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Abstract Submicroscopic metallic iron (SMFe) created by space weathering has strong effects on the
optical properties of the lunar surface. Spectra measured in situ by the visible-near-infrared spectrometer
(VNIS) on board the Chang’E-3 Yutu rover were used to investigate optical maturity differences at the CE-3
landing site caused by lander exhaust. SMFe abundances were estimated using Hapke’s radiative transfer
model. Analysis of the spectrum for a minimally disturbed soil indicates that it contains 0.368 wt % SMFe,
corresponding to an Is/FeOmaturity index of ~53 and indicating that the landing site is submature. The soil at
a location that was more disturbed contains 0.217 wt % SMFe, suggesting that the material removed by the
rocket blast is more weathered than the regolith that remained behind. We conclude that maturity
differences related to removal of the finest, highly mature particles play a major role in the observed
reflectance changes associated with rocket blast.

Plain Language Summary Landed lunar missions can provide essential ground truth for calibration
of orbital data as well as being able to investigate the lunar surface at high resolution. The Yutu rover aboard
the Chang’E-3 lunar lander was used to investigate vertical and lateral variations in the optical and
compositional properties of the lunar regolith. It was found that rocket exhaust from the landing disturbed
the regolith to varying extents. Spectroscopic measurements and optical modeling showed that the
abundance of submiscoscopic iron varied with distance from the landing site as well as vertically. The data
suggest that space weathering is a rapid process relative to regolith turnover rates.

1. Introduction

Space weathering is the primary surface process on the Moon and other airless bodies, taking place continu-
ously after they formed. This process reduces the albedo, decreases the strength of mineralogical absorption
bands, and causes the spectral continuum to redden [e.g., Fischer and Pieters, 1994]. It has been long recog-
nized that the primary mechanism causing these optical effects is the creation and accumulation of submi-
croscopic metallic iron (SMFe) [Hapke, 2001; Lucey and Riner, 2011; Pieters et al., 1993, 2000; Noble et al.,
2001]. The SMFe is found throughout agglutinitic glass and on soil grains in vapor/sputter deposited and
irradiated rims. The abundance of SMFe is clearly important in evaluating space weathering and hence the
regolith evolution on theMoon. The effects of SMFe on the optical properties lunar soils have been well docu-
mented experimentally [Allen et al., 1996; Sasaki et al., 2003; Noble et al., 2007; Lucey and Noble, 2008] and with
physical modelling [Hapke, 2001; Lucey and Riner, 2011]. In early stages of study, it was noted that the SMFe
changes the spectral features of lunar soils, reddening, darkening, and diminishing the spectral contrast of
lunar soil spectra [e.g., Fischer and Pieters, 1994]. In the beginning of this century, a theoretic model of the
optical effects of SMFe was built [Hapke, 2001]. Later, the variation of optical effects with SMFe particle size
was recognized [Noble et al., 2007; Lucey and Riner, 2011]. These workers documented that smaller SMFe
(<~50 nm diameter) darkens and reddens spectra in the visible (Vis) wavelengths, with important but lesser
effects in the near infrared (NIR). Larger SMFe (>~50 nm) lowers the albedo across the Vis/NIR range with little
change in the overall shape of the continuum, although increasing abundance of smaller SMFe causes the
edge of the red slope to move to progressively longer wavelengths.

The process producing SMFe, reduction of Fe2+ in lunar minerals or deposition of vapor produced by micro-
meteoroid impacts, mostly occurs at the very top surface (uppermillimeter) [Reedy et al., 1983;Gault et al., 1974].
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The gardening, or turnover of the regolith by small impacts, mixes and buries mature soil; thus, units of
mature soil exist to depths of at least a few meters [Morris, 1978]. Solar cosmic ray-produced radionuclides
can be used to study gardening within the top ~1 cm of lunar cores. However, the very uppermost lunar
dust layer has not been well sampled [Noble et al., 2011]. Hence, the optical properties of returned lunar
samples may not be representative of the undisturbed lunar surface. It is important to estimate the SMFe
content on the surface of the Moon using a technique that is sensitive to SMFe, such as reflectance
spectrometry.

