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A B S T R A C T   

A major lunar scientific question is the cause of the paucity of farside mare basalts. The South Pole-Aitken Basin 
(SPA) is the largest (2400×2050 km) and most ancient lunar impact basin. The Apollo peak-ring basin, the 
largest impact feature within the SPA, is located on its northeast edge in a transitional zone of crustal thickness 
and compositions. The Chang’e-6 (CE-6) mission, the first sample-return mission to the lunar farside, is targeted 
to land in the southern Apollo basin, sampling farside mare basalts with critical insights into early lunar evo
lution. In preparation for the CE-6 sample return, we conducted a comprehensive study of Apollo basin volca
nism. We found that volcanic activity began in the Nectarian Period (~4.05 Ga) (cryptomaria) and continued 
into the Eratosthenian Period (~1.79 Ga). At least two Imbrian-aged episodes of eruptions occurred in the 
southern part of the Apollo basin where CE-6 is targeted to land. At ~3.35 Ga, low-Ti (~3.2 wt %) volcanism was 
active, and its products covered the entire low topographic region of the southern Apollo basin, between the 
inner and outer rings. Closely following its eruption at ~3.07 Ga, high-Ti basalts (~6.2 wt %) erupted close to the 
Chaffee S crater and flowed east with decreasing thickness until encountering proto-wrinkle ridges. In addition, 
volcanic activity in the region is significantly correlated with low crustal thickness, primarily thinned by the SPA 
and Apollo impact events. For regions of intermediate-thick crust (Oppenheimer crater), dikes stalled under the 
crater floor, spreading to form sills and a floor-fractured crater. For thin crust regions (Apollo basin interior), 
dikes erupted directly, forming extensive lava flows. In areas of thick highland crust, we see no evidence of 
extrusive activity or floor-fractured craters, suggesting that dikes there do not reach the surface and are intrusive. 
CE-6 samples returned from the unique geological setting will provide significant petrogenetic information to 
address further the paucity of farside mare basalts and the lunar nearside-farside dichotomy. To solve those 
scientific questions, the high-Ti mare region in south Apollo basin is recommended as the priority landing site.   

1. Introduction 

Lunar mare basalts are the products of mantle partial melting fol
lowed by magmatic ascent and eruption (Neal and Taylor, 1992). 
Approximately 18 % of the lunar surface is covered by mare (~16 %) 
and cryptomare (~2 %) deposits, contributing less than 1 % of the total 
volume of the crust (on the order of 107 km3) (Whitten and Head, 2015). 
However, the distribution of lunar volcanism is not symmetrical in space 
(Nelson et al., 2014) and time (Hiesinger et al., 2011). Approximately 30 

% of the nearside is covered by mare basalts and only a few large farside 
impact basins contain mare deposits (e.g., South Pole-Aitken, Mosco
viense, Apollo, Schrodinger basins and Tsiolkovsky crater). This 
nearside-farside dichotomy, first recognized by Luna-3 at the dawn of 
the Space Age, and well recorded by modern datasets, not only included 
the distribution of volcanism, but also topography, surface morphology, 
elemental concentration, terranes and crustal thickness (Jolliff et al., 
2000; Smith et al., 2010; Wieczorek et al., 2013). Nevertheless, no 
consensus has yet been reached to explain its origin. All existing models 
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(Jutzi and Asphaug, 2011; Ohtake et al., 2012; Zhang et al., 2022) are 
limited to numerical simulations, due to the lack of confirmed farside 
samples, although some may be contained in meteorites or Apollo 
breccias (Calzada-Diaz et al., 2015; Garrick-Bethell et al., 2020). 

The South Pole-Aitken (SPA) basin (centered at 53◦S, 191◦E) is the 
largest (2400×2050 km) and most ancient (~4.25 Ga) (Garrick-Bethell 
et al., 2020) definitive lunar impact basin (Fig. 1A). The SPA impact 
likely removed the anorthositic crust and excavated deep-seated mate
rials down to ~100 km, even in the most conservative estimates (Potter 
et al., 2012). Located on the farside, with extensive deposits of poten
tially deep-sourced rocks, the SPA basin remains a critical target that can 
address the multiple nearside-farside conundra (Jolliff et al., 2021). 

Chang’e-6 (CE-6), scheduled to launch in the middle of 2024, is 

China’s second lunar sample-return mission following Chang’e-5 (CE-5). 
CE-6 has the same capability as CE-5 to collect 2 kg of lunar soils (Zhou 
et al., 2022), and will become the world’s first farside sample-return 
mission. On the basis of the scientific value and engineering con
straints, the area between 150 and 158◦W and 41–45◦S in the southern 
Apollo basin (Fig. 1B) has been selected as the landing region (Zeng 
et al., 2023). 

The Apollo peak-ring basin (centered at 36.1◦S, 208.3◦E) is the 
largest impact feature within SPA, with a diameter of 247 km and 492 
km for the inner and outer rings (Neumann et al., 2015) (Fig. 1B). It is 
located to the northeast of SPA, extending from its interior to rim 
(Fig. 1A), crossing distinct compositional zones (Moriarty and Pieters, 
2018). Numerical modeling suggests that the Apollo impact was pro
duced by a 40 km-diameter body impacting into a 20–40 km-thick crust 
at a speed of 15 km/s (Potter et al., 2018). This impact penetrated 
through the ejecta of SPA down to a depth of ~30 km, probably exca
vating sub-crustal materials and exposing them in the peak ring (Potter 
et al., 2018; Wang et al., 2024). After the formation of Apollo, the 
northwestern, western, central, southern, and southeastern parts of 
Apollo basin were flooded by mare basalts (Fig. 1B) (Ivanov et al., 
2018). Due to landing safety guidelines, the mare plains in the north of 
the landing region and the cryptomare on the southern rim of Apollo 
basin have been shortlisted as candidate landing sites (Zeng et al., 2023) 
(Fig. 1B). All of them are products of farside volcanism, and thus CE-6 
will highly likely collect basaltic soils from the farside. 

Although there are a few studies of volcanism in SPA and the lunar 
farside (Haruyama et al., 2009; Pasckert et al., 2018; Pieters et al., 
2001), the setting of mare volcanism associated with the Apollo basin 
has not yet been analyzed in detail. Here we report on a comprehensive 
study of the volcanic deposits and features within and around the Apollo 
basin, aiming to construct a complete volcanic history as a framework 
for understanding the geological context of the CE-6 samples and help to 
locate their key scientific meanings. 

