Manuscript - Clean

Young Lunar Mare Basalts in the Chang’e-5 Sample Return Region,

Northern Oceanus Procellarum

Yugi Qian*?, Long Xiao'*", James W. Head?", Carolyn H. van der Bogert*, Harald Hiesinger*,

Lionel Wilson®

IState Key Laboratory of Geological Processes and Mineral Resources, School of Earth

Sciences, China University of Geosciences, Wuhan, 430074, China
2Departmental of Earth, Environmental, and Planetary Sciences, Brown University,
Providence, 02912, USA
3Center for Excellence in Comparative Planetology, Chinese Academy of Sciences, Hefei,

230026, China

“Institut fur Planetologie, Westfalische Wilhelms-Universitat Miinster, Miinster, 48149,

Germany
®Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK

Corresponding  Author:  Long Xiao (longxiao@cug.edu.cn), James W. Head
(James_Head@brown.edu)

Abstract

Chang’e-5, China’s first lunar sample return mission, is targeted to land in northern Oceanus
Procellarum, within a region selected on the basis of 1) its location away from the Apollo-
Luna sampling region, 2) the presence of the Procellarum KREEP Terrane (PKT), 3) the
occurrence of one of the youngest lunar mare basalts (Em4), and 4) its association with Rima
Sharp. In order to provide context for returned sample analyses, we conducted a
comprehensive study of the regional and global settings, geomorphology, composition,
mineralogy, and chronology of the Em4 mare basalts. Superposed on Imbrian-aged low-Ti
basalts, Em4 covers 37,000 km? and is composed of Eratosthenian-aged (~1.53 Ga), high-Ti
basalts with a mean thickness of ~51 m and a volume between ~1450 and 2350 km?3. Minor
variations in TiO2 and FeO abundance occur within the unit and the thorium content averages
~6.7%, typical of PKT mare basaltic regolith. No specific source vents (e.g., fissures, cones,
domes) were found within the unit. We show that Rima Sharp is actually composed of three
major rilles, whose source vents are located outside of, and which flow into, and merge in
Em4, suggesting that they may be among the sources for Em4. Regolith thickness averages
~7 m and there is abundant evidence for vertical and lateral mixing; the most likely sources
of distal ejecta are Aristarchus, Harpalus, and Sharp B craters. Returned samples from local
and distant materials delivered by impact will thus provide significant new insights into lunar
geochronology, inner Solar System impact fluxes, the age of very young mare basalts, the
role of the PKT in the generation of mare basalts, the role of sinuous rilles in lava flow
emplacement, and the thermal evolution of the Moon.

Key Points Chang’e-5, Moon, Lunar Landing Site, Young Mare Basalts, Chronology


mailto:longxiao@cug.edu.cn
file:///C:/Users/yuqii/OneDrive/Research/Mission%20-%20CE5/%230004-Young%20Lunar%20Mare%20Basalts/James_Head@brown.edu

1. Introduction

Following Chang’e-4, the first mission to explore the lunar farside, the Chang’e-5 (CE-
5) mission plans to collect ~2 kg of lunar samples (Pei et al., 2015) from the unexplored
northern Oceanus Procellarum (OP) 44 years after the last sampling by Luna-24 in 1976, an
area outside the Apollo and Luna sampling region, and deep within the unique Procellarum
KREEP Terrane (PKT). The candidate CE-5 landing area (41-45° N, 49-69° W, Fig. 1A) is
located in a relatively flat mare plain that is part of the largest contiguous expanse of basaltic
maria on the Moon (Whitford-Stark and Head, 1980). OP is distinct in many additional ways:
it 1) is a non-mascon mare (Neumann et al., 2015), 2) has the thinnest regional crust
(typically <30 km; Wieczorek et al., 2013), 3) displays three major volcanic complexes
(Whitford-Stark and Head, 1980), 4) is located in the midst of the highest concentration of
the silica-rich red spots (Glotch et al., 2011), and 5) is the region with the highest abundance
of sinuous rilles including the longest and largest ones (Hurwitz et al., 2013). In addition, OP
shows a diversity of smaller gravity anomalies attributed to buried lava-filled impact craters
(Evans et al., 2016), lies within a region characterized by a distinct polygonal gravity gradient
anomaly (Andrews-Hanna et al., 2013), and is home to two of the youngest impact basins
(Imbrium and Iridum). Perhaps most importantly, the CE-5 region lies within the PKT (Jolliff
et al., 2000), a unique and distinctive global terrane comprising ~16% of the Moon
characterized by elevated thorium values (3-12 ppm). Basalts in OP span a range of ages
from ~4.2-1.0 Ga (Hiesinger et al., 2011), the widest range known on the Moon, and include
a suite of the youngest mare basalts (~2.0-1.0 Ga) (Fig. 1B).

Together, these characteristics of the northern OP suggest that both the crust (PKT and
thin crust) and mantle (mare basalt source regions) here are unique, and that one or both
crustal characteristics (PKT and/or thin crust) were responsible for the concentration of late-
stage volcanic features and deposits in this region. Globally, the relatively small lunar radius
means that the Moon rapidly cools conductively and forms a continuous lithosphere that
thickens with time, with the net state of stress in the lithosphere becoming increasingly
contractional (Head and Wilson, 2017). These factors combine to retard the production of
magma with time, as well as its ascent and surface eruption (Head and Wilson, 2017; Wilson
and Head, 2017). Thus, volcanic deposits with ages younger than ~2.0 Ga are rare on the
Moon (e.g., Hiesinger et al., 2011). On the other hand, elevated radioactive element
abundances of the PKT may induce (Wieczorek and Phillips, 2000) and prolong the volcanic
activity in the region (Ziethe et al., 2009), an interpretation supported by the concentration of
young mare basalts in the center of the PKT (Hiesinger et al., 2011, 2003; Morota et al.,
2011) and the concurrent high Th content of the associated basaltic regolith (~2-6 ppm;
Haskin et al., 2000).

Indeed, Em3 (1.51 Ga) and Em4 (1.21 Ga) are among the youngest mare units in the
PKT (Qian et al., 2018), and these types of young PKT mare basalts are characterized by
high-Ti contents and high olivine (OLV) abundance, distinct from the older high-Ti mare
basalts (e.g., Staid et al., 2011). Besides, the basalts tend to have higher Ti and OLV
abundances with decreasing age (e.g., Staid et al., 2011). Thus, samples from these young
lunar mare basalts have enormous scientific potential for an improved understanding of lunar
impact chronology and thermal evolution (van der Bogert and Hiesinger, 2020). However, no
igneous samples younger than ~2.9 Ga (NWA773) have yet been acquired (Borg et al., 2004),



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

which impedes our full understanding of the last half of lunar history.

