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Abstract Without the protection of a global magnetic field and dense atmosphere, the Moon is

directly exposed to the radiation of cosmic rays, solar wind, and Earth wind particles. Understanding
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the characteristics of lunar space radiation, including the source and transport of particles, can
help us understand fundamental questions such as space particle acceleration. Additionally, it can
also provide theoretical support for better forecasting and early warning to ensure the safety of
robotic and human lunar explorations. Meanwhile, the interaction between particles in the lunar
space radiation environment and the lunar surface can produce materials such as water, which is
of great significance to the manned lunar landing and the establishment of a lunar base. These
materials may have preserved information about space environment, providing insights into
habitability and evolution history of the planet-moon systems in our solar system. At present,
some progresses have been made in understanding the Earth-Moon space particle radiation
environment and its impact on lunar surface materials. Based on a summary of the current
research and future perspectives, this paper reviews the key scientific questions about the lunar
particle radiation environment (cosmic rays, solar energetic particles, solar wind, Earth wind,
and lunar space particle and radiation environment) and the interaction processes with lunar
surface materials and their products (including water, hematite, energetic neutral atoms, etc. ),
and identifies some key research priorities in the field for future studies and lunar exploration missions.
Keywords Earth-Moon space environment; Space particle radiation; Cosmic rays; Solar wind;

Solar energetic particles; Earth wind; Lunar surficial materials; Lunar water
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Fig. 1 Illustration of Earth-Moon space environment
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Table 1 Sources of radiation particles that can reach

the lunar surface in Earth-Moon space
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Fig. 2 Typical proton energy spectra in the Earth-Moon space.
The ACR spectrum was observed by Voyager 1 at 57 AU, All
spectra were based on the data from Christian et al. (1995),
Durante et al. (2019), Mewaldt et al. (2005), and Poppe et al.
(2017)
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(a) Particle energy spectra for supra-thermal H", He, and oxygen ions versus energy obtained for the

plasmoid event on Jan. 15,1994, The integration time indicated on the upper right includes the oxygen burst.

Note the well-developed oxygen peak at 250 keV (Zong, 1999); (b) Histograms of normalized occurrence

probabilities for the dawn-dusk (Y) (top panel) and south-north (Z) (middle panel) distribution of energetic oxygen

events. The third panel shows the distribution of energetic oxygen events versus geomagnetic activity (K p index)

(Fu and Zong, 2006)
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Fig. 4 Mean energy spectra of solar wind and Earth wind derived from ARTEMIS observations

(Modified from Wang et al. , 2021a)
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Fig. 5 Four escape routes of oxygen ions in the magnetosphere

(Modified from Seki et al. , 2001)

1.4 f A= EHFESTIE

T BRON e T Y 60 249 D 43 22 = ) B, R R
SRR R N R R Y W =011k AR R s/ S van il DR %
] BRTE AT 0. 196 ~ 1% B K B XU B LU 7 B
LWk f2 1\ B AT (Saito et al. s 2008; Wang et al. ,
20100, 554 10 % ~ 20 %6 By K PH XUA B 1 LA RE &=
e I TE S U (Wieser et al. . 2009) . F@ 41K

TR SR T TEAH R WOR 5 H 8 P45 A
K (OH/H,0O) (Li and Milliken, 2017) , [a] i} & FH XU
AT M 22 90 0% P A T8 F (Tanaka ot al. |
2009; Yokota et al. , 2009). 1 F H Bk HL 5 F )
R A BH UG 373 7T LA L 22 TG B i 3t 5 ) Bk, DTG
T H B B B — > LT AUH B35 1 55 1 1k =3
i B A Bk B 3 (Lyon et al. , 1967), [u] J5 7] 4E ff &
25 A A BR 242 (Clack et al. , 2004). pb4h, A %1
FE SN J 3 45 Fady KL 5 2 bl 23 v L O HL
TR B A R R SR T A RS R IR
(Stubbs et al. , 2014).