2. Materials and methods 

2.1. Morphology and topography 

Lunar Reconnaissance Orbiter (LRO) Wide-Angle-Camera (WAC) 
data were used to analyze the geomorphology of the Apollo basin 
(Robinson et al., 2010). A global mosaic, comprised of over 15,000 
images acquired between Nov. 2009 and Feb. 2011, with a spatial res
olution of 100 m/pixel, is suitable to study large-scale features. Kaguya 
Terrain Camera (TC, 10 m/pixel) data (Haruyama et al., 2008) were 
used as a supplement to the WAC images for characterizing small-scale 
volcanic features. The TC Morning Map and Ortho Map products were 
used; they were obtained in low-sun early and late solar illumination 
conditions. 

All topographic analyses were based on SLDEM2015, a digital 
elevation model (DEM) product generated via co-registration of Lunar 
Orbiter Laser Altimeter (LOLA) data and stereo-derived TC DEMs 
(Barker et al., 2016). SLDEM2015 covers latitudes between 60◦S to 
60◦N, with a spatial resolution of 512 pixels per degree (~59 m/pixel) 
and a vertical resolution of ~3–4 m. Additionally, the LOLA DEM (Smith 
et al., 2010) was used to further characterize the high-latitude region 
(60◦S-90◦S) where there is no SLDEM2015 coverage. The LOLA DEM has 
a vertical precision of ~10 cm and a spatial resolution of 256 pixels per 
degree (~118 m/pixel). 

2.2. Composition 

The Multiband Imager (MI) is another main payload onboard Kaguya 
(Haruyama et al., 2008). Its ultraviolet-near infrared (415, 750, 900, 
950, 1001 nm) sensor data were used to quantitively analyze the surface 
composition (TiO2 and FeO, reported in wt %) (Fig. S1), with a resolu
tion of 20 m/pixel (Ohtake et al., 2008). TiO2 abundance was calculated 

Fig. 1. Geological background of the Apollo basin. (A) Location of the Apollo 
basin in the northeast area of SPA. The black dashed line represents the outer 
ring of SPA. The white box represents the CE-6 landing region. The basemap is a 
LRO LOLA DEM overlain on a WAC image. (B) Apollo basin and related mare 
deposits. The white box represents the CE-6 landing region. The white dashed 
lines represent the Apollo basin rings. The red lines represent troughs. The 
basemap is a LROC WAC image. 
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utilizing the approach of Otake et al. (2012), 

θTi = arctan
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and FeO abundance was calculated by the method of Lemelin et al. 
(2015), 

θFe1 = − arctan
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θFe2 = 0.0656e3.6681∗θFe1 ;

FeO (wt.%) = 1.0708 ∗ θFe2 − 0.3986  

where R415, R750, R950 represent reflectance at 415, 750, and 950 nm, 
respectively. For each mare unit, their mean TiO2 and FeO abundance is 
computed (Table 1), and further classified into very low-Ti (<1 wt %), 
low-Ti (1–6 wt %), and high-Ti (>6 wt %) basalts (Neal and Taylor, 
1992). 

The Ultraviolet/Visible (UVVIS) camera (200 m/pixel) onboard 
Clementine has bands identical to MI (Nozette et al., 1994). Thus, the 
UVVIS color composite map (Red: 750/415 nm; Green: 750/1000 nm; 
Blue: 415/750 nm) is used to help subdivide geological units. In this 
map, red represents low-titanium content or high-glass content, green is 
sensitive to iron abundance, and blue usually reflects high-titanium 
content (Pieters et al., 1994). 

2.3. Spectral analysis 

To analyze the mineralogy (CPX=clinopyroxene, 
OPX=orthopyroxene, PYX=pyroxene, OLV=olivine, PLG=plagioclase) 

of mare units, we extracted spectra from small-fresh craters in Moon 
Mineralogy Mapper (M3) data and analyzed them with the radiative 
transfer model. M3 was a push-broom imaging spectrometer onboard 
Chandrayaan-1, operating in a wavelength range of 0.43–3.0 µm (85 
channels) that covers the diagnostic absorption feature of major lunar 
silicate minerals (Pieters et al., 2009). The data used are OP2C2 
reflectance data with a spatial resolution of 140×280 m/pixel, under
went radiometric (Green et al., 2011), geometrical (Boardman et al., 
2011), thermal (Clark et al., 2011), photometrical (Besse et al., 2013), 
and ground truth (Isaacson et al., 2013) calibrations. In total, 90 spectra 
from small-fresh craters were selected to represent major geological 
units (Fig. S2). Their detailed information (coordinates, ID, values, etc.) 
can be found in Table S3 and S4. An example of how to extract spectra 
from small-fresh craters is shown in Fig. S3; only their spectra were 
extracted to acquire high signal-to-noise ratio data that less affected by 
space weathering. Utilizing the spectra of the entire area covered by the 
mare units would inevitably include areas that are heavily space 
weathered (most of the area) or covered by exotic impact ejecta (e.g., 
bright rays, Fig. 2A); therefore, this approach was not used here. 

All spectra were processed by the method described by Qian et al. 
(2023). Each spectrum was smoothed by the Savitzky-Golay filter 
(Fig. S4). The continuum was removed by the convex-hull method. The 
band center for Band I and II was calculated by finding the local minima 
between 800 and 1200 nm and 1700–2500 nm in the 
continuum-removed spectra. The band center of typical lunar minerals 
(Mg-OPX, Fe-OPX, Low-Ca CPX, High-Ca CPX, Wo50-PYX) from Klima 
et al. (2007) was computed for comparison with the mare units. The 
quantitative abundance of major minerals (CPX, OPX, OLV, and PLG) of 
each spectrum was estimated by the lookup table technique (reported in 
vol %) following the same procedure of Sun and Lucey (2021) based the 
Hapke radiative transfer modeling (Hapke, 1981) (Details in Text S1). 
According to sensitivity tests, this approach has an accuracy of 3 and 6 
vol % for estimating the abundance of mafic minerals and plagioclase. 
Finally, for each unit, their major mineral abundances were computed 
by averaging the abundance from all extracted spectra (Table 1). 

