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To address questions about the multiple lunar nearside-farside

dichotomies and to provide new insights into both the early impact history
of the Solar System and the geological evolution of the Moon, the Chang’e-6
(CE-6) landing zone has been selected to lie within the lunar farside South
Pole-Aitken (SPA) basinin the southern part of the Apollo basin (150-158° W,
41-45°S), asite that provides access to a diversity of SPA material. Here, we
describe the geomorphology, geology and chronology of three candidate
sampling sites within this zone that are likely to ensure safe landing and
sampling. The geological characteristics indicate that CE-6 is expected to
collect lunar farside SPA ejecta fragments, possible mantle material and
young (roughly 2.40 Gyr-year-old) and/or old (roughly 3.43 Gyr-year-old)
basaltic material, all of which will provide important guidance for future
insitu farside sample collection and deepen our understanding of the
evolution of the Moon.

The South Pole-Aitken (SPA) basin, located on thelunar farside, consist-
ently ranks as the highest priority site for sample return on the Moon
due toits unique combination of farside location, extremely large size,
very ancient (but unknown) age, interior compositional anomalies
and location of a wide age range of post-SPA farside mare volcanism.
The striking lunar nearside-farside asymmetries have been recorded
indifferences in crustal thickness, geological age of surface units and
features, thermal structure, global geochemistry, abundance of sur-
face radioactive elements, nature of terranes, size and abundance of
impact basins, fundamental crustal structure and composition, and
chronology. Despite these pronounced and enigmatic nearside-farside
asymmetries, the fundamental questions they raise remain unresolved
duetothelackofinsitusamplesreturned fromthelunarfarside. These
questioninclude'®: what s the lunar farside crustal composition and
structure? What is the composition of the lunar mantle? What are the
formation ages of the major farside and/or limb impact basins? What
is the origin of the nearside Procellarum-KREEP Terrain and what are

the implications for early lunar history? What is the mineralogy, geo-
chemistry, chronology and mode of eruption of mare basalts on the
lunar farside? The huge expanse of the SPA basin (roughly 2,400 km
diameter) means that many human and/or robotic sample return mis-
sions willberequired to address all of the key sampling priorities related
to these questions (for example, 1-3). Nonetheless, recent robotic
sampling of lunar soils (Chang’e-5) has clearly demonstrated that less
than 2 kg of returned lunar soil can effectively sample and character-
ize awide region and address many outstanding scientific problems.
As afirst step in an international SPA basin sample return campaign,
China’s CE-6 mission has chosen to land in the southern part of the
490 km diameter Apollo peak-ring basin that formed inside the SPA
basin, excavated SPA basin ejecta, farside highlands and possibly mantle
material, and which contains several postbasin farside mare deposits
of different ages. Thus, the Apollo basin ejecta and interior deposits
provide access to landing sites that are highly likely to containarange
of fragments that will help to characterize the main chronological and
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composition characteristics of SPA and the lunar farside, and help to
sharpen specific questions and destinations for future missions (see
the Supplementary Information for abrief description and thelanding
site selection of the CE-6 mission).

Geological characteristics of the CE-6 landing
zone

The currentlandingzoneis determined by both engineering constraints
and scientific questions to lie in the southern half of the Apollo basin
rimin the northeastinterior of the SPA basin (Fig.1). SPAis the largest
(roughly 2,400 km), deepest (roughly 6.2-8.2 km) and oldest (roughly
4.3 Gyr old) impact basin known on the Moon’'. Numerical model-
ling studies suggest that the SPA basin may have excavated to depths
reaching the lunar mantle®", and SPA mantle-derived ejecta s likely
to have been diluted, obscured and redistributed by later geologic
processing®™*. Nonetheless, the material composition of the surface
of the SPA basin is unique, showing iron and thorium anomalies as
well as pyroxene-dominated mineralogy*®". SPA has been divided
into four approximately concentric mineralogical annuli*. Frominner
to outer annulus, the composition of pyroxene shows a trend from
slightly Ca- and Fe-rich pyroxene to Mg-pyroxene, and a decreasing
trend in pyroxene abundance and increase in plagioclase abundance.

