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ABSTRACT: The Fo content of olivine is a key parameter for understanding the processes of lunar magmatic evolution. 

However, limited by detection methods, obtaining the Fo content of olivine on the lunar surface has long been confronted with 

numerous challenges. Traditional methods such as Electron Probe Microanalysis (EPMA) require polishing and sample preparation, 

making them unsuitable for future in-situ exploration missions. This study employed microscopic infrared spectroscopy, microscopic 

Raman spectroscopy, and Energy Dispersive Spectroscopy (EDS) to conduct compositional analysis on olivine grains in Chang'e-5 

(CE-5) lunar soil samples. We verified the reliability of the infrared spectroscopy Reststrahlen Band (RB) characteristic peak position 

method and the Raman spectroscopy main peak shift method for the quantitative inversion of olivine Fo content by comparative 

analysis. Furthermore, the Fo contents derived from the three 

analytical techniques exhibit systematic deviations, reflecting 

differences in their respective technical principles and information 

depths. The low Fo contents suggest that the basalts at the CE-5 

landing site have undergone intense crystallization differentiation, 

while the coexistence of olivines with distinct compositions may stem 

from magma mixing events. Not only does this study deepen the 

understanding of the magmatic history of CE-5 samples, but the 

spectroscopic methods validated herein also enable the systematic 

acquisition of olivine Fo contents on the lunar surface during the 

future Chang'e-7 mission, through a combination of orbiter-based 

infrared surveys and lander-based high-precision Raman detection, 

thereby providing a novel approach for in-depth studies of lunar 

magmatic evolution. 

INTRODUCTION  

Olivine is the most important early-crystallizing mineral in mafic-

ultramafic magma systems. Its chemical composition, especially 

the forsterite end-member content (Fo = 100Mg/(Mg+Fe) molar 

ratio), serves as a key geochemical tracer for inferring parental 

magma properties and tracing magmatic evolution processes (e.g., 

partial melting, fractional crystallization, assimilation-

contamination, and magma mixing)1. In lunar science research, Fo 

content plays an irreplaceable role in understanding the 
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heterogeneity of the lunar mantle source region and the genetic 

evolution history of mare basalts. For instance, the wide range of 

lunar olivine Fo contents (from over ~Fo90 in lunar mantle 

xenocrysts to ~Fo30 in highly evolved basalts) records complete 

information on the evolution of the lunar interior from deep mantle 

melting to shallow magma chamber evolution2. 

The CE-5 mission successfully returned lunar samples from the 

KREEP terrane of Oceanus Procellarum, with a dating result of 

approximately 2 billion years, which has updated the record of the 

youngest volcanic activity on the Moon3. Mineralogical and 

geochemical studies on these precious samples provide an 

unprecedented opportunity to test lunar thermal evolution models 

and understand the late-stage geological activity of the Moon. 

Preliminary studies have identified various minerals in CE-5 

samples, including olivine, pyroxene, and plagioclase4, and 

revealed that their source region may be rich in heat-producing 

elements. However, systematic studies on their mineral chemical 

compositions, especially olivine Fo content, remain relatively 

limited. Traditional compositional analysis techniques, such as 

EMPA and SEM-EDS, though highly accurate, usually require 

sample preparation (e.g., polishing and conductive coating) and 

are not suitable for future deep space exploration missions aiming 

for in-situ and non-destructive detection. 

Against this background, the development of rapid, non-

destructive, and in-situ applicable spectroscopic techniques is 

particularly crucial. Infrared spectroscopy and Raman 

spectroscopy, as two complementary vibrational spectroscopic 

techniques, have been widely applied in mineral identification of 

terrestrial and extraterrestrial samples. Their principle is based on 

the absorption of infrared light at specific wavelengths or the 

inelastic scattering of monochromatic laser by mineral lattice 

vibrations, and there is a strict corresponding relationship between 

spectral characteristics (e.g., peak position, peak intensity, peak 

shape) and the chemical composition and crystal structure of 

minerals5. Previous studies have successfully established 

empirical calibration curves for the quantitative inversion of Fo 

content in terrestrial olivine using the peak position shifts of the 

Reststrahlen Band (RB) in IR spectra, as well as the main SiO4 

vibrational peaks (located at ~820-860 cm-1) in Raman spectra6. 

However, the validity and accuracy of directly applying these 

calibration models established based on terrestrial samples to lunar 

samples, especially the new samples returned by CE-5, still require 

rigorous experimental verification. Lunar samples have 

experienced a unique space weathering environment (e.g., 

micrometeorite bombardment, solar wind implantation), and their 

surface microstructural characteristics may differ from those of 

terrestrial samples, which may affect spectral characteristics. 

