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a b s t r a c t
Space weathering introduces confounding effects on visible and near infrared reﬂectance spectra of
airless bodies, which considerably darkens the reﬂectance, reddens the continuum slope and suppresses
absorption features. It’s mainly attributed to the gradual formation and accumulation of submicroscopic
metallic iron (SMFe) on regolith grains. In situ spectral measurements from Chang’e-4 rover provide
a unique opportunity to investigate the space weathering effects on the intact lunar farside regolith.
SMFe abundance at the landing site, which is 0.32 ± 0.06 wt.%, is retrieved from in situ measured
reﬂectance spectra by using Hapke model. The derived Is/FeO maturity index (82 ± 15) indicates the
Finsen crater ejecta-sourced regolith is mature, which is consistent with the geologic background that it
had experienced about 3.7 Ga space weathering.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Space weathering is the gradual alteration of materials when
they are exposed to a variety of natural processes that occur in
the space environment, which is ubiquitous on the Moon and
other airless bodies (Pieters and Noble, 2016). The space weathering process results in the visible and near infrared reﬂectance
spectrum of the regolith, which covers many planetary bodies, becomes considerably dark, exhibiting a reddened continuum and
even almost completely suppressed absorption features (Pieters
and Noble, 2016). The optical effects of space weathering, which
has already been successfully simulated in the laboratory (Sasaki
et al., 2001; Noble et al., 2007), are mainly caused by the gradual formation and accumulation of submicroscopic metallic iron
(SMFe) that imbedded within or deposited on the regolith particles (Pieters et al., 2000; Hapke, 2001; Noble et al., 2001; Lucey
and Noble, 2008; Lucey and Riner, 2011). Smaller SMFe particles
(<10 nm in diameter) greatly redden spectrum in the visible (VIS)
wavelengths while leaving the near-infrared (NIR) region largely
unaffected; Larger particles (>40 nm in diameter) darken spectrum across the VIS/NIR range with little change in the overall
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shape of the continuum; And intermediate particles impact the
spectrum in a distinct pattern that varies with total iron abundance (Noble et al., 2007; Lucey and Noble, 2008). Consequently,
the SMFe abundance in the regolith is an important indicator for
evaluating space weathering and regolith evolution.
The Moon is a unique body that already has been remotely
observed by orbiters, in situ measured by rovers and sampled
by manned/unmanned spacecraft. The chemical and spectral data
collected during these missions, especially those from the wellstudied Apollo and Luna samples, provide valuable and critical ground-truth information to perform quantitative analyses on
space weathering from various optical remote sensing techniques,
which are the only means to study the vast area of the lunar
surface. However, the sampling process may disturb the primitive
state of the very top of lunar regolith, the optical properties of
returned lunar samples may not be representative of the undisturbed lunar surface (Wang et al., 2017). Sampling the uppermost
surface while preserving its structure (e.g. porosity, grain-to-grain
contacts) has not been achieved on any sample return mission to
date (Noble et al., 2011). Therefore, in situ spectral measurements,
along with experiences and expertise from weathering simulation
theory (Hapke, 2001; Lucey and Riner, 2011) and practice (Sasaki
et al., 2001; Noble et al., 2007), provide a feasible means to study
the space weathering effects caused by SMFe on the lunar surface.
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Fig. 1. Traverse map of the Chang’e-4 rover during the ﬁrst 9 lunar days. The base map is a high resolution (0.9 m/pixel) digital orthophoto map (DOM) (Liu et al., 2019)
generated from Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) imagery (Robinson et al., 2010). A detailed regional geologic setting map of the
Chang’e-4 landing site is shown in Fig. 3.