G A BRI 2K A R 2 R
T 55 T % (Dyal et al. , 19745 Ness et al. , 1967) ,3X
B /N WA 14 1 7 DX IR O S . 3 SO R S R
JEHEIAAE] 1 km B JL A TK, R 10 37 98 LG4 R
F) 1000 n'T AN, Bl iy B2 10385 I i 5 F L ok
N2y 30 km W Sy JL R, 29 100 km B JL 44 K¢
(Dyal et al. , 1974; Hood and Schubert, 1980; Mitchell
et al. , 2008; Purucker, 2008; Halekas et al. , 2011). —
AP 5 ) e R LA BEL A 0 g A O XL o DL T R AR 3]
KA R K BH KGE & S — > 2R LT R )R —
RE Y JRy T PR 47 4 Al BR AR R AR R R B R R
(Kurata et al. , 2005). L2 WL 2% B, 1 5% 5 X )
X FHRCES 5 B ST 8 2 350 78 S5 1 16 5 IX a5
HEA LA F] 50% (K] 6) (Saito et al. , 2010; Lue
et al., 2011, A fgE P MR T8 &2 F P (Wieser
et al., 2010) , Jf 23 H B0 2 AL e — A 1Y T 4 45 1
(Halekas et al. , 2006). [A] B}, G 5 % X4 GE& B K
R MFEAL (Li and Garrick-Bethell, 2019) DL f f#

90°N (cm?s'sr')

5nT
3nT
2nT

90°S
K6 HBR®ES W R T 4 A (Lue et al. , 2011)

Fig. 6 Flux map of protons deflected by lunar magnetic

anomalies (Lue et al. , 2011)
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S DX A B XU SF- 24 B P8R 2y 5026, Wang
A (2021b) BE— 25 73 A7 1 1k 195 K0 LR J= RT
38 S B IR 11 i 32 D 3y 1206 ~ 18 04, o I 114
FirEL 3l 50~260 V. % S X TR S5 R 1Y [
W £ % 2R I B (0. 01 Hz 2247 (1 A8 AR A 0k
~1 Hz BB . ~1 kHz 598555 04 7 ) (Harada
et al., 2015, 2021). BF5E KB, K PH RS # 5 1
FHRT 77 AR ARSI I 75 9 o I 7 BR ] FELIE 80 3 AR 45
B 53 A s A 23 X Bk 3 [a) 0 i S B 8 7 AR S
(Zhang et al. , 2021).

1 Fi 58 H BR 22 e 19 DY 2 2 — I 1) CR 253 A By
BO W BR 2 38 A BR B R AR AP S —— W2 (B0E
VAT FE - BBl R B XUAE i 5 1 3t BRI 37D . W J2 0 v
RERL T~ A3 — & 1Y 58 AR T mT LA 205 i RE 1A T
4 MeV 1K BHAE KL T (Xu et al. » 2017) fll— 241
T8 2k (Winglee and Harnett, 2007) ; DA {4 )
TAHE (Winglee and Harnett, 2007) 387, # A 11 [q]
W T REZ ORI B AT H BREUIE E Y LK 4 R0
JYTH _F 35 8l B0 K 51 23 A X 22 4. Shang 45 (2020)
FAEEFH " THEMIS-ARTEMIS A BR#118 £
D25 » 2 BUAE — A7 B B S0 2o e DR B XU R 1
B e o R BORE 2 AE ] BREUTE AL 7 A DR B D % - 1R
P XAl 1 IR T 4% 7 — A B 428 (152 5 1 BB 1)
0 ) R B4 2 B T R B  —— RO WO AN IR 4 1
9K BH XL Z H s 3 IR T 3R AR K 51 R 6 1 it
TC vk 32 B 3t 3Kk Wk 7 00 A5 3050 - 386 DR T 9 BE R B
L5568 55 14 DG

S RAE 1972 45 AT IO 4 Hh )2 T RE R AR
FE JE W M 4 (Howe and Binsack, 1972),{H 4
IF 0 IS S W 5T A Ay 3 B e A A B R AR 2 114
J7 -4 3 % 4 A B g Ak 17 Shang % (2020) AUAE H
BRPUE BRI T 2 S R B X 1] S BORE 2 W
i % 149 =451 3 3ok (A AR 7, R B XU B
A ) RIS AT B BRI W JE 2 R AR R L A
Bl DAL IHG 3 T = 4] 25 A A AR T BB e T 2 BT
AR B TR AR T H O L1 g i TR W
0 2 T R 0 O BH XU Al % 45 5 o AT RAAE K BH e BB R T
CAS R )2 5 W8 950 43 ) TR 22 1 D 2 3138 H BRTT 2

DY) 30 min A TIE LR B3R BURY AS B2 TR
kX — R AT R AT B s ) K s ) g SRR B Y 2l
BB AR BRI SR A e . i
A o K PR JRCE 52 0 A, 25 i 98 B 055 R0 445 B 7 Ak 3 AT
FE 52 WA K ok 1 11 ] R M A S ik R A o 55 3 3.