Therefore, systematically evaluating the applicability of IR and 

Raman spectroscopy in the compositional analysis of lunar olivine 

is not only a necessary methodological step but also of great 

significance for interpreting lunar remote sensing spectral data and 

planning future exploration missions. 

Taking olivine grains in CE-5 lunar soil samples as the research 

object, this study aims to achieve the following scientific 

objectives: (1) Method Validation: Comprehensive utilization of 

Micro-Fourier Transform Infrared Spectroscopy (Micro-FTIR), 

Micro-Confocal Raman Spectroscopy (Micro-Raman), and 

Energy Dispersive Spectroscopy (EDS) for cross-analysis of the 

same microareas. With EDS compositional data as the reference, 

systematically evaluate and compare the accuracy and reliability 

of IR and Raman spectroscopy methods in estimating Fo contents 

of lunar olivine grains. (2) Genetic Discussion: Based on the 

obtained Fo contents, combined with existing petrological 

evidence, explore the magmatic evolution processes experienced 

by CE-5 basalts, especially whether they record key geological 

events such as extreme fractional crystallization or magma mixing, 

thereby providing new mineralogical constraints for 

understanding the nature of the youngest lunar volcanic activity. 

EXPERIMENTAL 

Samples. The two olivine grains studied in this work were 

obtained from the CE-5 lunar soil sample 

(CE5C0400YJFM00409H) allocated by the China National Space 

Administration (CNSA). Under macro photography mode, 28 

large typical grains (with particle sizes ranging from ~200 to 800 

μm) were selected from approximately 10 mg of the lunar soil 

sample using high-precision tweezers, and fixed on a 25 mm  25 

mm  2 mm glass slide by 20 mm-diameter double-sided 

conductive carbon tape (to facilitate subsequent SEM-EDS 

experiments), which were shown in Fig .1a. These grains were left 

untreated (e.g., polishing), and local flat areas or regions with 

distinctive shape and color of each grain were placed face-up for 

subsequent spectral measurements. Through preliminary 

screening using micro-infrared spectroscopy, two olivine grains 

with distinct spectral features (labeled 12 and 20) were identified 

from the 28 particles and designated as the primary targets for 

subsequent in-depth analysis in this study (Fig. 1(b)-(e)). 

Analytical methods 

Infrared spectroscopy. Mid-Infrared (MIR) spectra of samples 

were measured using a Bruker VERTEX 80v Fourier transform 

infrared spectrometer equipped with a HYPERION 2000 FTIR 

microscope. The wavenumber range was 600-4000 cm-1 (i.e., 

wavelength 2.5-16.7 μm) with a spectral resolution of 2 cm-1. To 

balance spectral resolution and signal-to-noise ratio (SNR), a 

sampling area of 50 μm  50 μm was set. For each sample, point 

sampling measurements were performed at different focal planes 

to reduce signal deviation and low SNR caused by the uneven  
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Fig. 1 (a) Labeled map of 28 selected typical grains; (b) and (c) Micrographs of Grain 12 and Grain 20, respectively; (d) and (e) Labeled maps of sampling 

positions for Grain 12 and Grain 20, respectively. Color gradient corresponds to the surface topography height of grains, with red circles marking divided 

regions. 

 

surface of samples. In addition, targeted point sampling was 

conducted specifically for regions with characteristic 

morphologies (e.g., color-abnormal areas, melted edges) to ensure 

representative spectral data were obtained. Among them, 74 points 

were sampled for Grain 12 and 63 points for Grain 20. All spectra 

were measured relative to a gold mirror under the condition of 

fixed zero incident angle and emission angle. 

Raman spectroscopy. Raman spectra of samples were measured at 

the same sampling positions as infrared spectroscopy using a 

Renishaw inVia™ Qontor® confocal micro-Raman spectrometer. 

The excitation wavelength of the laser was 632.8 nm with a power 

of approximately 17 mW. A laser beam with a spot diameter of 

~1.93 μm, provided by a 20 objective lens (NA = 0.4), was used 

to collect Raman spectra in the wavenumber range of 49.36-

1931.55 cm-1 (centered at 1050 cm-1), with a spectral resolution 

better than 1 cm-1 and a repeatability of ±0.02 cm-1. Prior to the 

experiment, the Raman system was wavelength-calibrated using a 

built-in intrinsic silicon standard sample (main peak at 520.5 cm-1) 

to ensure the accuracy of Raman peak positions (±0.2 cm-1). The 

analysis conditions were set as follows: exposure time of 3 s and 

accumulation times of 3. 

