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China’s Chang’e-4 spacecraft achieved the first ever soft-landing within the South Pole-Aitken (SPA) basin 
on the farside of the Moon. The Chang’e-4 rover, named Yutu-2, made in-situ spectral observations 
on lunar regolith and a rock fragment at 11 locations during a nominal three-month mission period. 
The lunar regolith has a relative high olivine/pyroxene ratio, with the pyroxene being chiefly Mg-rich 
Low-Ca pyroxene (LCP). The rock fragment has a similar Mg-rich composition to that of the regolith. 
According to the surrounding topographic and geologic context, though originating from the lower base 
of a differentiated melt pool cannot be excluded here, the rover observed regolith and rock fragment are 
very likely to be lunar mantle materials excavated from nearby Finsen crater.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Chang’e-4 successfully landed in Von Kármán crater inside the 
South Pole-Aitken (SPA) basin on January 3, 2019 (Li et al., 2019), 
marking the first soft landing of human spacecraft on the farside 
of the Moon. The SPA basin is the largest (∼2500 km in diam-
eter), oldest (Pre-Nectarian, formed between ∼3.8 and ∼4.3 Ga 
ago) and deepest (∼13 km deep) recognized impact basin on 
the Moon (Stuart-Alexander, 1978; Spudis et al., 1994). Several 
studies have suggested the SPA-forming impact was perhaps very 
oblique. The identified evidences include elliptical ring structures 
(Garrick-Bethell and Zuber, 2009), an observed Fe anomaly and Th 
enhancement within the basin interior (Lawrence et al., 1998), and 
a far offset between the SPA antipode and the nearside center of 
the lunar mare concentrations (Schultz and Crawford, 2011). These 
evidences suggest the SPA impact would not have excavated as 
deep into the lunar interior, maybe only excavating shallowly into 
the lunar crust, which is even favored by observations of the felds-
pathic ejecta of SPA. However, according to the numerical impact 

* Corresponding author at: State Key Laboratory of Remote Sensing Science, In-
stitute of Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing 
100101, China.

E-mail address: yuezy@radi.ac.cn (Z. Yue).
https://doi.org/10.1016/j.epsl.2019.115829
0012-821X/© 2019 Elsevier B.V. All rights reserved.
simulations, lunar mantle material should be excavated by some 
of the largest lunar impact events (Miljkovic et al., 2015). Melosh 
et al. (2017) showed that, even in the most conservative simu-
lation case of a 200-km-diameter impactor striking the Moon at 
45◦ , the SPA basin should have sampled the lunar lower crust and 
upper mantle to a maximum excavation depth of 105 km. Zhu et 
al. (2018) showed in the case of a 630-km-diameter impactor with 
an impact velocity of 18 km/s hitting the Moon at an angle of 20◦
produces a transient cavity with a diameter of ∼1400 km, exca-
vates up to a depth of ∼140 km and exposes the mantle within 
the basin.

The ∼186 km diameter pre-Nectarian Von Kármán crater lies 
in the northwestern portion of the Mg-Pyroxene Annulus of the 
SPA basin (Stuart-Alexander, 1978; Moriarty and Pieters, 2018), 
and pre-impact crust beneath Von Kármán is likely to have al-
ready been thinned by the SPA impact. The estimated approxi-
mate impact excavation and melting depth Hexc of Von Kármán 
crater is 9.3–12.05 km, which is calculated from the equation Hexc
≈ 0.05–0.065D (D is the final complex crater diameter) (Melosh, 
1989). The newly acquired high-resolution gravity data from the 
Gravity Recovery and Interior Laboratory (GRAIL) mission showed 
Von Kármán crater has a relatively thin crust that is less than 
5 km (Wieczorek et al., 2013). Von Kármán is thus one candi-
date crater, with an impact melting and central peak source depth 
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clearly exceeding the modeled lunar crustal thickness, to inves-
tigate possible excavated mantle materials. The interior of Von 
Kármán was heavily bombarded by numerous impacts and subse-
quently flooded with one or several periods of basalt flows and the 
ejecta from the nearby craters during the Imbrian period (Huang et 
al., 2018), which have greatly modified the topography and surface 
compositions. In order to have the maximum likelihood of con-
ducting in-situ observations on the occurrence of deep seated, pos-
sibly mantle-derived materials within Von Karman crater, Chang’e-
4 landed on the relatively smooth mare basalt plain emplaced at 
the south floor of the crater (Wu et al., 2019). Therefore, interpre-
tations of the in-situ measured spectra, which is collected by the 
Visible and Near-Infrared Imaging Spectrometer (VNIS) onboard 
Chang’e-4 rover, should shed light on the mineralogical composi-
tions of the possible lunar deep interior’s materials that has long 
puzzled lunar geologists. For example, olivine is expected to be 
abundant in the lunar mantle, however, orbital spectral measure-
ments have only found mere traces of olivine in limited places 
within SPA basin (Yamamoto et al., 2012). These results would 
thereby provide favorable or unfavorable evidences for previous 
suggestions on the compositions of the possible lunar deep ma-
terials excavated from the mantle.

