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ABSTRACT
The South Pole–Aitken (SPA) basin, located between the South Pole and Aitken crater on 

the far side of the Moon, is the largest confirmed lunar impact structure. The pre-Nectarian 
SPA basin is a 2400 × 2050 km elliptical structure centered at 53°S, 191°E, which should have 
exposed lower crust and upper mantle due to the enormous excavation depth. Olivine, the 
dominant mineral in Earth’s mantle, has only been identified in small and localized exposures 
in the margins of the SPA basin, and the dominant mafic component is, instead, pyroxene. 
These mineralogical characteristics could be explained by the recent hypothesis that the 
lunar upper mantle is dominated by low-calcium pyroxene, not olivine. Here, we present 
observations from imaging and spectral data from China’s Chang’E-4 (CE-4) lunar mission 
in the first 4 synodic days, especially the first in situ visible/near-infrared spectrometer ob-
servations of an exposed boulder. We identified a variety of rock types, but not the recently 
reported olivine-rich materials in the landing region. The results are consistent with orbital 
observations. The obtained mineralogical information provides a better understanding of 
the nature and origin of SPA materials.

INTRODUCTION
The surface materials of the South Pole– 

Aitken (SPA) basin show distinct chemical 
(Lucey et al., 1998; Jolliff et al., 2000) and 
 mineralogical (Pieters et al., 2001; Ohtake et al., 
2014; Moriarty and Pieters, 2018) characteris-
tics compared to other compositional regions 

on the Moon. The vast scale of the SPA basin-
forming event is modeled as having produced a 
thick ejecta blanket, which excavated materials 
from throughout the crust and down into the 
upper mantle (Melosh et al., 2017). However, 
orbital studies of SPA basin have revealed very 
few exposures of Earth-like olivine-rich man-
tle material (Yamamoto et al., 2012), and they 
instead show abundant low-calcium pyroxene 
(LCP; Melosh et al., 2017; Moriarty and Pieters, 

2018) and some high-calcium pyroxene (HCP; 
Ohtake et al., 2014; Moriarty et al., 2019). SPA 
also should have generated thick impact melt, 
which has been hypothesized to have under-
gone igneous differentiation (Morrison, 1998; 
Nakamura et  al., 2009; Hurwitz and Kring, 
2014; Vaughan and Head, 2014). Modeling has 
indicated that the approximate diameter of the 
differentiated melt sheet is ∼400 km (Hurwitz 
and Kring, 2014), which is roughly spatially 
consistent with the South Pole–Aitken compo-
sitional anomaly (SPACA; Moriarty and Pieters, 
2018), a central HCP-dominated spectral unit 
(Fig. 1A) with distinctive topographic and slope 
properties compared to the rest of the SPA basin 
(Ohtake et al., 2014). Assuming an olivine-rich 
upper mantle, a possible top-to-bottom compo-
sitional stratigraphy of the differentiated melt 
is norite, pyroxenite, and dunite (Hurwitz and 
Kring, 2014; Vaughan and Head, 2014).

The Chang’E-4 (CE-4) lunar spacecraft 
mission (Chinese Lunar Exploration Program) 
was planned to provide in situ observations to 
address the fundamental question about the pos-
sible results of SPA melt differentiation and the 
composition of the lunar upper mantle (Huang 
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et al., 2018). With the help of a relay satellite 
(Que Qiao) at the Earth-Sun Lagrangian 2 point 
(1.5 × 106 km directly ‘behind’ Earth as viewed 
from the Sun), the CE-4 lander and the rover 
(Yutu-2) have been conducting successful explo-
ration of the lunar far side for the first time (Wu 
et al., 2019). The landing site is located in a 
relatively high-albedo region within Von Kár-
mán crater (Fig. 1B), which can be tracked as 
LCP-bearing ejecta from Finsen crater, based 
on orbital reflectance spectra data (Huang et al., 
2018). Yutu-2 traveled 178.9 m in the first 4 syn-
odic days, and 24 observations were made by 

the visible/near-infrared spectrometer (VNIS) 
along the route (Fig. 1C), of which 18 were ana-
lyzed here. Here, we report diverse rock types 
using the VNIS data and the panorama cam-
era (PCAM) on Yutu-2 and the landing camera 
(LCAM) and the terrain camera (TCAM) on 
the lander.

