickness for Em4/P58.

Diameter Longitude Latitude AMAs Total Ejecta Thickness Percentage in Regolith
(km) (°) (°) (Ga) (cm)' (%Y
Post-Em4/P58
Riimker E 6.76 —57.14 38.64 / 0.1 (0.06) 0.08
Aristarchus 40.14 —47.49 23.74 280 Ma? 2.6 (0.8) 11
Kepler 30.12 —38.00 8.11 625-950 Ma® 0.2 (0.04) 0.05
Copernicus 94.30 —20.06 9.64 779 Ma*“ 7.6 (1.3) 1.8
796 Ma!
782 Ma®
Harding 23.04 —71.68 43.54 881 Ma' 0.8 (0.3) 0.4
Harpalus 39.77 —43.49 52.73 240 Ga'k 103 (4.2) 5.7
3.50 Ga®k
In total 21.6 9.1
Pre-Em4/P58
Lichtenberg 19.53 —67.72 31.85 >1.68 Ga" / /
Sharp B 20.96 —4534 47.00 115 Ga'k 5.6 (3.0) /
1.58 Ga®k
Pythagoras 144.55 —62.98 63.68 2.68 Ga' 166.0 (46.4) /

3 zanetti et al. (2017), P Koenig et al. (1977),
STUDY, M Hawke et al. (2004).

the coming impact ejecta.
and Sharp B crater will produce unreliable AMAs (see Section 4.1).

basalts located southeast of Mons Riimker (Fig. 7). Thus, Riimker
E’s contribution is also considered.

To determine post-Em4/P58 craters, we first conducted a com-
prehensive literature study of these nine craters to collect their
AMAs or relative ages (Table 1). Aristarchus (280 Ma, Zanetti et al.,
2017), Copernicus (779-782 Ma, Barra et al.,, 2006; Hiesinger et al.,
2012; Igbal et al., 2020), Harding (881 Ma, Xie et al., 2020), and
Kepler (625-950 Ma, Koenig et al., 1977) are Copernican-aged and
dramatically younger than ~1.53 Ga, and their ejecta inevitably

¢ Hiesinger et al. (2012),
! The total ejecta thickness equals the thickness of source crater ejecta (numbers in the brackets) and local materials excavated by
i" Contributions from each source craters to the top ~74 cm of lunar regolith (see Section 4.2).

d Igbal et al. (2020), © Barra et al. (2006), ' Xie et al. (2020), & THIS

k We propose that directly counting Harpalus

overlies the Em4/P58. Lichtenberg (>1.68 Ga, Hawke et al., 2004)
and Pythagoras (2.68 Ga, Xie et al,, 2020) are older than 1.53 Ga,
therefore, they are unlikely to be ejecta source craters for Em4/P58.

To the east of Em4/P58, albedo and compositional data show
abundant ejecta with a NE-SW direction (Figs. 3 and 7); thus, we
infer that the NE-SW orientated ejecta should dominate the ejecta
composition because of their extensive areal distribution. Ejecta
tracing back to the parent craters (Fig. S3) indicate an origin ei-
ther from Harpalus or Sharp B or both. According to the Xie et
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al. (2020) CSFD measurements, Harpalus has an AMA of ~2.40 Ga,
and Sharp B has an AMA of ~ 1.15 Ga, suggesting that NE-SW
ejecta are from Sharp B rather than Harpalus. However, more de-
tailed morphological and compositional investigations of Harpalus
and Sharp B craters show that Harpalus has a much younger ap-
pearance, with distinct high albedo radial ejecta with low-Ti and
low-Fe materials excavated by this impact (Fig. S4). Sharp B crater
has a more subdued morphology, without clear radial ejecta and
excavated compositional halos (Fig. S4). Based on their morphol-
ogy and degradation state, Harpalus is likely to be Copernican-aged
and Sharp B should be Eratosthian-aged or even older. We also de-
termined AMAs for Harpalus (3.5 Ga) and Sharp B (1.6 Ga) craters
(Fig. S5), and determined Harpalus is older than Sharp B, the
same age relationship determined by Xie et al. (2020). However,
CSFD measurements on continuous ejecta of impact craters may
be subject to contamination by secondary craters, self-secondary
craters, and partially buried craters, which may give artificially
older ages (Xiao, 2018; Zanetti et al., 2017). In contrast, because
of higher slopes, the crater rim enhanced surface degradation rate
may decrease the CSFD ages. Due to these unknowns, we chose to
rely on the morphologically-defined age classification of Harpalus
as a Copernican crater and Sharp B crater as an older, perhaps
Eratosthenian-aged or even older crater. Their relative ages are also
supported by 1) the global Copernican crater catalog (Ravi et al,,
2016) based on OMATs (Harpalus is Copernican in the catalog but
Sharp B is not); 2) Harpalus overlies Eratosthenian-aged P50 mare
basalts (Hiesinger et al., 2011). We conclude that the NE-SW ori-
entated ejecta, which is the dominant ejecta pattern in Em4/P58
and mapped area, originated from Harpalus crater (Fig. 7).