The 490 km Apollobasin, formed roughly 3.9-4.1billion years ago
(Ga),islocated in the northeast interior, just inside the SPA basin'®. This
specific location may make the northeastern Apollo rim more felds-
pathic and the southwestern rim more noritic®. Previous studies"” >
have shown that the interior of the Apollo basin contains both residual
material from impact events and volcanic products (basalts, crypto-
mare and floor-fracture craters and so on). Apollo was probably outside
the SPA transient cavity, and may have excavated entirely through
the Th-bearing SPA ejecta deposit, so that the ejected deep materials
from the SPA-forming impact could have been locally removed by
the formation of Apollo basin 6 but may still reside on the basin rim
and walls. In addition, some noritic pyroxene compositions within
the Apollo basin (for example, Dryden crater) may be more Mg-rich
than other noritic materials across SPA***, which could be associated
with a deep lower crust or even mantle materials excavated by the
Apollo-forming impact®.

The CE-6 landing zone (Fig. 1a,b), is located at the boundary
between the central region SPA compositional anomaly (SPACA)
(a resurfacing unit dominated by Ca- and Fe-rich pyroxene that
may be cryptomare and/or non-mare volcanic materials'®*) and
Mg-pyroxene-rich annulus*, providing a high possibility of collecting
adiverse set of samples. This area has anaverage slope of roughly 5.74°,
and the total area with slopes below 8° (the maximum slope for safe
landing) accounts for 76% of the total area, making this region favour-
ableforlanding. Atotal of 26,785 craters (diameters of more than 50 m)
were identified within the CE-6 landing zone (Fig. 2a). Greater than 96%
are between 100 m and 1 km in diameter. Secondary craters, rays and
crater chains, important for enhancing returned sample diversity and
final site selection strategy, are scattered in the CE-6 landing zone and
marked by their locally higher albedo and characteristic morphology

Fig.1| The CE-6 landing region. a, Location and topographic features on the
lunar farside: the SPA basin is outlined by a black dashed line; the CE-6 landing
zoneis outlined by ared box and the cross indicates the CE-4 landing site. Base
map is ashaded-relief map from CE-1 DEM data. b, The CE-6 landing zone,
located in the SPA basin interior along the southern rim of the Apollo basin
(CE-2DOM image). The albedo shows the distribution of basaltic (low albedo)
and non-basaltic (higher albedo) materials in the zone. ¢, Topographic and
morphological map of the proposed CE-6 sampling regions; region F (yellow
solid line) represents the northwest plain, region L (blue solid line) the northeast
lowland and region B (orange solid line) represents the southwest Apollo basin
rim. The kipukas and WR are distributed in the F and L areas. Base map comes
from CE-2 DEM data (20 m per pixel).

(Fig. 3a). Crater chains show a generally northeast-southwest distri-
bution, but the directions of some apparent secondary crater clusters
areuncertain. Two types of positive landform are observed in the mare
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plains (Fig. 1c): (1) kipukas, remnants of the Apollo basin floor and wall
structures (or rims of pre-mare superposed craters) that protrude
through the mare lavas, and (2) wrinkle ridges (WRs), interpreted as
tectonic shortening features formed subsequent to emplacement of
thelava flows™”.

Within this zone, we have identified three relatively flat regions
favoured by engineering operational constraints (Fig. 1b,c): region
F (northwest flat plain, designated F), region L (northeast low plain,
designated L) and region B (southwest base plain, designated B). Fol-
lowing final region selection, a safe site for landing will be selected
during descentand postlandingin situ analysis and sample collection
will occur.

Topography, geomorphology and chronology
RegionF (Figs.1c,2band 3b,e) isamare patchlocated between the rim
crest and the peak ring of the Apollo basin. The overall topography
slopesslightly to the east (Fig. 1c). Craters occupy roughly 8.61% of the
area (fewer thanten cratersmore than1km diameter) (Fig. 2b,e). Therel-
atively flat terrain (average elevation -5,197 m, slope 2.36°) and the lower
abundance of craters suggest that thisregionis suitable for safelanding
and sampling. The importance of superposed crater ejecta deposits
canbe quantified by the average ejectaindex (Methods), ameasure of
normalizedrelative grey value to the dark mare basalt. Region F has an
average ejectaindex of 0.34 (Fig. 3e), and the ejectais spread unevenly
onthesurface of the low-albedo basalts. Several linear ejecta patterns
are oriented northwest-southeast (Fig. 3a,b) and northeast-south-
west (Figs.1b and 3b). WRs (Fig. 1c) can be recognized in region F; they
do not extend to the wall or floor of the Apollo basin, indicating their
association with postmare basalt emplacement deformation. They are
arrayed both radially and circumferentially to the centre of the Apollo
basin (Fig. 1c), in a manner similar to WR distribution in the Orientale
basin®®. Region F ismapped as the late-Imbrian unitin the United States
Geological Survey geologic map?’, and Upper Imbrian dark plainin
Ivanov’s geomorphological map? (Fig. 4a). This basaltic region has
been previously dated asroughly 2.44 (ref. 30), 3.63 (ref.31) and 3.31 Gyr
old (ref. 21), respectively. Our crater size frequency distribution (CSFD)
results within F_A (Fig. 4e) reveal that absolute model ages (AMA) for
the basaltic unit of F is roughly 2.40 Gyr (Eratosthenian), among the
youngest maria on the farside (Fig. 4e and Extended Data Fig. 1).