This study analyzes characteristics of spectra collected by in-
situ observations from VNIS during a nominal three-month mission 
period, and infers mineral compositions of the regolith and rock 
fragment at the Chang’e-4 landing site. Low band area ratio (BAR) 
values (0.27 ± 0.10) suggest a relatively high olivine/pyroxene ra-
tio within local lunar regolith and rock fragment, and short 1000 
nm and 2000 nm absorption centers (979.6 ± 15.5 nm and 1990.7 
± 35.0 nm, respectively) indicate pyroxenes are chiefly Mg-rich 
orthopyroxenes (low-Ca pyroxene, LCP). According to analysis on 
surrounding topography and geologic background, the Chang’e-4 
landing site is on the ejecta of the ∼72.98 km diameter Finsen 
crater, and it would make sense that the local lunar regolith and 
rock fragment be essentially composed of lunar upper mantle ma-
terials excavated from Finsen.

2. Spectrometers and spectral products

2.1. Description of VNIS

The Chang’e-4 mission includes a communication relay satellite, 
a lander, and a rover (Jia et al., 2018). Six scientific payloads have 
been installed on Chang’e-4 spacecraft to carry out planned ob-
jectives and tasks, with three payloads on the lander: the descent 
camera, the terrain camera, and the low frequency spectrometer, 
and three payloads on the rover (named Yutu-2): the panoramic 
camera, the lunar penetrating radar, and the Visible and Near-
Infrared Imaging Spectrometer (Jia et al., 2018).

VNIS was designed and manufactured by Shanghai Institute 
of Technical Physics, Chinese Academy of Sciences. It’s composed 
of a visible/near-infrared (VIS/NIR) imaging spectrometer, a short-
wave infrared (SWIR) single-pixel non-imaging spectrometer, and 
a white panel for calibration and dust-proofing (He et al., 2014). 
The spectral range is 450–2395 nm with a default sampling inter-
val of 5 nm, and the total spectral channels is 400 (100 channels 
from 450 to 945 nm for the VIS/NIR imaging spectrometer and 
300 channels from 900 to 2395 nm for the SWIR spectrometer, 
with 10 overlap channels between 900–945 nm) (He et al., 2014). 
The VNIS is mounted at the front of the Yutu-2 rover and is in-
clined 45◦ from a height of 0.69 m above the lunar surface (He 
et al., 2014). VNIS is capable of synchronously acquiring the full 
spectrum of lunar surface objects and in-situ calibration. The ef-
fective pixels of the VIS/NIR imaging spectrometer are 256 × 256, 
and the spatial resolution is about 1 mm/pixel. The field of view 
of the SWIR spectrometer corresponds to a circular region in the 
VIS/NIR image with the center located at (96, 128) and a radius of 
54 pixels (Supplementary Fig. 1) (He et al., 2014).

2.2. VNIS in-situ observations

Since the successful deploying on the lunar surface, the Yutu-2 
rover has traversed 163 m (odometer reading) during a nominal 
three-month mission period and made in-situ observations using 
its suite of science instruments (Supplementary Table 1). These ob-
servations provide first-ever datasets to study the geomorphology, 
mineral composition, and subsurface structure within Von Kármán 
crater. VNIS made 14 in-situ observations of different targets at 
11 sites along the rover traverse, including 13 observations for lu-
nar regolith and 1 observation for a rock fragment (Supplementary 
Fig. 1).

3. Methods

3.1. Reflectance derivation

Details of processing and calibration for producing VNIS L2B 
spectral radiance data from original L0 data can be found in He et 
al. (2014) and Liu et al. (2013). The reflectance properties, which 
are crucial for mineral identification and quantification, are con-
trolled by the physical and chemical state of the surface regolith, 
the surface roughness and the geometric circumstances (e.g. so-
lar incidence angle). The L2B radiance data is firstly corrected by 
on-board radiometric calibration coefficients for both VIS/NIR and 
SWIR spectrometers in this study, which is provided by the VNIS 
manufacturer after on-board synchronous calibration experiments 
during the three lunar days. Reflectance (Bidirectional Reflectance 
Factor, BRF) is then derived by the solar irradiance calibration 
method (Eq. (1)) (Wu et al., 2018).