BT H BRGS0 X M BR )2 X 45 By H R
180 % T A Ot 5 4 FH Ab o H K2 00 15 37 e 37 5% vl
GCR F1 SEP 45 {1 % & F1 68 1 19 28 1, H vy o ok
T3k HBRZ H1 & 24 07 H BRZ 637 10 B e % £
Z i (Forbush, 1938; Jokipii and Thomas, 19813
Kota and Jokipii, 1991; Cane, 2000; Lario et al. ,
2008; Shen et al. , 2008; FFafa %, 2016) , g
A [ 50 94 KR 10 3 R R L AR AR FH 45 B itk R 2 )
L. ]IS, 3 86 A ) RUE 1 3 A0 AR 5 el T 3R 4 A B
B AER AN B AR e R PR Ak I
J a5 [R5 5 5 A RAEHZ 5 77 AR IR T X
St - i S SR R 5 e B ) O B B BT 2
WR AR N A

2 RLTHR S A R IR

2.1 HENFEREXNAROZME

e L4 S 3 0 ) 2 W) 0T N O A B 7 AR B
Wi —J7 T F i 4 R B BB R 1 S5 W) 2 RE R T L
Feda iy A5 77 A AR VL RE B 23 A I IR GORL T AN B
B o BT Ty B ERSE TR A 2% 1 ) 48
SYIREL AR 7 FEoR. 53— 7 . i BRI 23 R 1
Y5 F A AR 2 b 7 AR TR AL 3R L ek T ST R )
BEXF A A S PR BN L 2 HTC & VF 2 A S BRIAT:
4% (Maurice et al. , 2000; Feldman et al. , 2004; Adams
et al. » 2007; Spence et al. , 2010; Dachev et al. , 2011;
Wimmer-Schweingruber et al. , 2020) Fll 45 3¢ 4 #l T /F
(Spence et al. , 2013; Mesick et al. , 2018; Dobynde
and Guo, 2021). fie 3T » 3 [E 0 45k VU - 25 i & B A2 A
BRI 1A HORL A R PR A 5R) R (Zhang et
al. , 2020b) , Hpr PR 7E i (SD Hr ™ AR A W ISR 1 24
o A R 1 23,5 00 o L vl H KL £ A R U R
Y ISR O 10, 240, 9 pnGy/h, 5 BRE
W18 4728 (Lunar Reconnaissance Orbiter, LRO)
AY UL 5 B — B (Schwadron et al. , 2012). Dobynde
I Guo(202DJF 4 1 H BR%E 5 ¥55 A1 it (REDMoon)
BRI MR AR T A [R) K FHS 3l 5 B2 25 1 H Bk
S THI R H S o A A G 2R 85 AT AT B AS [ 67 B R Gk
T RTEANE B AR 45 A SR A S rh kL 1
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B7 AR LS TEOR AR AR G A 5RO 2 T ) SO A 7R B8 B (20 Messick et al. » 2018)

Fig. 7 Tllustration of interactions between galactic cosmic rays and airless body (e. g. ,

the Moon) surface materials

(Modified from Mesick et al. , 2018)

T 5 R T SO B A5 AR WA

KT R A GCR HIH FAH AR 7 A i f B o
T A B LI AL T A B 40 Wilson 2 (2012) F
A #EAE LRO T E Y CRaTER {28 845 It 1 K
183 T RERHE 60~150 MeV Z ] 19 J 5K 2 18 17
37 8], Schwadron %5 (2016) [a] B i il CRaTER X
a3 A 1 RS R XY T 3R R B B
e DX 1 B BB 1 7 i » by ) BRI IX A A 3% 7K ) J5
AL T A BEIEPE. Spence & (2013) AU L5 SR E0H,
33 I BRORLF % 2R %8 55 700 85 1 STHR 298 8. 6200, 3L
L BRI BT R 3. 1%, F i - Xu 25 (2022) i
P AR 0 k00 5 25 Bl 4 i H b 5 4 SR i
M AL (Lunar Lander Neutrons and Dosimetry,
LND) #6155 7 H 2R W B 7l i, 45 R 3%
HH 2019 4 6 H & 2020 4 7 H WA RE & 7€ 64. 7~76.7
MeV Z[a] i) A 2 BB F- 238 40 (1. 12£0. 09) X
107" (em?® » s o sre MeV) ™' 58 # 7 LRO L2 /Y
CRaTER A% & 75 K BH AR /I 93 118 300 00 25 2R — 5.