On the basis of mineralogical and geochemical characteristics and impact crater
populations, Zhao et al. (2017) and Qian et al. (2018) mapped nine geological units in the
CE-5 landing region, subdividing them into units of Imbrian and Eratosthenian ages. The
ages of Em3 and Em4 mare basalts are so close to the end of known lunar mare eruptions
(~1.0 Ga) (Hiesinger et al., 2011, 2003; Stadermann et al., 2018) that they have been
proposed as the priority target for the CE-5 mission (Li et al., 2019). Therefore, a
comprehensive and detailed geological context and background documentation of the Em3
and Em4 units is indispensable as a foundation to identify the key questions (listed in Tab. 1)
related to the CE-5 sample acquisition and subsequent comprehensive laboratory studies. We
build on earlier regional studies of the CE-5 landing region by focusing on the young mare
basalts, particularly Em4, in terms of regional geomorphology and stratigraphy, lava sources,
mineralogy, and chronology. Because earlier studies have reached a wide variety of
conclusions about the absolute model ages (AMAS) of the young Em4 basalt unit (Tab. 2),
we address several important questions: Are the Em3 and Em4 units actually single lava flow
units despite their internal compositional homogeneity at large scales? Do the young mare
basalts have minor compositional variations, indicating subunits? Do they have age
variations, indicating subunits? Where do the young mare basalts come from and what is their
relationship to the longest lunar sinuous rille, Rima Sharp? Where are the youngest mare
flows? To address these questions, we present a detailed analysis of the young mare basalts in
the CE-5 landing region, focusing on Em4, the most prominent young mare unit in the region.

2. 'Young Mare Basalts in the RUmker Region
2.1 Regional Setting

Most of the Em4 mare basalt unit buries the projected Imbrium basin outer ring
(Neumann et al., 2015; Spudis et al., 1988) (Fig. 1CDE). The Imbrium basin has undergone
significant mare basalt filling beginning shortly after its formation (Hiesinger et al., 2011), a
load which contributed significantly to the large central Imbrium mascon (Neumann et al.,
2015). Much smaller mass anomalies are found in OP and around Em4 (Chisenga et al.,
2020; Deutsch et al., 2019; Evans et al., 2016) (Fig. 2CD). These are generally circular
(quasi-circular mass anomalies; QCMAS) and may be related to old impact craters filled with
basalt or to volcanic complexes (Evans et al., 2016). Chisenga et al. (2020) identified
QCMAs 4 and 5 (red circles, Fig. 2CD) in the east of Em4 that have densities >3000 kg/m?,
with a depth between 5-25 km and proposed that QCMAJ5 is one of the sources of the Em4
mare basalts, because of its high density at a depth of 2 km. However, shallow gravity
anomalies may have multiple sources (sills, dike swarms, filled buried craters, and the
uplifted floors of floor-fractured craters; Deutsch et al., 2019).

2.2 Topography, Stratigraphy & Geomorphology
2.2.1 Topography

Topographic analysis was undertaken utilizing SLDEMZ2015 data (~ 60 m/pixel; Barker
et al., 2016). The Em4 lava plain unit covers an area of ~37,000 km? to the east of Mons
Rimker and west of Montes Jura, the rim of the Iridum basin (Fig. 2A). Over 99% of the unit
lies between -2400 m and -2700 m in elevation, with a mean elevation of -2530 m and a
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mean slope of 0.9° (Fig. 2B; a baseline length of ~ 180 m). The slope over 95% of the Em4
unit area is <2°; slopes >3° are mostly related to local impact craters. The elevation in Em4
decreases 50 to 100 m from west to east (Fig. 3A); variations are largely controlled by
wrinkle ridges, locally rising up to 200 m above the regional mare surface. The largest
wrinkle ridge system, located western Em4 (white dashed line, Fig. 2A), is asymmetrical
with a wider, gently-sloped western side and a steep-sloped eastern side (Fig. 3A).

2.2.2 Estimation of Mare Thickness and Volume

The thickness and volume of individual mare basalt units provide information that can
be used to assess the generation, ascent, and eruption of magma (Head and Wilson, 2017;
Wilson and Head, 2017). We use the inferred excavation depth of craters to assess the
thickness of Em4 and to derive its volume (Note S1).

Based on this approach, we find that the average upper thickness limit of all Em4 mare
basalts is 62.7 m and the average lower limit thickness is 39.1 m. The average of the upper
and lower limits (50.9 m) is then regarded as the mean mare thickness of Em4. Then the Em4
mare thickness is interpreted to be between ~39 m to ~63 m, with a mean value of ~ 51 m.
No systematic differences in mare thickness are recognized in different subunits (Fig. 3B).
The estimated mare thickness (~39 to ~63 m) matches well with the individual lava flow
thicknesses measured by Hiesinger et al. (2002) in Oceanus Procellarum (32 m to 51 m) and
Morota et al. (2011) for young mare basalts (20 m to 60 m) using the crater size-frequency
distribution technique.

The unit volume is then calculated by multiplying the area of Em4 (37,240 km?) by the
mare thickness, yielding a volume range of 1,450-2,350 km?, with a mean value of 1,900
km?3. These values lie within the upper and lower limits of individual lunar lava flows
calculated by Hiesinger et al. (2011, 2003) and are greater than the 10>-10° km® volume
estimated for typical mare basalt eruptions from dike emplacement theory and observations
(Head and Wilson, 2017; Wilson and Head, 2017), possibly suggesting that Em4 might have
been formed by multiple eruptions.

2.2.3 Regolith Thickness

Em4 regolith thickness in the CE-5 landing region has been estimated using the crater
morphology method (Qian et al., 2020) (increasing regolith thickness from simple, flat-
bottomed, central mound, to concentric craters). Qian et al. (2020) found that the Em4
average regolith thickness is ~7 m (standard deviation, 1.7 m); >99% of Em4 has a regolith
thickness >2 m (the CE-5 core length). As determined by Qian et al. (2020), regolith in the
northern part of Em4 is thicker than the southern part; the southeastern part of Em4 has the
thinnest regolith, and regolith thickness is expected to vary locally due to stochastic impact
events.

2.3 Morphology
2.3.1 Kipukas

Kipukas, which are remnant exposures of pre-existing terrain flooded and embayed by
mare basalts consist of 1) highlands, several of which lie on the projected location of the
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Imbrium basin outer ring (orange line, Fig. 2A; Spudis et al., 1988); 2) ghost craters (often
with kipukas; Fig. 4B); and 3) the Mairan domes, which are erupted silicic volcanic material
(Glotch et al., 2011), including Mairan NW, T, Middle and South Domes (Fig. 1A; Fig. 4
DEF). Only Mairan NW Dome, ~3 km in diameter and ~ 200 in height (Fig. 4F), is located
within the CE-5 landing region and is distinct from and older than the surrounding mare.
Wrinkle ridges commonly trend around kipukas (Fig. 4C), indicating a younger age.

2.3.2 Volcanic Morphologic Features

Multiple remote sensing datasets, including Kaguya Terrain Camera (TC) Morning Map
and Multiband Imager (MI) compositional data, have been used to search for possible Em4
morphological features (see Section 2.4 and 2.5 for more details). The surface morphology
of the Em4 unit (Fig. 2A) shows no evidence for individual topographically distinctive lava
flow fronts within the unit, and no source vents or related features (e.g., linear rilles, fissures,
cones, domes, etc.; Head and Wilson, 2017) were detected. Nor was evidence for extensive
pyroclastic deposits within the unit observed. In addition, no other distinctive mare-
emplacement-associated features were found within the unit, such as Irregular Mare Patches
(Braden et al., 2014) or Ring Moat Domes Structures (e.g., F. Zhang et al., 2020).