IMAGING RESULTS
The stratigraphic framework of the landing 

area features a surface layer dominated by 
the ejecta deposits from Finsen crater and 
other various-aged nearby craters and the 

underlying mare basalts (Huang et al., 2018). 
Images obtained by the LCAM and PCAM 
show that the landing region is relatively free 
of large boulders (>1 m), indicating a relatively 
long time of degradation, which is consistent 
with the estimated thicknesses of regolith 
and impact crater ejecta (Huang et al., 2018). 
Craters with diameters of centimeters to tens 
of meters (Figs. 1C and 2A) were observed. 
We also identified clusters of centimeter-size 
rock fragments in the rover exploration region 
(Fig. 2A), which are most likely shattered clusters 
of ejecta launched from other impact  craters 

Figure 1. Geologic con-
text of the Chang’E-4 
(CE-4) lunar spacecraft 
mission (Chinese Lunar 
Exploration Program) 
landing region and in 
situ exploration traverse 
route of rover Yutu-2. (A) 
Multispectral Imager (MI) 
color composite mosaic 
of the Von Kármán region; 
con t inuum - rem oved 
reflectance spectra of 
bands at 900 nm, 1050 nm, 
and 1250 nm are assigned 
to red, green, and blue 
channels, respectively. 
CE-4 landing point is 
marked with red cross. 
(B) MI mosaic of 750 nm 
reflectance. Von Kármán 
M, Von Kármán, Alder, 
Finsen, and Leibnitz cra-
ters are labeled in yellow. 
White dashed line is 
part of outer margins of 
hypothesized South Pole–
Aitken (SPA) impact melt 
pond (Ohtake et al., 2014). 
(C) Traverse of Yutu-2 in 
first 4 synodic days on 
landing camera (LCAM) 
mosaic. Blue, yellow, red, 
and green lines indicate 
traverse of synodic day 1, 
2, 3, and 4, respectively. 
Letters and numbers 
besides black dots are 
names of navigation 
points. Red star marks 
landing point. (D) NASA 
Lunar Reconnaissance 
Orbiter Narrow Angle 
Camera (NAC) image for 
lander (yellow arrow) and 
Yutu-2 (white arrow).
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(Schultz and Gault, 1985). Similar occurrences 
of pebble-decorated small and shallow craters 
were also observed near the NASA Surveyor 
7 landing site (Shoemaker et al., 1969). A few 
rocks around the lander exhibit lighter or darker 
tones compared to the regolith and most other 
surface rocks (Fig. 2B), where the relatively 
light-toned rocks resemble feldspar-rich rocks 
(e.g., anorthosite), and the relatively dark 
rocks resemble mafic-mineral–dominated lunar 
rocks (e.g., basalt) or meteorites. Unfortunately, 
the Yutu-2 did not perform VNIS observations 
of these interesting targets.

The PCAM instrument observed a group 
of relatively light-toned rocks near a local 

depression (Fig. 3A). One of the rocks, which 
we informally name as “Qi Yuan” (“unexpected 
encounter” in Chinese), is ∼15–20 cm in size, 
with an irregular shape. Qi Yuan looks like a 
coherent igneous rock, and the bright spots on 
its  relatively fresh surface are possibly either 
 plagioclase phenocrysts or pits created by 
micrometeorite impacts (Fig. 3B). However, 
we cannot rule out a breccia origin due to the 
limited resolution of the image. The VNIS 
instrument made four attempts to take a 
spectrum of Qi Yuan, of which only the fourth 
was successful (Fig. 3C). It is the first in situ 
visible/near- infrared spectrum of a lunar rock 
(Fig. 4A).