Region L is a mare patch located east of region F (Figs. 1c, 2¢c
and3c,f) and separated fromregion F by a higher-albedo zone. The area
occupied by cratersis10.36% (three craters more than 1 km diameter)
(Fig.2c,f). Theaverage elevation, —5,277 m, and slope of roughly 2.37°
aresimilar to those of region F, which makes region L suitable for safe
landing and/or sampling. The region L ejecta index is 0.66 (Fig. 3f).
Bright ejecta is more densely spread over the basaltic background in
theLregionthaninregionF, and the distributionis relatively uniform
with a faint northwest-southeast distribution trend (Fig. 3c). Some
partlyburied craters exist at theboundary betweenregions F and L dark
mare patches and the Apollo basin wall, suggesting that the dark mare
basalts may have filled the post-Apollo basin, pre-mare impact craters.
WRs (Fig.1c) canalso be observed; the largest WR (Extended Data Fig. 2)
attheboundary of the F and L region modified the L basalt surface and
impeded the F basaltic flow. This suggests that F and L basalts erupted
duringtwoseparate periods, with Fbasalts formedlater thanthe L basalts
(Methods and Extended Data Figs. 2 and 3). Region L is also mapped
as the late-Imbrian unit®* and Upper Imbrian dark plain®® (Fig. 4a).
Previous studies have dated this basaltic region as roughly 2.44 (ref. 30),
3.63 (ref.31) and 3.45 Gyr old (ref. 21). CSFD results reveal that AMA for
thebasaltswhereregion Lislocatedis roughly 3.43 Gyr (Imbrian) (Fig.4e
and Extended Data Fig. 1), much older than the region F basalts. This
indicates that basalts within the F and L mare regions occur in at least
two different time periods (roughly 2.40 and 3.43 Ga) (consistent with
WR observations), and thus samples will provide important informa-
tion on farside volcanic age, composition and mantle diversity.

Region B is a higher-albedo plain unit located on the southern
Apollo basin rim (Figs. 1c, 2d and 3d,g), with an average elevation of
about —4,172 m, roughly 1,000 m higher than that of regions F and L.
The overall topography of region B is flat, but slightly higher in the
east and west and lower in the central area. Region B has a slightly
higher average slope (3.59°) thanregion F (roughly 2.36°) and L (2.37°).
The areal percentage occupied by craters is 12.71% (46 craters more
than1km diameter) (Fig. 2d,g). Compared to the region F and L mare
patches, region B is a more typical unit in the interior of the SPA basin
suchas SPACA*. Candidate sources and modes of origin include Apollo
basin ejecta, SPA basin interior impact melt and cryptomare as well
as non-mare volcanic materials. Region B has been mapped as an
Imbrian-Nectarian basin unit® and an Imbrian light plain unit *°(Fig. 4a).
We obtained an AMA for region B and the surrounding flat area (B_A)
(Fig. 4e and Extended Data Fig. 1) of roughly 3.86 Gyr, very slightly
younger than the roughly 3.98 Gyr AMA obtained for the Apollo impact
basinby Ivanov et al.?’. Interpretation of this AMA depends on the gen-
esis of the materials in region B. If this unit is an Apollo basin impact
ejecta deposit, this age will reflect the age of the Apollo basin and the
crystallization age of its rock materials is very likely to be older and at
least partly composed of SPA basin material.