China’s Chang’e-4 spacecraft successfully landed inside Von
Kármán crater within the South Pole-Aitken (SPA) basin on the lunar farside on January 3, 2019 (Di et al., 2019). The Visible and
Near-Infrared Imaging Spectrometer (VNIS) (Li et al., 2019), one of
the scientiﬁc payloads on the deployed Chang’e-4 rover, had made
in situ spectral measurements on the lunar regolith along the rover
traverse (Fig. 1). These reﬂectance spectra provide a unique opportunity to investigate the space weathering effects on the intact lunar farside regolith, which is accomplished by evaluating the SMFe
abundance via Hapke model (Hapke, 1981; 2001; Lucey and Riner,
2011) in this study.
2. Data
2.1. VNIS spectra
The VNIS instrument consists of a VIS/NIR imager with an effective 256 × 256 pixels (∼1 mm/pixel) and a shortwave infrared
(SWIR) single-pixel detector (Li et al., 2019). The VIS/NIR imager
works from 450 to 945 nm with a spectral resolution of 2–7 nm,
and the SWIR detector works from 900 to 2,395 nm with a spectral resolution of 3–12 nm (Li et al., 2019). The VNIS made in situ
measurements on the lunar regolith along the traverse at different stations between the ﬁrst and the ninth lunar days (January 3
– September 6, 2019). These measured raw data are preprocessed
and released to the scientiﬁc team members as L2B radiance spectra by the team of ground application and research system (GRAS).
The L2B radiance spectra are further processed in this study by
the solar irradiance calibration method (Gou et al., 2019) to derive
full-range reﬂectance spectra to study the space weathering effects
(Fig. 2).
Indoor radiance calibration at typical temperature (20 ◦ C) shows
the signal-to-noise ratio (SNR) values of VNIS are greater than 50
dB in the wavelength range of 1000 nm to 2200 nm (He et al.,
2019). Inﬂight radiance calibration shows that the SNR values are
greater than 40 dB in the wavelength range of 1200 nm to 2400
nm. On one hand, averaging is an effective way to improve SNR,
and the SNR values of the VNIS at VIS/NIR wavelengths shown in
both He et al. (2019) and Li et al. (2019) were calculated by averaging the pixels within the ﬁeld of view of SWIR, however the

Fig. 2. Examples of in situ measured VNIS spectra on the lunar regolith at different
rover stations. Only two of the multiple spectra measured in each lunar day are
shown here. For example, spectra A and S are measured during the ﬁrst luanr day.
All the spectra analyzed in sthis study are shown in the supplementary material.
The dashed lines located at 1500 nm and 2200 nm mark the wavelength range used
for simulation in this study to avoid thermal emission effects at longer wavelengths
(Li and Milliken, 2016) and low signal-to-noise ratio (SNR) at shorter wavelengths
(He et al., 2019; Li et al., 2019). (For interpretation of the colors in the ﬁgure(s), the
reader is referred to the web version of this article.)
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Fig. 3. (a) Chang’e-2 image (Ren et al., 2014) of Chang’e-4 landing site inside the Von Kármán crater and surrounding craters. (b) M3 reﬂectance image @750 nm of Finsen
crater, with location indicated by the black box in (a) (image ID: M3G20090815T202602); (c) M3 spectrum corresponding to the central peak of Finsen crater, with location
indicated by the black arrow in (b). The spectrum is derived from a 3 × 3 pixel average.

SNR values of.VIS/NIR are still lower than that of SWIR. On the
other hand, due to the design principle of the VNIS instrument
(He et al., 2019), in situ measured spectrum may have a spectral
kink around 1400 nm. Therefore, VNIS spectra from 1500 nm to
2200 nm are used in this study to avoid the thermal emission effects at longer wavelengths (Li and Milliken, 2016) and low SNR at
shorter wavelengths (He et al., 2019; Li et al., 2019).
2.2. Moon Mineralogy Mapper spectrum
The Moon Mineralogy Mapper (M3 ), ﬂew aboard India’s
Chandrayaan-1, is a push-broom imaging spectrometer that operates from the visible into the near infrared (0.42–3.0 μm). M3
observes the lunar surface in a high-resolution targetmode (80
m/pixel; 260 spectral channels), or in a low-resolution global mode
(140 m/pixel; 85 spectral channels) (Pieters et al., 2009). The M3
Level 2 spectral reﬂectance image (REFIMG) is used in this study,
which consists of photometrically calibrated reﬂectance data that
has been corrected for thermal emission (Clark et al., 2011; Besse
et al., 2013).
Numerical simulations suggested that the SPA basin-forming
event should have sampled the lunar lower crust and upper mantle (Miljkovic et al., 2015; Melosh et al., 2017). The event could
generate an impact melt pool with a radius of about 200 km and
a depth of approximately 50 km within the basin (Hurwitz and
Kring, 2014; Vaughan and Head, 2014). The melt was initially relatively homogeneous because of the thorough mixing, however,
it had differentiated to form shallow noritic layers with a thickness of ∼6 km (Hurwitz and Kring, 2014). Studies revealed that
the regolith observed by the Chang’e-4 rover was sourced from
Finsen crater ejecta (Huang et al., 2018; Di et al., 2019). The 3.9km-deep Finsen crater (42.29◦ S, 177.72◦ W, diameter = 73 km)