e BRI AR TR 2 7 AR IR L X
thf P R R TR BE N R B H LR IR A %,
rh Y S S R D A R I S A S R T
o — s N A AT T H RARG & A
HOu R MU AN A H XS b7 A g AL RCR AN [ L BT LA
HFRA R X5 5 6835 A I X ). Mesick %
(2018) % H Rrh FRETE HEAT 1 — R VB TAE . fl
M Apollo 17 5 J 2R FL 13 2 i H 33 5040 . 72840
rh iz B8 3K LS U BB HL O3 A AN ) SR 4 03 Y e
2 HE T Wi GCR B E UR.VP(Caballero-Lopez

et al. , 2019 F1 C&.L %I (Castagnoli and Lal, 1980) [
R S o [ N N N L B
MCNP6 F Geantd P Ff 4t 45 2 T A ARL 4 52 00
55 B 8 O Geantd WAS [A] 4 B ARLAS 2 9 A 2% 1
J5 10 cm Kby o & %L 45 2R BoR H Rh U
WA N 2.64 cm ™ e 5T

—_

<
T T TTTI,
L

._.
<
o

—— QGSP_BERT_HP
— QGSP_BIC_HP
—— QGSP_INCLXX_HP
——FTFP_BERT_HP
— Shielding HP

Leakage flux/(n-cm™s™)
S =

1 -5 sl sl vl 4l L il wl wl l o wl wl
10° 10® 107 10° 10° 10 10° 102 10" 10° 10" 10> 10° 10*
Neutron energy/MeV

&l 8 7 4 K BH I 3 3 BE I 40T GCR & H 4
FEA IR G - 3 2 % (Mesick et al. » 2018)
Fig. 8 Secondary neutron flux spectra produced by GCR

bombardment of the lunar surface during periods of moderate

solar activity (Mesick et al. , 2018)

Hayatsu 55 (2008) ] H Geantd B4l T A [7] K
P % 2l 568 2 A AS ) 7 S B GCR S oy A R i
O s AN [RPRL 72 ] 28 38 A0 Y J) FEL ) o 2 sk 3 By
78 s GCR 3 B A o ) 7)o 24 4 24 5 G ] L) o 2
fR 3/ 4 vh -3k FRC Y S B R A Y e 2 o S LR
MEN /4, K 3 ) GCR 38 & 8] 42 52 i
A b 7 w] LA B O BRE sh /N AE i ) &b
T A R Ry K BH G B A K AR IR 3 A A A



74 S An 0 45 < b T 2 ()R T A S PR T HC X T 2R ) B 4 R o B 7k TR 2693

KB B 5 B2 1 22 A kS SR o H 38 B 19 22 A6 X A
L 7 Bt 24 B 0 R e T L 22 AN

®3 TRANFEREEAREENFELE
(%4 B Hayatsu et al. , 2008)
Table 3 Dose equivalents caused by different particle
sources on the lunar surface (Modified from

Hayatsu et al. , 2008)

2% 5 H CAL6) i J] Bl ik

Skt H (10)[mSv/yr] A% (ALD
BT — — — —
K BAE 3h PN R PN RE ] PN REE ]
N - Hy 4 e K AR - Hy 4
Herp 7 52.9 37.8 18. 2 40. 2
T 19.6 13.9 6.8 16.0
Hopy 0.35 0.24 0.13 0.15
7 72.9 51.9 25.4 56. 3
GCR 233.8 168. 6 65.8 168.6
A 5 £ 3.3 2.5 1.6 2.5
it 310.0 233.0 92. 8 227.4

