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Abstract: The Apollo basin is a well-preserved double-ringed impact basin located on the northeastern
edge of the South Pole-Aitken (SPA) basin. The Apollo basin has been flooded and filled with large
volumes of mare lavas, indicating an active volcanism history. Based on orbital data, we reveal that
the Apollo basin exhibits an overall asymmetric configuration in the distribution of mare basalts
as well as its topography, chemical compositions, and crustal thickness. The Apollo basin is an
excellent example for assessing the influences of the above factors on mare basalts petrogenesis and
evaluating mare basalt genesis models. It was found that the generation of mare basalt magmas and
their emplacement in the Apollo basin seems to be strongly related to local thin crust (<30 km), but
the formation of basaltic magmas should be independent of the decompression melting because the
mare units (3.34-1.79 Ga) are much younger than the pre-Nectarian Apollo basin. The mare basalts
filled in the Apollo basin exhibits a large variation of TiO, abundances, indicating the heterogeneity
of mantle sources, which is possible due to the lunar mantle overturn after the LMO solidification
or the impact-induced mantle convection and migration. However, the prolonged mare volcanic
history of the Apollo basin is not well explained, especially considering the low Th abundance
(<2 ppm) of this region. In addition, the central mare erupted earlier than other mare units within the
Apollo basin, which seems to contradict the predictions of the postbasin loading-induced stresses
model. Laboratory investigations of the Chang E-6 mare basalt samples could possibly answer the
above questions and provide new insight into the mare volcanic history of the lunar farside and the
connections between mare volcanism and impact basin formation/evolution.
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1. Introduction

Mare volcanism is a fundamental geological process on the Moon. It could provide
insights into the composition of the mantle, the convection process, and lunar thermal
history [1]. Mare basalts, as the products of lunar volcanism, cover about 17% of the
lunar surface area and contribute less than 1% to the lunar crust volume (on the order
of 107 km?) [2]. Mare basalts are considered to originate by partial melting of the lunar
mantle at considerable depths, then move upwards due to excess pressure at or below
the crust-mantle boundary as dikes, and finally flood over the lunar surface to produce
larger-scale, effusive plains [3—6]. Therefore, lunar mare basalts can be taken as probes of
the mantle composition and thermal evolution of the Moon. Unraveling lunar volcanic
history is crucial for understanding the mantle composition and thermal evolution of
the Moon.

On the basis of lunar sample laboratory analysis and of remote sensing interpretation,
a systematic understanding of global distribution patterns, chemical compositions, and
volcanic history of mare basalt on the Moon has been built. Different models of mare
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basalt genesis have been proposed to explain the volcanism relationship with impact
basins, heat sources for melting, and the composition and depth of mantle source regions.
However, many outstanding questions concerning lunar mare basalt volcanism are still
unanswered. Firstly, the origin for the global asymmetry of lunar mare basalts is still
unclear. Remote spectral observations of lunar surface have revealed the fact that mare
basalt is primarily concentrated in the large impact basins of the lunar nearside, occurring
either in the central portion of multi-ring basins or in troughs concentric to the basin [3,7].
In contrast, only isolated small mare deposits have been found on the far side of the
Moon. The hemispherical asymmetry of mare distribution is the first-order of lunar feature,
which was thought to be related to lunar crustal thickness asymmetry. But this hypothesis
remains to be further verified. Secondly, the duration of lunar mare volcanism has not
been well constrained. Radiometric dating of Apollo and Luna mare basalt samples has
determined crystallization ages ranging from approximately 4.3-3.1 Ga, and the majority
of them formed during the Imbrian period approximately 3.9-3.1 Ga [8,9]. The Chang’E-5
(CE-5) mare basalt as well as some lunar basaltic meteorites (such as Northwest African 773
and 032) extend the recent magmatic activity to 2.0 Ga. However, the surface ages of the
mare units derived from crater size-frequency measurements indicate that lunar volcanism
was still active until ~1.0 Ga [10,11]. The poorly constrained history of mare volcanism
hinders our interpretation of the evolution of the lunar mantle and thermal history of the
Moon. Thirdly, mare basalts have substantially large compositional variations (such as
TiO; content), indicating mantle source heterogeneities [12,13]. Petrologic and geochemical
analyses of mare basalts have revealed their compositional diversity, compared with their
terrestrial counterparts. A gravitational overturn of the lunar mantle cumulates has been
proposed to explain the TiO; and heat-producing elements’ (U, Th, and K) abundances in
the source region of mare basalts. However, much of the debate concerning the chemical
nature of the lunar mantle, and the heat sources and melting processes, is still going on. In
addition, the trending between the TiO, abundance and the mare unit ages in the individual
impact basin or on a global scale is still controversial [14-16].