BRF(λ, θi,ϕi, θr,ϕr) = π · I(λ, θi,ϕi, θr,ϕr) · D2

E0(λ) · cos(θi)
(1)

where λ, θi, ϕi, θr , and ϕr are the wavelength, solar zenith angle, 
solar azimuth angle, viewing zenith angle, and viewing azimuth 
angle, respectively. I is the VNIS L2B spectral radiance after ra-
diometric correction. E0(λ) is the solar irradiance at 1 AU, which 
is adopted from Coddington et al. (2016) and resampled to VNIS 
spectral channels. D is the Sun–Moon distance in kilometers at the 
observation time divided by the standard Sun–Earth distance (149, 
597, 870.7 km).

3.2. Spectrum discontinuity elimination

The VIS/NIR spectrum is derived firstly by averaging 9145 pix-
els in a circle area that corresponds to the field of view of the 
SWIR spectrometer (the center of the circle is located at (96, 128) 
of the VIS/NIR image and the radius is 54 pixels). The disconti-
nuity at the boundary of derived average VIS/NIR spectrum and 
SWIR spectrum is clear, both for the calibration white panel and 
the target on lunar surface (e.g., regolith) (Fig. 1a). Typical average 
signal-to-noise ratios (SNR) of the derived VIS/NIR spectrum and 
SWIR spectrum that calculated from in-flight calibration are 37.4 
dB and 44.0 dB, respectively. Average standard deviations of each 
measurement for VIS/NIR and SWIR channels are 2.3% and 2.7%, 
respectively, demonstrating absorption features with depth greater 
than 3% can be uniquely distinguished from the noise. Considering 
the SWIR spectrum has higher signal-to-noise ratio and stability, 
the derived VIS/NIR spectrum should be adjusted to the SWIR 
spectrum. There is no obvious slope difference on the overlapping 
10 bands from 900 to 945 nm between the derived VIS/NIR spec-
trum and SWIR spectrum, thus there is only an offset between the 
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Fig. 1. The first in-situ observed spectrum on the lunar farside at site A. (a) Illustration of spectrum discontinuity; (b) Eliminating discontinuity and smoothing spectrum. 
The error bars in (a) represent standard deviation of each spectral channel. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this 

article.)
two spectra. A linear regression fitting is applied on the overlap-
ping bands between VIS/NIR and SWIR spectrum for the purpose 
of keeping the shape of the VIS/NIR spectrum. The equation has 
the form Y = X + b, where Y is SWIR spectrum, X is VIS/NIR 
spectrum, and b is the offset. The calculated offset is then added 
to the VIS/NIR spectrum and the mean spectrum value of the over-
lapping bands is also calculated to construct full-range continuous 
spectrum (Fig. 1b). The full-range continuous spectrum is further 
smoothed with a 3-point unweighted sliding-average algorithm to 
reduce noise before calculating spectral parameters (Fig. 1b).

3.3. Spectral parameter calculation

Absorption features are a function of mineralogy and their spec-
tral shapes are controlled by chemical compositions, modal propor-
tions, and space weathering. Pyroxene and olivine are major mafic 
minerals on planetary bodies, which are distinguished by their 
specific spectral characteristics. Pyroxene exhibits simple gaussian 
shaped absorption features at ∼1000 nm and ∼2000 nm, whereas 
olivine has three overlapping absorption features at approximately 
850, 1050, and 1250 nm, forming what appears to be a single, 
broad, and composite absorption feature at ∼1050 nm (Sunshine 
and Pieters, 1998). Plagioclase is also an important mineral com-
ponent and has significant implications for the origin of the VNIS 
observed lunar regolith and rock fragment. Due to the incorpora-
tion of minor amounts of FeO (<1.0 wt.%), the iron-bearing plagio-
clase spectrum has a weak and broad absorption near 1250 nm. 
However, this absorption feature is easily masked by a few to sev-
eral vol.% of mafic minerals in a mixture. Cheek and Pieters (2014)
showed that as little as 2 vol.% of olivine or pyroxene completely 
masks this absorption. Nevertheless, implications of possible pres-
ence of large amounts of plagioclase in the interpreted spectral 
signature are discussed in this study.