is a well-preserved complex crater that has a prominent central
peak. The estimated transient cavity radius of the SPA basin ranges
from 840 km to 1400 km (Spudis et al., 1994; Petro and Pieters,
2002; Potter et al., 2012). Finsen crater is just 370 km away from
the center of the SPA basin. The estimated approximate maximum
excavation depth H exc of Finsen crater, which can be calculated
from H exc ≈ 0.05 − 0.065D (D is the ﬁnal complex crater diameter) (Melosh, 1989), is about 3.65–4.74 km. Therefore, the Finsen
crater ejecta were very likely completely sourced from the shallow noritic layers. In this case, the shallower material that was
ejected from the Finsen crater and the relative deeper material
in the central peak would have the same composition. The central peak bedrock of Finsen crater has steep walls that prevent the
accumulation of a space-weathered regolith layer, thus preserves
optical immaturity (Tompkins and Pieters, 1999). A large portion of
the ejecta was from the excavated material during the crater formation, hence, M3 spectrum of the exposed central peak of Finsen
crater, which is resampled to the VNIS bands to ensure both have
the same spectral resolution (band number), is used as the base
spectrum in this study. The spectrum clearly exhibits strong maﬁc
absorptions at short wavelengths, indicating the relatively pristine
state (optical immaturity) was kept since the central peak formed
and the presence of Mg-rich low-Ca pyroxene (LCP) (Fig. 3).
3. Quantifying SMFe abundance in lunar regolith
Hapke model (Hapke, 1981; 2001; Lucey and Riner, 2011) is
used in this study to quatify the SMFe mass fraction in the lunar regolith at Chang’e-4 landing site from in situ measured VNIS
spectra. Details of assessing the SMFe abundance are described below.
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3.1. Single scattering albedo determination
With the assumptions that all materials within the media are
mixed intimately and the particle size is much larger than the
spectral wavelength, Hapke model (Hapke, 1981) offers an approximate solution to the radiative transfer theory to derive bidirectional reﬂectance r (equation (1)). However, reﬂectance factor
(REFF) is derived from VNIS calibrated radiance by the solar irradiance calibration method in this study (Gou et al., 2019). The
reﬂectance factor REFF is related to the bidirectional reﬂectance r
by equation (2). Hence, the relationship between reﬂectance factor
REFF and single-scattering albedo can be expressed in equation (3).

r(i, e, g) =


ωavg μ0 
1 + B(g) P(g)
4π (μ0 + μ)

+ H(μ0 , ωavg )H(μ, ωavg ) − 1

(1)

π ∗r
REFF =
μ0

(2)


ωavg 
REFF(i, e, g) =
1 + B(g) P(g)
4(μ0 + μ)

+ H(μ0 , ωavg )H(μ, ωavg ) − 1

(3)

where μ0 and μ are the cosine of the incidence angle i and emission (viewing) angle e, respectively; g is phase angle. ωavg is the
average single scattering albedo (SSA) of all the components. B ( g )
is the backscatter function that describes opposition effect (equation (4)). P ( g ) is the single-particle phase function, which can be
approximated by a second-order Legendre polynomial series (equation (6)). H (x, ωavg ) is the isotropic scattering function approximation (equation (7)) (Hapke, 2002).

B(g) =

B0

(4)

1 + (1/h) tan(g/2)

where B 0 is the amplitude of the opposition effect (set to 1 in this
study) (Hapke, 1981), and h is the angular width parameter of the
opposition effect, which is approximated by equation (5).

h=−

3
8

ln(1 − ϕ )

(5)

where ϕ is the ﬁlling factor (decreasing porosity), which is set to
0.41 for lunar regolith (Bowell et al., 1989).



P(g) = 1 + bcos(g) + c 1.5 cos2 (g) − 0.5



(6)

b and c are set to −0.4 and 0.25, respectively (Mustard and Pieters,
1989).





H(x, ωavg ) = 1 − ωx r0 +
where r0 =

1− 1−ωavg
1+ 1−ωavg

1 − 2r0 x
2


ln

1+x
x



−1

(7)

.