SEM-EDS. Morphological observation and chemical composition 

analysis of grains were performed using a HITACHI UHR FE-

SEM SU8000 field emission scanning electron microscope 

equipped with an energy dispersive X-ray spectroscopy (EDS) 

detector. All secondary electron (SE) images, backscattered 

electron (BSE) images, and EDS composition measurements were 

completed under the conditions of an acceleration voltage of 15.0 

kV and a working distance of 14.4 mm. This parameter setting 

aims to optimize the balance between image resolution and signal 

output. During EDS data acquisition, a live time of ≥60 s was 

adopted to ensure that the counts of characteristic X-rays of 

elements meet the requirements of quantitative analysis. 

RESULTS 

Infrared spectral analysis. Systematic micro-infrared spectral 

analysis was performed on 28 lunar soil grains, and morphological 

comparison was conducted in combination with high-resolution 

visible light microscopic imaging to obtain detailed mineral 

composition information. The spectra of most grains exhibit 

complex mixed characteristics, indicating that they are 

polymineralic aggregates or lithic grains. Among them, Grains 12 

and 20 show distinct spectral absorption features, presenting the 

characteristic spectra of relatively pure olivine. 

As shown in Fig. 2(a) and 2(b), the infrared spectra of these two 

grains exhibit typical olivine spectroscopic characteristics: 

Christiansen Feature (CF): located at approximately 9.2 μm 

(~1087 cm-1). CF is the point with the lowest reflectance in 

reflection spectra (or the highest emissivity in emission spectra), 

whose position is most sensitive to the overall chemical 

composition and mineralogical properties of the sample. It usually 

shifts to the longer wavelength direction (lower wavenumber) 

with increasing iron content in olivine (decreasing Fo content). 

Reststrahlen Bands (RBs): A series of distinct reflection peaks are 

observed, which are caused by lattice vibrations of silicate 

tetrahedra (SiO4), especially the stretching and bending modes of 

Si-O bonds7. These characteristic peaks are centered at 9.9 μm 

(~1010 cm-1, labeled RB1), 10.3 μm (~971 cm-1, RB2), 10.9 μm 

(~917 cm-1, RB3), and 12.1 μm (~826 cm-1, RB4), respectively.  
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Fig. 2 (a) and (b) Infrared spectra of different sampling regions for Grain 12 and Grain 20, respectively; abcdefgh correspond to the average spectra of regions 

divided in Fig. 1. (c) Labeled map of absorption feature regions at 5.6 μm and 6.0 μm, and positions of four RB peaks in olivine IR spectra. (d) and (e) Raman 

spectra of different sampling regions for Grain 12 and Grain 20, respectively. (f) Labeled map of two main peaks in olivine Raman spectra. 

 

Table 1. Infrared characteristic peak positions and corresponding fitted Fo contents of Grain 12 and Grain 20 

 

Sample ID Data Type RB 1（cm-1） RB 2（cm-1） RB 3（cm-1） RB 4（cm-1） Average Fo 5.6μm Band 6.0μm Band 

12 
Peak Position 994 949 911 826 — 1748 1700 

Fo -12.75 9.95 21.92 13.99 15.29 13.584 205.8 

20 
Peak Position 1013 965 923 829 — 1747 1699 

Fo 15.75 45.15 42.32 33.19 34.10 10.876 195.318 

Note: Unreasonable Fo contents (i.e., those outside the range of (0, 100)) were excluded when calculating the average value. 

 

These RB features correspond to the asymmetric stretching 

vibrations (RB1, RB2, RB3) and symmetric stretching vibration 

(RB4) of Si-O bonds within the SiO4 tetrahedron8. 

There is a systematic and predictable functional relationship 

between the infrared spectral characteristic peak positions of 

olivine and its Mg-Fe composition (i.e., Fo content). The physical 

mechanism is that when Mg2+ (with a smaller ionic radius) is 

replaced by the larger Fe2+, it changes the lattice parameters and 

weakens the chemical bond strength, thereby reducing the 

fundamental frequency of lattice vibrations (i.e., shifting to lower 

wavenumbers/longer wavelengths)9. 