Fundamental spectral parameters (band center (BC), band depth 
(BD) and band area (BA)) and derived parameters (integrated band 
depth (IBD), integrated band depth ratio (IBDR) and band area ratio 
(BAR)) are calculated in this study. All of them depict spectral vari-
abilities among the VNIS measured in-situ spectra and therefore 
reveal mineral compositions of lunar regolith, which are of great 
significance to the interpretation of geological evolution. Band cen-
ter (BC) is the wavelength position at the deepest absorption in a 
given wavelength range. BC positions of 1000 nm (BC1000) and 
2000 nm (BC2000) absorption features are estimated in this study 
to differentiate between low-Ca pyroxenes (∼900 nm and 1900 
nm) and high-Ca pyroxenes (∼1000 nm and 2200 nm). Band Depth 
(BD) represents the absorption strength at a particular wavelength. 
Integrated band depth (IBD) is the cumulative sum of the absorp-
tion strengths over a wavelength range. IBD1000 and IBD2000 that 
refer to integrated depths of the 1000 nm and 2000 nm absorp-
tion feature were introduced by Moon Mineralogy Mapper (M3) 
science team, to characterize spectral variations modulated by Fe-
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bearing mineral distribution and space weathering (Mustard et al., 
2011). Integrated band depth ratio (IBDR) is defined as the ratio of 
IBD2000 to IBD1000. Band area (BA) is the area covered by an ab-
sorption feature in a given wavelength range. BA1000 and BA2000 
refer to the area covered by the 1000 nm and 2000 nm absorp-
tions respectively. They are used to derive band area ratio (BAR), 
which is the ratio of BA2000 to BA1000. As IBD is proportional to 
the band area of an absorption feature, BAR is calculated and dis-
cussed in this study. In accordance with the scheme adopted by 
the M3 team (Mustard et al., 2011) and considering the spectral 
resolution of VNIS data, the wavelength ranges used for calculating 
BA1000 and BA2000 are the same as that of IBD1000 (between 790 
and 1310 nm) and IBD2000 (between 1660 and 2395 nm), respec-
tively. Though they are wider than the actual absorption features 
owing to pyroxene and olivine, they provide a common baseline 
for comparing individual absorption features.

Before calculating spectral parameters, the spectrum has been 
spectrally subset to the region containing the absorption features 
of interest, and its continuum is removed, which helps minimiz-
ing influences from different observation backgrounds (e.g., various 
light conditions). The continuum is a convex hull fit over the top of 
a spectrum using straight-line segments that connect local spectra 
maxima. The first and last bands are on the hull, and their spec-
tral values in the continuum-removed spectrum are equal to 1.0 
(Clark and Roush, 1984). In addition, spectral slope for the visi-
ble wavelength region (VISslope), near-infrared wavelength region 
(NIRslope), shortwave infrared wavelength region (SWIRslope), and 
full-range spectral slope (FSslope) are calculated. The definitions 
and formulae of these parameters are stated in Supplementary Ta-
ble 2.

3.4. MGM and NBSR analysis

The principle of the Modified Gaussian Model (MGM), origi-
nally proposed by Sunshine et al. (1990), is to deconvolve over-
lapping absorptions of mafic mineral spectra into their fundamen-
tal absorption components (Sunshine et al., 1990; Sunshine and 
Pieters, 1993). One gaussian function (characterized by band cen-
ter, width and strength) or combination of multiple gaussian func-
tions permits the identification of a mineralogical absorption band, 
indicative of the presence and composition of the predominant 
mafic minerals (Sunshine and Pieters, 1998). Based on Clénet et 
al. (2011) and Pinet et al. (2016), MGM is used here with 7 con-
figurations to deconvolve overlapping absorptions of the Chang’e-4 
VNIS spectrum. The numbers of gaussians in these configurations 
are listed in Supplementary Table 3. For example, The ‘OL-OPX-
CPX’ configuration (last column in Supplementary Table 3) has 
8 gaussians, including 1 for a strong absorption centered around 
450 nm in the ultraviolet (UV) region (UV450), 3 for olivine (OL) 
absorptions (OL850, OL1050, OL1250), 2 for orthopyroxene (OPX) 
absorptions (OPX900, OPX1900), and 2 for clinopyroxene (CPX) ab-
sorptions (CPX1000, CPX2200) (Clénet et al., 2011, 2013). The con-
tinuum is fit by a second order polynomial with anchoring points 
adjusted on the local maxima along the spectrum and initial pa-
rameters of each gaussian are made on the basis of laboratory 
results (Clénet et al., 2011).

