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Abstract The visible and near-infrared imaging spectrometer on board the Yutu Rover of Chinese Chang’E-3
mission measured the lunar surface reﬂectance at a close distance (~1 m) and collected four spectra at four
different sites. These in situ lunar spectra have revealed less mature features than that measured remotely by
spaceborne sensors such as the Moon Mineralogy Mapper instrument on board the Chandrayaan-1 mission
and the Spectral Proﬁler on board the Kaguya over the same region. Mineral composition analysis using a
spectral lookup table populated with a radiative transfer mixing model has shown that the regolith at the
landing site contains high abundance of olivine. The mineral abundance results are consistent with that inferred
from the compound measurement made by the on board alpha-particle X-ray spectrometer.
1. Introduction
The chemical, mineral, and physical properties of the lunar surface carry information regarding the geological
history and space environment of the Moon [e.g., Lucey et al., 2006]. Currently, it is believed that the abundance
and spatial distributions of the dominant minerals of mare basalts including olivine (OLV), clinopyroxene (CPX),
orthopyroxene (OPX), plagioclase (PLG), and ilmenite are determined by a global fractionation event of magma
ocean induced ﬂotation of anorthosite-rich crust and the subsequent magmatism of basalts derived from
melting of the mantle [Staid and Pieters, 2001]. Thus, the accurate mapping and validations of mineral types,
distributions, and abundance play a key role in understanding the evolutionary history of the Moon.
Visible and near-infrared spectroscopy is a powerful tool in remote characterizations of the physical and
mineralogical properties of the Moon [e.g., Shkuratov et al., 2011]. However, there is a large gap in spatial scale
between spectral measurements from orbit with resolutions at best of tens to hundreds of meters and the
spectral properties of individual samples returned from the Moon and analyzed in terrestrial laboratories
[Ohtake et al., 2013; Pieters et al., 2013; Donaldson Hanna et al., 2014]. The successful landing of the Chang’E-3
(CE3) lander and the deployment of the Yutu Rover at Mare Imbrium [Xiao et al., 2015] has provided the ﬁrst
in situ spectral analysis of the lunar surface. The Visible and Near-infrared Spectrometer (VNIS) on board the
rover captured the spectral features of the lunar surface at centimeter to meter scales that can bridge this
gap in scales to help us better understand the lunar environment and evolutionary history.

2. Instrument, Measurement, and Data Reductions
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The VNIS and the Active Particle X-ray Spectrometer (APXS) instruments are located on the lower left and lower
right on the front surface of the rover, respectively. The VNIS is located about 0.7 m above the ground and looks
down at the lunar surface at a nominal 45° angle and roughly images an area of 13 by 13 cm (Figure S1 in the
supporting information). The APXS detector is situated at a robotic arm and looks at the lunar surface at a
distance of 20 mm. The VNIS consists of a Complementary Metal-Oxide Semiconductor (CMOS) imager with
256 by 256 pixels and a short-wavelength near-infrared (SWIR) detector with one-single pixel [Liu et al., 2014]
using acousto-optic tunable ﬁlters for wavelength discrimination. The CMOS camera spans the wavelength
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Figure 1. Orthorectiﬁed image of the landing area taken by the Landing Camera. The landing site is marked by the yellow
dot (Lander), and the rover’s path with locations of the four VNIS measurements is also marked. The inset is a Lunar
Reconnaissance Orbiter Camera image taken on 17 February 2014 showing the increased surface albedo after landing.

range from 450 to 945 nm with a spectral resolution of 2–7 nm, and the SWIR detector works from 900 to
2395 nm with a spectral resolution of 3–12 nm, respectively, and both operate at 5 nm spectral sampling. The
single-pixel SWIR detector images a circled area within the ﬁeld of view of the CMOS camera (Figure S1).
The typical signal-to-noise ratios of the CMOS and SWIR sensors are better than 30 dB (1000:1) when
making measurements in the typical lunar environment (Report of Scientiﬁc Validations of Visible-Near-infrared
Imaging Spectrometer of the Chang’E 3 Mission, Document # CE3-GRAS-CSSY-003-F3, version 1.0, Released 16
May 2012).
As indicated in Figure 1, the Yutu rover path is roughly a ﬂipped L shape. The VNIS collected individual spectra
at four different sites (Nodes E, S3, N203, and N205), from 23 December 2013 to 14 January 2014 (see Table S1
for measurement locations and times). The calibrated radiance values (μWcm 2Sr 1 nm 1) were provided by
the payload team after performing dark current subtractions and several multiplicative corrections including
ﬂat ﬁeld, geometric corrections, and radiometric calibration. Reﬂectance expressed in terms of the reﬂectance
factor [Hapke, 2012] was obtained by using the solar irradiance calibration method (see supporting information (SI)). In addition, two APXS measurements were also made at Node S3 and Node N205 and the results are
summarized in Table 1.
Figure 2 displays the VNIS reﬂectance spectra with photometric corrections which bring the reﬂectance to the
NASA Reﬂectance Experiment Laboratory conﬁguration (i = 30°, e = 0°) (SI). To compare the in situ data with
remote measurements made over the same region, we also plot 25 reﬂectance spectra measured by the
Chandrayaan-1 Moon Mineralogy Mapper (M3) [Pieters et al., 2009] (http://pds-imaging.jpl.nasa.gov/data/m3/
CH1M3_0004/DOCUMENT/DPSIS.PDF. It should be noted that the M3 level 2 data product released is actually
the radiance factor which should be divided by the cosine of the incident zenith to obtain the reﬂectance
deﬁned in equation (S2)). These 25 pixels form a 5 by 5 “matrix” with its central element (element [3, 3]) being
centered on the location of the CE3 lander. Since each M3 pixel has a spatial resolution of 140 m, the total area
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Table 1. Elemental Abundance Results From the Two APXS Measurements
Made at Node S3 and Node N205
Node S3