Predicted characteristics of CE-6 returned
samples

Large-scale geological mapping, stratigraphic reconstructions and
spectroscopic analyses suggest that F and L are composed of mare
basalt substrates and laterally mixed ejecta materials from adjacent
non-mare sources. By contrast, region B appears to be a unit bearing
Fe-and Ca-rich pyroxene, resurfaced by cryptomare, Apollo basin ejecta
and/or SPACA non-mare volcanic material*~**. We performed detailed
spectral analysis (Methods) of the three candidate sampling regions
(Fig. 5) using Moon Mineralogy Mapper (M?) data to better understand
compositions and potential sample provenance.

RegionFisarelatively pristine mare basalt area, with alower abun-
dance and more limited distribution of non-mare ejecta materials
fromadjacentareas (Fig.3b). Spectral analysis of fresh craters (Fig. 5b)
in this relatively pristine basalt area show that the mare basalts of
region F have obvious absorption features of pyroxene and appear to
be dominated by Fe-and Ca-rich clinopyroxene (absorptions centrein
transition area from pigeonite to augite, Fig. 5b). Compared to the spec-
tra of mare basalts of the nearside Oceanus Procellarum CE-5 landing
site, band centres of region F mare basalts are slightly shifted towards
short wavelengths, indicating lower Fe and Ca content of pyroxenesin
region F basalts compared to CE-5basalts. Spectral features and Tiand
Fe contents of region F suggest the dominance of typical mare basalts
and local regolith provenance. Lunar samples returned fromregion F
could be very pristine mare basalts witha proportion of laterally mixed
foreign ejecta even less than that of CE-5 samples. The CSFD dating
result for Fregionis roughly 2.40 Gyr (Fig. 4e and Extended DataFig. 1),
interpreted torepresent the crystallization age of region F mare basalts.
The AMA of region F mare basalt is older than CE-5 samples (roughly
2.0 Gyrold) and younger than the Apollo mission basalt samples, and
thus samples from region F will provide an extremely valuable calibra-
tion point for CSFD chronology and understanding of farside mantle
and the thermal evolution of the Moon.

Theregion L Mare basalt unit has been affected strongly by lateral
mixing of non-mare material from adjacent source craters (Fig. 3¢).
RegionL fresh craters spectrashow absorption features dominated by
clinopyroxene, but with their 1and 2 pum band centre (Fig. 5b) shifted
towards short wavelengths compared to that of the F region craters
(Fig. 5b). This may indicate that the average pyroxene Fe and Ca con-
tents of region L mare basalts are lower than that of region F mare
basalts. It is worth noting that the overall chemical composition of
region F basalts is notably higher in Fe and Ti than that of region L
basalts (Figs. 4b,c). This may imply a weakening of a typical ‘basalt
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geochemical signature’ due to the lateral mixing of non-mare ejecta
materials. It is likely that materials of region L are more obviously
mixed with the non-mare mafic components ejected from the Apollo

basin floor (Fig. 5a) and/or its eastern rim (Fig. 5a). In terms of mate-
rial composition, the Apollo basin floor and its eastern rim display
short-wavelength absorptions dominated by Mg-rich pyroxene (for
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Fig. 5| Spectral analysis of CE-6 landing area. a, The locations of fresh craters
used inthe spectral analysis. Base map from CE-2 DOM. b, The absorption centres
of pyroxene of varying composition (1 versus 2 pm); blue solid circle, samples of
F; light blue solid circle, samples of L; dark green solid circle, samples of B (large
craters); light green solid circle, samples of B (small craters); light orange solid
circle, Apolloinner ring floor; orange solid circle, Apollo east outer rim; solid
triangle, mare basalts of the CE-5landing area; solid diamond, CE-5 returned

samples; black hollow circle, laboratory (lab) measured augite; hollow triangle,
laboratory measured pigeonite and hollow square, laboratory measured
orthopyroxene. Datafor F, L, B, Apollo inner ring floor, Apollo outer rim and CE-5
mare basalts were derived from M? orbital data. Data for CE-5 samples and lab
measured pyroxene are from Liuand Wang et al.*” and Klima et al.*, respectively.
The spectrum analysis method is similar to ref. 47 (Methods).

example, orthopyroxene) (Fig. 5b). The overall material composition
tends to be more noritic**%. Subsequentimpact events will eject materi-
als from these regions (for example, Apollo basin floor and rim) onto
the surface of L mare basalts, laterally mixing with them, resulting in
increased albedo andreflectance and ashiftin the spectral absorption
centres towards short wavelengths. Samples returned from region L
should contain amixture of primarily mare basalt materials, admixed
with noritic materials laterally emplaced from adjacent non-mare
source craters. The interpreted crystallization age of region L basalts
should be around 3.43 Gyr (Fig. 4e and Extended Data Fig.1).