R H A0 RE 15 20 A (14 52 ) AN T Z2mg . H 3R
ol A R & OC R R K 5,
Litvak 28 (2012)Ff ] LRO L& I LEND & 4 1yt
o R IR I ECR R A R R R A
BAFMAPER R H G H e TiFe LR & i
Bz, m XA %S AlL.Ca t R RHEZ . WL
H g X8 B b i BOR B s (Litvak et al.
2012). X FREEBAR A Aorh 7, Hol & 22 IR
KJE Fe Ti Fon R FREMZM. B 9 52 H BKEHR

Thermal neutrons (cp 32s) 22&:4?1—'1%9'—76 4

90

45

Latitude/(°N)
=

T135 180 225 270 315 360
Longitude/(°E)
B9 LP 1A X BREUE $ b i 00 25
(Peplowski et al. , 2016)
A E 7RI B AT 55 H R FE S AL E L £ 708 Luna 155
HEERFE S BRI TR E AR

Fig.9 Lunar thermal neutron map observed by Lunar

Prospector, in which color represents the thermal neutron
count rate, “A#” and “LL#” are the lunar soil sampling
positions of the Apollo mission and the Luna mission,

respectively (Peplowski et al. , 2016)

# 5 (Lunar Prospector, LP) T8 & X%} A 3k # 18 #4 Fr
T AL 25 5 . Apollo 16 45 Fili XA T i b, Fe 55
TWMTCR B HECR B R L i Apollo 15 % ffi X
T, b FRBOT R K L b T EBCR R
(Peplowski et al. , 2016).
H1F H G fHp 7 /9 5 i 40, o7 A H oo
R A R AR T LR = T LS H Y s
Xt A 2 F B4 A PR AR . LP TR oh TR A 7
FERAR DX A B 32 IR 3] K oK, an &l 10 fr s,
WX (H SE&H SKANEXEEES
(Spudis et al. , 2013). FFEA XKL 5. EHE
b A7 AR A FE 5 o A B 0 W 38 DL R T 3R R
A 3 BLTAIAR 22 (0] LA ANTE 48 5 9F Hoh 5 (A
FLAE A TL oo, 278 7 Sl UKL T (BT AL )
JIT LA B X 2 ) AL 1 5T R 3T 4 DA B R B e i AR
(Armstrong et al. , 1973; Selesnick et al. , 2014,
20155 Li et al. , 2017a). J & o 149 43 A H1 8 Ak R
B R S IR AMIE ST B — A E )L A GE ]
DA A SR o x5 H 3% w05 0 A 19 52 Wi e 4 T8 i
12 BR A Bl MR SE a8 b 45 20rh 7% AOF BC & HoAth
B CA y FE0 L 45 G RETE WL A BB % H 1
S H W) R HA T 3R Y i AT SO

B 10 A Bk H F 5 % X (Spudis et al. , 2013)
Hrp 22 B R AR AR X 4 B LP T A d 7% { (LPNS)
PR 3 1 8 AR o 5 X B S B AT R R A R

SRR R TR KX (H & 88 SR K& EES.
Fig. 10 The neutron anomalies at the lunar south pole

(Spudis et al. , 2013)

(Left) Maps of the lunar poles and distributions of permanent

shadow (black areas), and (right) epi-thermal neutron anomaly
area detected by Lunar Prospector neutron spectrometer (with
purple and blue lowest water equivalent hydrogen and red high)
which shows that the neutron anomaly area (high H content) is

highly coincident with the permanent shadow.

AN, GCR A1 H R R A — 0 MR & A a3
JWE s GCR 77 A= () H R IR A 7 BB o 7 —
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TE Y ME R0 AR 3R TR A A AR S s 3X 28 A A
ey B L SN IR NDE BE 1 Rb v < S SR i K A i
Az AN HRT DA B AT S B AR A BR 0 AL
1 (Eugster, 2003; Das et al. , 20165 Li et al. , 2017b;
Chen et al. , 2017; Leya et al. , 2021). Li Z£(2017b) {ii
H Geantd B4 T R T AR BE A [6] B 2 524 [\
R A A, B 45 2R BR  3E h Min ! Ca,
O CIEE A AL R 1 AR R TR 2 15 54 v i 3
BNV G R %A AR S 5T R B 3 % GCR
FRy 8 1 A O s R R T — b n] BB R J7 kL 2R Bl .
Chen % (2017) JF R I BT E 15 A e 8o A of
THT Geantd ByBIAY, G i B GCR F1 H £ &
PAHEAE . H 315 3 7 Be " C.* AL C1.” Mn
JURR R 2 3 1 [ 03 38 10 7 A 6.