2.4. Crater size-frequency distribution measurement 

Crater size-frequency distribution (CSFD) measurements were made 
to obtain the absolute model ages (AMAs) of the mare units after Hie
singer et al. (2023) and references therein. The crater counting areas are 
shown in Fig. S5; only areas without heavy contamination of secondary 
craters, deformation by wrinkle ridges, or disruption by volcanic land
forms were selected for counting. For each unit, CraterTools (Kneissl 
et al., 2011) was used to measure the diameters of primary craters on TC 
Morning Map. In total, 43,194 craters were measured. Then, Craterstats 
(Michael et al., 2016; Michael and Neukum, 2010) was used to fit the 
AMAs (Fig. S6, Table 1) via Poisson timing analysis, employing the 
production function of Neukum et al. (2001) and the chronology func
tion of Yue et al. (2022) calibrated by CE-5 samples. Additional fits were 
made using the chronology function of Neukum et al. (2001) for easier 
comparison with previous studies (Table S1, S2). 

3. Results 

Low-albedo mare basalts are widespread in the study area, associated 
with diverse volcanic features. They were identified in the northwestern, 
western, central, southern, and southeastern parts of Apollo basin 
(Ivanov et al., 2018; Pasckert et al., 2018) and as cryptomare (Whitten 
and Head, 2015) on its south rim (Fig. 1B). Based on their locations, they 
are designated as Northwestern Mare, Western Mare, Central Mare, 
Southern Mare, Southeastern Mare, and Cryptomare White-Grissom. 

3.1. Northwestern Mare 

The Northwestern Mare is an elongated NW-SE striking mare unit 

Table 1 
Absolute model ages and composition of mare units in the study area.   

Model 
Age 
(Ga) 

FeO 
(wt 
%) 

TiO2 

(wt 
%) 

CPX 
(vol 
%) 

OPX 
(vol 
%) 

OLV 
(vol 
%) 

PLG 
(vol 
%) 

Northwestern 
Mare 

1.79+0.26
− 0.26 13.1 

± 0.8 

2.2 

±

0.5 

23.6 

± 3.8 

23.3 

±

12.0 

1.9 

±

2.6 

51.2 

±

15.0 
Central 

Mare 
2.01+0.10

− 0.10 19.0 

± 0.6 

6.5 

±

1.0 

29.7 

± 6.7 

23.9 

± 2.9 

7.3 

±

2.5 

39.1 

± 5.0 

Western 
Mare 

2.12+0.14
− 0.14 16.7 

± 0.6 

3.2 

±

0.6 

27.8 

± 5.8 

27.7 

± 4.9 

0.0 

±

0.0 

44.4 

± 5.5 

Southeastern 
Mare 

2.72+0.20
− 0.24 18.0 

± 0.6 

6.2 

±

0.9 

30.5 

± 6.9 

21.6 

± 3.1 

1.9 

±

2.6 

46.0 

± 7.9 

Southern 
Mare 1 

3.07+0.07
− 0.08 18.3 

± 0.7 

6.2 

±

1.0 

33.8 

± 9.9 

23.3 

± 5.9 

3.6 

±

2.8 

39.3 

±

11.7 
Southern 

Mare 2 
3.34+0.04

− 0.06 16.6 

± 1.0 

3.2 

±

0.5 

25.4 

± 6.9 

30.1 

± 6.6 

0.9 

±

3.0 

43.6 

±

14.4 
Cryptomare 

Type 1 
Area 

/ 14.8 
± 0.8 

2.1 
±

0.4 

20.9 
± 5.2 

20.1 
± 6.2 

0.4 
±

1.3 

58.6 
± 9.0 

Cryptomare 
Type 2 
Area 

4.05+0.01
− 0.01 13.1 

± 0.7 

1.4 

±

0.3 

11.0 

± 5.2 

25.2 

± 6.8 

0.0 

±

0.0 

63.8 

± 3.2  
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with an area of ~176 km2 (Fig. 2D). The distribution of the North
western Mare is restricted to a radial secondary chain valley associated 
with the Apollo basin. Three long parallel troughs (55–85 km in length) 
are distributed close to the Northwestern Mare (Fig. 1B), including one 
crossing its middle (Fig. 2D). The mean elevation of Northwestern Mare 
is − 4396 m. Its southern part (− 4230 m) is much higher than the 
northern part (− 4475 m) (Fig. 2I), likely later deformed (~245 m) by 
the trough formation. 

The Northwestern Mare is a type of low-Ti basalt (2.2 ± 0.5 wt %) 
(Neal and Taylor, 1992) with low FeO abundance (13.1 ± 0.8 wt %) 
(Table 1). It has diagnostic pyroxene absorptions at 1 and 2 µm (Fig. 3A). 
Low-Ca CPX is the dominant type (Fig. 3B). Spectral unmixing indicates 
that the Northwestern Mare has 23.6 ± 3.8 vol % CPX, 23.3 ± 12.0 vol 
% OPX, 1.9 ± 2.6 vol % OLV, and 51.2 ± 15.0 vol % PLG. In addition, 
CSFD measurements suggest the Northwestern Mare has an AMA of 1.
79+0.26

− 0.26 Ga. It is the youngest mare within the Apollo basin. 

3.2. Central Mare 

The Central Mare has an area of ~8007 km2 (Fig. 2A). Abundant 
bright rays cover its northern part, radiating from Resnik crater to the 
northeast, indicating a post-mare age (Fig. 2A). The mean elevation of 
the Central Mare is − 5481 m (Fig. 2F). An elevated arc-shaped region in 
the middle is occupied by wrinkle ridges. The northeast and southwest 

parts of the Central Mare have the lowest elevation (~− 5570 m) and the 
northwest has the highest elevation (~− 5350 m). 

