5 44 355 2 ) AP NS N2 3 1 Vol. 44, No. 2
2025 4 4 H J. Infrared Millim. Waves April, 2025

XE4HS:1001-9014(2025)02-0192-11 DOI:10. 11972/j. issn. 1001-9014. 2025. 02. 007

L2 18 X H E S BV A4 B 7k ik B E S AR i

RAEa K, e, HmEET, RIWVT, FER, ERES, H &'
(1. ERIRAUN 5B P38 5 56 i TSR, Wil b 310024
2. PEBHERE FIEEOR Y T E R BE A W) F 3R R T A S, 1 200083
3. BWEE TR R B S TENL TR R, I 200093 ;
4. T ERE R RGeS MBS B, 116 201800)

TEE: F T A A B AT DU B A SR A BRI A R, SF O A SRV UR A R R AT E A A . T ERE AR
FREESHFREGE FRBAKRNEEERERH TN ERAGFERE, B E LEAHELFL
BOEFEHSTAELT TR RGA ST YU KRNI ERNRS YA EY RN LR 2 HEEEE
CERBHEAANGEE., AXFHALE LEEXNEA A EZ/F WURRMA K ERAMBEREENKERAN
S AKBAAATRN, F AR EEHTETEM. G5, A 532 nm Hot B4 4r 8 3t A @ H# A 7 4 o L A 3E +
SHBENAHITEKETRINEGHRMEI T, EABBFN THENAZPRMA EEAELEHANL
MR, AALESEESRERFENANE, REARAWREE FERAZFEHE LAEEENENAEF=REA
KO FFE G EHATEEST. EHEREN, R A BED Y P A DAL S, PN A gL
G A R AR B W 4 AT IR B4 B AL T 100~1 700 em™ #12 600~3 900 em™, EL K A #h 45 4F 15 1K 3 b R IR b ) B A%
OH By 57 4, 45 W Fn 5 2 %2 OH 14 45 4k o SR W& B 40 & s AR LA B F R MK L4 5 K (MgS04-7H,0) L # 2 7K (ALSi,0,
(OH) )M T IR 25 4 1.3 wt%,0. 8 wi% A1 0.3 wi%; D AP & K BERES G KEZMELAMX R, FIH 4
P B 04 BT g 5 /N Z TR B E B AT B 7 AR AR Z 05 8 1. 75 wi%e 1. 16 wit% A 1. 19 wi%.

X B WA EFOLE; MR AERER AKKRN; EEL

FE 425 .0433;0657.37 XERERIZAEG: A

Quantitative detection of water / ice in typical lunar minerals using
Raman spectroscopy

WEN Dao-Yuan-Tian"*, ZHAO Hai—Tingz, LIU Xiang—Fengz*, XU Wei—Mingl’Z*, XU Xue-Sen',
LEI Xin-Rui*, SHU Rong"’
(1. School of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study, University of
Chinese Academy of Sciences, Hangzhou 310024, China;
2. Key Laboratory of Space Active Opto—Electronics Technology, Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai 200083, China;
3. School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology ,
Shanghai 200093, China;
4. Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China)

Abstract: The presence of water in lunar materials can significantly impact the evolution of lunar geology and environ-

ment, as well as provide necessary conditions for the utilization of lunar resources. However, due to the limitations of
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lunar remote sensing methods, it is challenging to obtain direct evidence of water or determine its form of occurrence.
Laser Raman spectroscopy, on the other hand, can provide valuable information on the type, distribution, and content
of water in lunar materials without the need for illumination, sample pretreatment, or destructive measures. In this
study, we utilized Raman spectroscopy to detect and quantify the water-containing characteristics of typical lunar rocks
and minerals, including adsorbed water, ice, crystalline water, and hydroxyl-structured water. First, we used a 532 nm
laser micro-Raman spectroscopy to identify and analyze the water-containing signals of various forms of water in lunar
soil simulants. We then examined and analyzed the detection limits of adsorbed water, crystalline water, and hydroxyl-
structured water in these simulants, as well as the relationship between their content and signal intensity. Finally, we
employed linear regression (LR ), ridge regression (RR), and partial least squares regression (PLSR) to quantitatively
analyze the contents of these three forms of water in the lunar soil simulants. Our results demonstrate that the character-
istic spectral peaks of the four forms of water in the lunar soil simulants can be clearly identified, with peak distribution
regions located at 100-1 700 cm™ and 2 600-3 900 cm™ for the lunar soil components and water bodies, respectively.
The spectral peaks of water are a combination of broad envelope peaks of hydrogen-bonded OH and sharp peaks of non-
hydrogen-bonded OH stretching vibrations in varying proportions. The detection limits for adsorbed water, crystalline
water (MgSO,"7H,0) , and hydroxyl water (ALSi,0,(OH),) in the lunar soil simulants are 1.3 wt%, 0.8 wt%, and
0.3 wt%, respectively. There is a linear relationship between the intensity of water-containing peaks and the water con-
tent in the lunar soil simulants, with root mean square errors of 1. 75 wt%, 1. 16 wt%, and 1. 19 wt% obtained through
LR, RR, and PLSR.

Key words: Raman spectroscopy, material composition, lunar south pole, water ice detection, quantitative analysis
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Fig. 1 Raman characteristic bands of minerals in lunar soil
simulants
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Fig. 3

line water, hydroxyl water, and ice in Lunar soil simulant:

Raman spectral features of adsorbed water, crystal-

(a) liquid adsorbed water; (b) magnesium sulfate heptahy-

drate crystalline water; (¢) Kaolinite hydroxyl water; (d) ice
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Fig. 4 Relationship between peak area and water content of
three water forms in lunar soil simulants: (a) relationship be-
tween peak area and water content; (b) relationship between
peak area peak normalized and water content; (c) estimation

of water detection limit
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Fig. 5 Changes and comparison of Raman peaks with water
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man peaks of olivine and liquid water; (b) Raman peaks of
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peak intensity and water content
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Fig. 6 Changes in Raman spectra of pyroxene with adsorbed

water over evaporation time
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three regression models: (a) RR; (b) PLSR; (c¢) LR; (d)

determination of optimal regularization parameter in RR; (e)

Inversion of water content in lunar soil simulanta by

determination of optimal number of principal components in
PLSR
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