2.3.3 Sinuous Rilles

Although no specific evidence for a source vent within the Em4 units was found, we
examined the margins and vicinity of the unit to search for other candidate sources,
particularly Rima Sharp, located along the eastern margin of Em4 and identified in the
(Hurwitz et al., 2013) global census of sinuous rilles as the longest sinuous rille on the Moon
(~566 km). Our detailed analysis shows that Rima Sharp consists of at least three rilles,
(Rimae Mairan, Sharp, and Louville, Fig. 1A); all of them are independent sinuous rilles and
are not branches of Rima Sharp. Direct evidence of the presence of the three different sinuous
rilles is the identification of their source depressions at the proximal end of each rille channel
(Fig. 4GHI).

Rima Mairan originates from the South Vent, characterized by two linear troughs (~4 km
and ~3 km long) (Fig. 4G) and extends to the north. It is ~154 km long, with an average
width and depth of ~489 m and ~45 m, respectively, based on SLDEM2015 and TC Morning
Map. Rima Sharp originates from the North Vent, outside Em4 (Fig. 4H), and extends south
into Em4. The North Vent is characterized by a 3 km long depression, adjacent to another
large linear depression (green dashed line), potentially the surface expression of the top of a
dike. Rima Sharp is ~312 km long, with an average width and depth of ~926 m and ~71 m,
respectively. Rima Louville is the smallest sinuous rille of the three (Fig. 41), originating
from an irregular depression (diameter ~1 km; depth ~50 m).

All three sinuous rilles flow toward, and terminate within, the eastern interior of Em4
(Fig. 2A). Along their flow directions, their width and depth decrease dramatically. About
~65 km south of its source, Rima Louville, the smallest of the three, underwent rille capture
with Rima Sharp. The two major rilles (Sharp and Mairan) enter the Em4 unit from different
directions and appear to shallow and join in the middle of the eastern part of Em4 (Fig. 2A).
Although lavas forming Em4 could have erupted through now-buried, dike-fed fissure vents,
or from a nearby shallow reservoir (Chisenga et al., 2020), the three separate sinuous rilles
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leading into Em4 are the most obvious candidates for sources.

2.4 Composition

Hiesinger et al. (2011, 2003) and Qian et al. (2018) defined Em4 (P58) as a single
geological unit because it is distinct from adjacent units and appears compositionally
homogeneous at a large scale. In this analysis, we examined additional compositional details,
assessing the possibility of subtle variations that might indicate the presence of subunits. In
order to pinpoint specific variations and to perform a systematic chronology study (Section
2.5), we subdivided Em4 into fifty-two 1°x1° geographic subunits (Fig. S1).

Mare basalts are the dominant rock type in Em4 (Fig. 1), except for the highland
kipukas (Fig. 4ABC) and the Mairan dome materials (Fig. 4ADEF). The Em4 mare basalts
have a deep purple-blue hue in Kaguya MI color composite map (Red: 750 nm/415 nm,
Green: 750 nm/950 nm, Blue: 415 nm/750 nm; Fig. 5A), suggesting a high titanium content.
Color variations are minor, with the exception of 1) large craters that penetrated through the
topmost unit (Em4) and excavated low-Ti Imbrian-aged basalts, 2) small craters excavating
fresh, immature materials (light blue), 3) clusters of secondary craters and associated ray
material, and 4) areas contaminated by proximity to highlands (purple-red).

We used the Lunar Reconnaissance Orbiter Wide Angle Camera TiO2 abundance map
(Sato et al., 2017; <0.5 wt% accuracy) and Kaguya MI FeO abundance map (Lemelin et al.,
2015; <1 wt% accuracy) to evaluate the abundance and variation of these two key oxides
(Fig. 5CD). The mean TiO2 content of Em4 is 6 wt%; 50.4% of Em4 has TiO> contents >6
wt%, belonging to high-Ti mare basalts (Neal and Taylor, 1992); 48.3% consist of low-Ti
basalts (1-6 wt%), however, some low-Ti materials are distal ejecta from low-Ti/Fe basement
rocks (red lines, Fig. 5C), especially by Aristarchus, Harpalus, and Sharp B craters (Qian et
al., 2018). FeO abundance correlates positively with TiO, abundance, suggesting the presence
of ilmenite. The mean FeO content of Em4 is 17 wt%; 78.4% of Em4 has a FeO content of
16-18 wt%, and the iron-poor rays are mostly related to distal ejecta (red lines, Fig. 5D). The
eastern part of Em4 near the Mairan domes and in southwest Em4 has the highest TiO2 and
FeO abundance.

Mineral assemblages characteristic of Em4 are also informative and quantitatively
analyzed. We produced an Integrated Band Depth (IBD) color composite map using Moon
Mineralogy Mapper (M®) OP2C data (Notes S2 and S3) (Pieters et al., 2009). Em4 displays
purple-green hues, indicating the presence of abundant pyroxenes with diagnostic 1000 and
2000 nm absorptions, and minor OLV with a broader 1000 nm absorption (Cloutis et al.,
1986). The mare basalts (Fig. 5A) between Em4 and Mons Rumker (i.e., Em3) and south of
Em4 (i.e., P40) are redder and more purple than all the other units, indicating OLV
enrichment. The Em4 mare basalts appear relatively OLV-poor compared with typical high-Ti
OLV-rich young mare basalts (e.g., Em3, P40) (e.g., Staid et al., 2011), but still contain more
OLV than the older Imbrian-aged mare basalts.

M2 spectra of 510 small fresh craters (10 in each subunit, shown by red dots (Fig. S1),
were extracted to study mineralogy in more detail (Note S2, Fig. S2 & S3). Only small fresh
craters were selected because larger craters may have excavated into the underlying low-Ti
basalts (Qian et al., 2018) and older craters may have experienced significant space
weathering, obscuring their primary mineralogy. Nearly all of the spectra are characterized by
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two absorptions centered at ~1000 nm and ~2200 nm, indicating the existence of pyroxene.
Clinopyroxene (CPX) is more abundant than orthopyroxene (OPX), because the spectra have
a longer wavelength Band Il absorption (~2200 nm) (Cloutis et al., 1986). OLV is difficult to
evaluate directly from spectra because its relatively weak 1000 nm feature is easily masked
by pyroxene (Cloutis et al., 1986); plagioclase (PLG) is also difficult to evaluate due to a lack
of clear absorptions.

The absolute mineral abundances of CPX, OPX, OLV, and PLG (Fig. 5F-1) of Em4 have
been quantitatively evaluated using Lemelin et al. (2015)’s global mineral abundance data,
which were produced based on Kaguya M1 data. According to this dataset, PLG (mean 41
wt%) and CPX (mean 30 wt%) are two dominant mineral types, followed by OPX (mean 16
wt%) and OLV (mean 13 wt%). There is ~ 50% more CPX than OPX in Em4. The Em4 OLV
abundance is lower than that of the other young high-Ti mare basalts in the PKT (e.g., Staid
et al., 2011), supporting the analysis of the IBD color composite map. The variations of mafic
minerals in Em4 are minor and random, lacking clear regions of concentration (Fig. 5F-1);
however there is a slight trend that suggests that the eastern part of Em4 has lower CPX but
higher OPX than in the west of Em4. There are two kinds of locations where PLG abundance
are elevated, 1) regions adjacent to the highlands where PLG accumulated through lateral
transport and mixing; 2) secondary ejecta regions where PLG was delivered by distant
impacts. In addition, the ilmenite abundance is difficult to calculate through spectra because it
has no clear absorptions, therefore it is not included here. However, the TiO2 abundance is
good indicator of ilmenite as it is the major carrier of TiO».