At 13:11:18 UTC on 14 December 2013, China’s Chang’E-3 (CE-3) spacecraft landed on the Moon (Figure 1).
The surface at the CE-3 landing site was disturbed by rocket exhaust from the spacecraft (e.g., brightened
zone observed by the Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC)) (Figure 1b)
[Clegg-Watkins et al., 2016]. The visible-near-infrared spectrometer (VNIS) [Liu et al., 2013; Liu et al., 2014]
on board the CE-3 Yutu rover collected in situ reflectance spectra within the disturbed area and at the edge.
These spectra provide a unique opportunity to investigate the abundance of SMFe by characterizing regolith
that was clearly disturbed to a greater extent by rocket exhaust as well as the minimally disturbed surface. In
this paper, we use the in situ reflectance spectra acquired by VNIS to assess the SMFe content via Hapke’s
model [2001] for the spectral effects of SMFe. Refer to supporting information (SI) Text S1 for details of the
VNIS instrument and operation.

2. Data

Chang’E-3 landed in northern Mare Imbrium at (44.1205°N, 19.5102°W, elevation = �2636.6 m) [Wang et al.,
2014]. The landing site is ~50m east of the rim of a 450m crater, Zi Wei (Figure 1a). The landing site is within a
unit belonging to the last major phase of lunar volcanism (Eratosthenian basalts) with an age of 1.98 Ga
[Morota et al., 2010], ~2.35 Ga [Wu et al., 2015], or 2.96 Ga [Hiesinger et al., 2000]. These unsampled basalts
are high FeO, middle to high TiO2, and rich in olivine [Staid et al., 2011;Wu et al., 2016]. During the period that
Yutu was mobile, four measurements (Sites 5–8) were made using the VNIS. Figure 1b shows the rover tracks
and the locations of the four spectral measurements. Images from the LROC NAC taken after the landing
revealed an area of increased reflectance interpreted as modification caused by rocket exhaust (Figure 1b)
[Clegg-Watkins et al., 2016]. Clegg-Watkins et al. [2016] performed a study of the CE-3 landing site using
LROC NAC images and found an increase in reflectance of ~10% within the blast zone relative to the back-
ground, similar to that at Apollo, Luna, and Surveyor landing sites. They reported changes in photometric
behavior at the CE-3 site consistent with decreased backscattering and smoothing of the surface.

Of the four locations where VNIS spectra were collected, we consider Site 8 (~43 m from the lander) to be
minimally disturbed soil (it is at the boundary of the diffuse blast zone defined by Clegg-Watkins et al.
[2016] and is visually undisturbed) and Site 5 to represent soil that experienced the most disturbance. The

Figure 1. (a) Image taken by the CE-3 descent camera showing the location of the CE-3 landing site (44.1205°N, 19.5102°W).
(b) LROC NAC image (M1147290066R) of CE-3 landing site. The locations of the four VNIS measurements (5 to 8) are shown.
White dashed line outlines the blast zone; black dotted line highlights the rover tracks [Clegg-Watkins et al., 2016].
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in situ spectra of the regolith disturbed by rocket exhaust and the minimally disturbed uppermost regolith
measured by the VNIS provide a unique opportunity for investigating the spectrum-altering effects of
SMFe. In this study, we focus on Sites 5 and 8 because they represent the least and most disturbed end-
members.

Ideally, we would assess the effects of SMFe by comparing spectra of soils with spectra of fresh rock of the
same composition. However, VNIS did not obtain measurements for any freshly exposed rocks. Therefore,
we selected a spectrum from the Chandrayaan-1 Moon Mineralogy Mapper (M3) for a nearby, very fresh
350m crater to represent unweathered rock. This location is ~4.7 km from the CE-3 site and is within the same
stratigraphic unit as the CE-3 landing site. The crater materials are assumed to have an SMFe abundance of
zero because this crater is very fresh and mass wasting on the crater walls will continuously expose unweath-
ered material. It is possible that space weathering has caused a patina to develop to varying degrees on the
rocks of the crater wall, in which case our assumption of zero SMFe content for the M3 spectrum will lead to a
slight underestimation of the SMFe content of the model spectra.

The M3 Level 1 Optical Period 1B (OP1B) data, which have the highest spatial resolution (140 m/pixel) among
all OPs M3 global mode data and have been corrected for thermal emission [Clark et al., 2011], were used for
the analysis. Data acquisition conditions for the three spectra used in our analysis are shown in Table 1, and
the spectra are plotted in Figure 2.