Mare deposits have been found in the Apollo basin, indicating the active mare volcanic
history of this region. The Apollo basin is a 538 km wide double-ringed impact structure
centered near 36°S, 152°W (Figure 1). The numerical modeling by Potter et al. (2018)
indicates that the Apollo basin may be produced by a 40 km diameter body at a speed
of 15 km/s, targeting on a 20-40 km thick crust [17]. This impact can possibly penetrate
through the ejecta of SPA down to a depth of ~30 km, excavate subcrustal materials, and
further expose them in the peak ring of the Apollo basin [17,18]. Dark mare basalts have
been found to be flooded in the central, western, and southern portions of the Apollo
basin [19-22]. Diverse volcanic landforms, such as wrinkle ridges, sinuous rilles, mare
domes, and pyroclastic deposits have been identified as well. Moreover, the Chang’E-6,
as a robotic sample return mission, successfully landed on the southern mare unit of the
Apollo basin and collected a total of 1935.3 g of lunar soil samples (Figure 1). The coupled
investigation of remote sensing data and returned samples could help us understand the
mare volcanism of the Apollo basin in depth.

Mare deposits are asymmetrically distributed within the Apollo basin. Meanwhile, the
Apollo basin exhibits lateral variations in its mineralogical /chemical compositions, crust
thickness, and tectonic setting. It would be valuable to explore the possible link of the above
factors to mare volcanism. Therefore, the Apollo basin is an excellent example for assessing
the influences of the above factors on mare basalts petrogenesis in a typical impact basin and
evaluating mare basalt genesis models, which would further improve our understanding
of global mare volcanism. In the present study, we conducted comprehensive chemical,
mineralogical, and chronological analyses on the Apollo basin using multiple remote
sensing data. We also proposed the potential of CE-6 mare basalts for interpreting the
relationship of mare volcanism and impact on basin formation/evolution.
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Figure 1. Global map showing the landing sites of Apollo (A), Luna (L), and Chang’E (CE) sample
return missions. Three major lunar terranes are outlined and shown: the Procellarum KREEP Terrane
(PKT, Th > 3.5 ppm) with a green curve and the South Pole-Aitken Terrane (SPA) with a blue curve.
The landing sites of the Apollo, Luna, and CE missions are marked as open red circles and the weights
of the returned samples are shown with yellow numbers. The yellow rectangle indicates the study
area. The lunar sample data are from [23,24]. The Lunar Reconnaissance Orbiter (LRO) Wide Angle
Camera (WAC) mosaic [25] is used as the base map (100 m/pixel; simple cylindrical projection).

2. Data and Methods

The Apollo basin and its adjacent area (25-50°S, 140-170°W) were selected as the
survey region (Figures 1 and 2). Multiple remote sensing data sets and sources were
employed for regional topography, geomorphology, chemical composition, and crustal
thickness analysis. We used the imaging data collected by the Lunar Reconnaissance
Orbiter Camera (LROC) Wide Angle Camera (WAC) mosaic (100 m/pixel) for conducting
regional geologic context and geomorphologic analyses of the Apollo basin [25]. The digital
elevation model (DEM) produced based on the Lunar Orbiter Laser Altimeter (LOLA)
data [26] was used for the topography survey.