When equations (4)–(7) are inserted into equation (3), a nonlinear relationship between REFF and ωavg can be established. Therefore, the average single scattering albedo ωavg of the lunar regolith
at Chang’e-4 landing site can be solved from the in situ measured
VNIS reﬂectance spectrum.
3.2. Absorption coeﬃcient determination
Theoretically,
2012).

(1 − Si )
1 − Si 

Se = 0.0587 + 0.8453R(0) + 0.08707R(0)2

1 
Si = 1 − 2 0.9413 − 0.8453R(0) + 0.08707R(0)2
n

 

R(0) = (n − 1)2 + k2 / (n + 1)2 + k2

(8)

(9)
(10)
(11)

where n and k are the real part (refractive index) and imagery
part (extinction coeﬃcient) of the complex refractive index (also
known as optical constant), respectively. For the lunar regolith, the
refractive index n is 1.78 (Hapke, 1994).

 = e− α < D >

(12)

where α is the absorption coeﬃcient,  D  is the average distance
traveled by all rays during a single transit of the particle, which has
various approximation expressions (Hapke, 2001). Area weighted
mean size (equation (13)) is adopted in this study

D = DL ln

DU

(13)

DL

where D U and D L are the effective upper and lower limit of the
particle size. As for the Apollo lunar regolith sample, the effective
upper and lower limit of the mineral particle sizes are 1000 μm
and 5 μm, hence the approximate effective optical path is about
26 μm and this value is adopted for deriving absorption coeﬃcient
from SSA in this study.
When equation (12) is inserted into equation (8), the relationship between absorption coeﬃcient of the lunar regolith α and
average single scattering albedo ωavg can be expressed in equation (14).

α=

1

D



ln Si +

(1 − Se )(1 − Si )
ωavg − Se

(14)

3.3. Space weathering simulation
Assuming the space weathering being proportional to the mass
fraction of SMFe, Hapke (2001) successfully re-produced the reddening and darkening effects caused by ﬁne-grained SMFe particles, Lucey and Riner (2011) proposed a new formulation to model
the effects of particles at any size by using Mie theory (equation (15)).

αw = αh + αg + αc

(15)

where α w and αh are the absorption coeﬃcients of the weathered
host material, unweathered host material (equation (14)), respectively; α g and αc represent the additional absorption due to SMFe
within grains (equation (16)) and in coatings (equation (17)), respectively.

αg =
αc =

ωavg can be computed by equation (8) (Hapke,

ωavg = Se + (1 − Se )

where S e and S i are the average Fresnel reﬂection coeﬃcients
for externally and internally incident light, respectively.  is the
internal transmission coeﬃcient of the particle without internal
scatters. S e and S i are empirically approximated by equations (9)
and (10) (Hapke, 2012).  is calculated from equation (12).

36π Mg ρh

λρFe
36π Mc ρh

λρFe

·
·

n3h nFe kFe

(n2Fe − k2Fe + 2n2h )2 + 4n2Fe k2Fe
n3h nFe kFe

(n2Fe

− k2Fe

+ 2n2h )2 + 4n2Fe k2Fe

(16)

(17)

where M g and M c are the mass fraction of SMFe in the grain and
coating relative to the host material. λ is wavelength; n∗ , k∗ , ρ∗
(∗ denotes h or F e) are the real and imagery parts of the complex
refractive index, and density of host material or SMFe, respectively.
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The optical constants of F e used in this study are from Querry
(1985).
The REFF spectrum with different mass fraction of SMFe incorporated on the host material can thus be simulated by inserting
equation (15) into (8), and then into (3).
3.4. SMFe abundance estimation
The mass fraction of SMFe in the lunar regolith is estimated
by comparing the spectral shape similarity between in situ measured VNIS spectrum and simulated M3 spectrum by considering
the contribution of SMFe. The simulated M3 spectrum is created by
adding various amounts of SMFe (0.0–2.0 wt.%) with an increment
of 0.001 wt.%. The similarity between these two spectra is measured through the spectral angle parameter θ (in radians) by spectral angle mapper (SAM) technique (equation (18)) (Kruse et al.,
1993). Smaller angles indicate higher similarity between the in situ
measured VNIS spectrum and the simulated M3 spectrum. The reason for choosing SAM technique is that it concentrates on spectral
shape and is insensitive to absolute reﬂectance related to illumination or albedo effects. As stated in the section 2.1, the comparison
is performed over the wavelength range 1500–2200 nm in this
study to avoid the thermal emission effects at longer wavelengths
(Li and Milliken, 2016) and low SNR at shorter wavelengths (He
et al., 2019; Li et al., 2019). The optimal estimation for the mass
fraction of SMFe in the lunar regolith at Chang’e-4 landing site is
determined when the spectral angle between the in situ measured
VNIS spectrum and the simulated M3 spectrum becomes the lowest.