3. Method

We employed Hapke’s treatment [2001] to model the abundance of SMFe of the landing site soil. Hapke’s
model calculates the bidirectional reflectance (r), while the measurement of VNIS used in this study is

Table 1. Data Acquisition Conditions of the Two Sites Analyzed by VNIS and theM3Orbital Data (M3G20090207T061610)a

M3 Site 5 Site 8

Incidence angle (i°) 34.86 59.90 54.05
Emission angle (e°) 36.67 48.17 44.40
Phase (g°) 70.68 107.94 95.29
Local time 8:34 15:09 9:29
Location 44.032°N, 19.712°W 44.1148°N, 19.5153°W

aIncidence and emission angles of theM3 spectrumhave been corrected for the topography (see SI Text S3 for details).

Figure 2. The original and smoothed VNIS and M3 reflectance spectra. The dots are the original reflectance data, and the
lines denote the spectrum after smoothing. Digital data are provided in Tables S1 and S2 (SI).
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reflectance factor (REFF) (see SI Text S2 for definition). The REFF = πr/cos(i) and the combined Hapke’s model
is as follows:

REFF ¼ ωave

4 μ0 þ μð Þ 1þ B gð Þ½ �P gð Þ þ H μ0;ωaveð ÞH μ;ωaveð Þ � 1f g; (1)

where g is the phase angle, μ0 is the cosine of the incidence angle (i), μ is the cosine of the viewing (emission)
angle, and B(g) is the backscatter function:

B gð Þ ¼ B0
1þ 1=hð Þ tan g=2ð Þ : (2)

Here B0 is the amplitude of the opposition effect (set to 1 in this case) [Hapke, 1981] and h is the angular width
parameter of the opposition effect, approximated by

h ¼ � 3
8
ln 1� φð Þ (3)

with the filling factor φ set to be 0.41 for lunar regolith [Bowell et al., 1989]. P(g) is the single-particle phase
function. In this paper a second-order Legendre polynomial series is used:

P gð Þ ¼ 1þ b cos gð Þ þ c 1:5cos2 gð Þ � 0:5
� �

: (4)

We assign b =�0.4 and c = 0.25 [Mustard and Pieters, 1989].ωave is the average single-scattering albedo (SSA)
of all the components in the medium, given by the following:

ωave ¼ Se þ 1� Seð Þ 1� Sið ÞΘ
1� SiΘ

; (5)

Se ¼ nh � 1ð Þ2 k2h
nh þ 1ð Þ2 þ k2h

þ 0:05≈
nh � 1ð Þ2
nh þ 1ð Þ2 þ 0:05; (6)

Si ¼ 1:014� 4

nh nh þ 1ð Þ2 ; and (7)

Θ ¼ e�awD: (8)

Here Se is the external surface scattering coefficient for Fresnel reflection from the surface of a particle aver-
aged over all directions of incidence light on an external hemisphere of the particle. Si is the internal surface
scattering coefficient for light internally incident on the surface of the particle. nh and kh are the real and ima-
ginary parts of the refractive index of the host. Θ is the internal-transmission factor representing the total
fraction of light entering the particle that reaches another surface after one transit. αω is the absorption coef-
ficient of an end-member component and can be calculated by its refractive index via 4πnk/λ, where λ is the
wavelength.<D> is the mean path length of light in the particle, which is set to 30 μm in this work following
Hapke [2012].

H(μ, ωave) is the isotropic scattering function approximation [Hapke, 2012]:

H μ;waveð Þ ¼ 1� 1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wave

p� �
μ r0 þ 1� r0

2
� r0u

� �
In
1þ μ
μ

� �	 
�1

(9)

where

r0 ¼ 2
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� wave
p � 1: (10)

Hapke [2001] incorporated the spectral effects of space weathering into the calculation of absorption coeffi-
cients α of end-member components defined as below:
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α ¼ 4πnhkh
λ

þ 36πzfρh
λρFe

(11)

where

z ¼ n3hnFekFe

n2h � k2Fe þ 2n2h
� �2 þ 2nFekFeð Þ2

: (12)

Here n and k are real and imaginary parts of the refractive index, respectively, and ρ is solid density. The three
parameters refer to the host mineral and SMFe as indicated by the subscripts h and Fe, respectively. f repre-
sents the mass fraction of SMFe residing in the rim of a soil grain. These equations were used with the optical
constants for metallic iron from Paquin 1995. The Hapke’s [2001] model accounts for the spectral effects of the
smaller size range (<50 nm) of SMFe particles. To reduce the influence of spectral noise on the analysis, both
the in situ and M3 spectra were smoothed by B-spline fitting, which is a spline function that has been demon-
strated to be useful for M3 spectral smoothing [Zhang et al., 2016].