The TiO; content map from LROC WAC (~400 m/pixel) was used for the compo-
sitional characterizations of the mare units in the Apollo basin [27]. The FeO and Th
elemental abundance maps obtained by the Lunar Prospector Gamma Ray Spectrometer
(LP-GRS) were used for analyzing the chemical compositions of the Apollo basin and its
adjacent area. The half-degree FeO abundance map (~15 km/pixel) was acquired during
the low altitude observations of LP-GRS. The FeO and Th data sets were firstly produced
by [28] and then further calibrated by [29]. The half-degree Th data described by [30] have
been used to investigate small-area Th distribution features on the Moon.

The global map of lunar crustal thickness was derived from gravity data obtained by
NASA’s GRAIL spacecraft [31]. Wieczorek et al. (2013) developed four types of models
to calculate lunar crustal thickness with different assumption parameters, for example,
density contrasts and average crustal thickness. To determine the crust-mantle boundary
of the Apollo basin, a lunar crustal thickness map based on Model 1 [32] with a crustal
porosity of 12% and mantle density of 3220 kg/m? using gravity model GL0420A truncated
beyond degree 310 was adopted in the present study. The model is widely used to evaluate
the effect of the crustal structure on magma eruption because it neglects the contribution
of mare basaltic layers and the relatively larger porosity is suitable for a study area that is
very heavily impacted.
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Figure 2. Geological contexts of the Apollo basin. (a) LROC WAC mosaic of the Apollo basin showing
the rings (the white solid circles) and mare deposits (the red polygons). The green dashed lines are the
boundaries of the South Pole-Aitken Compositional Anomaly (SPACA), Mg-pyroxene annulus and
heterogeneous annulus. The blue solid lines from A to A’ show the position of the crossing profiles.
(b) LOLA DEM 100 m/pixel data [26] overlaid on LROC WAC mosaic showing the local topography.
The impact basins and craters in the study area are annotated. The red dash circles indicate the
floor-fractured craters within the Apollo basin. (c) Crustal thickness of the Apollo basin [32] was
overlain on an LRO WAC image. The black curves present graben in the Apollo basin.

3. Lateral Heterogeneity of Apollo Basin
3.1. Topography

The Apollo basin is a typical impact basin with well-preserved double rings (Figure 2),
although it has been dated as a pre-Nectarian impact structure (3.91 + 0.04/—0.06 Ga [33];
3.98 + 0.04/—0.06 Ga [19]; 4.14 + 0.024/—0.029 Ga [34]). Apollo is also one of the largest
impact basins within the SPA. From the LOLA DEM map, the distinctive divide in elevation
between the Apollo basin’s northeastern and southwestern sections can be noted (Figure 2b).
We estimated that the northeastern ridge was generally 4.1 km higher than the southwestern
one (Figure 3). The absolute height of the basin floor was about —5.0 km. The partially
preserved inner ring was about 3.0 km high above the bottom of the Apollo basin. The
clear topographic variations can be explained by its unique location. The Apollo basin
sits on the inner northeastern slope of the SPA, a transitional zone from the SPA rim to
the SPA floor (Figure 2a). Meanwhile, the Apollo basin crosses the Mg-pyroxene annulus
(MPA) and heterogeneous annulus (HA) [35]. The latter exhibits an elevated Mg-rich
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pyroxene abundance and has been considered to represent the pyroxene-rich areas mixed
with feldspathic materials derived from an essentially anorthositic lunar crust.
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Figure 3. The topography (black curve) and crustal thickness (blue curve) profiles crossing the Apollo
basin from southwest A’ to northeast A (Figure 2).