The Central Mare is composed of high-Ti basalts. It has the highest 
TiO2 (6.5 ± 1.0 wt %) and FeO (19.0 ± 0.6 wt %) abundances among all 
investigated mare units (Table 1). It has distinctive pyroxene absorp
tions at 1 and 2 µm, with band center close to low-Ca CPX (Fig. 3). M3 

spectra unmixing indicates that it has the highest mafic mineral abun
dance (CPX, 29.7 ± 6.7 vol %; OPX, 23.9 ± 2.9 vol %; OLV, 7.3 ± 2.5 vol 
%). CSFD measurements indicate that it has an AMA of 2.01+0.10

− 0.10 Ga. 
Abundant volcanic landforms occur within the Central Mare, 

including volcanic mesas and sinuous rilles (Fig. 2A), mostly concen
trated at its edge. The two most prominent mesas are shown in Fig. 4AD 
(i.e., Mesa 1 and Mesa 2). Most of the surface of these two mesas has a 
composition indistinguishable from the surrounding mare (Fig. 4CF), 
but they also contain nonmare materials with extremely low FeO 
abundance. Topographic profiles derived across Mesa 1 (A’-A’’) and 
Mesa 2 (B’-B’’) are displayed in Fig. S8AB. The tops of both mesas are 
relatively flat. Mesa 1 (~ − 5475 m) is 45 m higher than the mare sur
face, with the topography decreasing from west to east (Fig. 4B, S8A). 
The southwest part of Mesa 2 appears closely related to nonmare ma
terials (Fig. 4F). The elevation is high in this nonmare part but decreases 
and becomes relatively flat in the northeastern basaltic part (Fig. 4E, 
S8B). Nearly all mesas in the basin are closely related to sinuous rilles 
and graben (Fig. 4AD), strongly supporting their volcanic origin. 

Fig. 2. Mare deposits and their elevations in the Apollo basin. (A, F) Central Mare. The blue and yellow lines indicate sinuous rilles and volcanic mesas. (B, G) 
Western Mare. (C, H) Southeastern Mare. The yellow/black lines indicate volcanic depressions. (D, I) Northwestern Mare. (E, J) Southern Mare. The white lines 
indicate mare boundaries. The black lines in (F, J) indicate wrinkle ridges. The basemaps are LROC WAC images (A-E) and SLDEM2015 overlain on LROC WAC 
images (F-J). 
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Abundant sinuous rilles (Fig. 2A) are distributed in the northwest and 
southeast parts of the Center Mare, with the longest length of ~55 km. 

3.3. Western Mare 

The Western Mare is a N-S elongated mare unit with an area of 
~2501 km2 (Fig. 2B). An 8.7 km-diameter crater, whose rim and exte
rior ejecta are embayed by maria, is located in the northern part of the 
Western Mare (Fig. 2B). The surface of the Western Mare is very flat 
(mean elevation of − 4964 m), with slightly decreasing elevation from 
north to south. 

The Western Mare is made up of low-Ti basalts (3.2 ± 0.6 wt %) with 
a FeO abundance of 16.7 ± 0.6 wt % (Table 1). It has prominent py
roxene absorptions at 1 and 2 µm, with a composition close to low-Ca 
CPX (Fig. 3). The Western Mare has 27.8 ± 5.8 vol % CPX, 27.7 ± 4.9 
vol % OPX, 44.4 ± 5.5 vol % PLG, and no detectable olivine. CSFD 
measurements were used to obtain the model age of the Western Mare, 
which indicates that it erupted at 2.12+0.14

− 0.14 Ga in the Eratosthenian 
Period. 

Two domes are found in the southern Western Mare, denoted Dome 1 
and 2 (Fig. 2B). Dome 1 is a quasi-circular feature (~8 × 10 km, Fig. 4G), 
with a composition similar to the surrounding mare. The highest point of 
Dome 1 is ~205 m higher than the mare. Five major craters were 
identified on Dome 1. Two of them may be collapsed volcanic vents 
(Fig. 4G, red-dashed circles) without pronounced raised rims (Fig. S8C). 
The other three craters, with apparent raised rim crests, are more likely 
to be impact craters (Fig. 4G, yellow-dashed circles). Dome 2 is a more 

circular feature (7.3 km in diameter) with the highest point ~120 m 
higher than the mare. It has a higher crater density (Fig. 4J) and lower 
TiO2 abundance (~1.2 %, Fig. 4L) than the Western Mare, indicating 
that its formation predates the hosting mare. The diameter-height ratio 
of these two domes falls in the middle of mare domes generally inter
preted to be related to mare volcanism (Head and Gifford, 1980). 
However, for Dome 1, the presence of highland material in the 
near-surface substrate, and its adjoining kipuka of highland material 
suggest that it may be a mare-mantled kipuka, rather than a construction 
feature (Class 5 and 6 domes of Head and Gifford, 1980). Dome 2 lacks 
the large central pit crater vent structure typical of effusive mare domes, 
and its position so close to the edge of the highland hints at the possi
bility that it may be an earlier-formed mare kipuka, embayed by later 
volcanic plains. At least five sinuous features were found on Dome 2 
(Fig. 4J); four of them originate from the middle of the dome and extend 
outward. There are several off-summit irregular depressions that may be 
small volcanic pit craters. The origin of the sinuous features, and their 
relationship to the candidate pit craters is currently unclear. One pos
sibility for the central dome-crossing sinuous feature is that it is a broad 
fracture caused by subsidence of early mare material that was draped 
over a now-buried highland kipuka. 

3.4. Southeastern Mare 

The Southeastern Mare is composed of several separate mare patches 
with a total area of ~457 km2 (Fig. 2C). The mean elevation of the 
Southeastern Mare is − 5116 m (Fig. 2H). There are at least six shallow 
depressions identified within the largest patch of the Southeastern Mare. 
The most prominent depression has a depth of ~27.5 m below the mare 
surface. 

The Southeastern Mare consists of high-Ti basalts (6.2 ± 0.9 wt %) 
with an FeO abundance of 18.0 ± 0.6 wt % (Table 1). Low-Ca pyroxene 
is the main mafic mineral according to the extracted M3 spectra (Fig. 3). 
Based on spectral unmixing, it has 30.5 ± 6.9 vol % CPX, 21.6 ± 3.1 vol 
% OPX, 1.9 ± 2.6 vol % OLV, and 46.0 ± 7.9 vol % PLG. The identical 
composition of the depressions and the mare surface, and their irregular 
shapes suggest that they are formed in the same eruption phase. CSFD 
measurements indicate that the Southeastern Mare has an AMA of 2.
72+0.20

− 0.24 Ga. 

3.5. Southern Mare 

The Southern Mare, the unit that CE-6 will most likely land on (Zeng 
et al., 2023), is a W-E elongated mare unit with a total area of ~9329 
km2 (Fig. 2E). The ejecta from the Chaffee S crater clearly overlies the 
northwestern Southern Mare, indicating a post-mare age (Fig. 5A). 
Wrinkle ridges are prominent linear features on the mare surface, with a 
dominant orientation of N-S (Fig. 5A). The mean elevation of the 
Southern Mare is ~5178 m, decreasing from west to east over ~300 m 
(Fig. 2J). A topographic profile (A-A’) is shown in Fig. 5B. At least five 
wrinkle ridges (i.e., WR1 to WR5) occur across the profile line. The 
topography of the Southern Mare is significantly affected by their 
occurrence. Their formation appears to deform and raise the mare sur
face for at most ~100 m (Fig. 5B). 