The spectrum of the visually undisturbed soil, Site 8, was used as the base. The modeled spectra for M3

and Site 5 were created by adding various amounts of SMFe in increments of 0.001 wt % and then
comparing to the spectrum of Site 8 by matching spectral shapes through the Spectral Angle (SA) para-
meter [Kruse et al., 1993]. The SA parameter is a measure of the similarity of two spectra, determined as
the angle between the spectra in n-dimensional space, where n is the number of spectral channels. We
chose the SA rather than other spectral matching methods because it is insensitive to effects of absolute
reflectance related to the illumination geometry and instrument calibration. The comparison was
performed over the wavelength range 0.68–2.20 μm, in order to avoid the effects of thermal emission
from the lunar surface at longer wavelengths (>2.20 μm) and low SNR at shorter wavelengths
(<0.68 μm) [He et al., 2014]. The optimal fit for the mass fraction of SMFe was determined by minimizing
the SA between the target spectrum and the modeled spectrum.

Our modeling is done with the Hapke [2001] treatment, which handles the smaller (<50 nm) SMFe particles,
responsible for both darkening and reddening. Particles >~50 nm mainly induce darkening [Noble et al.,
2007; Lucey and Noble, 2008; Lucey and Riner, 2011]. The mostly flat slope of the spectrum of larger SMFe
particles that are actually present in a soil would tend to lessen the slope when in a mixture with the smaller
SMFe. Therefore, it is likely that our best fit spectral models somewhat underestimate the abundance of small
SMFe relative to the actual soil content. Moreover, little patina existing on the surface of the rock but we
assume that its SMFe to be zero will also cause an underestimation.

4. Results and Discussion

The reflectance spectra for Sites 5 and 8 and the M3 fresh crater are shown in Figure 2. Compared with Site 8,
Site 5 has ~60% greater reflectance between 450–760 nm and ~63% greater absorption strength at
~1000 nm but a similar visible- and near-infrared continuum slope (38 nm�1, with a linear continuum fit at
~750 and ~1500 nm). These characteristics indicate that the disturbed regolith (Site 5) is less mature than
the minimally disturbed soil (Site 8). We suggest that the lander’s rocket exhaust blew away the fine, upper-
most mature particles leaving less mature materials at the surface. This process strongly affected Site 5 but
was much less prevalent at Site 8 which is farthest away from the landing site and is on the outer edge of
the disturbed area as mapped by Clegg-Watkins et al. [2016] (Figure 1). The M3 spectrum has a less steep con-
tinuum and a deeper 1000 nm mafic mineral absorption than the Site 5 spectrum, which is consistent with
the fact that the M3 spectrum is from a fresh crater. The absolute reflectance of the M3 spectrum is lower than
that of the in situ reflectance, probably related to calibration differences between the data sets. For example,
previous comparisons found that the M3 OP1B data have lower reflectance than Optical Period 2 (OP2C1)
data [Besse et al., 2013; Wu et al., 2016]. Note that the SMFe determination in this paper is focused on the
spectral shape via the Spectral Angle parameter, not the absolute value of reflectance.

Figure 3 shows the measured and modeled reflectance with the optimal model for both Site 5 and M3. For
ease of comparison, the reflectance has been normalized to unity at 1000 nm in Figure 3b. The model repro-
duces well for both M3 and Site 5. The best SAmatch for the Site 8 spectrumwas found to be theM3 spectrum
plus an SMFe abundance of 0.368 wt %. The best SA match between Site 8 and Site 5 was found for the Site 5
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spectrum plus an SMFe abundance of 0.151 wt %. Hence, the SMFe abundance of the visually undisturbed
soil, Site 8, is 0.368 wt % and that of the most-disturbed soil, Site 5, is 0.217 wt %. (Refer to the SI Figure S1
for examples of model spectra with lesser and greater SMFe abundances than in the optimal case.) This
analysis suggests that the maturity difference between Site 5 and Site 8 is a result of greater SMFe
abundance in Site 8. Considering that the disturbance depth of Site 5 is very shallow and only the finest
fraction of the regolith was affected, this finding reveals that the uppermost surface is much more
weathered than material immediately below the surface. Hence, our spectral findings are consistent with
those from the photometric analysis of Clegg-Watkins et al. [2016], who concluded that the CE-3 site
underwent a “change in surface maturity by removal of highly mature very fine-grained regolith
components.” In returned lunar samples, it is found that the finer fractions of the regolith are the most
mature (have the highest Is/FeO) (see discussion in Lucey et al. [2006]).