Kanner et al. (2007) found there is a strong positive relation-
ship between normalized band strength ratio (NBSR) calculated 
from MGM derived band depths (also called absorption strengths) 
and the known mineral fractions in a two-pyroxene mixture. The 
concept of NBSR including olivine has been first introduced by 
Clénet et al. (2013). Five NBSR values are calculated in this study to 
predict the relative fractions of the mafic mineral mixtures, includ-
ing NBSR(OL)1000 nm, NBSR(OPX)1000 nm, and NBSR(CPX)1000 nm for 
the 1000 nm absorption region, NBSR(OPX)2000 nm and
NBSR(CPX)2000 nm for the 2000 nm absorption region. The formulae 
for them are stated in Supplementary Table 4.

4. Results and discussions

4.1. Lunar regolith reflectance properties

The 13 lunar regolith reflectance spectra observed by VNIS at 
the Chang’e-4 landing site has typical characteristics caused by 
space weathering. These in-situ measured reflectance spectra ex-
hibit common features of increasing reflectance with increasing 
wavelength (reddening) (Fig. 2a). Two absorption features near 
1000 nm and 2000 nm are discernible from continuum removed 
spectra (Fig. 2b). The averages and standard deviations of band 
depths for the 1000 nm and 2000 nm absorption features of the 
13 regolith spectra are 0.12 ± 0.05 and 0.04 ± 0.01, respectively, 
indicating the existence of pyroxene. The lack of significant 2000 
nm absorptions in these regolith spectra indicates they have a 
very high degree of space weathering. A broad olivine absorp-
tion feature centered near 1050 nm also can be distinguished in 
continuum removed spectra. These in-situ spectral measurements 
are consistent with remote sensing observations of the SPA basin 
(Huang et al., 2018; Moriarty and Pieters, 2018).

All spectral slope values, regardless of type, have a general de-
creasing trend with Yutu-2 rover traversing away from the lan-
der. This phenomenon is attributed to lander rocket plume, which 
blows away the uppermost mature regolith and exposes the less-
mature regolith. Surface modifications by plumes, which changes 
reflectance within blast zone, have been documented by Surveyor, 
Luna, Apollo and Chang’e-3 on the Moon, and by Viking, Curiosity 
and especially Phoenix on Mars (Clegg et al., 2014). The full-range 
spectral slope from 450 nm to 2350 nm has a value of 0.07 ± 0.02, 
the visible slope from 450 to 750 nm is 0.13 ± 0.05, the near-
infrared slope from 750 to 1500 nm is 0.09 ± 0.04, and the short-
wave infrared slope from 1500 to 2350 nm is 0.04 ± 0.01. Both the 
mean and the standard variation of the slope value decrease grad-
ually from visible to shortwave infrared wavelength region, which 
indicate that lander rocket exhaust effects has the largest influence 
on the visible wavelength region.

4.2. Spectral characteristics of regolith

Band area ratio (BAR) is a sensitive indicator for interpreting 
the spectral behavior of olivine–orthopyroxene mixtures, which 
is nearly independent of particle size and mineral composition 
(Cloutis et al., 1986). BAR contains information about the olivine 
abundance in olivine–pyroxene mixtures, which is inversely pro-
portional to the abundance of olivine but increases linearly with 
the increase in pyroxene abundance (Cloutis et al., 1986). Gaffey 
et al. (1993) found the relationship between BC1000 and BAR 
can reduce the error caused by the presence of clinopyroxenes in 
the mixture. The low BAR values (0.27 ± 0.10) seen from BAR–
BC1000 scatter plot (Fig. 3a) are in favor of a mixture of olivine-
orthopyroxene and suggest a relatively high olivine/pyroxene ratio 
within minerals at the Chang’e-4 landing site (Clénet et al., 2011), 
though olivine absorptions are not obvious in the original spectra 
(Fig. 2a).