Large craters in region B (Fig. 5b) exhibit an intermediate
(pigeonite-like) average pyroxene composition, similar to that of
region L mare basalts (Fig. 5b). At the same time, the spectra of some
small craters (Fig. 5b) within region B show absorption features typi-
cal of orthopyroxene, and similar to those observed on the non-mare
portions of the Apollo basin floor (Fig. 5a) and the eastern Apollo
basin rim (Fig. 5a). These noritic-composition materials dominated by
orthopyroxene could represent ejecta materials delivered to region
B by surrounding impact craters or, alternatively, the surface unit
and/or materials characteristic of region B. Combining the longer
wavelength absorption features and an apparent decrease in the
number of craters in the SPACA region, Moriarty and Pieters*®'%%
inferred that the Ca, Fe-rich materialsinregion B are likely to be gab-
broic volcanic resurfacing deposits, bearing mineralogy similar to
the mafic mound in SPACA but distinct from typical mare basalts,
which suggests a unique and local thermal and magmatic history.
Theseresurfacing deposits were then covered by more noritic Apollo
ejecta®. Region B’s roughly 3.86 Gyr AMA surface unit age may also
represent the age of the Apollobasin (estimated at roughly 3.98 Gyr by
Ivanov et al.”®), as suggested by its surface compositional similarities
to Apollo basin floor and wall units. In this case, rocks and soil mate-
rial from region B could contain material ejected from Apollo basin

and/or surrounding impactbasins and/or craters. In addition, anew
type of unknown volcanic resurfacing deposit, possibly represented
by Ca, Fe-rich gabbroic materials excavated by large craters, could be
sampled within this region.

Discussion and conclusions

In summary, CE-6 could collect (1) from region F lunar farside mare
basalt and a small amount of non-mare ejecta, (2) from region L far-
side mare basalts and a higher abundance of non-mare ejecta and (3)
fromregion B Apollo basin ejecta materials and probably a new type
of previously unsampled volcanic resurfacing deposit.

Mare basalts in region F have an age close to 2.40 Gyr old
(younger Eratosthenian), and mare basalts in region L are dated at
roughly 3.43 Gyr old (Imbrian). On the basis of CSFD dating studies,
lunar nearside mare activity spanned a time interval from roughly
3.9-4.0t01.2 Ga(ref. 34,35). Most of the volcanisms on the lunar farside
occurred between 3.0 and 3.6 Ga, with afew deposits dating to roughly
2.5Ga(refs.30,36-38). The cessation of volcanism on the lunar farside
appears to be much earlier than that on the lunar nearside**°. So far,
nodirect evidence hasbeen found for farside volcanic activity between
2.2and 2.5 Gaor younger”. If samples returned by CE-6 can confirm the
age of basalt samples in these regions to be less than 2.5 Gyr, this will
extend the farside mare basalt generation to time more similar to the
nearside, a potential finding of greatimportance for understanding the
thermal evolution of the Moon. The age of available Apollo samplesis
inthe range 0of 3.1-3.9 Gyr old, and the youngest age provided by CE-5
basalt samples is 2.0 Gyr old (ref. 41). CE-6 mare basalt chronology
will play a key role in the continued refinement of the CSFD curve. In
addition, mare basalt samples acquired by CE-6 (regions F and L) will
contribute to addressing the questions of the nature of farside mantle
sourceregions, lunar volcanism nearside-farside asymmetry and the
role of crustal thickness in ascent and eruption®**°,

Nature Astronomy | Volume 7 | October 2023 | 1188-1197

194


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-023-02038-1

Analysis of all farside samples (regions F, L and B) permits the
assessment and testing of the distribution of radioactive elements,
the origin of the Procellarum-KREEP Terrane and the role of the SPA
basin impact in inducing convective transport of a KREEP layer from
thefarside to the nearside and causing nearside-farside asymmetries
in Thand Ti (for example, refs. 8,42,43).