As listed in Table 1, Grains 12 and 20 exhibit significant 

differences in RB characteristic peak positions. For example, the 

RB2 peak of Grain 20 is located at 964 cm-1, while the 

corresponding peak of Grain 12 is at 949 cm-1. This systematic and 

consistent shift toward lower wavenumbers (from Grain 20 to 

Grain 12) clearly indicates that Grain 12 has a higher iron content 

(i.e., lower Fo content). We estimated the Fo contents using 

published calibration models based on the strong absorption bands 

at ~5.6 μm and ~6.0 μm10, as well as the positions of the four 

aforementioned RB characteristic peaks11. In the reflectance 

spectrum, the relationship equations between the Fo comtent and 

the absorption bands at 5.6 and 6.0 μm are as follows: 

Fo = 2.708 × B1 − 4720        (1) 
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Table 2. Raman characteristic peak positions and corresponding fitted Fo contents of Grain 12 and Grain 20 

Sample ID Peak A (cm-1) Fa Peak B (cm-1) Fa Average Fa Fo 

12 816 73.92 841 72.3 73.11 26.89 

20 818 55.66 845 53.5 54.58 45.42 

 

Fo = 3.494 × B2 – 5734        (2) 

Here, B1 and B2 represent the peak positions of the strong 

absorption bands at approximately 5.6 μm and 6.0 μm, 

respectively. The fit for Equation 1 has an R2 of 0.97, and the fit 

for Equation 2 has an R2 of 0.98. 

The relationship equations between the RB characteristic peaks 

and the Fo content are as follows: 

Fo = 1.50 × R1 − 1503.75       (3) 

Fo = 2.20 × R2 − 2077.85       (4) 

Fo = 1.70 × R3 − 1526.78       (5) 

Fo = 6.40 × R4 − 5272.41       (6) 

Here, R1, R2, R3, and R4 represent the peak positions of RB 

characteristic peaks 1 to 4, respectively. The corresponding R2 

values for the four equations are 0.812, 0.961, 0.955, and 0.906. 

The calculated Fo contents were 13.584 and 10.876 for Grains 

12 and 20, respectively, using the 5.6/6.0 μm absorption band 

method, while the results obtained via the RB characteristic peak 

position method were 15.29 and 34.10. Among these, the results 

from the RB characteristic peak position method are consistent with 

the systematic peak shift, whereas the 5.6/6.0 μm absorption band 

method failed to effectively distinguish between the two grains. 

Raman spectral analysis. To achieve accurate identification and 

comparison of mineral compositions, micro-Raman spectral 

analysis was performed at the same positions as the infrared 

spectroscopy sampling points in this study. Co-localization 

analysis results show that the Raman spectra and infrared spectra 

of the same micro-area exhibit high consistency in mineral type 

identification. In the tested samples, the typical Raman 

characteristic peaks of common silicate minerals are clearly 

distinguishable. 

For an olivine grain, its most prominent Raman characteristic 

peaks appear around ~817 cm-1 (Peak A) and ~843 cm-1 (Peak B) 

(As shown in Fig. 2(d) and 2(e)). Both main peaks originate from 

the stretching vibration modes (coupling of symmetric and 

asymmetric stretching) of isolated SiO4 tetrahedra in the olivine 

crystal structure12. The exact positions of these two peaks are 

highly sensitive to the chemical composition of olivine, especially 

Mg-Fe substitution, making them ideal indicators for composition 

inversion. 

The shift law of olivine Raman spectral peak positions 

originates from the basic principles of lattice dynamics. When 

Mg2+ (with a smaller ionic radius of 0.80 Å) is replaced by the 

larger Fe2+ (ionic radius of 0.86 Å) in an olivine grain, it causes 

lattice expansion and a decrease in the force constants of chemical 

bonds (e.g., Mg/Fe-O bonds), thereby reducing the vibration 

frequency6. This directly manifests as a shift of Raman 

characteristic peaks toward lower wavenumbers. Therefore, the 

higher the fayalite (Fa) content of olivine (i.e., the lower the Fo 

content), the lower the wavenumbers of its main Raman peaks 

(Peak A and Peak B). 

As listed in Table 2, Grains 12 and 20 exhibit systematic 

differences in Raman peak positions. Peak A and Peak B of Grain 

12 are located at 816 cm-1 and 841 cm-1, respectively, while the 

corresponding peaks of Grain 20 are at 818 cm-1 and 845 cm-1. 

This consistent shift toward higher wavenumbers (from Grain 12 

to Grain 20) clearly indicates that Grain 20 has a higher 

magnesium content (i.e., higher Fo content). 

Based on the established calibration model13, we converted the 

peak position offset into composition data. The specific 

relationship equations are as follows: 

Fa = −9.13 × Pa + 7524      (7) 

Fa = −4.70 × Pb + 4025      (8) 

Here, Pa and Pb correspond to the peak positions of Peak A and 

Peak B, respectively. 