Extensive laboratory studies of terrestrial and synthetic pyrox-
enes provide the basis to correlate the 1000 nm and 2000 nm ab-
sorption positions with their chemical compositions. Orthopyrox-
ene absorption bands (BC1000 and BC2000) shift to longer wave-
lengths with increasing amounts of iron and calcium and shift to 
shorter wavelengths with increasing magnesium, whereas clinopy-
roxene absorption bands shift to longer wavelengths with increas-
ing calcium content and shift to shorter wavelengths with increas-
ing iron (Adams, 1974; Cloutis et al., 1986; Klima et al., 2007;



S. Gou et al. / Earth and Planetary Science Letters 528 (2019) 115829 5
Fig. 2. Lunar regolith spectra observed by VNIS during the first three lunar days: (a) original; (b) continuum removed. The dashed lines in (b) are located at 965 nm and 
1975 nm, respectively. The regolith state (normal or disturbed) of each observation is marked in the legend. The discontinuity in some spectra in this figure near 1400 nm is 
related to signals that arise from artifacts within the VNIS design.
Clénet et al., 2011). Thus, the relationship between band centers 
and iron and calcium content has been widely used to infer pyrox-
ene composition from reflectance spectrum. The BC2000–BC1000 
plot shows BC1000 varies from 949.8 nm to 998.1 nm (979.6 ±
15.5 nm), and BC2000 varies from 1935.3 nm to 2028.0 nm (1990.7 
± 35.0 nm) (Fig. 3b). Short 1000 nm and 2000 nm absorption cen-
ters indicate pyroxenes at Chang’e-4 landing site are chiefly Mg-
rich orthopyroxenes (low-Ca pyroxene, LCP). These in-situ spectral 
observations are consistent with remote sensing observations from 
Moon Mineralogy Mapper and SELENE/Kaguya that suggests that 
Von Kármán crater (where Chang’e-4 landed) is situated in a zone 
dominated by abundant Mg-rich pyroxenes (Huang et al., 2018;
Moriarty and Pieters, 2018).

4.3. MGM modeling of a rock spectrum

In addition to regolith, the spectrum of a 20-centimeter rock 
fragment was observed by VNIS at 1.2 meters distance on the third 
lunar day. VIS/NIR image with a spatial resolution of 1 mm/pixel 
shows it has much higher albedo compared to the surrounding re-
golith (Fig. 4a). It is really quite hard to figure out whether this 
rock fragment is crystallized or non-crystallized at a sub-cm or 
mm scale, either from panoramic camera image or from naviga-
tion camera image (Supplementary Fig. 2), or from VIS/NIR image 
(Fig. 4a). A small to even medium-grained textures can be seen 
dimly from the VIS/NIR image which has the highest resolution 
(1 mm/pixel), indicating the rock is likely plutonic. It is conserva-
tively estimated that the rock fragment lacks discernible coarse-
grained textures (>5 mm crystals visible to naked eyes).

The rock spectrum has a low BAR value of 0.17, and the 1000 
nm and 2000 nm mafic mineral absorption features are obvious 
(Fig. 4b). Because fitting with other configurations either have ex-
treme weak or even positive absorption strengths (e.g., fitting with 
‘OL-CPX’ configuration produces a positive absorption strength for 
olivine-related absorption at 1050 nm, Supplementary Fig. 3), or 
have unreasonable wavelength centers/widths (e.g., fitting with 
‘OL’ configuration produces an unreasonable wavelength center for 
olivine-related absorption at 1000 nm, Supplementary Fig. 4), or 
have relative large fitting errors (e.g., fitting with ‘OPX-CPX’ con-
figuration produces a relative large error, Supplementary Fig. 5), 
MGM fitting with ‘OL-OPX-CPX’ configuration (initial and final fit-
ting parameters are listed in Supplementary Table 5) provides the 
optimal modeling in terms of mineral detection for this rock spec-
trum (Fig. 5). Then, in order to predict Mg number (Fo#) (Sunshine 
and Pieters, 1998), the MGM modeled three olivine-related band 
centers estimates are fit to a laboratory derived compositional 
trend line by finding the least error (Sunshine and Pieters, 1998). 
However, the precise determination of the overall uncertainty on 
Mg number is not an easy task (Isaacson and Pieters, 2010; Pinet 
et al., 2018, 2019). Relying on these studies, a first order estimate 
of the uncertainty is likely to be on the order of 10-15% Fo# range. 
Accordingly, depending on the minimization used, the predicted 
olivine Fo# appears to be in the range 80-84, with an uncertainty 
on the order of 10, pointing at a Mg-rich composition (forsterite).It 
should be noted here that the complex olivine absorption feature 
not only varies with the iron content but also with grain size and 
abundance. As demonstrated by Clénet et al. (2011), a forsterite 
with very large grains and a fayalite with smaller grains may 
have similar spectral features. Everything considered, this high Fo# 
value is very tentative here and should thus be treated with cau-
tion.

