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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 weath-
ering process results in the visible and near infrared reflectance 
spectrum of the regolith, which covers many planetary bodies, be-
comes 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 grad-
ual formation and accumulation of submicroscopic metallic iron 
(SMFe) that imbedded within or deposited on the regolith parti-
cles (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 spec-
trum 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 abun-
dance (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 well-
studied Apollo and Luna samples, provide valuable and criti-
cal 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 undis-
turbed 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 lu-
nar 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 oppor-
tunity to investigate the space weathering effects on the intact lu-
nar 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 ef-
fective 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 spec-
tral resolution of 3–12 nm (Li et al., 2019). The VNIS made in situ 
measurements on the lunar regolith along the traverse at differ-
ent 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 spec-
tra 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 av-
eraging 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 ef-
fects 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 op-
erates 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 man-
tle (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 rel-
atively homogeneous because of the thorough mixing, however, 
it had differentiated to form shallow noritic layers with a thick-
ness 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 3.9-
km-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 Hexc of Finsen crater, which can be calculated 
from Hexc ≈ 0.05 − 0.065D (D is the final complex crater diame-
ter) (Melosh, 1989), is about 3.65–4.74 km. Therefore, the Finsen 
crater ejecta were very likely completely sourced from the shal-
low 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 cen-
tral 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 for-
mation, 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 lu-
nar regolith at Chang’e-4 landing site from in situ measured VNIS 
spectra. Details of assessing the SMFe abundance are described be-
low.
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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 ap-
proximate solution to the radiative transfer theory to derive bidi-
rectional reflectance r (equation (1)). However, reflectance factor 
(REFF) is derived from VNIS calibrated radiance by the solar ir-
radiance 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

4π

μ0

(μ0 + μ)

[(
1 + B(g)

)
P(g)

+ H(μ0,ωavg)H(μ,ωavg) − 1
]

(1)

REFF = π ∗ r

μ0
(2)

REFF(i,e,g) = ωavg

4(μ0 + μ)

[(
1 + B(g)

)
P(g)

+ H(μ0,ωavg)H(μ,ωavg) − 1
]

(3)

where μ0 and μ are the cosine of the incidence angle i and emis-
sion (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 (equa-
tion (4)). P (g) is the single-particle phase function, which can be 
approximated by a second-order Legendre polynomial series (equa-
tion (6)). H(x, ωavg) is the isotropic scattering function approxima-
tion (equation (7)) (Hapke, 2002).

B(g) = B0

1 + (1/h) tan(g/2)
(4)

where B0 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 + 1 − 2r0x

2
ln

(
1 + x

x

)]]−1

(7)

where r0 = 1−√
1−ωavg

1+√
1−ωavg

.

When equations (4)–(7) are inserted into equation (3), a nonlin-
ear relationship between REFF and ωavg can be established. There-
fore, 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, ωavg can be computed by equation (8) (Hapke, 
2012).

ωavg = Se + (1 − Se)
(1 − Si)� (8)

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

Se = 0.0587 + 0.8453R(0) + 0.08707R(0)2 (9)

Si = 1 − 1

n2

[
0.9413 − 0.8453R(0) + 0.08707R(0)2] (10)

R(0) = [
(n − 1)2 + k2]/[(n + 1)2 + k2] (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

DL
(13)

where DU 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 relation-
ship between absorption coefficient of the lunar regolith α and 
average single scattering albedo ωavg can be expressed in equa-
tion (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 red-
dening and darkening effects caused by fine-grained SMFe parti-
cles, Lucey and Riner (2011) proposed a new formulation to model 
the effects of particles at any size by using Mie theory (equa-
tion (15)).

αw = αh + αg + αc (15)

where αw and αh are the absorption coefficients of the weathered 
host material, unweathered host material (equation (14)), respec-
tively; αg and αc represent the additional absorption due to SMFe 
within grains (equation (16)) and in coatings (equation (17)), re-
spectively.

αg = 36πMgρh

λρFe
· n3

hnFekFe

(n2
Fe − k2

Fe + 2n2
h)2 + 4n2

Fek2
Fe

(16)

αc = 36πMcρh

λρFe
· n3

hnFekFe

(n2
Fe − k2

Fe + 2n2
h)2 + 4n2

Fek2
Fe

(17)

where Mg and Mc 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. 



S. Gou et al. / Earth and Planetary Science Letters 535 (2020) 116117 5
The optical constants of F e used in this study are from Querry 
(1985).

The REFF spectrum with different mass fraction of SMFe incor-
porated 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 mea-
sured 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 mea-
sured through the spectral angle parameter θ (in radians) by spec-
tral 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 rea-
son for choosing SAM technique is that it concentrates on spectral 
shape and is insensitive to absolute reflectance related to illumina-
tion 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 low-
est.

θ = cos−1
( ∑N

λ=1 REFFλREFF′
λ√∑N

λ=1 REFF2
λ

√∑N
λ=1 REFF′2

λ

)
(18)

where REFFλ 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 spec-
tral shape of the in situ measured VNIS spectrum from the base 
M3 spectrum. For example, the best match for a regolith spec-
trum 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 land-
ing site, which is derived from 34 in situ measured spectra, is 
0.32 ± 0.06 wt.%. Trang and Lucey (2019) produced a SMFe abun-
dance map through radiative transfer modeling of Kaguya multi-
band imager (MI) data. The SMFe abundance at Chang’e-4 land-
ing site reported in their work is about 1.31 wt.%, which is the 
sum of the nanophase (particles <100 nm in diameter) and mi-
crophase iron (particles >100 nm in diameter) abundances. The 
possible main reason for the discrepancy is that the SMFe par-
ticles 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 de-
tection 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 Im-
brium). Although the regoliths at Chang’e-3 and Chang’e-4 landing 
sites have similar SMFe abundance, the SMFe saturation limit gen-
erally 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. Con-
sidering the large differences in both FeO content and absolute 
model age between the two landing sites, the lunar regolith ma-
turity 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 signif-
icantly 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 signifi-
cantly with distance from the lander (Wang et al., 2017). However, 
the phenomenon is not observed at Chang’e-4 landing site. For ex-
ample, 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 possi-
ble 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 esti-
mated 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’e-
4 landing area (Lai et al., 2019). The fast gardening and impacting 
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processes that formed the regolith had sufficiently mixed the up-
permost, finest, and highly mature particles.

4.2. Regolith maturity

Morris (1980) deduced the relationship between SMFe abun-
dance, FeO content, and maturity index Is/FeO from Apollo and 
Lunar regolith samples, and classified the regolith into three cate-
gories: 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, in-
dicating 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 mag-
netic 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 overesti-
mate 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 bal-
anced to some extent by the underestimation of SMFe content in 
the base M3 spectrum.

The maturity of lunar regolith is a function of weathering en-
vironment, 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 forma-
tion, thus the maturity index Is/FeO can be treated as an indicator 
of exposure age to the harsh space environment. For example, ra-
diometric 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) (Mor-
ris, 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 lu-
nar farside regolith, which provides a unique chance to study space 
weathering effects on an airless planetary body. In order to sim-
ulate the space weathering effects that arise from SMFe in the 
visible and the near infrared region, i.e., reflectance darkening, con-
tinuum 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, indi-
cates 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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