It is highly probable that CE-6 will acquire ejecta materials (domi-
nantinregionBandsecondary ejectainmareregionsFandL), including
ejecta originating from the Apollo rim and wall that may contain some
contributions of SPA ejecta and also craters within the Apollo basin
interior. Apollo has probably penetrated through and removed the SPA
ejecta deposit, which is distinctive due to its high Th abundance and a
potential uppermost mantle origin®. However, such materials are still
likely to be preserved in the Apollo basin wall and rim, especially the
southernrimwithnoriticcomposition andrelatively high Thabundance;
these could easily be excavated and redistributed within the landing zone
by subsequent impact craters. In addition, outcrops originating from
deep-seated layers (lower crust or even mantle) may also appear in the
Apollo interior'®, especially the most Mg-rich noritic materials found
near the western peak ring?>**. Subsequentimpact craters targeting this
region may also bring ejecta to the CE-6 landing zone. The crystalliza-
tion age of returned ejecta materials is likely to exceed 3.9 Gyr, and will
provide fundamental information on the timing of the SPA and Apollo
impact events, greatly improving knowledge of theimpact chronology
of the Moon and the entire inner solar system. Acquisition of any deep
crustal and possible mantle materials by CE-6 will also revolutionize
our thinking about the composition of the lunar interior, the thermal
evolution of the Moon and the role of original lunar accretional source
materials following the Moon-forming Earthimpact event.

Methods
Calculation of the ejecta index
The ejecta index (EI), defined to describe the degree of pollution by
impactejecta, with an assumption that ejecta material could make the
dark basalt area brighter in digital orthophoto model (DOM) image
data**, is a mathematical method using transformation of the DOM
image grey value (0-255) into an index (0-100) based on a base value
(Grey_Base, GB). GB is a grey value of the purest basalt in the same
geological unit (for example, the same phase of basaltic cover) in the
study area (and is therefore considered to be the lowest).

Then, for each pixel of a DOM image:

If grey value <= GB,El = 0

Ifgrey value > GB, El = (grey value — GB)/(255 — GB) x 100

Pixels with grey value higher than the GB, are considered to be
ejecta material with different pollution levels. Then, for the average
EI(EI_AVG) of aregion:

EI_AVG = Sum(EI_All)/Pixel_Num

where Sum (EI_ALL) represents the summary of El of all pixels in the
region, and Pixel_Num represents the number of pixels.

Chronology of candidate landing regions

Tobetter constrainthe age of regionsF, Land B, we first excluded areas
thatincludelarge clusters and chains of secondary craters on the basis of
thedistribution of Fe (Fig. 4b), Ti (Fig. 4c) contents and ejecta (Fig. 4d).
Then, we used the software ArcMap CraterTools* tomap and count the
craters of the geological units where the candidate landing regions are
located on the basis of CE-2 DOM images, and the obvious secondary
craters were excluded from the counted areas. Finally, the CSFD dating
curves were derived with software CraterStats*®, and the results are
shownin Extended Data Fig. 1.

Morphological and compositional observations about the
formation sequence of F and L regions

Extended Data Fig. 2 is a CE-2 digital elevation model (DEM) topo-
graphic map, and the elevated terrain in the middle is a WR. Extended
Data Fig. 2b is a Lunar Reconnaissance Orbiter Camera Wide Angle
Camera (LROC WAC) normalized three-band false-colour image, in
which the dark basalt locates in the F region and the less dark basalt
is within the L region with clear boundaries. Referring to the low-sun
illumination LROC WAC image (Extended Data Fig.2c), the WR here is
divided into two sections in the south (S) and north (N) for separated
discussion. From Extended Data Fig. 2b,c, we can see that the south
section WR (S-WR) does not perfectly coincide with the southeast
boundary of the F basalts. S-WR locates within the dark basalt and
isroughly 20 m above the mare surface; we assume that S-WR could
only have been deformed and uplifted after the basalt overflow, oth-
erwise, the dark basalts would not be able to cover the S-WR surface.
We extracted the contours of the area using CE-2 DEM data and found
that the east boundary of the F dark basalt is highly coincident with
thebaseline (-5,260 m contour) of the northern WR (N-WR) (Extended
DataFig.2c,d), whichweinterpret to mean that the N-WR blocked the
eastwards flow of the basalt in the F region, and further means that the
N-WR existed before the basalt overflowin the F region.