NBSR values (Table 1) for the 1000 nm absorption feature pre-
dict clinopyroxene accounts for the largest fraction, followed by 
orthopyroxene and then olivine (olivine: orthopyroxene: clinopy-
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Fig. 3. Scatter plots of spectral parameters. (a) BAR–BC1000; (b) BC2000–BC1000. 
Reference compositional groups are from Cloutis et al. (1986) and Adams (1974), 
respectively. The error bars in each plot represent a first-order approximation for 
the uncertainty determined by the law of propagation of uncertainty. Here OC – 
ordinary chondrites and BA – pyroxene dominated basaltic achondrites.

roxene is 25%: 33%: 42%). NBSR values for the 2000 nm absorption 
features also predict clinopyroxene has a bit higher fraction than 
orthopyroxene (orthopyroxene: clinopyroxene is 43%: 57%), indi-
cating self-consistent in mineral fractions. The mineral composition 
and fraction of the rock fragment predicted from MGM fitting and 
NBSR values are in agreement with that inferred from the spectral 
parameter scatter plots for the regolith, indicating the rock frag-
ment may have a high probability that it originates from the same 
material as the surrounding lunar regolith.

Lunar Reconnaissance Orbiter Diviner observations show that 
thermal infrared (TIR) emissivity spectra at a spatial resolution of 
Fig. 5. Rock spectrum modeled with ‘OL-OPX-CPX’ configuration by MGM.

Table 1
NBSR values of the rock spectrum.

NBSR* 1000 nm absorption 2000 nm absorption

NBSR(OL) NBSR(OPX) NBSR(CPX) NBSR(OPX) NBSR(CPX)

Value** 0.25 0.33 0.42 0.43 0.57

* The definitions of the NBSR are stated in supplementary material.
** These values represent relative fractions.

∼250 m/pixel indicate mixtures of plagioclase and olivine (Arnold 
et al., 2016) where olivine-rich sites (e.g., locations around the SPA 
basin) have been identified with visible to near infrared (VNIR) 
observations at a resolution of ∼500 m/pixel (Yamamoto et al., 
2010). The discrepancy between this study and previous work was 
probably caused by: (1) different observation methods (orbital vs. 
in-situ); (2) different observation bands (TIR vs. VNIR); (3) great 
resolution differences (e.g., non-imaging single-pixel vs. hundreds 
of meters per pixel). In addition, because of minerals’ overlapping 
spectral absorption features (e.g., mafic minerals and plagioclase), 
large amounts of plagioclase in the rock (if exists) can be masked 
in the spectral signature of the olivine- and pyroxene-dominated 
spectrum that are being interpreted here. Considering this sce-
nario and above stated grain size effects, it should also be noted 
that further MGM modeling experiments should be carried out to 
better understand the influence of the possible presence of large 
amounts of plagioclase and mineral grain sizes on estimating rel-
ative mineral fractions and assessing olivine compositions (Pinet, 
2019), which has huge implications for the origin of the VNIS ob-
Fig. 4. A rock fragment detected along the Yutu-2 rover traverse. (a) VIS/NIR image (1 mm/pixel) @ 750 nm, the black circle corresponds to the field of view of the SWIR 
spectrometer. (b) Rock spectrum (top: original, bottom: continuum removed).
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Fig. 6. Top panel: Elevation map at Chang’e-4 landing site. Black arrows indicate the NE-SW trend features and black rectangle in the shaded relief inset in the upper left 
indicates the location of the elevation map within the Von Kármán crater. Bottom panel: Topographic profile of A-A′ that crosses the Chang’e-4 landing site, and that of B-B′
shows topographic variations with notable intervals.
served materials (e.g., large amounts of plagioclase in a rock would 
completely change the type of rock being observed, which indicate 
the rock would not be expected to originate from the mantle, but 
rather likely from the crust).