2.5 Chronology

The Em4 unit has been dated by many researchers using impact crater size-frequency
distribution (CSFD) methods, with the results often interpreted with different chronology and
production functions (Giguere et al., 2020; Hiesinger et al., 2003; Jia et al., 2020; Morota et
al., 2011; Qian et al., 2018; Wu et al., 2018), and a wide range of AMAs have been reported,
ranging from ~1.2-3.3 Ga (Tab. 2; Fig. 6B).

Recent studies of the mare basalts just south of the Aristarchus Plateau (Stadermann et
al., 2018) found that the definition of crater counting areas plays a critical role in determining
AMAs, even if they are in the same compositionally homogeneous unit. Different AMAs
within a compositionally homogeneous unit could be attributed to 1) repeated eruptions of
similar composition, separated in time (e.g., Hiesinger et al., 2003, 2011); or 2) the
shortcomings of the CSFD technique itself when dating young or small planetary surfaces
(Williams et al., 2018). On the other hand, as mentioned in Section 2.4, although the
compositions of the Em4 mare basalts are essentially identical on a regional scale, minor
variations exist at local scales (e.g., some local enrichment of TiO. and FeO). Thus, we
investigate four questions: 1) What is the AMA for the Em4 unit as a whole? 2) What is the
AMA-frequency distribution for a sample of smaller subareas? 3) Do any AMA variations
within Em4 show regional trends that might correlate with composition or geologic features?
4) Is there any preliminary evidence for more than one eruption for Em4 basalts?

To address these questions, we divided the Em4 unit into fifty-two 1°x1° subunits
(Fig. S1). The diameters of primary craters larger than 100 m were measured using the
Kaguya TC Morning Map (~ 10 m/pixel, right-to-left low-angle solar illumination; Haruyama



264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307

et al., 2008). Areas with abundant secondary craters or covered by large volumes of crater
ejecta were excluded (e.g., Mairan G crater, Riimker H crater). CraterTools was used to
measure crater locations and diameters (Kneissl et al., 2011). In total, we counted 123,385
craters >100 m in diameter. Craterstats was used to analyze the size-frequency distributions
(Michael and Neukum, 2010). We use the lunar chronology function and production function
of Neukum et al. (2001). Finally, the AMAs and uncertainties are derived using Poisson
timing analysis (Michael et al., 2016), and the results are shown in Fig. 6.

We find an absolute model age of the entire Em4 unit of 1.53%9:927 Ga (Fig. 6C,
shown as R plot), which we regard as the average age of Em4. The AMA frequency
distribution resulting from subdividing Em4 into fifty-two individual 1°x1° areas ranges from
1.1to0 2.9 Ga, has a peak frequency at 1.5 Ga, a mean at 1.68 Ga and a median at 1.6 Ga (Fig.
6D). For 1°x1° measurement, the older Em4 subunits are located near its northern and
southwestern geological boundary. The youngest mare basalts are in the northwest, northeast,
and south of Em4. Some variations within Em4 may be due to concentrations of secondary
craters (see red lines in Fig. 5CD).

3. Discussion
3.1 CSFD Model Ages
3.1.1 Comparison with Other Studies

Previous workers measured different AMASs (Fig. 6B; Tab.2) for the high-Ti mare basalt
unit (Em4/P58) (Giguere et al., 2020; Hiesinger et al., 2003; Jia et al., 2020; Morota et al.,
2011; Qian et al., 2018; Wu et al., 2018). In an ongoing study, Giguere et al. (2020) examined
the eastern part of Em4 (P58) adjacent to Mairan T dome and determined the ages of 3.05 and
3.33 Ga. These ages are consistent with the superposition of the mare basalts on the ~ 3.75
Ga old dome materials (Glotch et al., 2011), but are older than the age determined by
Hiesinger et al. (2003; 1.33 Ga). Morota et al. (2011; red polygons, Fig. 6B) note in their
analysis of Em4 (P58) that there was a resurfacing event: an underlying mare basalt with an
AMA of 3.467311 Ga was covered by subsequent mare basalt, with a thickness of 20-60 m
and an AMA of 1.91*31] Ga. Indeed, the surrounding basalt units identified by Hiesinger et
al. (2003) generally have ages of 3.4-3.7 Ga, but units to the south also exhibit younger
resurfacing ages approaching 2 Ga. These observations, plus the relatively thin estimated
basalt thickness suggest that Em4/P58 is a thin unit emplaced on older Imbrian basalts.

In another analysis, Jia et al. (2020) counted all craters larger than 200 m in the CE-5
landing region (41-45° N, 49-69° W) using Lunar Reconnaissance Orbiter Camera-Narrow
Angle Camera (LROC-NAC) images, giving an AMA of 2.07 Ga. However, their counting
area (Fig. 6B, gray dashed polygon; Fig. S5 in Jia et al. (2020)) appears to involve a
significant number of secondaries, in particular in the southeast of the CE-5 landing region,
as shown by their crater density maps (Fig. 3 in Jia et al., 2020). In our study, we completely
eliminated these regions (Fig. 6B, orange dashed polygon) to acquire CSFDs that are easier
to interpret.

Hiesinger et al. (2011, 2003), Qian et al. (2018), Wu et al. (2018), and the present study
all derive young ages for the Em4 (P58) unit (< 1.6 Ga). Hiesinger et al. (2011, 2003) dated
the northeast part of Em4/P58 using Lunar Orbiter 1V images (green polygon, Fig. 6B), and
derived an age of 1.33 Ga), while Qian et al. (2018) derived an age of 1.21 Ga using Kaguya
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TC Morning Map images in the northwest part of Em4 (blue polygon, Fig. 6B). Their results
agree well with our study; we find that subunits in the northeast, northwest, and south have
the youngest ages across the Em4 unit (Section 2.5).

In order to assess the use of different chronologies and fitting parameters (or diameters)
between the different studies, we used the available data sets from Wu et al. (2018) and the
present study to examine potential differences in the crater and age measurements. Wu et al.
(2018) mapped all the craters larger than 100 m, applying a machine learning approach based
on LROC-NAC images. Their Em4 AMA (1.49%317 Ga) is slightly younger than our newly
determined age (1.53%3:927 Ga), although within errors. They focused on the middle part of
the CE-5 landing region, which means their crater counting area (purple polygon, Fig. 6B) is
much smaller than the Em4 unit. For further comparison, we compiled extra CSFD plots
based on Wu et al. (2018)’s original crater counting files to our crater counting areas (Subunit
10, 11, 18, 19, 26, and 27), as shown in Fig. S4. The model ages of subunits using Wu et al.
(2018)’s original data agree well with our research (Tab. 2). However, our ages are slightly
older than ages using their data, although within error of each other for each pair. We find that
many of the crater bins from the Wu et al. (2018) dataset do not correspond well with the
lunar production function, which may cause additional uncertainties when fitting the AMAs
(Fig. S4). There is a deficiency of smaller craters in the automatically-counted datasets (Wu
et al., 2018) compared to our manually-counted results (Fig. S4), possibly due to reduced
machine recognition of heavily degraded craters without sharp rims. However human
recognition does not have this problem; therefore our ages are slightly older because we
counted more degraded craters.