3.2. Mare Volcanism

Large mare deposits cover the central, southern, and western portions of the Apollo
basin floor [21]. Two small mare patches (<500 km?) were found in the southeastern and
northern rim of the basin. Floor-fractured craters (FFCs) and other volcanic features (like
grabens and volcanic domes) were identified as well (Figure 2b). All of these indicate the
active mare volcanism occurring in the geological history of the study region. Previous
studies have investigated the duration, compositions, and volumes of mare basalts in the
Apollo basin [20-22,36]. Here, we reviewed these studies and further reveal the lateral
heterogeneity of mare volcanism in the Apollo basin.

Firstly, mare deposits are spatially unevenly distributed in the Apollo basin (Figure 2a).
Three large areas of mare deposits filled the center of the Apollo basin and its southern and
western portions between two rings. In contrast, similar volcanic deposits and associated
volcanic features were almost absent in the northeastern part of the Apollo basin floor.
Only two isolated volcanic deposits (northwestern and southeastern mare) have been
found (Figure 2a). Previous studies have estimated the thickness of mare basalt layers and
calculated the volumes of three large mare deposits [22,37]. But even the comparison of
mare unit areas demonstrated the obvious difference in mare fluxes. The areas of central,
southern, and western mare units are one order larger than those of the southeastern
and northwestern mare units (Table 1). The lateral variation in mare volcanism in the
Apollo basin indicates that the genesis and emplacement of mare basalts depends on the
heterogeneity nature of this region, which will be further discussed in the following sections.

Secondly, the absolute model ages (AMAs) of mare basalts in the Apollo basin
ranging from the late Imbrian to Eratosthenian period indicates a long-lasting farside
volcanism [20,21,36]. The Southern Mare 2 unit represents the late Imbrian-aged volcanic
activity at 3.34 Ga [21]. The following one is the Southern Mare 1 unit which erupted in the
early Eratosthenian period and superposed on the western portion of the Imbrian-aged
Southern Mare 2 basalt layer. Then, mare basalt emplacement was reactive at 2.14 Ga [21],
which produced a flat volcanic plain in the western mare between two rings. The peak of
volcanic activity in the Apollo basin occurred around 2.01 Ga, during which mare basalts
completely filled its floor center. After this voluminous effusion, mare emplacements in the
Apollo basin tended to cease. Only a localized volcanic event at ~1.79 Ga (northern mare)
occurred in the northern rims. Here, we summarized the characteristics of mare volcanic
activities in the Apollo basin on a global scale: (1) compared with other impact basins (like
Imbrium and Orientale), mare volcanism in the Apollo basin started very late (~3.4 Ga);
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(2) the peak of volcanic activity in the Apollo basin (~2.01 Ga) postdates global peak of
mare activity at 3.2-3.8 Ga; and (3) the young mare basalts (less than 2.0 Ga) are more
frequently exposed in the Apollo basin than in the PKT with enhanced concentrations of
heat-producing elements such as Th. Possible thermal mechanisms to support such young
eruptions have been discussed later.

Thirdly, the mare basalts in the Apollo basin exhibit a large variation of TiO, abun-
dances from 2.0 to 9.65 wt% (Figure 4b). From the image of these mare units, remarkable
high albedo ejecta were only found in the central mare. These regions were excluded
when determining the average TiO, concentrations of this unit. Using the LROC NAC
TiO, data [15], previous study systematically compared the TiO, variations of 17 major
maria on the Moon. The TiO, variations in mare basalts in the Apollo basin are compa-
rable with those of Mare Imbrium, although the total mare area within the Apollo basin
(2.05 x 10* km?) is far less than that of Mare Imbrium (1.30 x 10° km?) [38]. The obvious
compositional difference in mare basalts in the Apollo basin strongly indicates the hetero-
geneity nature of mantle source regions. Furthermore, high-Ti and low-Ti mare basalts
seem to be emplaced in an alternating sequence. This is also different with the global
age-TiO, abundance trend that mare basalts with higher TiO, contents show younger ages
and low TiO, mare basalts have older ages [39-41].