4.4. Origin of the VNIS observed regolith and rock fragment

Obvious NE-SW trending linear features cut across this region, 
which is radiated from the relatively young ∼72.98 km diameter 
Finsen crater (Fig. 6). Topographic profile extracted from an im-
proved lunar digital elevation model (DEM) SLDEM2015 (Barker et 
al., 2016), which has a resolution of 512 pixels per degree (∼42 
m/pixel at the Chang’e-4 landing site), shows Chang’e-4 landed 
on these NE-SW trending elevated streaks which have an interval 
of about 3 km (Fig. 6). SELENE/Kaguya Multiband Imager (MI) re-
flectance mosaic and false color composite images show Chang’e-4 
landed on the low albedo regions (Supplementary Fig. 6), which 
are likely ejecta materials (Supplementary Fig. 7). Therefore, the 
Chang’e-4 landing site is in the area affected by ejecta materials 
coming from Finsen crater, which is 370 km away from the cen-
ter of the transient cavity of SPA basin (Potter et al., 2012). The 
local mare basalt deposits at the Chang’e-4 landing site should be 
extensively mixed with or covered by ejecta materials from Fin-
sen crater. Ling et al. (2018) divided the mare region within Von 
Kármán crater into two units: low-Ti unit (LT, 3 wt.% > TiO2 >

1.5 wt.%) and Finsen ejecta unit (FE, TiO2 < 1.5 wt.%). Chang’e-
4 just landed at the FE unit (1.42 ± 0.24 wt.% TiO2). Combined 
with above information and the rock fragment may have a plu-
tonic origin, the VNIS observed Mg-rich olivine (Fo# 80-84 +/−10) 
and LCP-bearing regolith and rock fragment are essentially lunar 
deep-seated materials excavated from the nearby Finsen crater at 
a depth Hexc of 3.65–4.74 km.

The SPA basin forming impact event had substantially thinned 
the lunar crust through excavation and the event can generate an 
impact melt pond within the basin. Hence, the sources of these 
VNIS observed deep-seated materials may originate from: (1) the 
lunar lower crust; (2) the lunar upper mantle; (3) a differentiated 
melt pool. Previous works have suggested that perhaps only the 
lower crust was exposed during the SPA impact event if it was 
an oblique impact (Pieters et al., 2001; Garrick-Bethell and Zu-
ber, 2009), however, recent numerical modeling works suggest that 
mantle material should be excavated by the SPA forming impact 
even if it’s an very oblique impact (e.g., impact at an angle of 20◦) 
(Melosh et al., 2017; Zhu et al., 2018). Melosh et al. (2017) pro-
posed the SPA basin should have exposed the Moon’s upper mantle 
materials, which is dominated by LCP. Remote sensing observations 
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suggested the presence of a thick LCP-bearing layer in the SPA sub-
surface (Pieters et al., 1997). LCP-bearing materials indeed have 
been detected using orbital spectral data at many central peaks 
within SPA basin, including Finsen crater (Moriarty et al., 2013). 
Therefore, the VNIS observed Mg-rich LCP-bearing lunar regolith 
and rock fragment (with high Fo# for the olivine mineral) are very 
likely to be lunar mantle materials excavated from nearby Fin-
sen crater. Alternatively, most materials within the SPA basin are 
melted due to impact-produced high pressure (Hurwitz and Kring, 
2014; Vaughan and Head, 2014). However, the definitive identi-
fication of SPA derived impact melt on the basin floor, either by 
remote sensing or via photogeology, is extremely difficult due to 
the number of subsequent impacts and volcanic activities (Petro, 
2011). It cannot be excluded here that the VNIS observed local ma-
terials might originate from the lower base of a differentiated melt 
pool. As the SPA basin has not been sampled either by previous lu-
nar sample return missions (Apollo, Luna) or by lunar meteorites, 
a definitive answer to the sources of VNIS observed materials can 
only be addressed in the future through detailed analysis on re-
turned samples.

5. Conclusion

The first in-situ spectral observations on the lunar farside re-
veal the regolith at the Chang’e-4 landing site has a relative high 
olivine/pyroxene ratio; with the pyroxene being mainly Mg-rich 
LCP. The observed rock fragment has a composition similar to that 
of the surrounding regolith, with a rather Mg-rich olivine com-
position (Fo# 80-84 +/− 10). Topographic and geologic analysis 
show Chang’e-4 just landed on the ejecta of nearby ∼72.98 km di-
ameter Finsen crater. Though originating from the lower base of 
a differentiated melt pool cannot be excluded here, the VNIS ob-
served lunar regolith and rock fragment are very likely to be lunar 
upper mantle materials excavated from nearby Finsen crater. The 
in-situ spectral observations confirm previous orbital observations 
and numerical impact simulations in the SPA basin, and comple-
ment the initial results recently reported by Li et al. (2019) that 
Chang’e-4 may have discovered material from the Moon’s mantle.
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