The eastern Southern Mare has a slightly higher albedo than the west 
(Fig. 6B), hinting that their composition might be distinct. This differ
ence is much more clearly seen in the elemental abundance maps 
(Fig. 6ACD): the western part contains more FeO and TiO2 than the east. 
This distinctive difference in composition suggests that they are the 
products of two remarkably different eruptions. We therefore further 
subdivided the Southern Mare into Southern Mare 1 (western part) and 2 
(eastern part) (Fig. 6). Southern Mare 1 has a TiO2 abundance of 6.2 ±
1.0 wt % and FeO abundance of 18.3 ± 0.7 wt %, much higher than 
Mare 2 (3.2 ± 0.5 wt % TiO2 and 16.6 wt % FeO). Southern Mare 2 (43.6 
± 14.4 vol %) is richer in PLG than Mare 1 (39.3 ± 11.7 vol %), which 

Fig. 3. Spectroscopy of mare units. (A) M3 spectra of all mare units. (B) Band 
center of all mare units together with typical lunar minerals from Klima et al. 
(2007), including Mg-OPX, Fe-OPX, Low-Ca CPX, High-Ca CPX, and Wo50-PYX. 
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can explain the difference in albedo. Their mafic mineral abundances 
are also different (33.8 ± 9.9 vol % vs 25.4 ± 6.9 vol % CPX, 23.3 ± 5.9 
vol % vs 30.1 ± 6.6 vol % OPX, 3.6 ± 2.8 vol % vs 0.9 ± 3.0 vol % OLV). 
According to the extracted spectra, both Southern Mare 1 and 2 are 

dominated by pyroxene (Fig. 3). The pyroxene in Southern Mare 2 may 
contain more Ca as suggested by the longer wavelengths of Band I and II 
absorptions (Klima et al., 2007). 

According to our CSFD measurements, Southern Mare 1 and 2 have 

Fig. 4. Volcanic mesas and domes in the Apollo basin. (A-C) Mesa 1. (D-F) Mesa 2. (G-I) Dome 1. (J-L) Dome 2. The basemaps of the 1st, 2nd, and 3rd columns are TC 
Morning Map, SLDEM2015 overlain on TC Morning Map, and Kaguya MI FeO images, respectively. Their topographical profiles are shown in Fig. S8. 
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AMAs of 3.07+0.07
− 0.08 Ga and 3.34+0.04

− 0.06 Ga, respectively. It suggests that the 
onset of Southern Mare 1 volcanism postdates that of Mare 2 but follows 
it very closely. 

3.6. Cryptomare White-Grissom 

Cryptomaria are ancient volcanic deposits obscured by highland 
ejecta (Whitten and Head, 2015). On the southern rim of the Apollo 
basin, there is a cryptomare identified previously by Whitten and Head 
(2015) and designated Cryptomare White-Grissom here, according to 
the name of two nearby craters (Fig. 6B). 

Although the majority of Cryptomare White-Grissom has been buried 
by highland ejecta, a few post-formation craters punched through and 
excavated underlying ancient volcanic deposits. We labelled them as 
Type 1 Areas and the adjacent ejecta as the Type 2 Area (Fig. 6 CD). The 
Type 2 Area contains more highland felsic materials (13.1 ± 0.7 wt % 
FeO;1.4 ± 0.3 wt % TiO2), with a PLG abundance much higher (63.8 ±
3.2 vol %, Table 1) than all mare units. According to the extracted 
spectra, the Type 2 Area has a pyroxene composition close to Fe-OPX 
(Fig. 3), unlike CPX-dominated mare basalts. In contrast, Type 1 Areas 
are more representative of obscured ancient volcanic deposits, mixed 
with few nonmare materials. It has a lower PLG (58.6 ± 9.0 vol %), but 
higher FeO (14.8 ± 0.8 wt %) and TiO2 (2.1 ± 0.4 wt %) abundances 
than Type 2 Area. The pyroxene composition of the Type 1 Areas is more 
similar to mare units with a signature of low-Ca CPX (Fig. 3). 

Our CSFD measurements on Cryptomare White-Grissom yielded an 

AMA of 4.05+0.01
− 0.01 Ga, indistinguishable from the age of Apollo basin 

(3.98+0.04
− 0.06 Ga; Ivanov et al., 2018). No impact ejecta on cryptomare can 

be readily traced back to Apollo, indicating that cryptomare erupted 
closely following the Apollo impact and overlaying on its ejecta. Sec
ondary craters from the Orientale basin (~3.80 Ga; Yue et al., 2020), 
were found on the Cryptomare White-Grissom (Guo et al., 2018). The 
Orientale ejecta is estimated to be ~70–100 m-thick in this area based 
on the power-law model of Fassett et al. (2011). Therefore, Cryptomare 
White-Grissom may have erupted between the Apollo and Orientale 
impacts; the Orientale basin impact contributes significant amounts of 
superposed ejecta on these cryptomaria. 

3.7. Floor-fractured craters 

Floor-fractured craters (FFCs) are a class of craters characterized by 
anomalously shallow floors with additional interior fractures and vol
canic features (Schultz, 1976). Global investigation of LRO LOLA, LROC 
and GRAIL data suggest FFCs may be formed by shallow magmatic 
intrusion and uplift (Jozwiak et al., 2012). Applying higher-resolution 
TC images helped to identify at least 46 FFCs (Fig. 7F). All the recog
nized FFCs are located to the southwest part of the study area, among 
which FFC1 to FFC11 are within the Apollo basin. 