After we examined the main source craters of ejecta in the
mapped region, we conducted a thorough investigation of ejecta
in Em4/P58 using their long axis directions (Fig. S3); the ejecta
was traced back to one of the nine listed craters. If its direc-
tion does not belong to any of these, it is labeled as “Others”.
According to the resulting ejecta map (Fig. 7), the eastern part
of Em4/P58 is covered by extensive ejecta from Harpalus crater,
which can be traced continuously back to its source. “Other” ejecta
have the second-largest coverage, either from local impacts (e.g.,
Mairan G) or distal impacts whose ejecta does not produce clear
major orientations. Three large Copernican craters to the south-
east of Em4/P58 (Aristarchus, Copernicus, and Kepler) also pro-
vide a significant amount of ejecta, especially Copernicus crater.
The ejecta from Pythagoras is mainly distributed in the northwest
study region, and contributes to the exotic ejecta composition of
the older Imbrian-aged mare basalts, confirming the results of Xie
et al. (2020). Pythagoras ejecta does not appear to overlie Em4/P58.
Although ejecta from Riimker E are distinct to the southeast of
Mons Riimker, they are localized because of the small diameter of
Riimker E and should not have contributed to the exotic regolith
component at the landing site.

4.2. Exotic component ejecta thickness & percentage

To quantitatively analyze the contribution from different dis-
tant ejecta sources, we calculated their thicknesses in the study
region using the power-law model modified by Huang et al. (2018)
that was applied to the CE-4 site, and showed good agreement
with Lunar Penetrating Radar results (Lai et al., 2020). The model
assumes the relation between r (the distance to the crater cen-
ter), R (final crater radius), and T (ejecta thickness) is: T =
3.95R%-399(r/R)~3. The excavation efficiency (1) of crater ejecta is:
1 =2.25x10">1%87 and the total ejecta thickness equals the sum
of ejecta from other craters and excavated local material.

According to this calculation (Fig. 8, Table 1) of the exotic
contributions, Harpalus contributes the most ejecta to Em4/P58
(~10 cm), followed by two Copernican-aged craters Copernicus
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(~8 cm) and Aristarchus (~3 cm). Contributions from Kepler and
Riimker E are nearly negligible. The ejecta thickness calculation
agrees well with the ejecta distribution tracing (Fig. 7), suggesting
Harpalus is the main ejecta source, dominating the overall ejecta
thickness for Em4/P58 (Fig. S6). Pythagoras crater, with a diameter
of ~145 km, provides a significant amount of ejecta to North-
ern Oceanus Procellarum (~166 cm), but it predates Em4/P58;
its ejecta extensively overlies the Imbrian-aged mare basalts NW
of the study region (Im2/P10), even extending to the Imbrian-
aged mare basalt buried by Em4/P58. Sharp B crater is older than
Em4/P58 based on its morphological characteristics (Section 4.1),
thus its ejecta does not overlie Em4/P58, but could lie between
Em4/P58 and Im2/P10, forming exotic paleo-ejecta contributions.

The percentage of contributions from each ejecta source crater
to the landing site was calculated to first-order by employing
Costello et al. (2018)'s regolith gardening model. The overturn
depth function for at 99% probability is: A = 3.45 x 107°t947 (at
least one overturn, A is the reworking depth in meters, t is re-
working time in years; Costello et al., 2020). Considering the CE-5
mare basalts have an age of ~1.65 Ga (between 1.6-1.7 Ga), the
top ~74 cm regolith is mixed up. Because the total ejecta thick-
ness from studied source craters is ~22 cm, we can assume all
ejecta layers are mixed into the first ~74 cm of lunar regolith.
This yields the overall exotic components at the CE-5 landing site
of ~9% (Table 1), agreeing with the result of Xie et al. (2020) (10%).
Harpalus (~6%), Copernicus (~2%), and Aristarchus (~1%) are the
three most important source craters.