- — -
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Figure 4. Chemical compositions of the Apollo basin. (a) FeO map using Kaguya Multiband Imager
(MI) data. (b) TiO, map derived from LROC WAC data. (c¢) Th map derived from LP-GRS data. The
white solid circles represent the Apollo basin rings.
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Table 1. Comparison of AMAs and chemical compositions of mare units in Apollo basin.
Estimated Average Average Average
Total Area : i
Mare Units Thickness Absolute Model Age (Ga) FeO TiO, Th
(km?) (m) (Wt%) (Wt%) (ppm)

Central Mare 8007 260-340 2,014:8}8 2,93f8:8; 19.0 £ 0.6 6.5+1.0 1.10

Western Mare 2501 200-340 2,120 3.391002 16.7 £ 0.6 32+06 1.45

Southern Mare 1 5760 170-350  3.07+0% 240791 3317002 2507007 183407 62410 134
0.04 0.04 0.04

Southern Mare 2 3569 3.34700¢ 343T00s 3457005 16.6 £ 1.0 32+05

Northern Mare 176 1,79f8§g 2,404:8‘;% 13.1£0.8 22+05

Southeastern 0.20 0.05

Mare 457 2.7270% 3.387007 18.0+ 0.6 6.2+09

References [21] [22] [21] [36] [20] [42] [21] [21] This study

3.3. Iron and Th Abundance

Iron and thorium are useful for understanding the chemical composition and petro-
genetic interpretation of the lunar surface. The FeO and Th abundances have been well

measured by LP-GRS over the entire lunar surface [28,30]. Wieczorek and Phill

ips (2000)

proposed that Th and other heat-produced elements concentrated in the lower crust of the
PKT region could result in partial melting in the underlying mantle after crystallization of
the LMO [43]. This has been used to explain the occurrence of young mare basalts in Ocean

Procellarum and Mare Imbrium.

However, the Apollo basin including mare basalt within it is characterized by low
Th abundance (Figure 4c). The Apollo floor and peak ring as well as mare basalts are all
lower than 2.0 ppm. And the variations in Th abundance among them are quite subtle.

Th abundances of the central mare, western mare, and southern mare are 1.11,

1.45, and

1.34 ppm, respectively. Hagerty et al. (2011) obtained a high-resolution Th map of mare
regions in the SPA using the forward modeling of the LP GRS Th data [44]. Their results
revealed that all the three large mare units in the Apollo basin contain little or no Th, which
has been further confirmed by the Kaguya GRS data [45]. The depletion of Th in the Apollo
basin seems to be contradicted by the presence of abundant young mare basalt within

it. Therefore, we could rule out heat-producing elements as a thermal source
volcanism in the Apollo basin.

3.4. Crustal Thickness

for mare

According to mare basalt ascent and eruption models, mantle-derived magmas could
have been extruded to the surface preferentially with the thin anorthositic crust [4,7,46,47]
because basaltic magmas are denser than that of lunar crust. Therefore, the paucity of lunar
farside mare basalt can be explained. The basaltic magmas cannot reach the surface due to
the thick crust of the lunar farside; large impact basins with thin crusts are the exception.
The height to which lavas can rise depends on the density difference between the basaltic

magma and that of the overlying lunar crustal rocks.

The Apollo basin straddles the northeastern rims and interior of the SPA basin, which
results in the crustal thickness asymmetry within the Apollo basin. Here, the crustal

thickness derived from the GRAIL mission [32] was used to reveal lateral crustal

thickness

variations in the Apollo basin (Figure 2c and Figure 3). The thicker crust was present on the
northeastern section of the basin (>45 km). The annulus region between the Apollo’s inner
and outer rings had a relatively thinner crust ranging from 18 to 30 km, and the crustal
thickness notably decreased along the northeastern to southeastern directions (Figure 3).
The central portion of the basin exhibited the thinnest crust (3-5 km), making it one of the

thinnest crustal locations on the Moon.