The uncertainties of the crater counting method have been discussed in Note S4. The
relatively large crater counting area (~568 km?) and flat and homogeneous surface make the
crater counting results more robust. Although Fig. S5 shows that the AMAs of each subunit
have some level of uncertainty, nonetheless, the younger and older subunits can be easily
separated without overlap. Most of the subunits have AMAs that cluster around 1.5 Ga,
which is the peak of the age and occupied area histogram (Fig. 6D), and close to the age of
the Em4 unit as a whole. In addition, comparing with Wu et al. (2018) further underlines the
robustness of our study.

Based on these comparisons, we conclude that the mean AMA of the Em4 unit is
approximately 1.53 Ga, but that there is evidence for internal age variability over a range of
up to several hundred million years.

3.1.2 Model Age & Composition

The composition of lunar mare basalts has evolved through geological time at both local
and global scales, providing information on the nature of mantle source regions (Hiesinger et
al., 2011; Morota et al., 2011; Staid et al., 2011). For example, the young lunar mare basalts
in Oceanus Procellarum and Mare Imbrium tend to be richer in titanium and OLV with
decreasing ages (e.g., Staid et al., 2011). To identify possible trends within the Em4 unit, we
compared the mean values of the AMAs and TiO, abundance, FeO abundance, PLG, CPX,
OPX, and OLV volumes for each 1° x 1°subunit (Fig. 7). The center points of the horizontal
lines represent AMAs, while the error bars are from Poisson timing analyses. The center
points of vertical lines represent the mean value of composition in each subunit, while the
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error bars represent one standard derivation.

We find that the TiO2 abundance of Em4 increases from ~4.5 wt% before 2.3 Ga to ~7
wit% at 1.5 Ga and decreases to 6 wt% at 1.0 Ga; most of the subunits have a TiO2 abundance
between 5.5-6.5 wt%. The FeO abundance has similar trends; it increases from 16 wt%
before 2.3 Gato 17.5 wt% at 1.5 Ga, and decreases to ~17 wt% at 1.1 Ga. The synchronous
change of TiO2 and FeO supports the presence of ilmenite in the Em4 unit, and its increase
from 2.3 Ga, with a peak at 1.4-1.5 Ga. The highest TiO and FeO abundances also
correspond to the 1.4-1.5 Ga peak in the frequency distribution of the Em4 subunit ages (Fig.
6D), meaning that basalts of this age are the most areally extensive in the Em4 unit. In
addition, the variation of TiO2 and FeO values are readily seen in the compositional maps
(Fig. 5).

In contrast to potential trends in TiO2 and FeO contents, the temporal variations of mafic
minerals (CPX, OPX, and OLV) and PLG are nearly imperceptible. These four minerals have
nearly identical abundances between 1.0 Ga and 3.0 Ga (~30 wt%, ~15 wt%, ~10 wt%, and
~45 wit%, respectively). In summary, our data suggest that the mineralogical evolution of the
Em4 basalt unit shows 1) some evolution of ilmenite (TiO2 and FeO), but 2) that the major
mafic mineral abundances (CPX, OPX, and OLV) remain nearly unchanged.

3.2 Source Vents

We found no surface morphological evidence for source vents within the Em4 unit
(Section 2.3.2). Chisenga et al. (2020) interpreted the shallow gravity anomaly QCMAJ5 (Fig.
2CD) as an exceedingly shallow magma reservoir that was the preferred source for the Em4
unit. However, the difficulty in general of producing shallow lunar magma reservoirs (Head
and Wilson, 2017; Wilson and Head, 2017) disfavors their presence in the upper part of the
crust. The numerous other small circular gravity anomalies in Oceanus Procellarum (black
arrows, Fig. 1DE) and the clear correlation of many of these with lava-flooded buried craters
(Deutsch et al., 2019; Evans et al., 2016) indicates that QCMAJ5 is likely to be a lava-filled
impact crater.

Mons Rumker may be the source of the Imbrian-aged low-Ti mare basalts in the western
part of CE-5 landing region (Zhao et al., 2017; Qian et al., 2018). However, because Mons
Rimker has dramatically different ages (Imbrian-aged vs Eratosthenian-aged) and
composition (low-Ti vs high-Ti) compared to Em4, it is not a source of lavas to Em4 except
for the low-Ti mare basalts buried by Em4. Currently, the most likely source vents for the
Em4 lavas are the proximal depressions of the three sinuous rilles (Rima Sharp, Rima
Mairan, and Rima Louville) that start outside, but flow into Em4. The formation of these
sinuous rilles implies the influx of a huge quantity of lava (Wilson and Head, 2017) into the
Em4 region. The absence of extensive pyroclastic deposits at the rille source vents (Fig.
4GHlI), together with the small vent diameters, suggests that the volatile contents of the
erupted lavas were relatively low (Wilson and Head, 2017).

3.3 Where Are the Youngest Mare Basalts?

No lunar mare basaltic samples younger than ~ 2.9 Ga (NWA773, NWAO032) have yet
been acquired (Borg et al., 2004); therefore, the sampling of young mare basalts has great
significance for our understanding of lunar impact history and thermal evolution (National
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Research Council, 2007). Samples from the young mare basalts of the Em4 unit can be used
to calibrate the lunar chronology function to fill the gap between 1.0 and 3.0 Ga, improving a
critical tool for dating unsampled surfaces on the Moon, as well as on other planetary
surfaces using the crater counting technique (van der Bogert and Hiesinger, 2020). The Em4
mare basalts can also be used to constrain the duration of mare volcanism and the nature and
evolution of mantle sources to understand lunar thermal and magmatic history (Qian et al.,
2018). Therefore, it is important to locate potentially young mare flows in the Em4 unit,
especially the youngest ones, to maximize the mission outcome.

Our analysis of candidate Em4 source vents and the initial analysis of age distributions
within Em4 subunits suggest that the Em4 unit is likely to consist of multiple eruption events,
separated in time (Fig. 6D) and space (Fig. 6A). We identified three areas that are candidates
for the youngest mare regions within Em4 (in the northwest, northeast, and south; orange
circles, Fig. 6A). The northwest candidates have limited distribution, close to the western
boundary of Em4. The northeast candidates occur along the eastern mare/highland boundary.
Candidates in the south have the largest areal distribution; their northern part is covered by
ejecta of Mairan G crater, which may have resurfaced the mare surface to some extent.
However, we have eliminated the continuous ejecta in our crater counting areas. Therefore,
we regard the southern youngest mare basalts as the best candidate for the youngest subunit
in the Em4 region. These three candidate youngest mare regions in Em4 are all valuable
sampling sites to assess the range of youngest mare basalts on the Moon.