5. Discussion
5.1. Chronology of the CE-5 landing site

Em4/P58 has been dated by different workers using CSFD
methods (discussed in detail by Qian et al., 2021). In summary,
Hiesinger et al. (2011, 2003), Wu et al. (2018), and Qian et al.
(2021, 2018) determined a young age for Em4/P58; all their de-
rived ages are younger than 1.6 Ga (Table S1). Morota et al. (2011)
and Jia et al. (2020) proposed an intermediate age for Em4/P58
(~2.0 Ga). However, their count areas appear to include many sec-
ondary craters, which can make the age determinations older (see
also Fig. 6 in Qian et al., 2021). Giguere et al. (2020) obtained an
older age (3.05 Ga) within the P58 count area of Hiesinger et al.
(2003) and an age of 3.33 Ga in the vicinity of the Mairan dome
outside of the original P58 count area. The older ages obtained by
Giguere et al. (2020) likely represent the age of underlying early
Eratosthenian and later mare basalts (Qian et al., 2021), which
have been buried to differing extents across the region. Particu-
larly in the area around the Mairan domes, the younger flows are
likely not as thick or may not have completely flooded around
the domes due to the slightly higher elevations near the basin
edge.

For this study, we carefully selected areas at and around the
landing site, which can be interpreted to represent the geologi-
cal unit from which the CE-5 samples were collected. Thus, we
paid particular attention to the selection of areas with minimal
secondary craters, chains, and clusters, and with minimal spec-
tral variation to ensure a single homogeneous geological unit for
the measurements. All five of the count areas give ages within
the error of each other with a range from 1.6-1.7 Ga. These new
ages are consistent with the young ages determined during the
earlier studies discussed above. A complete listing of the AMAs
and N(1) values determined using different fitting approaches and
production functions can be found in Table S2. Of critical impor-
tance, however, the individual count area (Area 5) that contains
the landing site gives an AMA of 1.6 Ga with an N(1) value of
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1.34 x 1073 km™2 - a reference value that can be used to cali-
brate the lunar chronology in conjunction with radiometric ages of
the CE-5 young samples.

The region mapped in the current study, which contains the
landing site, lies within subunits 12-15 and 20-23 from (Qian et
al.,, 2021) (Table S1, Fig. S7), where AMAs between 1.4-1.8 Ga were
determined (Subunit 21 is excluded because of the high concen-
tration of secondary craters). The AMAs of the five counting areas
in the current study (1.6-1.7 Ga) are consistent with these results
(1.4-1.8 Ga), which are also within the error of each other. This
suggests that the surface age of the CE-5 landing region is nearly
homogeneous, without significant variations.

10

However, these results do not mean that the CE-5 returned
samples will only have ages around ~1.6-1.7 Ga, as local impacts
may deliver younger or older mare basalts from the region to
the site (Qian et al,, 2021). Some of Em4/P58 contain large im-
pacts that have penetrated through to underlying units such as
the Imbrian-aged low-Ti mare basalts, forming low-Ti ejecta halos
(Qian et al, 2021, 2018). This suggests that Imbrian-aged parti-
cles may also be present in the CE-5 samples. As discussed earlier,
Harpalus, Copernicus, and Aristarchus craters are the three main
source craters for remote ejecta contribution of exotic materials
to the regolith. Nevertheless, the majority of the sampled material
should be representative of the Em4/P58 basalts.
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5.2. Additional exotic materials from adjacent and subjacent highlands,
silicic domes, and meteoroids

As discussed in Section 4, Qian et al. (2018), and Xie et al.
(2020), exotic materials are widely distributed in the CE-5 landing
site and Northern Oceanus Procellarum. In addition to those deliv-
ered by distal impact (e.g., Harpalus, Copernicus, and Aristarchus),
three other types of exotic materials have high scientific signifi-
cance.