The calculation results show that the Fo content of Grain 12 is 

26.89, and that of Grain 20 is 45.42. This result is completely 

consistent in trend with the results obtained via the infrared 

spectroscopy RB characteristic peak position method (Fo contents 

of 15.29 and 34.10, respectively), i.e., the Fo content of Grain 20 

is significantly higher than that of Grain 12, though there are 

certain differences in absolute values. 

DISCUSSION 

Comparison of two types of infrared spectral estimation 

methods. This study employed two infrared spectroscopy-based 

calibration models to estimate the Fo contents of olivine: one is an 

empirical method relying on the absorption bands at ~5.6 μm and 

~6.0 μm, and the other is a physical model method based on the 

systematic shift of Reststrahlen Band (RB) characteristic peak 



 

https://www.at-spectrosc.com/as/article/pdf/2026010 248                Atom. Spectrosc. 2026, 47(2), 243–252. 

positions in the ~8-12 μm range. The results show that the values 

obtained via the RB characteristic peak position method (Fo = 

15.29 for Grain 12 and Fo = 34.10 for Grain 20) are more 

consistent with the EDS measurements (Fo = 20.57 for Grain 12 

and Fo = 40.40 for Grain 20), and the EDS data can serve as a 

relatively accurate reference benchmark14. Although the 5.6/6.0 

μm absorption band method also yielded low Fo contents, it 

exhibited severe deviations, especially failing to effectively 

distinguish between the two grains with significant compositional 

differences. This notable discrepancy stems from the differences 

in the underlying physical mechanisms of the two methods and 

their sensitivity to changes in crystal chemical composition. 

The absorption features at ~5.6 μm and ~6.0 μm are attributed 

to the combination and overtone vibrations of Si-O bonds in 

silicate tetrahedra. These peaks are usually weak and difficult to 

identify, thus rendering this method with several inherent 

weaknesses. The intensity of the absorption bands is not only 

affected by chemical composition but also highly susceptible to 

strong interference from various factors such as grain surface 

roughness, scattering effects during measurement, grain size, and 

the presence of trace water or hydroxyl groups in the sample, 

because of its weak strength. Lunar samples generally undergo 

space weathering, and their surfaces may have amorphous layers 

or nanophase iron—these factors can significantly alter the overall 

reflectance and absorption intensity of the spectra, thereby 

introducing large errors. Therefore, the abnormal Fo contents 

calculated using the calibration model based on the 

aforementioned absorption bands are most likely caused by micro-

area surface characteristics and interference from adjacent water 

or hydroxyl absorption. Furthermore, as Fo content decreases, the 

intensity of the absorption features at ~5.6 μm and ~6.0 μm also 

decreases significantly; when Fo content is below 20, these 

features are almost submerged in noise and difficult to 

distinguish10. Consequently, this empirical calibration model may 

lose sensitivity in the extreme regions of the composition range 

(e.g., extremely iron-rich end-members). Both olivine Grain 12 

and Grain 20 in this study have low Fo contents, especially Grain 

12 with a Fo content of 20.57. In addition, the fact that two grains 

with different compositions yield similar calculated Fo contents 

also indicates that this method has insufficient resolution in the low 

Fo content range and cannot effectively distinguish subtle 

differences in composition. 

In contrast, the RB characteristic peak position method is based 

on a more fundamental and robust physical principle—the phonon 

modes of lattice vibrations. RB features originate from the 

transverse optical (TO) vibration modes of Si-O bonds in silicate 

minerals, and their central frequencies (peak positions) are directly 

determined by the force constants of lattice vibrations. When Mg2+ 

is replaced by Fe2+, two effects occur: first, the heavier Fe2+ 

increases the mass of the vibrating unit; second, the larger ionic 

radius causes lattice expansion and weakening of chemical bonds. 

These two effects jointly act to reduce the fundamental frequency 

of lattice vibrations, thereby leading to a systematic and 

predictable redshift of RB characteristic peaks toward lower 

wavenumbers (longer wavelengths)5. There is a nearly linear and 

highly sensitive quantitative relationship between this peak shift 

and Fo content. Moreover, the RB peak position is an intrinsic 

property, mainly dependent on the chemical composition and 

structure of the crystal. It is much less sensitive to grain surface 

morphology, illumination conditions, and slight contamination 

than the intensity of absorption bands. As long as the contour of 

the RB peak can be clearly identified, its peak position value is a 

relatively stable measured quantity, making it particularly suitable 

for analyzing untreated natural samples with complex surfaces 

such as lunar soil. In addition, a complete set of olivine RB spectra 

includes multiple characteristic peaks (e.g., the four peaks used in 

this study). The shift behaviors of these peaks are interrelated and 

mutually corroborative. If all peak positions move in coordination 

according to the trend predicted by the calibration model, the 

reliability of the calculation results is very high, which also 

provides a built-in validation criterion for data quality. 