IN SITU SPECTROSCOPY RESULTS
The spectrum of Qi Yuan shows more promi-

nent 1 μm and 2 μm spectral features (Fig. S1A 
in the Supplemental Material1) than those of the 
regolith (Fig. 4A), but all of the VNIS-obtained 
spectra exhibit red slopes due to space weath-
ering (Pieters et al., 2000; Hapke, 2001). The 
spectral features around 1 μm and 2 μm are due 
to an Fe2+ crystal field absorption (Burns, 1993), 
and the center position and shape of the 1 and 
2 μm bands are diagnostic of mafic mineralogy 
and composition (Adams, 1968). We removed 
the continuum of Qi Yuan’s spectrum by fitting 
a second-order polynomial convex hull to tie 
points adjusted to the maximize band area near 
0.7, 1.5, and 2.35 μm. The continuum-removed 
spectrum of Qi Yuan (Fig. S1B) exhibits a 1 μm 
band centered near 0.96 μm, and a 2 μm band 
centered near 2.03 μm (Fig. S2B). The 1 μm 
band is slightly asymmetric, with 18% more 
band area at longer wavelengths. These values 
are consistent with laboratory spectra of inter-
mediate pyroxenes like pigeonite or mixtures of 
orthopyroxene and clinopyroxene (Cloutis and 
Gaffey, 1991; Klima et al., 2007, 2011; Hor-
gan et al., 2014; Moriarty and Pieters, 2016; 
Viviano et al., 2019), and the moderate asymme-
try suggests limited spectral contribution from 
olivine, glass, or feldspar absorptions centered 
between 1.15 and 1.3 μm (Horgan et al., 2014). 
This observation seems at odds with the fact that 
the 1 μm band is more than 4 times deeper than 
the 2 μm band, which would normally indicate 
significant olivine. However, the position and 
low asymmetry of the 1 μm band do not support 
significant contribution from olivine. The VNIS 
spectrum exhibits a much higher 1 μm and 2 μm 
band area ratio compared to both NASA Apollo 
samples, which showed similar 1 μm band cen-
ters and regional orbital spectra (Figs. S2C and 

1Supplemental Material. Supplemental information 
and figures. Please visit https://doi .org/10.1130/
GEOL.26213S.12114414 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

Figure 2. Panorama 
camera (PCAM) and ter-
rain camera (TCAM) 
observations in the 
Chang’E-4 (CE-4) landing 
region. (A) Craters with 
different sizes. Clusters 
of rock fragments (white 
arrows) were frequently 
identified. (B) Rela-
tively dark-toned (yellow 
arrows) and light-toned 
(black arrows) rocks. (C) 
Close-up view of dark-
toned rock. Light-toned 
spots are plagioclase 
phenocrysts or pits cre-
ated by micrometeorite 
impacts. 

15 cm

A
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Figure 3. Panorama camera (PCAM) and visible/near-infrared spectrometer (VNIS) observations 
of Qi Yuan—the first lunar rock for which a VNIS spectrum was obtained. (A) Group of relatively 
light-toned rocks. Half-buried rocks were likely exposed due to long-term mass wasting. Qi 
Yuan is indicated by yellow arrow. (B) Close-up view of Qi Yuan, which looks like a coherent 
igneous rock; bright spots on its relatively fresh surface are plagioclase phenocrysts or pits 
created by micrometeorite impacts. (C) VNIS visible image of Qi Yuan. Red circle indicates 
footprint of VNIS short-wave infrared detector.
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S2F), suggesting that the spectrum is anomalous 
compared to other lunar spectra. Thus, it may 
be more likely that the 2 μm band is weak due 
to the low signal detected by the spectrometer 
in this range.

Instead, the slight asymmetry in the 1 μm 
band is more likely due to significant feld-
spar (Cheek and Pieters, 2014). In comparison 
to the spectral properties of Apollo samples 
(Figs. S2A–S2C), the VNIS spectrum is most 
like pyroxene and feldspar-dominated mare 
soils and rocks with very little olivine (<4%), 
based on their band centers and asymmetries 
(Fig. S1B). Thus, the spectral properties of Qi 
Yuan appear to be consistent with a pyroxene 
and feldspar-dominated assemblage with at most 
minor olivine, where the pyroxene is composed 
of either pigeonite or a mixture of clinopyroxene 
and orthopyroxene.

For all the 17 observation of the lunar regolith 
in the landing region, we removed the continuum 
of the spectra by subtracting the connecting 
line of reflectance values between 750 and 
1550 nm. Then, we generated a lunar spectral 
mineral look-up table (LUT) with 17 μm grain 

size (Pieters et al., 1993) and Mg number of 65 
(Lucey et al., 2014) using a radiative transfer 
model (Lucey, 2004; Denevi et al., 2008; Lucey 
et al., 2014) at the wavelength range of 750–
1550 nm. Finally, we fit the spectra following the 
procedures applied to the Chang’E-3 VNIS data 
(Zhang et al., 2015) to estimate the abundances 
of plagioclase (Pl), orthopyroxene (Opx), 
clinopyroxene (Cpx), and olivine (Ol). The 
method is detailed in the supplementary material. 
Mineral abundances are the mean values of a 
comprehensive set of fitting results (Table S1). 
We did not derive the mineral abundances for 
Qi Yuan using the LUT method, because this 
method was constructed using only lunar regolith 
samples, and it might induce large errors and 
uncertainties in estimation of mineral abundance 
due to grain size and/or phase angle effects.