Remote Sens. 2024, 16, 4078

8 of 14

4. Discussion
4.1. Taking the Apollo Basin as an Example to Evaluate Mare Basalt Genesis Models

The sources of the mare basalts which filled the lunar large basins have historically
been the subject of much debate, although it is generally accepted that they should originate
from partial melting of the lunar magma ocean cumulates. However, the returned mare
basalts and basaltic meteorite as well as remote surveys have revealed the wide variety of
the ages, compositions, source depths, and tectonic environment of mare volcanism [7].
Several mare basalt genesis models have been proposed to explain mare volcanism occur-
ring on the different regions on the Moon [48]. Coupled with mare volcanism within the
Apollo basin, these five models were briefly reviewed and evaluated.

Model 1: The asymmetrical distribution of mare basalts on the lunar nearside and
farside has long been noted. Lunar crustal thickness has been considered to be responsible
for this global asymmetry of mare basalt [5,7], as the thinner crust favored mare basalt
formation and magma ascent. The distribution of mare basalts and its dependence on
crustal thickness have been noted on a global scale, especially within the lunar nearside.
However, the SPA is not extensively emplaced by mare basalts as expected, although the
SPA is the largest basin with a relatively thinner crust on a global scale [20].

In the above section, we have demonstrated the lateral variations in crustal thickness
within the Apollo basin. Four large mare units (central mare, western mare, and southern
mare 1 and 2) all occur in the regions with a crustal thickness <30 km. The asymmetric
distribution of mare deposits in the Apollo basin is strongly correlated with local crustal
thickness. In addition, the floor-fractured craters (FFCs) identified in the Apollo basin are
all located to the southwest half of this basin [21]. Therefore, the thinner crust favors the
mare basalt genesis, and then the basaltic magma can ascend by dike propagation ascent in
the Apollo basin. This model is also prevalent in mare volcanisms of other large impact
basins like Orientale [48].

Model 2: Impact events in the early history of the Moon produced impact basins.
Most of them are filled with large volumes of mare basalt. These observations support a
potential link between impacts and volcanism. Hydrodynamic modeling demonstrated
that large impacts (~200 km diameter crater) can remove significant massive material from
the impact site, and the subsequent uplifts underlying mantle materials could lead to
decompression melting (or pressure release melting). This in situ process could cause a
long-lived volcanism within a large basin [49]. Elkins-Tanton and Hager (2005) further
argued the viability of decompression melting and proposed a two-stage model for magma
generation [50]. The crater excavation firstly results in immediate in situ decompression
and is followed by a long-lasting mantle convective process [50]. Their model predicts that
an impact event generating a 600 km diameter crater in 75 km lithosphere could produce
10° km? mafic magmas, being comparable with individual terrestrial flood-basalt provinces.

As motioned above, the Apollo basin is dated as a pre-Nectarian impact structure
(3.91-4.14 Ga, [19,33,34]). However, several craters counting for mare units within the
Apollo basin all suggest that the mare basalts in this basin should not be emplaced until
3.34 Ga (Table 1). This obvious time gap shows that the Apollo basin formation and
mare volcanism within it were not instantaneous. Therefore, mare basalts in the Apollo
basin should not be products of decompression melting. Despite this, the SPA and Apollo
impacts both excavated a substantial portion of the crust at the region, which leads to
substantial mantle uplift [51]. Although the impact event may not have directly triggered
lava floods in the Apollo basin, the event still created favorable conditions for subsequent
volcanic eruptions.

Model 3: The PKT outlined by Jolliff et al. (2000) exhibits a prolonged mare basalt
volcanism from at least ~4.1 to ~1.2 Ga [11,40]. Meanwhile, the terrane is geochemically
characterized by the enrichment of radioactive heat-producing elements (Th, U, and K) and
other incompatible elements [52]. It has been proposed that the KREEP layer exits between
the lunar crust and mantle and significantly affects the thermal evolution of the PKT. The
heat released by radioactive Th, U, and K elements can maintain the mantle below the
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PKT partially molten. This model explains the abundant mare flooding, a long-lived lunar
volcanism, and the occurrence of “red spot” or non-mare volcanism within the PKT region.