In summary, the RB characteristic peak position method 

directly detects the intrinsic lattice dynamics response induced by 

Mg-Fe substitution, a change in chemical composition, while the 

5.6/6.0 μm absorption band method relies on indirect spectral 

intensity information susceptible to multiple external factors. Thus, 

the RB method is more fundamental in principle and more robust 

in application. Using measured data of olivine from the CE-5 

samples, this study confirms that the RB characteristic peak 

position method is a more reliable and accurate spectroscopic tool 

than the absorption band method for compositional analysis of 

lunar soil samples. For the interpretation of spectrometer data in 

future planetary exploration missions, priority should be given to 

calibration models based on RB peak position shifts. 

Comparison of Fo content calculations via three techniques. 

This study found that when estimating the Fo contents of olivine 

Grains 12 and 20 from CE-5 lunar soil using three techniques—

infrared spectroscopy, Raman spectroscopy, and energy dispersive 

spectroscopy (EDS)—the results exhibit a consistent systematic 

deviation: the estimated values from Raman spectroscopy (Fo 

contents: 26.89, 45.42) are systematically higher than the EDS 

measurements (Fo contents: 20.57, 40.40), while those from IR 

spectroscopy (Fo contents: 15.29, 34.10) are systematically lower. 

This deviation is not a random error but should stem from 

differences in the interaction depth of the three techniques with the 

sample and their sensitivity to the special surface state of lunar 

samples (Fig. 3).  

A most distinctive characteristic of lunar samples is the 

ubiquitous presence of an amorphous weathering layer on grain 

surfaces, formed by micrometeorite bombardment and solar wind 

ion implantation, which is enriched in nanophase metallic iron15. 
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Fig. 3 (a), (b), and (c) are schematic diagrams illustrating the interaction of IR, Raman spectroscopy, and EDS with the sample, respectively. 

 

This layer typically ranges from tens to a few hundred nanometers 

in thickness, is compositionally enriched in iron, and is structurally 

disordered16-18. Infrared spectroscopy detects reflected light, and 

its probing depth is significantly constrained by the material's 

optical properties; furthermore, the reflectance signal is most 

sensitive to the optical characteristics of the very surface. Due to 

the sample's dark color and the influence of the surface weathering 

layer, the absorption of infrared light by the sample is strong. The 

increased iron content also enhances overall absorption, further 

reducing the effective probing depth. Moreover, the 50 μm  50 

μm large spot size used in this study to improve the spectral signal-

to-noise ratio means that, compared to the other two techniques, 

the infrared spectral signal is more strongly modulated by the 

surface amorphous weathering layer. The collected information 

essentially represents a weighted average of the spectral features 

from the internal olivine host and the surface weathering layer. 

This iron-rich amorphous shell shifts the overall IR spectral 

characteristics (including RB peak positions) toward a more iron-

rich direction (i.e., lower wavenumbers). Consequently, the Fo 

contents retrieved based on such surface-interfered signals are 

generally low, biased toward the iron-rich composition of the 

weathering layer, and thus lower than the true Fo contents of the 

fresh internal matrix of olivine grains. 

Raman spectroscopy exhibits significant advantages in micro-

area compositional analysis due to its unique confocal 

configuration and high spatial resolution (spot diameter of 

approximately 1.93 μm). The confocal optical path design can 

effectively suppress stray light interference outside the focal plane, 

meaning its signal is mainly derived from a small volume below 

the sample surface where the laser is focused. Compared to the 

other two techniques, this characteristic enables Raman 

spectroscopy to more effectively penetrate or bypass the thin 

surface weathering layer of grains, directly acquiring chemical 

bond vibration information of the relatively fresh, unweathered 

olivine matrix underneath. Thus, the Fo contents retrieved based 

on Raman spectroscopy are closer to the true composition inside 

the grains, and their estimated values are generally higher, 

reflecting the relatively magnesium-rich characteristics of the 

olivine grain matrix. 

