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Introduction: Space weathering is a widespread 

geologic process on the surface of airless planetary 

bodies that the physical and chemical properties of 

surface materials are gradually altered by 

bombardments of solar wind, cosmic rays, and 

meteoroids with various sizes [1, 2]. Large rocks 

generally break up into smaller fragments that formed 

agglutinates welded by impact-melts. These alterations 

can also be characterized by UVVIS/NIR reflectance 

spectroscopy, which is a basic and powerful tool for 

exploration of planetary surfaces [3, 4]. The products of 

space weathering including agglutinated glasses and 

metallic iron particles result in darkening and reddening 

of reflectance spectra as well as weakening of 

diagnostic absorption characteristics for major minerals 

[5, 6]. However, the degree of space weathering (soil 

maturity) can reflect how long materials have been 

exposed in space, which indicates that quantification of 

these products from reflectance spectra will be 

significative for determination of exposure age [7, 8]. 

China’s Chang’E-5 (CE-5) spacecraft successfully 

landed in Northern Oceanus Procellarum at (51.92°W, 

43.06°N) on 1 December 2020 [9]. CE-5 mission 

provides an unprecedented opportunity to investigate 

the difference in space weathering effect between 

spectra acquired on lunar surface and measured in 

terrestrial laboratory. The determination of metallic iron 

particle content in soils on lunar surface and returned 

samples provides constraints on the surface exposure 

age of CE-5 landing site. Compared with relatively 

exposure ages of surrounding craters, the source of CE-

5 returned samples can be constrained. 

Data and Methods: The spectral library is 

established using equations [10] and optical constants 

[11] with known mineral modes. The space weathering 

effect is simulated through adding 0.00~1.00 wt.% of 

nanophase iron particles (npFe) at 0.01 wt.% step size 

and 0.00~2.00 wt.% of microphase iron particles (mpFe) 

at 0.01 wt.% step size. The sum of npFe and mpFe are 

sub-microphase iron particles (SMFe). A total of 20,301 

spectra are compared with measured spectra and the 

Root Mean Square Error (RMSE) are calculated. The 

raw reflectance is difficult to simulate exactly due to 

various mineralogical (e.g., opaque minerals) and 

instrumental interferences. Thus, the modeled and 

measured spectra are normalized at 0.75 μm and then 

RMSE are calculated using spectral data ranging from 

0.75~1.55 μm. The modeled spectrum with minimum 

RMSE is regarded as the best matching result. 

The spectra of ten lunar mare soils from LSCC 

(10~20 μm size fraction) are used to test the robustness 

of this model in estimating the content of metallic iron. 

The predicted content of metallic iron is shown in 

Figure 1. The modeled and measured reflectance spectra 

are shown in Figure 1. The npFe content is predicted 

well using this model with the correlation coefficient (R) 

of 0.85 and standard deviation (STD) of 0.04 wt.% (as 

the prediction accuracy of our model). Thus, the 

maturity index (Is/FeO) can be estimated using the 

formula from Morris (1980) [12]: 
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where 0
AFe  represents metallic iron particle content 

(4 nm < grain sizes <33 nm) and FeO values are from 

LSCC 10~20 μm size fractions of lunar soils [13, 14] 

However, it is regrettable that the prediction of 

SMFe is relatively poor (R=0.61, STD=0.13 wt.%, 

Figure 1a). This is probably due to that the average size 

of mpFe is simplified as 200 nm, which failed to 

accurately simulate the darkening effect on reflectance 

spectra from various particle size of mpFe. 

 
Figure 1. The flow chart diagram and prediction 

results of ten lunar soils. (a) Modeled metallic iron 

compared with measured values [12]. (b) Modeled 

Is/FeO compared with measured Is/FeO [8].  

Results: The average mineral modes (olivine: 7.4 

vol.%, clinopyroxene: 54.0 vol.%, and plagioclase: 38.6 

vol.%, [15]) were used to establish the space weathering 

library of lunar soils in CE-5 landing site. The 

hyperspectral data of sampling position are matched 
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using our model, the predicted results are shown in 

Table 1. The modeled spectra are compared with LMS 

(Lunar Mineralogical Spectrometer) spectra in Figure 2. 

The FeO content of lunar soils in CE-5 landing site is 

22.5 wt.% [15], which is used to estimate the Is/FeO 

with the equation (1). The matching results indicate that 

the materials at CE-5 landing site are relatively sub-

mature mare soils with a mean Is/FeO of 33.56±4.20. 

The mean value of npFe in undisturbed soils is 

0.24±0.03 wt.% and the subsurface soils exhibit a 

relatively lower content of 0.23±0.02 wt.%, which 

indicates a decrease of ~4%. The subsurface soils are 

also sub-mature with a mean Is/FeO of 23.42±3.00. In 

addition, the prediction from two spectra of the Shi Gan 

Dang rock manifests very immature materials with 

0~0.08 wt.% npFe and a maximum Is/FeO value of 11. 

 
Figure 2. Modeled (solid red lines) and measured 

(dash gray lines) hyperspectral reflectance data from 

LMS. 

However, these regions have been blown by rocket 

exhaust during the landing. Thus, it is likely that 

primordial soils are more mature than above results. 

Based on the experience of Chang’E-3 landing site [16], 

that is rocket exhaust will reduce npFe by 40%~50%, 

we predict that the most primitive lunar soils on the CE-

5 landing site is mature with approximate npFe content 

of 0.4~0.48 wt.% and Is/FeO value of 56~67. 

The cosmic ray exposure age of lunar soils can be 

estimated by nanophase iron abundance. In general, the 

longer lunar soils are exposed, the more space 

weathering products are produced in ways of solar wind 

or micrometeoroid impacts. Thus, longer exposure age 

will be derived when lots of metallic iron particles and 

agglutinated glasses were found in lunar soils. In 

addition, FeO composition in lunar soils also effects the 

production rate of nanophase iron. Morris et al., (1978) 

[8] put forward and demonstrated that the maturity 

index Is/FeO is suitable and useful. The exposure age of 

regolith at CE-5 landing site or source craters will be 

evaluated through estimation of space weathering 

degree for future works. 

Table 1 The predicted results of hyperspectral data 

from LMS. 

Spec_ID 
npFe 

(wt.%) 

SMFe 

(wt.%) 
Is/FeO 

UD-0004 0.25 1.05 34.72 

R-0006 0.08 0.16 11.11 

UD-0008 0.22 1.22 30.56 

UD-0009 0.28 1.56 38.89 

UD-0010 0.19 1.22 26.39 

R-0011 0.00 0.38 0.00 

UD-0012 0.27 1.49 37.50 

D-0014 0.22 1.08 30.56 

D-0015 0.26 1.41 36.11 

D-0016 0.21 0.89 29.17 

UD-0017 0.24 1.27 33.33 
A

v
g

. UD 0.24±0.03 1.30±0.17 33.56±4.20 

D 0.23±0.02 1.13±0.21 31.94±3.00 

Rock 0.04±0.04 0.27±0.11 5.56±5.56 
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