θ = cos−1




λ=1 REFFλ REFFλ
N
N

2
λ=1 REFFλ

2
λ=1 REFFλ


(18)

N

where REFF λ and REFF λ (λ = 1, 2, . . . , N) are the in situ measured
VNIS spectrum and simulated M3 spectrum, respectively.
4. Result and discussion
4.1. SMFe abundance
The method used in this study successfully simulates the spectral shape of the in situ measured VNIS spectrum from the base
M3 spectrum. For example, the best match for a regolith spectrum measured by VNIS at station LE902 is found to be the M3
spectrum plus 0.42 wt.% SMFe (Supplementary Fig. 1), which is
typical for mature lunar regolith (Warell and Blewett, 2004). The
average SMFe abundance in the lunar regolith at Chang’e-4 landing site, which is derived from 34 in situ measured spectra, is
0.32 ± 0.06 wt.%. Trang and Lucey (2019) produced a SMFe abundance map through radiative transfer modeling of Kaguya multiband imager (MI) data. The SMFe abundance at Chang’e-4 landing site reported in their work is about 1.31 wt.%, which is the
sum of the nanophase (particles <100 nm in diameter) and microphase iron (particles >100 nm in diameter) abundances. The
possible main reason for the discrepancy is that the SMFe particles in the regolith at Chang’e-4 landing site may be chieﬂy in
nanophase form. In this scenario, the slight difference between the
estimated SMFe abundance (∼0.32 wt.%) in this study and the
nanophase iron abundance (∼0.43 wt.%) reported by Trang and
Lucey (2019) may attributed to: (1) different observation modes,
i.e., in situ observation for the VNIS and orbital observation for the
MI. (2) huge resolution differences, i.e., ∼ 1 mm/pixel from a detection distance of 1 m for the VNIS and ∼30.3 km/pixel for the
reported map. Wang et al. (2017) estimated the SMFe abundance

Fig. 4. The region severely affected by rocket engine plume during soft landing. It
is outlined by the black dotted line and is about 450 m2 (LROC NAC image ID:
M1303619844LE).