In EDS analysis, electrons from the incident electron beam 

diffuse within the sample, forming a pear-shaped interaction 

volume. The size of this volume is mainly affected by the 

accelerating voltage of the incident electron beam and the average 

atomic number (or density) of the sample: a higher accelerating 

voltage enhances electron penetration ability, resulting in a larger 

interaction volume; conversely, a higher average atomic number 

leads to a smaller interaction volume. An accelerating voltage of 

15.0 kV was used in this study. The sample is dominated by light 

elements such as Si and O, with a low average atomic number, 

thus forming an interaction volume with a moderate depth. In 

terms of signal generation mechanism: secondary electrons are 

emitted from the sample surface or the top of the interaction 

volume; backscattered electrons originate from the upper half of 

the interaction volume; while characteristic X-rays are generated 

throughout the entire interaction volume, with the signal depth 

covering regions from the surface layer to the micrometer scale. 

Therefore, the compositional information obtained by EDS 

includes both surface layer information and bulk information of 

the sample at a certain depth, and its detection depth lies between 

that of IR spectroscopy (which only reflects the surface layer) and 

Raman spectroscopy (which can detect the internal bulk phase). 

This quantitative characteristic place the Fo contents obtained by 

EDS between the estimated values from IR and Raman 

spectroscopy, objectively reflecting the compositional distribution 

characteristics of the sample at the micrometer scale. 

In summary, the estimated Fo contents of olivine grains via 

Raman spectroscopy, infrared spectroscopy, and EDS exhibit 
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systematic trends of being relatively high, low, and intermediate, 

respectively. This phenomenon is not due to analytical errors of 

any single technique, but rather a necessary result determined by 

the different information depths of the three methods and their 

varying responses to the space weathering layer on the lunar 

surface. IR spectroscopy has the shallowest detection depth, with 

its signals significantly modulated by the iron-rich surface 

weathering layer; Raman spectroscopy, relying on its confocal 

design and high spatial resolution, can more effectively acquire 

subsurface bulk information; EDS, on the other hand, reflects the 

combined compositional results of the surface layer and bulk 

within a certain depth. 

This study demonstrates that in the in-situ spectral analysis of 

extraterrestrial samples subjected to space weathering, Raman 

spectroscopy exhibits significant advantages in retrieving the true 

composition of minerals due to its stronger bulk detection 

capability. In addition, the difference between Fo contents 

obtained by IR and Raman spectroscopy can also serve as a 

qualitative indicator for evaluating the degree of surface 

weathering of grains: theoretically, the higher the degree of 

weathering, the greater the difference between the two. This 

insight holds important methodological guiding significance for 

the accurate interpretation of remote sensing and in-situ spectral 

data of the surfaces of celestial bodies such as the Moon and 

asteroids. 

Mineral genetic implications. The Fo content of olivine is a key 

indicator for understanding the magmatic composition and 

crystallization-evolution history of mare basalts19. Mare basalts 

are generally formed by partial melting of the deep lunar mantle, 

and the Fo contents of olivine crystallized from their primitive 

magmas range widely, commonly between 60 and 85, which are 

generally higher than the measured values obtained in this study 

(20.57 and 40.40)20. It should be noted that olivine is relatively 

scarce within the CE-5 lunar soil21, which increases the difficulty 

of isolating large-sized grains suitable for detailed comparative 

analysis. This study focused on an in-depth investigation of two 

olivine grains with distinct spectral features and significant 

compositional differences. While the findings are of considerable 

importance, the statistical representativeness based on a limited 

number of grains is inherently constrained. Consequently, the 

genetic interpretations presented in the following sections should 

be regarded as indicative hypotheses based on the available 

evidence. 

The low Fo contents measured in this study typically indicate 

highly evolved magmatic end-members, which have been 

reported in the literature on relevant CE-5 samples22-24. This 

extremely low value indicates that the olivine crystallized from a 

local region within the CE-5 magmatic system that underwent 

extremely intense fractional crystallization. In closed or semi-

closed magma chambers, the continuous fractional crystallization 

of Mg-rich minerals such as olivine and pyroxene significantly 

depletes Mg in the melt, leading to extreme enrichment of Fe and 

incompatible elements in the residual melt25. A Fo content of ~20.6 

represents the extreme iron-rich state achievable by such 

differentiation under lunar conditions. This olivine grain is most 

likely a crystallization product of the latest stage of magmatic 

evolution, possibly formed at the margins of magma chambers, in 

crystal mush zones, or small melt pockets—environments that 

facilitate the existence and preservation of highly evolved melts26. 

A significant difference of nearly 20 units in Fo contents 

between the two olivine grains within samples from the same 

region (Fo ~20.6 vs. Fo ~40.4) reveals the complexity of the 

material within the CE-5 magmatic system or its source region. It 

is worth emphasizing that a broad range of the olivine Fo content 

has also been reported in previous studies of CE-5 samples24, 27, 

which lends support to the following discussion. 