The first one is exotic components from subjacent and adja-
cent highlands by lateral mixing (Liu et al, 2021), for example,
the Montes Jura (~100 km distant), which was interpreted to be
the Iridum ejecta deposits overlying Imbrium basin ejecta (Scott
and Eggleton, 1973). According to remote sensing observations, the
width of typical mare/highlands mixing zones is ~4-5 km; how-
ever, even farther from the mare/highlands boundaries, there are
>20% highland materials in some soil collections (Huang et al.,
2017). Besides, the closest highlands (~15 km in distance) to the
CE-5 site are kipukas (Fig. 2A), labeled as “Ith” in our geological
map (Fig. 5). These kipukas are interpreted as remnants of Iridum
ejecta, partially buried by lateral eruptions of mare basalts (Qian
et al,, 2021, 2018). Any samples from highlands in the CE-5 col-
lection, including rock fragments and impact melts, may provide
significant information on the formation of the Iridum and Im-
brium basins, and provide information on the subcrustal structures
of PKT (Jolliff et al., 2000a).

The second type of exotic components may originate from
silica-rich domes. Although there are no silica-rich domes within
the mapping area (Fig. 5), two such domes are close to the CE-
5 site (Fig. S8). The Mairan domes are located along the eastern
boundary between Em4/P58 and highlands (Boyce et al., 2018), a
distance of ~80 km from the landing site. Gruithuisen domes are
located to the south of Montes Jura (Ivanov et al., 2016), a distance
of ~320 km from the landing site. If CE-5 samples contain silicic
fragments, they are most likely from the Mairan or Gruithuisen
domes, delivered by impacts. The Apollo-12 non-mare materials
are the best example of foreign silica components from lateral mix-
ing (Barra et al., 2006). Any samples with silica-rich composition
in the CE-5 collection will be meaningful for our understanding of
this end number of lunar volcanism, which is not yet clearly un-
derstood (silicate liquid immiscibility or fractional crystallization or
underplating? Head and Wilson, 2017; Wilson and Head, 2017).

In addition, meteoritic materials (<2%) may also exist in the
CE-5 samples, as they were widely found in Apollo/Luna samples
(McKay et al., 1991). The CE-5 landing site has ~2% of Copernicus
ejecta, and thus the meteoritic components from the parent me-
teoroid may also be preserved, potentially providing evidence of a
sporadic meteoroid bombardment in the Earth-Moon system, ap-
proximately 800 Ma ago (Terada et al., 2020).

5.3. Stratigraphy of the CE-5 landing site

The stratigraphy of the landing site provides a solid basis for
interpreting the sequence of events in this area and the context for
the provenance of the samples collected from the lunar regolith.
Thus, we constructed a geological column (Fig. 9) by combining the
results from the different approaches outlined above and below.

The topmost layer is the lunar regolith, composed predomi-
nantly of a relatively immature in-situ component (Layer II) from
the impact modification of the solidified young mare protolith
(Em4/P58), mixed with exotic components (Layer I) from distant
craters, primarily ejecta from Late Eratosthenian and Copernican
craters (<~1.53 Ga), especially Harpalus (~6 wt.%), Copernicus
(~2 wt.%) and Aristarchus craters (~1 wt.%, Section 4). Although
the ray and secondary crater deposits in the regolith contain im-
portant exotic ejecta, the actual deposits are still dominated by
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local materials (~91 wt.%). Furthermore, such secondary ejecta
covers only parts of the Em4/P58 surface, because it is far from
any continuous ejecta of the main source craters. The in-situ lu-
nar regolith component developed on the moderate-Ti mare basalts
bedrock over about ~1.5 Ga of impact flux and space weathering
(McKay et al., 1991). The regolith is predicted to have a thickness
of ~4-7 m at the CE-5 landing site, determined by the crater mor-
phology method (Qian et al., 2020) based on LROC Narrow Angle
Camera images. The CE-5 regolith layer has an elevated Th abun-
dance (5-8.5 ppm), but whether this elevated Th component is
inherent in the parent basalt regolith protolith or is an extrane-
ous contribution to the regolith (brought in from ejecta from the
surrounding PKT terrain) is a fundamental question that is still un-
der debate (e.g., see Qian et al., 2021 and Zhang et al., 2021).