Regolith samples from any of these youngest mare regions are also very likely to contain
older Imbrian-aged mare basalts from the west (e.g., Harding crater), highland materials from
the east (e.g., Sharp B crater), and other younger mare basalts from the south (e.g.,
Avristarchus crater). In addition, CE-5 will very likely sample mare basalts not only with a
mean age of ~1.53 Ga, but also with a spectrum of ages, delivered by impacts but including
younger ones and older ones. The age maps presented here are thus of potential use to trace
such samples back to their original locations.

3.4 The Role of the Procellarum KREEP Terrane in the Generation of Mare Basalts
Jolliff et al. (2000) utilized global Th and FeO distribution data to divide the Moon into
three global terrane types: Procellarum-KREEP (PKT), Feldspathic Highland (FHT), and
South Pole-Aitken (SPAT). They pointed out that the PKT, while comprising only ~16% of
the surface, contained 1) the highest Th abundances (perhaps as much as 40% of global Th),
2) the majority of the area covered by maria (>60%), and 3) the region of the youngest mare
basalts. They proposed that the high-Th content of the PKT could be a major factor in
generating and sustaining mare basalt volcanism there. Indeed, Wieczorek and Phillips (2000)
proposed a model that linked the elevated PKT Th content with the thermal structure of PKT
crust and mantle, and generation of mare basalts. Although this idea is not without
controversy (Hess and Parmentier, 2001), many workers have supported a significant role for
the elevated Th-content of the PKT in the thermal and volcanic history of the region (e.g.,
Ziethe et al., 2009). Haskin et al. (2000) proposed that the elevated Th content of the regolith
overlying the mare units within the PKT (Fig. 5E) was direct evidence for the role of the
PKT in the generation of the mare basalts there, representing regolith derived from the
underlying Th-rich basalts. More recently, J. Zhang et al. (2020) have proposed on the basis
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of PKT stratigraphy that the distribution of the enhanced Th-content in the PKT is primarily
related to a history of impact cratering excavation and redistribution of KREEP/Th-rich
materials, and is not an inherent and unusual property of the initial PKT crust and mantle.

Em4 is located in the northwestern part of the Procellarum KREEP Terrane and displays
an elevated Th content (Fig. 5E) compared with maria well-outside the PKT. According to
the interpretations of Jolliff et al. (2000), Haskin et al. (2000), and Wieczorek and Phillips
(2000), the elevated Th values should represent an intrinsic property of the mare basalts. In
contrast, hypotheses such as those of Hess and Parmentier (2001) and J. Zhang et al. (2020)
predict that the basalts are generated at greater subcrustal depths in the mantle and should be
uncontaminated by the high Th-content of the PKT. Indeed J. Zhang et al. (2020) suggest that
the elevated Th-content of the mare regolith is due to vertical and lateral mixing by high-Th
content highlands.

Thus, the mantle source region, the Th-abundance, and the mode of emplacement of the
Procellarum mare basalts (the Imbrian-aged low-Ti basalts below and the overlying
Eratosthenian-aged high-Ti basalts) are three additional key questions that need to be
assessed and that can be addressed with the analysis of CE-5 returned samples (Tab. 1),
specifically measurements of the Th-content of mare basalts fragments and comparison with
the Th-content of the mare and highland soil fragments.

4. Conclusions

1) The CE-5 landing region is within the distinctive northern Oceanus Procellarum
region, which a) lies within the unique PKT, b) has the highest concentration of red spots, ¢)
contains the greatest mare basalt age range on the Moon, d) is the site of the youngest mare
basalts, e) shows a diversity of smaller gravity anomalies, and f) is characterized by a distinct
polygonal gravity gradient anomaly.

2) The Em4 unit is in the east of the CE-5 landing region and covers an area of 37,000
km? with a mean thickness of ~51 m and has a volume between ~1,450 and 2,350 km®. ~ 7 m
of Th-rich regolith develops on the top of the Em4 mare basalts. Distal materials are mixed
with the regolith by impacts, mostly from Aristarchus, Harpalus, and Sharp B craters.

3) Em4 mare basalts have a mean age of ~ 1.53 Ga, with some variations, and the
youngest mare basalts are located to the south, northwest, and northeast of Em4. The TiO>
and FeO (ilmenite) contents have a slight trend toward decreasing abundance with time. Em4
is the youngest mare unit in the landing region (~1.53 Ga), and is thus a priority target for the
CE-5 mission.

4) Em4 mare basalts are a type of high-Ti lunar mare basalt located in the PKT, but not
typical of that terrain. CPX is the dominant mafic mineral, followed by OPX and OLV. CPX,
OPX, OLV, and PLG values are homogeneous within Em4; the highest ilmenite (TiO)
abundances occur in the eastern part of Em4 near the Mairan domes and in southwest Em4.

5) No obvious volcanic source vents within the unit are found that could have
contributed to the Em4 mare basalts. We find that Rima Sharp is actually composed of three
major rilles (Rima Sharp, Rima Mairan, and Rima Louville); source vents of each rille are
located outside Em4, but the rilles enter Em4, and are likely to be among the most important
sources for the unit

6) Because of the distinctive characteristics of the Em4 mare basalts, any samples
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returned from Em4 for terrestrial laboratory analysis will address a very wide range of
fundamental problems (Tab. 1) regarding the geological and thermal evolution of the Moon.
This study provides a fundamental guide for future researchers.

Data Availability

Data used and derived from this research are uploaded to Mendeley Data
(http://dx.doi.org/10.17632/5dnt9h58px.1), including geological boundaries, compositional
data, spectra, and crater counting results, etc. 3D density tomography data produced by
Chisenga et al. (2020) are from Harvard Dataverse
(https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/HNIIZG).
CraterTools and Craterstats are from Freie Universitat Berlin (https://www.geo.fu-
berlin.de/en/geol/fachrichtungen/planet/software/index.html).
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Table 1. Key questions for the analysis of the samples returned by CE-5. On the basis of the
characteristics and the unique geologic setting of the CE-5 landing region, a series of
fundamental questions that can be addressed are listed here.

Chronology

1) What is the absolute age of the majority of Em4? 2) How many separate mare emplacement events
are recognizable in the samples? 3) How does this range of events compare to the observed AMA
variations? 4) What are the implications of the radiometric age characteristics for lunar and planetary
time scales, and the interplanetary flux? 5) Is there any evidence for silica-rich red spots materials,
and if so, what is their age? 6) Are there samples of impact basin ejecta (e.g., Iridum, Imbrium, etc.)
and what are their ages? 7) Is there any evidence of the presence of an ancient Procellarum impact

basin?

Petrogenesis

1) Are the Em4 mare basalts characterized by elevated Th content, as suggested by the remote sensing
data, and thus derived from enhanced melting due to the high Th-content in the PKT Terrane? 2) Are
the Em4 mare basalts characterized by low Th-content more similar to that of Apollo/Luna basalts,
suggesting that they are derived from melting in deeper mantle source regions unassociated with the
PKT terrane? 3) What are the depths of source region melting estimated for the mare basalts? 4) Is
there any evidence for changes in source regions with time? 5) Is there any petrologic evidence for
shallow magma storage and staging? 6) What is the estimated volatile content of the Em4 and related
basalts? Are these consistent with the relatively low contents estimated by the sinuous rille source
regions and the lack of RMDS and IMPs? Is it variable? 7) Is there any evidence of KREEP basalts
and if so, what are their natures and ages? 8) Is there any evidence for Mg-suite rocks, and if so how
do they differ from those in the Apollo/Luna zone?