According to the classification scheme of Jozwiak et al. (2012), FFCs 
in the study area were subdivided into 5 morphological classes, i.e. class 
3, 4b, 4c, 5, and 6 (Fig. 7F). An example of each identified class is shown 
in Fig. 7A-E. Oppenheimer crater (FFC12, class 6, centered at 35.39◦S, 

Fig. 5. Stratigraphy of the Southern Mare. (A) Topography and mare thickness of the Southern Mare. Yellow circles represent floor-fractured craters. Blue lines 
represent sinuous rilles. Black lines represent wrinkle ridges. The white line represents the topographic profile line (A-A’) based on SLDEM2015. (B) Geological cross- 
section of the Southern Mare. Southern Mare 1 erupted from west close to Chaffee crater, closely following Southern Mare 2 and covered the west of Southern Mare. 
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194.07◦E) is the most prominent FFC to the west of Apollo basin, with a 
diameter of 206 km. Abundant concentric fractures are distributed close 
to its wall, together with seven pyroclastic vents (yellow triangles, 
Fig. 7E). There are five craters within Oppenheimer crater that appear to 
be FFCs. FFC1, just below the north rim of the Apollo basin, is the only 
one within the basin that has associated pyroclastic vents (yellow tri
angles, Fig. 7A). Anders X crater is a FFC (FFC9, class 5, centered at 
39.72◦S, 215.76◦E), located just below the southeast rim of the Apollo 
basin. It displays radial and concentric fractures, with hummocky 
mounds in the west (Fig. 7D). Those mounds appear to extend to the 
west of Anders X crater through a breach in the crater rim. 

4. Discussion 

4.1. Evolution of Southern Mare basalts 

CE-6 will most likely sample the mare basalts in the Southern Mare 
between the peak ring and rim crest of the Apollo basin (Zeng et al., 
2023), therefore we focus on constructing its detailed eruption history 
and substructures (Fig. 5B). There were at least two episodes of mare 

eruptions in this region. The earliest volcanic activity occurred at ~3.34 
Ga with low-Ti (3.2 wt %) composition, followed shortly by the high-Ti 
eruptions (6.2 wt %, ~3.07 Ga). Although low-Ti mare basalts are only 
observed in the current Southern Mare 2 region, we propose that it is 
distributed across the entire low topography region between the peak 
ring and rim crest of Apollo. Then, the relatively young high-Ti eruption 
obscured the low-Ti basalts in the west of the Southern Mare. A crater 
excavation technique was used to constrain the mare thickness of the 
superposed high-Ti basalts (Details in Text S2). By comparing the 
diameter of penetrating and non-penetrating craters, mare thicknesses 
for two spots (SP1 and SP2) on the topographic profile line of the 
Southern Mare (Fig. 5A) were obtained. SP1 to the west of WR1 has a 
high-Ti mare thickness of ~140–165 m; and SP2 between WR2 and WR3 
has a high-Ti mare thickness of ~60–75 m. The mare thickness decreases 
from west to the east in Southern Mare 1, reflected in the trend of 
elevation. 

The boundary between Southern Mare 1 and 2 correlates well with 
WR3. Considering that the formation of wrinkle ridge is a process 
associated with the gradual cooling of the Moon (Valantinas and 
Schultz, 2020), it is possible that WR3 started to form before the high-Ti 

Fig. 6. Southern Mare and Cryptomare White-Grissom. (A) Mare units in the study area. The basemap is Clementine UVVIS color ratio map. (B) LRO WAC image. (C) 
Kaguya MI FeO abundance map. (D) Kaguya MI TiO2 abundance map. Black lines represent mare and cryptomare boundaries. White lines represent type 1 cryp
tomare areas. 

Y. Qian et al.                                                                                                                                                                                                                                    



Earth and Planetary Science Letters 637 (2024) 118737

9

eruption. The high western part of Southern Mare 1 close to Chaffee S 
crater is the most probable lava source (Fig. 5A). This region displays 
abundant volcanic features, including floor-fractured craters and 
sinuous rilles, and even more may be buried by the ejecta from Chaffee S 
crater. When high-Ti lava erupted, it flowed from the west to the east 
with decreasing thickness, and finally encountering proto-WR3. Given 
typical lava flow eruption velocities, these flows are likely to have 
lacked sufficient velocity to overtop the ridge, and thus would pond 
behind proto-WR3 and then solidify to form Southern Mare 1. Subse
quently, wrinkle ridges continued to develop to form the WR1-WR5 seen 
today. 

The stratigraphy of the southern part of the Apollo basin is shown in 
Fig. 5B based on the regional volcanic/tectonic history. The low-Ti and 
high-Ti basalts occur together in the south of the Apollo basin, as is 
observed near the CE-5 site in northern Oceanus Procellarum (Qian 
et al., 2021). The CE-5 (5.0 wt % TiO2) basalts have recently been 
interpreted to be evolved from a low-Ti source similar to the Apollo-12 
basalts (Luo et al., 2023). Assessing the high-Ti basalts and their 

petrogenetic relationships to the low-Ti basalts in the CE-6 region should 
be a high priority for the analysis of the returned CE-6 samples. 

4.2. Long-lasting volcanism in the Apollo basin and lunar thermal 
evolution 

The duration of mare volcanism reflects the interior state of the 
Moon and its long-term thermal evolution (Head et al., 2023). 
Large-scale mare volcanism, as revealed by surface deposits, is first seen 
on the Moon in the form of cryptomaria with ages (>3.8 Ga), coincident 
with the major basin formation era (Whitten and Head, 2015). Being 
obscured by basin ejecta, cryptomaria distribution is limited, occupying 
only ~10 % area of all recognized mare deposits. Samples from cryp
tomaria have never been identified, although a few basaltic clasts in 
meteorites could represent ancient volcanism (e.g., Kalahari 009, 4.37 
Ga; MIL 13317, 4.33 Ga; Snape et al., 2018). Young mare basalts are also 
rare on the Moon. After peaking in the Late Imbrian Epoch, lunar 
volcanism decreased significantly in the Eratosthenian Period and 

Fig. 7. Floor-fractured craters in the study area. (A-E) Examples of different classes of FFCs. (F) Distribution of FFCs and their morphological classes. Yellow triangles 
represent pyroclastic vents. The basemap of (A, B) are TC Ortho Map; the basemaps of other figures are LROC WAC images. 
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finally ceased at ~1.0 Ga (Hiesinger et al., 2011). Most of the 
Eratosthenian-aged young basalts are confined to the Procellarum 
KREEP Terrane (Hiesinger et al., 2011; Qian et al., 2023) and few occur 
on the farside (Haruyama et al., 2009; Pasckert et al., 2018). 

Our CSFD measurements show that the study area in and around the 
Apollo basin has a long volcanic history (Table 1). A comparison of 
northeast SPA/Apollo basin mare basalt chronology and nearside mare 
basalt chronology is shown in Fig. 8. Cryptomare volcanism is the most 
ancient recorded volcanic activity in the area to the south of Apollo 
basin between White, Hendrix, and Grissom craters, with an approxi
mate age of ~4.05 Ga (Fig. 8). Its primary composition is no longer 
discernable due to ejecta contamination and burial from the Orientale 
(~3.8 Ga) impact. 