The modeled olivine concentrations of all 
observations were less than 12%, and we plotted 
the estimated mineral abundances on two ter-
nary diagrams. In the Px-Ol-Pl (Px—pyroxene) 
ternary diagram (Fig. 4B), 10 out of 17 VNIS 
observations fall into the field of anorthositic 
norite/gabbro for intrusive igneous rocks, which 

have elevated plagioclase concentrations. Six 
out of 17 VNIS observations fall into norite/
gabbro. Only one observation falls into noritic/
gabbroic anorthosite with highest plagioclase 
concentration. In the Opx-Cpx-Pl ternary dia-
gram (Fig. 4C), we can see most observations 
have higher Opx concentrations than Cpx. These 
results are consistent with our interpretation for 
Qi Yuan based on band parameters above, per-
haps suggesting a similar origin for Qi Yuan and 
at least some of the regolith materials. Interest-
ingly, the 7 VNIS spectra on the fourth synodic 
day were obtained while Yutu-2 rotated heading 
without changing its location, so these spectra 
are all from a very small area. The large com-
positional variation in an area less than a few 
square meters is consistent with the idea that the 
landing region has received multiple sources of 
various-aged impact ejecta (Huang et al., 2018).

INTERPRETATIONS AND 
IMPLICATIONS

Various types of rock identified using spectral 
and imaging data in the landing site are expected 
from orbital observation (Huang et al., 2018). 
The dark-toned rocks (Fig. 2B) could originate 
from the local mare infill excavated by craters 
penetrating through the overlying ejecta, while 
the light-toned rocks (Fig. 2B) could have been 
delivered by craters that impacted the heteroge-
neous annulus (Moriarty and Pieters, 2018) unit 
(Fig. 1A). Orbital spectra of the rim and peak of 
Finsen crater are generally spectrally similar to 
both VNIS spectra of Qi Yuan and orbital spectra 
of the landing site (Figs. S1C–S1D, S2D–S2F), 
which is consistent with an origin for Qi Yuan 
(and spectrally similar regolith targets nearby) as 
an ejected block of plagioclase- and pyroxene-
rich materials from Finsen crater that has been 
exposed by mass wasting (Xiao et al., 2013) or 
a subsequent impact event (Fig. 1D). Alterna-
tively, Qi Yuan could be a shattered ejecta block 
(Schultz and Gault, 1985) that was delivered 
by another impact crater in the heterogeneous 
annulus unit.

The target material of Finsen crater may 
include both SPA ejecta sourced from the crust 
and upper mantle (Melosh et al., 2017) as well as 
SPA impact melts. In addition, the target mate-
rial has experienced modification by subsequent 
impact cratering (e.g., the ejecta from Von Kár-
mán and Leibnitz craters). These processes 
could have led to significant heterogeneity of 
the target materials for Finsen crater, which is 
also supported by the compositional variations 
of the Leibnitz crater rim (Fig. 1A). However, 
the location of Finsen crater is ∼200 km away 
from the outer margins of the hypothesized SPA 
impact melt pond (Fig. 1B; Pieters et al., 2000; 
Hurwitz and Kring, 2014; Ohtake et al., 2014). 
Therefore, the SPA impact melt should have 
been negligible in the target lithology where 
the Finsen impact occurred. In the Multispectral 

A

B C

Figure 4. Visible/near-infrared spectrometer (VNIS)–obtained spectra and look-up table (LUT) 
mineral abundance of lunar regolith. (A) Spectra of all VNIS observations in first 4 synodic 
days. (B) LUT mineral abundances on orthopyroxene-clinopyroxene-plagioclase (Opx-Cpx-
Pl) ternary diagram. (C) LUT mineral abundances on pyroxene-olivine-plagioclase (Px-Ol-Pl) 
ternary diagram.
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Imager color composite, the surface materials 
(Fig. 1A) at the CE-4 landing region are more 
akin to heterogeneous annulus unit materials. 
Thus, our interpretation of the pyroxene- and 
plagioclase-rich CE-4 spectral properties for Qi 
Yuan and nearby regolith suggests that they may 
contain a significant amount of highlands crust 
(e.g., anorthosite) and an SPA ejecta component.

In summary, CE-4 observations provide the 
first in situ characterization of various types of 
SPA materials. No olivine-rich mantle materi-
als (Li et al., 2019) have been detected so far, 
and, instead, the only ultramafic component is 
Opx mixed with highlands-like materials. Rock 
samples from the local mare infill and mantle-
originated materials should be high-priority 
targets as Yutu-2 continues roving to the west.
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