Node N205

Components

Wt (%)

Fit Err (%)

Wt (%)

Fit Err (%)

MgO
Al2O3
SiO2
K2O
CaO
TiO2
FeO

10.503
10.311
41.882
0.131
10.753
4.173
21.247

7.487
2.325
2.666
8.477
0.336
0.395
1.037

10.116
10.725
40.456
0.144
11.125
4.395
22.038

6.037
2.267
2.934
9.260
0.274
0.244
0.863

covered by these 25 pixels is roughly a
square of 700 by 700 m. In Figure 2,
we also plot Kaguya’s Spectral Proﬁler
(SP) measurements of a nearby site
with center latitude 44.162°N and center
longitude 340.514°E. The level 3 SP
product is the bidirectional reﬂectance
[Yamamoto et al., 2011]; and thus, it is
multiplied by π/cos(30°) to be converted
to the reﬂectance factor [Hapke, 2012].

It is seen that all CE3 spectra have
deeper 1 μm absorption band, and even
the darkest CE3 spectrum, Node N205, is nearly 3 times brighter than the average M3 spectrum. There are
several possible reasons. First, during the landing process, the descent engines should blow away the topmost
regolith layers, destruct the intricate “fairy castle” structure of natural soils [Pieters et al., 2013], and expose grains
underneath the most weathered surface. Therefore, the VNIS may have measured less mature and less weathered fresh ejecta regolith. Second, as shown by the Lunar Reconnaissance Orbiter Camera (the inset of Figure 1),
CE3 was landed near a 450 m diameter fresh crater and the ejecta covers all the path of CE3 rover [Xiao et al.,
2015]. Additionally, the CE3 used our in situ phase curve [Jin et al., 2015; W. Jin et al., "In situ optical measurements of Chang’E-3 landing site in Mare Imbrium: 2. Photometric properties of the regolith", submitted to,
Geophysical Research Letters, 2015] measured nearby to perform the photometric function (equation (S5)) while
the M3 used an empirical phase function derived from highland terrains [Besse et al., 2013] and thus the CE3
spectra should be reliable for the landing site. However, the data reduction pipeline differences should not
affect the depth of the measured absorption bands, suggesting a physical difference between the surfaces
measured by CE3 and M3. Despite these differences, the in situ measurements can serve as the ground-truth
validations of the future orbital measurements, and analysts are challenged to understand the discrepancies.

3. Mineral Abundance Extractions
There are several approaches to assess mineral compositions of the lunar surface using reﬂectance spectroscopy [e.g., Lucey, 2004; Noble et al., 2006]. To extract mineral abundances, we constructed a synthesized
lunar spectral mineral lookup table (LUT) using a radiative transfer model generated in the following steps
[Lucey, 2004; Denevi et al., 2008; Lucey et al., 2014]. First, optical properties of the grains were computed using
an empirical expression that is a function
of mineral optical constants which, in turn,
are empirical functions of the ratio of Mg
to Mg + Fe (Mg number) on a molecular
basis. Second, values of single-scattering
albedo were computed based on a
simpliﬁed slab scattering model. Then
a one-term Henyey-Greenstein phase
function was employed to compute particle single-scattering contributions; the
multiple scattering contributions were
approximated by the Chandrasekhar H
function and added to obtain the total
surface reﬂectance. The effective grain
size was ﬁxed to be 17 μm as a study
using the Lunar Soil Characterization
Consortium data has shown this value
is representative [Pieters et al., 1993].
3
Figure 2. VNIS spectra measured by CE3 and comparisons with M data The Mg number was ﬁxed to be 65
[Lucey et al., 2014]. Submicroscopic iron
measured over the landing site. See text for descriptions of the individual
3
is added to the grains to simulate space
M data.
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Figure 3. Comparisons of continuum-removed measurement spectra (blue dots) with LUT spectra by searching the minimum
absolute difference between them. (a) Node E, (b) Node S3, (c) Node N203, and (d) Node N205.