Regional Setting

1) What is the range of Th content in the returned samples, their provenance, and their ages? 2) Was
the elevated Th content in the PKT important in the generation and emplacement of mare basalts in
the PKT, or are there other potential factors involved in their distribution and duration? 3) What are
the implications of the CE-5 sample analysis and characterization for the nature, structure, and
influence of the Procellarum-KREEP Terrane (PKT)?

Geodynamic &
Thermal
Evolution

1) Are the Em4 and related mare basalt units magnetized and how do their magnetic characteristics
change with time? 2) Is there evidence to distinguish between the PKT region demagnetized magnetic
anomaly being the site of thermal (PKT-related) or impact demagnetization? 3) Does petrogenetic
evidence support deep sources for the mare basalt magmas related to a thickening lithosphere in later
lunar thermal evolution, or are other explanations required to account for their youth?

Regolith

Formation

1) Where does the Th reside in the regolith? In the mare basalt components, suggesting that the Th is
an inherent part of the basaltic units? Or is it concentrated in the non-mare regolith soils, suggesting
that the Th is transported into the regolith by lateral mixing from the highlands? 2) What is the range
of components in the young Em4 unit regolith and how do they compare with the older, more mature
regolith of the Apollo/Luna sites? 3) Is there any evidence of silica-rich red spot contributions, and if
so what is their nature and age? 4) Is there any evidence for mare basalt pyroclastic glass beads (both
quenched and crystallized) and if so, how do they relate to the petrology and age of the sampled mare
basalts? 5) What is the stratigraphy in the CE-5 core? How does it relate to local and regional impact
events, and how does it inform us about young regolith development? 6) On the basis of the
percentage of foreign components in the regolith, how do Em4 regolith processes compare to older,
more mature regolith? 7) Do any exotic non-mare components in the regolith relate to pre-mare craters

and basins in the region? If so, what is their provenance and age?
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688  Table 2. CSFD absolute model ages (Ga) of the Em4 unit from different studies.

Geologic Units
Im1 Im2 Im3 Eml Em3 Em4
Hiesinger et al.
3.47 3.44 3.40 1.33
(2003, 2011)
Morota et al. } ) ) ) ) 1.91*311 (Model A)
(2011) 2207313 (Model B)
Qian et al.
(2018) 3.4215:92 3.3913:52 3.16+33S 230348 1514357 1214353
Wu etal. (2018) | 3.48%393 3.47%5:92 2.03%933 2.06192% 1.49%317
T. A. Giguere et
/ / / / / 3.33
al. (2020)
Jiaetal. (2020) | 3.23%3:935 | 3.27%993% | 3.35%39%3 2.02%51¢ 2541541 2.07%5928
CURRENT / / / / / 15343927
STUDY . -0.027
Compare with Wu et al. (2018)
Subunits
Subunit 10 Subunit 11 Subunit 18 Subunit 19 Subunit 26 Subunit 27
Wuetal. (2018) | 1.53%39% | 1.23%3:33¢ | 1.28%39:1 1.67%5:072 | 2,02+3978 19413372
CURRENT
STUDY 1.49%511 1.13%512 1.47%514 1.79%512 2.131312 2,073
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Figure 1. (A) Locations of the CE-5 landing region (white box) and the study area (black
box) in northern Oceanus Procellarum. Blue lines denote the sinuous rilles. SV, NV, and
NWYV represent the south, north, and northwest source vents of Rima Mairan, Sharp, and
Louville, respectively. (B) Locations of potential young volcanic activity on the Moon. Black
lines denote mare boundaries (Hiesinger et al., 2011). Blue and green dots denote irregular
mare patches (Braden et al., 2014) and ring-moat dome structures (F. Zhang et al., 2020),
respectively. AR, Aristarchus plateau; IR, Sinus Iridum; CO, Copernicus crater; KE, Kepler
crater; LI, Lichtenberg crater. (C) Context of Em4 in the greater Imbrium basin region. Pink
patches indicate Eratosthenian-aged mare basalts. The yellow dashed line is the elevation
profile line in Fig. 8. IBR1, IBR2, IBR3, and IBR4 represent the 1%, 2", 3" 4% ring of the
Imbrium basin. (D) Bouguer anomalies and (E) crustal thickness of the Imbrium basin.
Purple circles indicate Imbrium basin rings (Spudis et al., 1988). Black arrows point to
potential gravity features of the Imbrium basin.
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Figure 2. (A) Em4 is a flat mare plain west of Montes Jura. The orange line shows the
location of the outer Imbrium basin ring (Spudis et al., 1988). The black and white dashed
lines indicate wrinkle ridges and a large wrinkle ridge system, respectively. Red lines mark
the locations of the cross-section profiles in Fig. 3. White boxes indicate locations of features
shown in Fig. 4. The basemap is a SLDEM2015 overlaid on Kaguya TC Morning Map. (B)
Slope map of Em4, calculated from SLDEM?2015, with a baseline length of ~180 m. (C) The
Bouguer anomaly and (D) crustal thickness of Em4 (Wieczorek et al., 2013). Purple and red
circles indicate QCMAs mapped by Evans et al. (2016) and Chisenga et al. (2020),
respectively. The red arrows denote an impact crater filled with thick basaltic materials
(Chisenga et al., 2020). The results of Evans et al. (2016) (QCMAs 1,2, and 3) and Chisenga
et al. (2020) (QCMAs 4 and 5) display differences but it is clear there are at least two
QCMAs in the eastern part of the Em4 unit.



22

A -2,300 -2,300
{ ) 2350 Wrinkle Ridges (L = 70 km) 2350 Wrinkle Ridges (L = 35 km)
E 2400 2o T 2400 :
E - Broad Side
= 2,450 E 2,450 Stoep Side | | MO0
-g -2,500 3 2,500 i 1 i
2 -u Ridg '
] -2,600 o 2,600 s
28501 TG A -2,650 B B
2,700 -2,700
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Distance (km) Distance (km)
2,300 Wrinkie Ridges (L = 30 km) 2,300 34 Wrinkfe Ridges (L $ 70 kmj A"
o -2,350 f— 1 1 ’E-z,asn assacts i o
£ -2.400 / T
T 2450 Broad Side | | Stoop Side
!
£ 250 "*\_.‘*
®
a -2,550 i v o]
m 2,600 I
2,650 = Crater Rim Ridge | = 2,600
-2,700 -2,650
] 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70
(B) Distance (km) Distance (km)
140
120
£ 100 -
]
0
g 80 —
g :
2 T o . - _ _ .
£ 60 & $ ér
e =i =] &
© 40 $
= R R ) G-
20
ol 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

0 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
726 Subunit

727  Figure 3. Cross-section profiles (AA’, BB’, and CC’) across Em4. The elevations of Em4
728  decrease from west to east and the wrinkle ridges exhibit elevations up to ~200 m. Profile
729  locations are shown in Fig. 2A. (B) Mare basalt thickness measured for each 1° x 1° subunit
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732 have any penetrating craters, therefore their upper limit thickness cannot be constrained.