The Apollo basin maintains prolonged volcanic activity from 3.34 to 1.79 Ga. The
northern mare (1.79 Ga) of the Apollo basin is even younger than the CE-5 mare basalt
(2.0 Ga) [53,54] and many Eratosthenian-aged mare units in the PKT [11,40]. However, the
Apollo basin and its vicinity does not show any enhanced concentrations of Th (<2.0 ppm
LP GRS) or other heat-producing elements. The characteristic “red spot” volcanic structures
are also absent in the Apollo basin. Therefore, the KREEP-induced melting cannot explain
mare volcanism of the Apollo basin. These observations also indicate that the Apollo basin
should have a thermal history distinct from the lunar nearside. Without radiogenic heating,
there must be another heat source or an insulating layer (that can prevent the interior from
fast cooling) to maintain a partial melt zone in the Moon [55].

Model 4: Lunar samples collected by Apollo 11 missions first led to the lunar magma
ocean (LMO) hypothesis. It argued that the crystallization of the global magma ocean
produced the anorthositic crust and mafic cumulate interior. Dense, ilmenite-bearing
cumulate (IBC) with elevated incompatible radioactive elements formed during the late
stage of lunar magma ocean beneath the crust, which is denser than the underlying earlier
mafic cumulates [56-62]. Due to the gravitational instabilities, the dense cumulates would
sink deep into the mantle bottom [59], so-called the lunar mantle overturn. After this, the
radioactive elements within the IBC could heat the overlying mantle and produce partial
melting. The large-scale overturn process has a profound influence on subsequent lunar
magmatic episodes (i.e., age, composition, and spatial distribution of magmatism).

In the above section, we have summarized that (1) the mare basalts in the Apollo
basin exhibit a large variation of TiO, abundances, and (2) high-Ti and low-Ti mare basalts
seem to be emplaced in an alternating sequence. The compositional diversity of lunar mare
basalts in the Apollo basin should be a consequence of the lunar mantle overturn after
the LMO solidification. The overturn between the top IBC layer and underlying mafic
cumulates will not have been completely efficient, leaving a significant proportion of IBC
within the depth range of the origin of mare magmas [63]. This may explain the alternating
emplacement of high-Ti and low-Ti mare basalts of the Apollo basin.

Model 5: Mare volcanism in lunar large basins typically postdate the basin-forming
impact events. Therefore, this model emphasizes the influence of global thermal evolution
and basin evolution on mare volcanism after the formation of impact basin. The evolving
global state of stress in the lithosphere and the increased loading of mare basalts in impact
basins controls the location of eruptive vents, the style of emplacement, and the extrusive
volumes of mare basalts [46,64,65].

According to this model’s predictions, early mare volcanism will concentrate in the
basin center while the young mare deposits will present on the edges of the basin [48]
because extensional stresses within a basin are supposed to move radially outward over
time. Mare volcanism with the Orientale basin generally follows this trend. In contrast,
the Apollo basin does not support the idea: the central mare unit is clearly younger than
all the three large mare units occurring between two rings (Table 1). This suggests that
postbasin loading and stress fields of the Apollo basin may be different from the model’s
predictions. It has also been noted that three large mare flows are located along the outer
ring of the Apollo basin, except for the central mare. The alternative explanation is that the
normal faults occurring along outer ring cut through the local crust and extend down into
the mantle, and these ring faults act as conduits for magma ascent (Figure 5).
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Figure 5. Sketch maps for mare volcanism in the Apollo basin. The subsurface structure of the Apollo
basin along the profile is shown in Figure 2 from southwest A’ to northeast A. The depth is not scaled
in the profile. We predicted the concentric normal faults occurring along the impact basin rings. The

thin crust offers an extensional tectonic background for magma ascent as well, especially for the
central mare.