weathering effects. Since the model used is only valid from 750 to 1550 nm, we conﬁned our analysis to that
range [Lucey et al., 2014]. The comparisons were done after removing the continuum background which is
estimated as a line connecting the reﬂectance values at these two positions.
To ﬁnd the best matches between the LUT and the measurement, we employed four different ﬁtting metrics
and used their average as the ﬁnal matching results (SI). The typical best matches of CE3 measurements and
the corresponding LUT spectra are shown in Figure 3, and the corresponding mineral abundances are summarized in Table 2. These results indicate that the landing site is enriched in OLV (13–26 wt %) as compared
with the average values of returned mare samples [Lucey et al., 2006]. These mineral abundances are
supported by the measurements of the onboard Active Particle X-ray Spectrometer (APXS) at Nodes S3
and N205 (Table 1). The APXS measurements show that the compositions at these two locations have FeO
(~22 wt %), TiO2 (~4 wt %), MgO (~10 wt %), and K2O (~0.14 wt %), corresponding to OLV ~ 19 wt %, pyroxenes
(PXY) ~40 wt %, PLG ~30 wt %, ilmenite ~7 wt % based on CIPW normative mineralogy calculations.

4. Discussion and Conclusions
Figure 4 shows a larger-scale view of the landing area measured by the M3 instrument. It is seen that the CE3
landing site is within a high-titanium (high-Ti) unit but is very close to the border of the high-Ti and a low-Ti
units [Thiessen et al., 2014]. Stratigraphy analysis shows that the younger high-Ti unit covers the low-Ti unit
[Staid et al., 2011; Zhao et al., 2014]. To understand the neighboring unit mineralogy, we extracted the
SWIR spectra of three representative units indicated in Figure 4: a low-Ti unit (yellow square L), a high-Ti unit
(white square H), and a 450 m crater C. These three SWIR spectra are then compared against the mineral LUT,
a

Table 2. Retrieved Mineral Abundance (wt %) by Comparing CE3 Data and the Mineral Lookup Table Data
Data
Node E
Node S3
Node N203
Node N205
a

OLV

OPX

CPX

PLG

i (deg)

e (deg)

α (deg)

26 ± 3
15 ± 1
13 ± 5
23 ± 1

8±5
7±1
8±0
15 ± 0

30 ± 1
56 ± 4
63 ± 7
38 ± 1

31 ± 8
17 ± 6
11 ± 02
19 ± 2

59.90
67.50
69.70
54.05

48.17
47.41
47.09
44.40

107.94
85.61
86.00
95.29

The details that derived these results are given in Table S2 and Figure S4. i: solar zenith angle; e: sensor zenith angle; and α: phase angle.
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and the matching results (Table S2)
show that the landing site is more olivine rich than the neighboring low-Ti
unit. Furthermore, the 450 m impact crater C near the landing site has a similar
spectrum with that of the low-Ti unit,
implying that this crater may have excavated the underlying low-Ti materials.
Since the excavation depth of a 450 m crater is typically smaller than 45 m [Melosh,
1989], the thickness of this young high-Ti
unit may be less than 45 m.
Since the landing site is a relatively
young mare unit and both the VNIS and
APXS measurements were performed
on the fresh ejecta blanket of a 450 m
diameter impact crater, the measurement results may reveal the compositions of the basalts underneath. Both
the VNIS and APXS results indicate that
the basalt at the landing site has a higher
OLV than the surrounding mare unit,
suggesting the basalt might be from
high-degree partial melting of the deep
mantle based on the lunar magma ocean
model [Warren, 1985]. Furthermore, the
basalt has high Al2O3 (~11 wt %), FeO,
and TiO2 that is very different than those
previously discovered in the returned
Figure 4. The three different sites chosen from M3: C indicates a crater
sample collection [Lucey et al., 2006]
with a diameter of 450 m located in the west of the Chang’E 3 landing
and extends the range of basalt types
site; the spectra of site H and L are the average of the white and yellow
on the Moon [Neal et al., 2015]. The
box area (20 × 20 pixels), respectively. The mineral abundances of the
three regions, H, L, and C, are listed in Table S3.
basalts with high aluminum and high
OLV are only known from very ancient
samples from Apollo 14 [Shearer et al., 2006; Neal et al., 2015]. However, the basalt at the landing site is clearly
young (~2.93–2.5 Ga) [Qiao et al., 2014; Xiao et al., 2015], indicating that the heat sources that allow partial
melting allow a range of compositions to be sampled irrespective of age. It could imply that the lunar mantle
is extremely heterogeneous in composition and heating sufﬁcient to partial melt is not tightly coupled to
ﬁnal composition.
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