It is well known that disturbance of the lunar surface by astronauts and rovers leads to changes in albedo
[e.g., Kaydash et al., 2011; Clegg et al., 2014]. These changes are mainly attributed to modification of the
porosity and roughness of the surface; control on albedo by porosity is also predicted from theory
[Hapke, 2008]. Thus, it is reasonable to ask whether such disturbance could lead to differential changes
in albedo, that is, color changes, which might include differences in spectral slope or absorption band
strength. Ohtake et al. [2010] presented laboratory spectra for lunar sample 62231 measured for three
different porosities. In agreement with Hapke [2008], they found that the reflectance increased with
decreasing porosity. Ohtake et al. [2010] also found that the spectral slope decreased slightly with decreas-
ing porosity, although they found no change in 1000 nm band depth or in the center wavelength of the
absorption. The VNIS spectra clearly show a stronger absorption band in the disturbed location (Site 5)
than in the minimally disturbed location (Site 8). Therefore, the spectral differences caused by descent
engine exhaust that we are examining are not likely to be related to a change in porosity.

Morris [1980] describes the relationship between the abundance of SMFe, the FeO content, and the soil
maturity index Is/FeO. Using equation (4) of Morris [1980], we can compute the Is/FeO of the undisturbed
CE-3 landing site using our determined SMFe content (0.368 wt %) and the soil FeO abundance derived from
the Yutu rover’s Active Particle-induced X-ray Spectrometer, which is 21.5 wt % [Neal et al., 2015]. The calcu-
lated Is/FeO value for Site 8 is 53, which falls in the “submature” range (30–60) [Morris, 1980]. Here it should be
noted that the SMFe abundance that we estimate from the Hapke [2001] spectral model corresponds to
particles <~50 nm in diameter. The ferromagnetic resonance technique used by Morris [1980] to determine
the Is values is sensitive to iron particles in the diameter range ~4–33 nm. Thus, our spectral estimates of the
abundance of SMFe include the influence of particles in the ~33–50 nm range that are not sensed by
magnetic resonance. As a result, using our spectrally determined SMFe abundance inMorris’s [1980] equation
will tend to slightly overestimate the Is/FeO value. However, as discussed at the end of section 3, our spectral
estimate of SMFe content is likely to be slightly too low because of the type of parameter used to determine
the best fit. This underestimation of SMFe content is balanced to some degree by the tendency to

Figure 3. (a) Original and (b) normalized spectra of the optimal modeling results.
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overestimate Is in Morris’s equation caused by the difference in SMFe particle sizes sensed by optical spectro-
scopy and ferromagnetic resonance.

If we assume that the soil at mare craters began to accumulate SMFe at a steady rate immediately after the
craters formed, then the Is/FeO value can be taken as an approximate indicator of age. For comparison, Is/FeO
is 29 for soil returned from Steno Crater at Apollo 17 [Morris, 1978] and 57 for Surveyor crater at Apollo 12
[Meyer, 2011]. The Is/FeO that we found for the CE-3 landing site is ~53, so the age of Zi Wei crater at the
landing site may be intermediate between that of Steno crater and Surveyor crater. The age of Steno
Crater is 110 Ma [Arvidson et al., 1976] and the age of Surveyor crater is 240 Ma [Funkhouser, 1971], as deter-
mined by radioisotope dating of returned samples. The age of Zi Wei crater has been estimated as 27–80 Ma
using crater size-frequency distribution measurements [Xiao et al., 2015] and ∼100 Ma using the morphologic
classification [Basilevsky et al., 2015]. Our result is broadly consistent with previous research and indicates the
CE-3 landing site is relatively young.

5. Conclusions

The CE-3 Yutu rover measured in situ spectra of soils disturbed to different degrees, offering a unique oppor-
tunity for investigation of space weathering. We estimate the SMFe abundance of the least disturbed location
at the landing site to be 0.368 wt %. This SMFe abundance, when combined with the site’s measured FeO
content, yields a soil maturity index (Is/FeO) value of ~53, indicating that the undisturbed soils of the landing
site are submature.

We find that the soil exposed by the CE-3 lander exhaust (Site 5) has substantially lower SMFe content than
the minimally disturbed area (Site 8): 0.217 wt % at Site 5 versus 0.368 wt % at Site 8. The disturbance likely
involves only the very uppermost accumulation of the finest dust. Therefore, the reflectance changes asso-
ciated with rocket blast at spacecraft landing sites can primarily be attributed to maturity differences related
to removal of fine, highly mature particles.
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