The most plausible explanation is a magmatic mixing event28. 

The olivine grain with a Fo content of ~40.4 likely represents a 

crystallization product from the main basaltic magma of CE-5 

(with moderate evolutionary degree), while the olivine with a Fo 

content of ~20.6 crystallized from a highly evolved melt end-

member (possibly more silica-rich and iron-rich). Subsequently, 

magmas of different compositions mixed, aggregating crystals 

formed at different times29. 

Another possibility is that the olivine grain with a Fo content of 

~40.4 is derived from early-formed cumulate rocks (e.g., olivine-

pyroxene cumulates). These cumulate rocks disintegrated during 

subsequent magmatic activities (such as new magma injection or 

magma chamber disturbance), and their clasts—including the 

olivine with a Fo content of ~40.4—were dispersed into the 

vicinity of the late-stage highly evolved melt (which crystallized 

the olivine with a Fo content of ~20.6)30. Multi-stage cumulate 

rocks may exist in the lunar mantle source region or magmatic 

conduits. 

Fe-Mg diffusion in olivine grains is relatively fast at high 

temperatures; however, the significant compositional difference 

between the two olivine grains indicates that they have not reached 

diffusive equilibrium31. This suggests that they were brought 

together relatively lateure, likely shortly after the magmatic 

mixing or entrapment event, and subsequently underwent rapid 

cooling and solidification—such as eruption onto the lunar surface. 

Lunar basalts generally have a fast cooling rate after eruption, 

which favors the preservation of this disequilibrium state32. 

The discovery of olivine grains with significant compositional 

differences (Fo ~20.6 and Fo ~40.4) in the same CE-5 lunar soil 

samples holds important scientific significance: the existence of 

such differences within samples from the same region indicates 

that the CE-5 magmatic system may not have undergone a simple 
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evolution from a single melt, but rather experienced open-system 

processes, such as magmatic mixing or recycling/assimilation of 

cumulate materials33. This echoes other complex phenomena 

identified in CE-5 samples, such as compositionally zoned 

minerals and xenocrysts34. The CE-5 region represents one of the 

youngest volcanic activities on the Moon; the presence of such 

complexity suggests that even in the late stage of lunar geological 

history (~2 billion years ago), its volcanic system could still sustain 

active magmatic processes and multi-stage activities sufficient to 

generate high compositional heterogeneity, including extremely 

differentiated melts35. 

CONCLUSIONS 

Through comprehensive spectroscopic analyses of olivine grains 

in CE-5 lunar soil samples, this study obtains the following key 

conclusions: 

(1) It systematically verifies the reliability of micro-infrared 

spectroscopy and micro-Raman spectroscopy in the quantitative 

analysis of Fo contents of olivine grains in CE-5 lunar soil samples. 

The study shows that the Fo contents estimated based on the 

method of characteristic peak position shifts of the IR Reststrahlen 

Band (RB) and the method of displacement of the main Raman 

peaks (~817 cm-1 and ~843 cm-1) exhibit a regular relationship 

with the EDS analysis. This may provide a solid methodological 

support for the non-destructive and rapid analysis of mineral 

chemical compositions in future in-situ planetary exploration. 

(2) It reveals the extreme evolutionary characteristics of CE-5 

olivine: olivine grains with significant compositional differences 

are successfully identified in CE-5 samples. These notably low Fo 

contents clearly indicate that the basalts in the CE-5 landing area 

have undergone extremely thorough fractional crystallization, 

generating highly iron-rich evolved melts. 

(3) Indicating an open and complex magmatic system: The 

coexistence of olivine grains in CE-5 lunar soil samples with 

drastically different compositions in the same sample strongly 

demonstrates that the CE-5 magmatic system was not a simple 

closed evolutionary system. The most plausible explanation is a 

magmatic mixing event, i.e., the mixing of early-crystallized 

olivine with moderate Fo contents and crystals from late-stage 

extremely evolved melts. This reveals that the Moon still had 

active and complex magmatic processes around 2 billion years ago, 

which is meaningful for understanding the late-stage thermal and 

chemical evolution of the Moon. 

The CE-7 mission will concurrently deploy an orbital infrared 

spectrometer and a rover-based Raman spectrometer. This study 

may provide a critical methodological validation for the 

synergistic application of these two spectroscopic techniques, 

laying the technical groundwork for the scientific operation of CE-

7 and offering a strategic reference for future planetary exploration 

utilizing combined infrared and Raman spectroscopy. 
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