Subsequently, Imbrian-aged mare volcanism (~3.34 Ga) occurred in 
the southern part of the Apollo basin, where low-Ti (3.2 wt %) mare 
basalts erupted and covered the entire Southern Mare area (Fig. 5B). 
Immediately following this eruptive phase at ~3.07 Ga, high-Ti mare 
basalts (6.2 wt %) began to erupt in the west of the Southern Mare 
around Chaffee S crater, flowed east, and formed the current Southern 
Mare 1. The eastern part of the Southern Mare was not obscured or 
buried by the high-Ti basalts and remained exposed as the Southern 
Mare 2 unit. At ~2.72 Ga, high-Ti (6.2 wt %) volcanism initiated in the 
southeast of the Apollo basin (Fig. 8A). 

Young Eratosthenian-aged (~2.12 Ga), low-Ti (3.2 wt %) volcanism 
then became active in the west of the Apollo Basin, superposed on the 
even lower-Ti (1.2 wt %) Imbrian-aged basalts. The majority of the 
Imbrian-aged basalts have been buried but the Dome 2 kipuka remains 
as an indicator of their presence (Fig. 4L). At ~2.01 Ga, high-Ti volca
nism (6.5 wt %) was active again in the center of the Apollo basin 
(Fig. 8A). Because most of the volcanic features (sinuous rilles and 
volcanic mesas) within Central Mare are distributed in its northwest, 
southwest, and southeast parts, they may represent volcanically active 
spots where lava erupted and flowed into the interior of the basin. 
Volcanic mesas probably formed in a kipuka-controlled cooling pro
cesses because they are all associated with nonmare kipukas and have 
the same composition as the adjacent mare (Head and Ivanov, 2023). 
Finally, due to the secular cooling of the Moon, volcanic activity in the 
Apollo basin ceased. The last mare unit erupted at ~1.79 Ga in the 
Northwestern Mare, with low-Ti (2.2 wt %) composition (Fig. 8A). Large 
troughs were formed and may have deformed the surface of 

Northwestern Mare (Fig. 1B). 
The mare units in the Apollo basin have also been dated by other 

studies (Greeley et al., 1993; Haruyama et al., 2009; Pasckert et al., 
2018; Zeng et al., 2023) (Table S1). Thus, we derived model ages using 
the chronology function of Neukum et al. (2001) and the cumulative 
fitting method for direct comparison with Pasckert et al. (2018) 
(Table S2). Three recent studies (this study, Pasckert et al., 2018, and 
Zeng et al., 2023) all suggest the Apollo basin has a long volcanic his
tory, from the Nectarian to Eratosthenian Periods. Earlier research by 
Greeley et al. (1993) suffered from an absence of high-resolution images 
as they themselves noted. Haruyama et al. (2009) did not subdivide 
Southern Mare into two mare units, therefore their age for Southern 
Mare may represent an average age of Southern Mare 1 and 2. The ages 
reported in our study, Pasckert et al. (2018), and Zeng et al. (2023) are 
closer to each other for the Imbrian-aged units (Southern Mare 1, 2) but 
differ for the younger ones. The difference in ages is, however, not 
surprising given the different crater counting areas selected (our crater 
counting areas are smaller) on different datasets (Fig. S5), as well as the 
use of different production and chronology functions with different 
fitting methods. Smaller areas examining smaller crater diameter ranges 
in higher resolution image data, such as in our study, allow the detection 
of younger, small-scale geological activities compared to studies exam
ining larger crater diameters in lower resolution image data (e.g., 
Pasckert et al., 2018). Pasckert et al. (2015) also showed that smaller 
areas within a larger count area exhibit variations in age due to local 
geological processes, including resurfacing due to relatively large cra
ters. Finally, slight differences between the fit N(1) values for surfaces 
with ages between ~1 and 3 Ga produce relatively larger differences in 
age, due to the flatness of the chronology functions in this age range (e. 
g., Hiesinger et al., 2023; Williams et al., 2018). 

All in all, located in a transitional zone in the SPA basin both in 
crustal thickness (Wieczorek et al., 2013) and composition (Moriarty 
and Pieters, 2018), the Apollo basin displays a long-duration volcanic 
history (~2 Ga), from ~4.05 to ~1.79 Ga. Abundant mare deposits and 
features formed in the northwest, center, west, southeast, and south of 
the Apollo basin, and together additional information important in 
deciphering lunar volcanology in space and time (Fig. 8). These varied 
age basalts may be transported to the CE-6 landing site as impact ejecta 
and contained in the samples. 

Fig. 8. Duration of mare volcanism in the Apollo basin and immediate surroundings. (A) Absolute model age of mare units (Table 1). The white box represents the 
CE-6 landing region. The basemap is a LROC WAC image. (B) Duration of mare volcanism in comparison with lunar mare flux based on Hiesinger et al. (2011) and 
Whitten and Head (2015). 
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4.3. Testing crustal thickness as a control on volcanic activity and 
assessing the nearside-farside asymmetry using Chang’e-6 basalts 

Initially recognized by Luna 3 in 1959, the origin of nearside-farside 
asymmetry is one of the most fundamental unsolved lunar conundrum, 
clearly depicted by the mare volcanism distribution (Nelson et al., 2014; 
Whitten and Head, 2015). Crustal thickness is one of the key factors 
controlling the nature and distribution of lunar volcanic activities (Head 
and Wilson, 2017; Wilson and Head, 2017): rising basaltic magma is 
positively buoyant in the mantle and negatively buoyant in the anor
thositic crust, therefore extrusion is favored in thin-crust and intrusion is 
favored in thick-crust. Located in the transitional zone from thin to thick 
crust in the northeast edge of SPA, the Apollo basin is an ideal place to 
test the effect of crustal thickness on the presence, abundance and nature 
of volcanic activity. In this study, crustal thickness derived from the 
GRAIL mission (Wieczorek et al., 2013) was utilized, overlain by 
compositional zones mapped by Moriarty and Pieters (2018) (i.e., 
SPACA, Mg-Pyroxene Annulus, and Heterogeneous Annulus), mare units 
and FFCs mapped here (Fig. 9A). SPACA is an acronym for the SPA 
Compositional Anomaly. The crust-mantle subsurface structure was 
reconstructed based on the above data across the center of Apollo basin 
(B-B’, Fig. 9B). 