4.2. Implications for Laboratory Investigations of Chang’E-6 Mare Basalt Samples

The CE-6 spacecraft successfully returned a total of 1935.3 g of lunar soil samples
from the Southern Mare 1 unit. Local mare basalt of the landing site was of the high-Ti
type (6.2 wt%) with an absolute model age of 3.07 Ga [21]. As the first mare basalt sam-
ple from the lunar farside, CE-6 mare basalts expand the diversity of existing collected
samples. Laboratory investigations will determine the mineralogy and geochemistry of
CE-6 mare basalts. These results could reveal the petrogenesis of the lunar farside mare
basalt, constrain the geochemistry and depths of mare basalt sources, explore lunar interior
heterogeneity, and further evaluate the timing and scale of the lunar mantle overturn. The
radioisotopic dating of CE-6 mare basalts will provide accurate ages for lunar farside vol-
canism, which is crucial for understanding the thermal evolution of the Moon. Meanwhile,
the CE-6 chronology data will build the first calibration point on the lunar farside. This
will greatly improve the lunar cratering chronology models [36].

Volcanism and impact cratering are the primary geologic processes that shaped the
Moon. The link between mare volcanism and impact basin formation/evolution infers to
number of unresolved questions [7]. The Apollo is a typical peak-ring impact basin; CE-6
soil represents the samples of mare lavas that have flooded and filled the Apollo basin.
Based on the above remote survey, we concluded that the generation of mare basalt magmas
and their emplacement in the Apollo basin seems strongly related to lunar crustal thickness,
and the composition diversity of mare basalt may reflect the heterogeneity of mantle sources.
The heterogenous mantle could be related to (1) the solidification of a global magma ocean
and subsequent mantle overturn and (2) the large impact-induced mantle convection and
migration beneath the SPA basin [66]. Despite this, many outstanding questions about mare
volcanism in the Apollo basin still exist, including (1) what supports a prolonged mare
volcanism in this basin and what does this reflect an unique thermal history of this region;
(2) why the central mare is younger than other mare units, and what is the relationship of
mare basalt emplacement and tectonic backgrounds (postbasin loading, stress fields and
ring faults); and (3) what is the chemical nature of mare basalts of the Apollo basin, and
the differences in comparison with mare basalts collected from lunar nearside, and how
the SPA formation event influences their mantle sources. Therefore, the CE-6 mare basalt
offers an opportunity to unravel the mare volcanic history of the lunar farside and the
connections between the mare volcanism and impact basin formation/evolution.
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5. Conclusions

Using remote sensing data, we found that the Apollo basin exhibits an overall asym-
metric configuration in the distribution of mare basalts as well as its topography, chemical
compositions, and crustal thickness. As a large impact structure on the lunar farside, the
Apollo basin is an excellent example of evaluating the proposed mare basalt genesis models
on a global scale.

The generation of mare basalt magmas and their emplacement in the Apollo basin
seems to be strongly related with local crustal thickness (<30 km). However, the formation
of basaltic magmas should be independent to the decompression melting because the mare
units (3.34-1.79 Ga) are much younger than the pre-Nectarian Apollo basin. The mare
basalts filled in the Apollo basin exhibit a large variation of TiO, content indicating the
heterogeneity of mantle sources, which is possibly due to the lunar mantle overturn after
the LMO solidification or the impact-induced mantle convection and migration.

The prolonged mare volcanic history of the Apollo basin is not well explained, espe-
cially considering the low-Th (<2 ppm) feature of this region. In addition, the central mare
erupted later than other mare units within the Apollo basin. This is clearly different from
the sequence of mare volcanism in the Orientale basin and also contradicts the predictions
of the postbasin loading-induced stresses model.

Laboratory investigations will determine the compositions, ages, and source region
depths of the Chang’E-6 mare basalt sample. Laboratory data could possibly answer the
above questions and provide new insight into the mare volcanic history of the lunar farside
and the connections between mare volcanism and impact basin formation/evolution.
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