(0.368 wt.%) and inferred the regolith at Chang’e-3 landing site to
be submature after analyzing a spectrum measured by VNIS on the
minimally disturbed regolith at Chang’e-3 landing site (Mare Imbrium). Although the regoliths at Chang’e-3 and Chang’e-4 landing
sites have similar SMFe abundance, the SMFe saturation limit generally increases with FeO content (Trang and Lucey, 2019), which
is important for estimating the maturity degree. The FeO contents
at Chang’e-3 and Chang’e-4 landing sites are ∼22.8 wt.% (Ling et
al., 2015) and ∼12.6 wt.% (Supplementary Fig. 2), respectively. The
absolute model ages of the two landing sites are 27–80 Ma (Xiao
et al., 2015) and 3.7 Ga (Supplementary Text 1), respectively. Considering the large differences in both FeO content and absolute
model age between the two landing sites, the lunar regolith maturity degree at Chang’e-4 landing site is mature (discussed in the
next section) and different from that at Chang’e-3 landing site.
By comparing images acquired both before and after the
Chang’e-4 probe landing by the LROC NAC, it is found that the
lander rocket plume had modiﬁed the surface. This effect had
also been observed in previous missions (Clegg et al., 2014).
The severely affected region, which was disturbed by Chang’e-4
probe descent engine during soft landing, is approximately 450 m2
(Fig. 4). The rover station A, which has an abundance of 0.27 wt.%
and is about 12.9 m from the lander, is within the most significantly affected region. Because rocket plume can blow away the
very uppermost, ﬁnest, and highly mature particles, previous study
reported that the SMFe abundance in the regolith may vary signiﬁcantly with distance from the lander (Wang et al., 2017). However,
the phenomenon is not observed at Chang’e-4 landing site. For example, the VNIS made in situ measurements sequentially at rover
stations S1, LE202, LE207 and LE208 just immediately after station
A (Fig. 4). These stations are not within the extent of the possible severely affected region, and they are 19.2 m, 28.6 m, 50.6
m and 53.5 m away from the lander. The SMFe abundances estimated from VNIS spectra at these stations are 0.34 wt.%, 0.30 wt.%,
0.27 wt.% and 0.28 wt.%, respectively (Supplementary Fig. 1). The
possible reason for the insigniﬁcant SMFe abundance difference is
that the relative high regolith growth rate (3.1 m/Gyr) at Chang’e4 landing area (Lai et al., 2019). The fast gardening and impacting
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processes that formed the regolith had suﬃciently mixed the uppermost, ﬁnest, and highly mature particles.
4.2. Regolith maturity
Morris (1980) deduced the relationship between SMFe abundance, FeO content, and maturity index Is/FeO from Apollo and
Lunar regolith samples, and classiﬁed the regolith into three categories: immature (0.0 < Is/FeO < 29.0), submature (30.0 < Is/FeO
< 59.0), mature (Is/FeO > 60.0). According to the products derived
from Kaguya lunar multiband imager (Lemelin et al., 2016), the
FeO abundance at Chang’e-4 landing site (Supplementary Fig. 2) is
12.6 ± 0.6 wt.%. Hence, the calculated Is/FeO value is 82 ± 15, indicating the regolith at Chang’e-4 landing site is mature. As noted
by Wang et al. (2017), the ferromagnetic resonance technique used
by Morris (1980) to determine the Is value is only sensitive to
iron particles in the diameter range about 4–33 nm. However, the
inﬂuence of SMFe particles >33 nm, which are not sensed by magnetic resonance, is taken into consideration (equation (15)) by the
spectral simulation process in this study. As a result, the use of
estimated SMFe abundance in this study tends to slightly overestimate the Is/FeO value. However, it should be noted that the SMFe
content of the base M3 spectrum of the central peak bedrock is
assumed to be zero, which can cause an underestimation because
of the existence of possible little patina on the surface of the rock.
Consequently, the overestimation of Is/FeO value should be balanced to some extent by the underestimation of SMFe content in
the base M3 spectrum.
The maturity of lunar regolith is a function of weathering environment, surface properties, exposure time, and gardening rates
(Pieters and Noble, 2016). To simplify the actual dynamic space
weathering process, assume the lunar regolith at Chang’e-4 landing
site accumulated SMFe immediately and steadily after its formation, thus the maturity index Is/FeO can be treated as an indicator
of exposure age to the harsh space environment. For example, radiometric dating revealed that many of the Apollo 17 samples
are 3.6–4.2 billion years old, and Is/FeO values indicate they are
mature (e.g., 93 for sample 78221, 82 for sample 72150) (Morris, 1978). The Von Karman crater was formed about 3.97 billion
years ago (Yingst et al., 2017), and Finsen crater ejecta that had
covered/sculptured the crater ﬂoor mare plain at the landing site
happened around 3.7 billion years ago (Supplementary Text 1).
Hence, the high Is/FeO of the regolith at the Chang’e-4 landing
site is generally consistent with the geologic background that the
regolith had experienced 3.7 billion years of space weathering.
5. Conclusion
Chang’e-4 rover made in situ spectral measurements on the lunar farside regolith, which provides a unique chance to study space
weathering effects on an airless planetary body. In order to simulate the space weathering effects that arise from SMFe in the
visible and the near infrared region, i.e., reﬂectance darkening, continuum slope reddening and absorption features ﬂattening, Hapke
model is used in this study to investigate the SMFe abundance in
the regolith at the Chang’e-4 landing site. Simulation results reveal
that the average SMFe abundance in the regolith is 0.32 ± 0.06
wt.%. The derived Is/FeO maturity index, which is 82 ± 15, indicates the regolith at Chang’e-4 landing site is mature. The mature
state is consistent with the geologic background that the Finsen
crater ejecta-sourced regolith, which was measured by Chang’e-4
rover, had experienced about 3.7 billion years space weathering
that caused by solar wind, galactic cosmic rays, micrometeorites
and larger meteors.
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