The composition map data (Extended Data Fig. 3) show that the
materials onthe N-WR surface are similar to that of the L region. Their
hues are fairly consistent on the WAC normalized three-band map,
Clementine false-colour compositeimage, M® data, Fe and Tielement
distribution map, respectively, so we believe that the N-WR surface is
mainly composed of basalts similar to that of the L region. Itis assumed
that N-WR was not yet completely elevated when the L basalts flowed,
and less dark basalts of the L region accumulated nearby. Then, the
N-WRuplifted and formed a high topographic barrier. Later, when the
Fbasalts erupted, the N-WR blocked the dark basalt from flowing east-
wards, so the easternboundary of the F basalts fits almost completely
with the basal contour of the N-WR.

Spectrum analysis of candidate landing regions

The M spectral data shorter than 2,497 nm were used in this study.
They were first smoothed using the Savitzky-Golay method to reduce
the noise. Then, a two-straight-lines method was adopted for the con-
tinuum removal of all M® spectra. The two straight lines were set at
tangentsto the left and right sides of the absorption bands. For roughly
1pum absorption, the left tangent point varied from 600 to 800 nm,
and the right tangent point varied from 1,300 to 1,800 nm. One point
was takenineach of these two ranges iteratively. When the straightline
joining the two points completely covered the 1 pm absorption band,
itwas treated as the tangentline of the roughly 1 pm absorption band.
The tangent line of the 2 pm band was found using the same method.
Theleft tangent point varied between1,300 and 1,800 nm and the right
endpoint was set at 2,497 nm. The continuum-removed M? spectrum
was obtained by dividing the reflectance of each band by the corre-
sponding value of the tangent line. After this, afourth-order polynomial
was used to fit the continuum-removed M spectrum around 1 and
2 pum absorptions. The wavelengths corresponding to the minimums
of the fitted lines are regarded as the band centres of the spectrum.
This band centre derivation method was the same as that used by Liu
and Wangetal.”.

Data availability

The CE-1and CE-2dataused in this work were processed and produced
by the GRAS of China’s Lunar and Planetary Exploration Program,
provided by China National Space Administration (https://moon.
bao.ac.cn). The geologic map data of CE-6 landing site were accessed
from https://data.planmap.eu/pub/moon/PM-MOO-MS-SPAApollo/.
The MI FeO content data were accessed from https://astroge-
ology.usgs.gov/search/map/Moon/Kaguya/MI/MineralMaps/
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Lunar_Kaguya_MIMap_MineralDeconv_FeOWeightPercent_ SON50S.
The LRO TiO, content data were accessed from https://wms.Iroc.asu.
edu/Iroc/view_rdr/WAC_TI102. The M> data were accessed from https://
pds-imaging.jpl.nasa.gov/volumes/m3.html. The data used in this
paperareavailable at https://moon.bao.ac.cn/Moon/CE6-landingsite.
rar and/or https://doi.org/10.12350/CLPDS.GRAS.CE6.AD-LandingSite.
v202304. Datasets generated or analysed during this study are available
fromthe corresponding author uponreasonable request. Source data
are provided with this paper.
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Extended Data Fig. 1| Dating results of three sampling regions. CSFD dating curves for the geologic unit of the Candidate F, L and B sampling regions.
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Extended DataFig. 2| Topographic boundaries of F and L regions. a) The CE-2 d) The 20 minterval contour which is contracted from CE-2 DEM data. The base

DEM topographic map. b) The LROC WAC normalized three band false-color map is LROC WAC false colorimage. It can be seen that the -5260 m contour,
image, yellow dashed lines are the wrinkle ridge. c)The low-sunillumination which represents the base of N-WR is highly consistent with the eastern boundary
LROC WAC image. N-WR represents the northern wrinkle ridge, S-WRis the ofthe F basalts.

southernwrinkle ridge, and RIM is the area connected to the Apollo Basin rim.
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Extended Data Fig. 3| Comparison of the surface material of the N-WR and the L basalts. The yellow dashed line marks the extent of the wrinkle ridge. The N-WR
surfaceis generally consistent with the color hue of the L region in the Clementine false-color composite image, the LROC WAC normalized three-band color map,
the M3 data, and the titanium and iron map, respectively.
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