Layers III, IV, and V represent Eratosthenian-aged moderate-Ti
mare basalts (Em4/P58 and Em3). Layer IIl mare basalts originated
from the extensive eruptions of Rima Sharp (Fig. 5; see also Fig. 8
in Qian et al., 2021). The formation of a typical sinuous rille on
the Moon requires hundreds of km? of lavas (Wilson and Head,
2017), and the lavas should have been deposited in the proxim-
ity of Rima Sharp, including the CE-5 landing site, only ~15 km
distance from Rima Sharp. Rima Sharp is the relic of the erup-
tion channel. Layer IV may be produced by dike eruptions because
this is the most common eruption style on the Moon (Head and
Wilson, 2017); however, there is no direct evidence, and the ex-
istence of any dikes unrelated to the sinuous rille is an open
question. Layer V (~2.0 Ga) is at the bottom of the moderate-Ti
mare basalts, buried by lateral eruptions of Em4/P58 (~1.5 Ga), as
evidenced by their relative ages and surface embayment relation-
ships (Qian et al., 2018). However, on the west of Mons Riimker,
Em3 mare basalts are not buried by Em4/P58. The internal bound-
aries between three moderate-Ti basalt layers cannot be deter-
mined, because their compositions are nearly identical (Qian et al.,
2021, 2018). However, the total thickness of the moderate-Ti mare
basalts, ~50 m, was estimated using the crater excavation method
(Qian et al.,, 2021), based on the compositional difference between
the overlying moderate-Ti and underlying low-Ti mare basalts.

Underlying Layer V, Layer VI, and VII are paleo-ejecta and
paleo-regolith layers, derived from the long exposure (~2 Ga)
to the space environment of Imbrian-aged low-Ti mare basalts
(Layer VIII) after its emplacement, until being buried by the
Eratosthenian-aged mare basalts. The composition of exotic paleo-
ejecta is likely to be dominated by the Pythagoras impact (Sec-
tion 4), like Im2 and other Imbrian-aged mare units in Northern
Oceanus Procellarum (Xie et al., 2020). The thickness of the paleo-
regolith layer is ~10 m, calculated to a first-order by assuming
a regolith growth of ~5 mm/Myr (Horz and Cintala, 1997). These
paleo-regoliths develop on the low-Ti mare basalts (Layer VIII), and
maybe the same as those occurring in western Northern Oceanus
Procellaum (Im2; Qian et al., 2018). The thickness of Layer VIII is
estimated to be around ~900 m, considering the overall thickness
of mare basalts in Northern Oceanus Procellarum (~1000 m; Gong
et al, 2016) from GRAIL gravity modeling and by subtracting the
thickness of moderate-Ti mare basalts and ejecta/regolith layers.

Kaguya Lunar Sounder data found numerous layers beneath
Oceanus Procellarum (Ono et al., 2009), which may represent the
reflective surface between the Eratosthenian-aged (Layer III, IV, V)
and Imbrian-aged mare basalts (Layer VIII) at least for Northern
Oceanus Procellum. The existence of paleo-ejecta, paleo-regolith,
and other subsurface structures are confirmed by the Lunar Pen-
etrating Radar data onboard CE-3 and CE-4 missions (Lai et al.,
2020; Xiao et al., 2015). Similarly, the Lunar Penetrating Radar on-
board CE-5 (Li et al., 2019) can also be used to test the occurrence
of underlying paleo-deposits and test and improve our geological
column, which is critical to our understandings of the local geo-
logical history.
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Layer I-ll (Regolith and Ejecta): Mixture of predominantly relatively immature in-situ
component from impact modification of solidified young mare flows (Layer IlI), and

exotic components (Layer 1) from distant craters. Blue patches (ejecta) contain exotic
materials (rays and secondary cluster deposits), primarily from Harpalus, Copernicus, and
Aristarchus craters, but still dominated by local materials (~90 %, Section 4.2) excavated
by incoming secondaries. Regolith thickness is irregular, but up to ~7 m based on the
crater morphology method (Qian et al., 2020). Characteristics of regolith fragments
depend on the nature of mare basalt protolith (Head & Wilson, 2020); regolith are
relatively immature compared to Apollo/Luna landing sites due to the young age

(~1.6-1.7 Ga).