The crustal thickness (Fig. 9A) of the region decreases towards the 
SPA center (53◦S, 191◦E; Garrick-Bethell and Zuber, 2009), due to the 
excavation and removal of a significant amount of crust. The composi
tional zones of SPA generally compare well with crustal thickness 
(SPACA 16 km, Mg-Pyroxene Annulus 20 km, and Heterogeneous 
Annulus 30 km, in average) from inside to outside. Outside SPA, the 
farside highland crust has a thickness of 40–60 km. In the study area, 
most of the mare units and FFCs are distributed within SPACA, fewer in 
the Mg-Pyroxene Annulus, only a few in Heterogeneous Annulus, and 
none in the primary highland crust. 

The cross-section (Fig. 9B) even more clearly depicts the correlation 
of crustal thickness and mare volcanism. From west to east, crustal 
thickness maps from intermediate-thick (~18 km), thin (~5 km), and 
thick (~36 km) crust regions shaped by the SPA impact. In the 
intermediate-thick crust region, the Oppenheimer impact further 
removed the uppermost remaining crust and uplifted the mantle by ~5 
km. Magmatic driving pressure (Wilson and Head, 2017) in 
intermediate-thick crust, combined with the effects of Oppenheimer 
crater breccia lens, caused the dike to stall underneath and spread 
laterally to form a sill, uplift the crater floor and form a floor-fractured 
crater (Jozwiak et al., 2012). A few small-scale dikes erupted from the 
sill and formed pyroclastic vents and basalts within the Oppenheimer 

Fig. 9. Stratigraphy of the Apollo basin. (A) Crustal thickness of the northeast part of the SPA basin. The black dashed circles represent Apollo basin rings. The white 
circles represent floor-fractured craters. The white dashed lines indicate compositional zones of the SPA basin (Moriarty and Pieters, 2018). The red patches represent 
mare or cryptomare basalts (Nelson et al., 2014; Whitten and Head, 2015). The basemap is crustal thickness (Wieczorek et al., 2013) overlain on a LRO WAC image. 
(B) Geological cross-section of the northeast part of the SPA basin. Crustal thickness profile (B-B’, white line) is based on Wieczorek et al. (2013). 
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crater. For the thin-crust region in the central Apollo basin, the upper 
crust was removed by the impact, and the mantle uplifted to only ~5 km 
below the surface. Following magma generation in the deeper mantle, 
magma-filled cracks (dikes) rapidly propagated vertically through the 
mantle, penetrated the thin-crust and erupted directly to the surface, 
forming one of the largest farside mare patches. In contrast, for the 
thick-crust region, an area of thicker crust due to slumped SPA basin rim 
material and SPA ejecta, crustal thickness could reach ~30 km. The 
absence of mare basalt surface deposits in the thick-crust areas is likely 
due to fact that dikes generated at depth in the mantle lack sufficient 
overpressure to penetrate the thick crust and reach the surface (Wilson 
and Head, 2017), and stall below the surface to form intrusive dikes. 

In conclusion, our analyses support the hypothesis that crustal 
thickness is a significant control on the presence, abundance and style of 
lunar volcanism in the northeastern SPA basin, especially in the Apollo 
basin where CE-6 is targeted to land. Mare basalts exposed at the surface 
are the extrusive volcanic product formed volcanically from the gener
ation of mantle partial melts, and their subsequent ascent and eruption, 
thus containing abundant information (temperature, elemental/miner
alogical composition, pressure, and oxygen fugacity) on the lunar inte
rior (Neal and Taylor, 1992). Detailed analyses of mare samples from the 
CE-6 landing site will help in our understanding of their petrogenesis, 
generation, ascent, and eruption. This in turn can help to know the 
nature of the farside mantle, and how it compares to that of the nearside, 
as we understand it based on the Apollo, Luna, and recent Chang’e-5 
samples. It may finally resolve the question of whether crustal thickness 
controls volcanic activity and how and why the two hemispheres of the 
Moon apparently evolved so differently. 

5. Conclusions 

China’s CE-6 mission, scheduled to launch in 2024, will be first lunar 
farside sample-return mission. The CE-6 landing site is within the SPA 
basin, in the southern part of the Apollo basin. It is highly likely that CE- 
6 will collect lunar basalts that have significant implications for the 
magmatic processes and the farside mantle properties. Therefore, we 
conducted this comprehensive study to characterize the volcanism of the 
Apollo basin and its surroundings. Located in the transitional zone at the 
inner edge of the SPA basin with variable crustal thickness and 
composition, we found that the Apollo basin has an extensive volcanic 
history dating from the Nectarian (~4.05 Ga) to the Eratosthenian 
Period (~1.79 Ga). Volcanic activity in the region was significantly 
influenced by crustal thickness variations, with thinning caused by the 
SPA and Apollo impacts. Dikes in intermediate-thickness crust (below 
Oppenheimer crater) tend to stall beneath the crater floor, spreading 
laterally to form a sill and an FFC; dikes below the crust thinned by 
Apollo basin event, reach directly to the surface and erupt to form 
widespread lava flows; and dikes in thick crust stall before being able to 
reach the surface and form basaltic dike intrusions. For the Southern 
Mare CE-6 candidate landing site, there are at least two episodes of 
eruptions. The earlier unit (~3.34 Ga) has low-Ti composition and 
covered the entire topographically low region between the Apollo peak 
ring and basin rim. The later unit (~3.07 Ga), with high-Ti composition, 
erupted from the western part of the Southern Mare close to Chaffee S 
crater and flowed east until encountering proto-wrinkle ridge (WR3). 
We present this analysis and synthesis as a framework for assessing and 
analyzing the samples planned to be returned by CE-6. These returned 
samples could help to answer questions about the evolution of high-Ti 
and low-Ti basalts, the influence of crustal thickness on lunar volca
nism, and the most fundamental unsolved question of lunar science: 
What is the cause of the pronounced lunar nearside-farside asymmetry? 
Finally, to solve these listed scientific questions, we suggest CE-6 to 
sample high-Ti basalts in the Southern Mare 1, considering the potential 
importance of returned materials. In addition to the local high-Ti ba
salts, underlying Southern Mare 2 low-Ti basalts may also be excavated 
and mixed with soils at the landing site, as well as exotic materials 

transported by distant impacts, especially Chaffee S crater. 
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