733  Mare thickness is constrained by crater excavation technique (Note S1): the excavation depth
734  of the smallest penetrating crater of each subunit is regarded as the lower limit on thickness
735  (lower short line); and the excavation depth of the largest nonpenetrating crater of each

736  subunit is regarded as the upper limit on thickness (upper short line); and the average of
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& F) Mairan silica-rich domes (Glotch et al., 2011), including Mairan NW, T, Middle, and
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system. Yellow arrows show the lava flow direction. The south vent consists of two linear
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Figure 5. (A) False color ratio map of Em4 based on Kaguya MI data. Red: 750 nm/415 nm,
Green: 750 nm/950 nm, Blue: 415 nm/750 nm. (B) IBD color composite map of Em4 based
on M2 data. Red: IBD1000, Green: IBD2000, Blue: Reflectance at 1580 nm. (C) TiO2
abundance map of Em4 (Sato et al., 2017). (D) FeO abundance map of Em4 (Lemelin et al.,
2015). Red lines indicate ejecta materials/rays. (E) Th contents of Em4. (F) PLG, (G) CPX,
(H) OPX, and (1) OLV abundances of Em4 produced by Lemelin et al. (2015) using Kaguya
MI data.
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Figure 8. Generalized geologic cross-sections and topographic profiles of the CE-5 landing
region and vicinity. Yellow, red, and blue colors indicate Imbrian-aged, Eratosthenian-aged
mare basalts, and mare basalts from sinuous rilles. Green colors indicate silica-rich domes
(Wilson and Head, 2003). IBR represents the Imbrium basin rings. Elevations are taken from
SLDEMZ2015 data along the yellow dashed line in Fig. 1. Not all elements in this figure are
shown at the same scale. (A) Geological cross-section of the northwest Imbrium basin and
northern Oceanus Procellarum showing the setting of Em4. The red line indicates the crust-
mantle boundary (depth to mantle) (Wieczorek et al., 2013). RMDSs on the Eratosthenian-
aged mare basalts are from Zhang et al. (2020). (B) The stratigraphic relationships of the
major units and features in the vicinity of Em4. The location of the profile is shown as a
black box in Fig. 8A. Corresponding surface features are shown as images.
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1 Table 1. Key questions for the analysis of the samples returned by CE-5. On the basis of the
2 characteristics and the unique geologic setting of the CE-5 landing region, a series of
3  fundamental questions that can be addressed are listed here.

1) What is the absolute age of the majority of Em4? 2) How many separate mare emplacement events

are recognizable in the samples? 3) How does this range of events compare to the observed AMA
variations? 4) What are the implications of the radiometric age characteristics for lunar and planetary
Chronology time scales, and the interplanetary flux? 5) Is there any evidence for silica-rich red spots materials,
and if so, what is their age? 6) Are there samples of impact basin ejecta (e.g., Iridum, Imbrium, etc.)
and what are their ages? 7) Is there any evidence of the presence of an ancient Procellarum impact

basin?

1) Are the Em4 mare basalts characterized by elevated Th content, as suggested by the remote sensing
data, and thus derived from enhanced melting due to the high Th-content in the PKT Terrane? 2) Are
the Em4 mare basalts characterized by low Th-content more similar to that of Apollo/Luna basalts,
suggesting that they are derived from melting in deeper mantle source regions unassociated with the
PKT terrane? 3) What are the depths of source region melting estimated for the mare basalts? 4) Is
Petrogenesis there any evidence for changes in source regions with time? 5) Is there any petrologic evidence for
shallow magma storage and staging? 6) What is the estimated volatile content of the Em4 and related
basalts? Are these consistent with the relatively low contents estimated by the sinuous rille source
regions and the lack of RMDS and IMPs? Is it variable? 7) Is there any evidence of KREEP basalts
and if so, what are their natures and ages? 8) Is there any evidence for Mg-suite rocks, and if so how
do they differ from those in the Apollo/Luna zone?

1) What is the range of Th content in the returned samples, their provenance, and their ages? 2) Was
the elevated Th content in the PKT important in the generation and emplacement of mare basalts in
Regional Setting | the PKT, or are there other potential factors involved in their distribution and duration? 3) What are
the implications of the CE-5 sample analysis and characterization for the nature, structure, and
influence of the Procellarum-KREEP Terrane (PKT)?

1) Are the Em4 and related mare basalt units magnetized and how do their magnetic characteristics
Geodynamic & | change with time? 2) Is there evidence to distinguish between the PKT region demagnetized magnetic
Thermal anomaly being the site of thermal (PKT-related) or impact demagnetization? 3) Does petrogenetic
Evolution evidence support deep sources for the mare basalt magmas related to a thickening lithosphere in later
lunar thermal evolution, or are other explanations required to account for their youth?

1) Where does the Th reside in the regolith? In the mare basalt components, suggesting that the Th is
an inherent part of the basaltic units? Or is it concentrated in the non-mare regolith soils, suggesting
that the Th is transported into the regolith by lateral mixing from the highlands? 2) What is the range
of components in the young Em4 unit regolith and how do they compare with the older, more mature
regolith of the Apollo/Luna sites? 3) Is there any evidence of silica-rich red spot contributions, and if

Regolith so what is their nature and age? 4) Is there any evidence for mare basalt pyroclastic glass beads (both
Formation quenched and crystallized) and if so, how do they relate to the petrology and age of the sampled mare
basalts? 5) What is the stratigraphy in the CE-5 core? How does it relate to local and regional impact
events, and how does it inform us about young regolith development? 6) On the basis of the
percentage of foreign components in the regolith, how do Em4 regolith processes compare to older,

more mature regolith? 7) Do any exotic non-mare components in the regolith relate to pre-mare craters

and basins in the region? If so, what is their provenance and age?
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1 Table 2. CSFD absolute model ages (Ga) of the Em4 unit from different studies.

Geologic Units
Im1 Im2 Im3 Eml Em3 Em4
Hiesinger et al.
3.47 3.44 3.40 1.33
(2003, 2011)
Morota et al. } ) ) ) ) 1.91*311 (Model A)
(2011) 2207313 (Model B)
Qian et al.
(2018) 3421392 3.39%5:92 3.162395 2301318 1.51%5:57 1.21%5:53
Wu etal. (2018) | 3.48%393 3.47%5:92 2.03%933 2.06192% 1.49%317
T. A. Giguere et
/ / / / / 3.33
al. (2020)
Jiaetal. (2020) | 3.23%3:935 | 3.27%993% | 3.35%39%3 2.02%51¢ 2541541 2.07%5928
CURRENT / / / / / 15343927
STUDY . -0.027
Compare with Wu et al. (2018)
Subunits
Subunit 10 Subunit 11 Subunit 18 Subunit 19 Subunit 26 Subunit 27
Wuetal. (2018) | 1.53%39%% | 1.23%3:93¢ | 1.28%3%:%1 | 1.67%3973 | 2.02%3978 1.9413-072
CURRENT
STUDY 1.49%511 1.13%512 1.47%514 1.79%512 2.131312 2,073
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