Layers llI-IV (Eratosthenian-aged Moderate-Ti Mare Basalts): Lava flows of the
Eratosthenian-aged moderate-Ti mare basalts (Em4/P58, ~1.6-1.7 Ga). Layer Ill mare
basalts originated from the extensive sinuous rille system (Rima Sharp) eruptions. Rima
Sharp has two major source vents, to the north and south of Em4/P58; the landing site
is only ~15 km from Rima Sharp. Layer IV represents possible mare basalts of similar
composition from now-buried dike and vent eruptions (Head & Wilson, 2017).

Layer V (Eratosthenian-aged Moderate-Ti Mare Basalts): Em3, the lowest unit of the
moderate-Ti mare basalt sequence, with an age of ~2.0 Ga. It is exposed stratigraphically
below Layers Ill-IV to the west of the landing site near Mons Riimker, and very likely
underlying Layers llI-IV in the landing site. The total thickness of Layers IlI-V is estimated
at ~50 m based on crater excavation method (Qian et al., 2021).

Layers VI-VII (Paleo-Regolith and Paleo-Ejecta): Mixture of regolith in-situ components
(gray, Layer VII) on the underlying Imbrian-aged low-Ti basalts, and exotic components
from distant craters (light blue, Layer VI). Exotic materials are primarily ejecta from

Sharp B and Pythargoras craters. Paleo-regolith layer has a thickness of ~10 m, assuming
a regolith growth rate of ~5 mm/Myr (Horz & Cintala, 1997).

Layer VIl (Imbrian-aged Low-Ti Mare Basalts): Regional mare basaltic unit inferred

to lie below the Eratosthenian-aged moderate-Ti mare basalts; stratigraphically equivalent
to the Imbrian-aged low-Ti mare basalts (Im2/P10, ~3.4 Ga) occurring to the west of
Em4/P58 (Qian et al., 2018). Low-Ti mare basalts may have a thickness of ~900 m,
based on mare thickness modeling using GRAIL gravity data (Gong et al., 2016).

Basement: The basement of the Northern Oceanus Procellarum may be the basin
ring system of the Imbrian basin (Scott & Eggleton, 1973); kipukas are the outcrops of
the basement rock. Overlaying regolith, paleo-regolith, and mare basalts layers may
contain the materials from Imbrium and Iridum, and rocks of the Procellarum KREEP
Terrain-type crust by vertical and lateral mixing (Liu et al., 2021).

Fig. 9. Geological column for the CE-5 landing site in Northern Oceanus Procellarum.

6. Conclusions

1) CE-5 landed at 43.06°N, 51.92°W in Northern Oceanus Pro-
cellarum, northwest of PKT, covered by Eratosthenian-aged (~1.6-
1.7 Ga) moderate-Ti mare basalts, with elevated Th abundance (in-
herent or extraneous); this is one of the youngest mare basalts on
the Moon.

2) A geological map has been produced to serve as a basis for
the provenance and interpretation of samples returned by CE-5 us-
ing the PLANMAP standard.

3) The geological map was used to define areas for measuring
the N(1) values, for the landing site and four surrounding areas to
serve as reference values for updating the lunar cratering chronol-
ogy, in conjunction with radiometric ages from returned samples.

4) The Em4/P58 basalts were likely emplaced by Rima Sharp,
the longest sinuous rille on the Moon, resulted from a major phase
of a mare basalt eruption (Phase 2; Wilson and Head, 2018) with
the later phases potentially exsolving volatiles to produce vesicular
basalts.

5) The landing site is covered by a regolith layer (~4-7 m),
consisting of in-situ components developed on the young mare
protolith and exotic components delivered by distant ejecta source
craters. Exotic ejecta components are mainly from Harpalus (~6
wt.%), followed by Copernicus (~2 wt.%) and Aristarchus craters
(~1 wt.%), and may also contain high-Th content contributions
from the surrounding PKT terrain. The ejecta from Harpalus has
a NE-SW direction, and dominates the ejecta distribution in the
eastern part of Em4/P58.

6) There are at least 9 different layers in the CE-5 landing site,
including impact ejecta, regolith, moderate-Ti basalts, paleo-ejecta,
paleo-regolith, low-Ti mare basalts, and PKT crust, which can be
tested by Lunar Penetrating Radar onboard CE-5.
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