2.2 KFRRFAHER R A 5 B 1 A

TR R S ] BR T A2 R BH XL e 3k XU i A
PR CEOPR 5 A ) 2 i o fol 3R ) o ok A= 8 A 3
T PR Ay oK 25 KAk /2 ] JRUA . A it 2 4 60 B XL
S R B R XA » 278 A 3R & 1w 8 b
ALK G B BT R L 5 (R IL RT A ) R AR KL R
TR B XA A 89 1 ATl 9 OJF R A R
Zeller et al. , 1966; Arnold, 1979; Lucey et al. , 2000;
McCord et al. , 2011; Pieters and Noble, 2016) ,fj & T
HuER XA R E R o R R IEA L, H
Starukhina 1 Shkuratov(2000) .Ozima ££(2005) $2
R XA 5 7 R K EAE R EIE DR R g —H
A WL A B30T 4R R AW 5 L AT A
I TR 6 i UL B 5E (I Wang et al., 2017,
2018, 2021a; Li et al. , 2020 %),

Watson % (196 1) 4 Hy JT BRI # 7k A BH 52 IX I
BERAG o 76 FL28 258 N OK vk AT LR E A7 AE. 4Rk
I BROK R BB G 1, B FT AR I T B A 5 s R
T e 00 ' 3 W A S I A (R AR A
2020; BUHEE S, 2020). i job ik 4 i AR I F B
SEFERE AT L S L UESE T BR B AFAE
25 B 2R 22 TR U5 7K B K A 9 R IXC R K
UK (Nozette et al., 1996; Feldman et al., 2001;
Colaprete et al. , 2010) . k1A P 28 2 A9 7K (Saal
et al. , 2008, 2013; Boyce et al., 2010; Hui et
al. , 2013; Hauri et al. , 2015) Lk J& H Bk 3 i /K
(Clark, 2009; Pieters et al. , 2009; Sunshine et
al. , 2009; Hendrix et al. , 2012; Honniball et al. ,
2021), H H BROK 0] 73 515k B A 2R 3 A AR5,
TR K AL HE IR H L AR K AL 8 AP R A LU R A

it 2 A o AR XU 5 55 (Saal et al. . 2008,
2013; Greenwood et al. , 2011; Hui et al. , 2013;
Hauri et al. , 2015; Milliken and Li, 2017). H. v
JBRA R 3 A 19 T 20K & B B2 T v T A2 L O
HBE I 8] 2 2572 4, 7K B AR T 3K b ] op AR
AR TE R R AN I R SR B IR SR R
YIAE O K B X5 3R A0 A AT LA 4 i e ¢ 3
L B o Bt 4 3k A B T 2R OK BN 2 R
B X ZE &5 A #5774 (Clark, 2009; Pieters et al. s 2009;
Sunshine et al. , 2009; Kramer et al. , 2011; McCord et
al., 2011; Li and Milliken, 2017; Hendrix et al.,
2019). K BA R Hh A, 55 77 T H B AL B B BT B AT
S ARRRI SR IY TP YRR TE S T
BIE OB /K45F(H,O0) (F 11), H #i X — HLH]
B 725 05 3288 FriiF 52 (Tang et al. , 20125 Zeng
et al. , 2021).

i ﬂﬂé;k(OH/HZO) :
B 11 K PH XA b 3R XU 5T AR A ) A 3K A% R
(o2 4 45, 2022)

Fig. 11 Tllustration of mass and energy transport to the

Moon by solar wind and Earth wind (Shi et al. , 2022)

X A AR - AT RE I A & 27K 0 ok — R L R
I i 3R A kLT CR Bk XU TR R 1T L5 1 Bk R )
FAE A oK 9 B AR AT B TR E W] BB AFAE
5 ARG IEM A E TR (Wang et al. , 2017,
2018, 2021a). 7E3H H AT JG B9 2 3 KA B, H BRAL
T IR AL PN O s DR PR RO B i A S i ) R AR
WK Bl Farrell 2 457 (Farrell et al. , 2017) 3}
SRR e Eh R XU AR I 2T A R OK L TR
TR EE UK 8 F L “ 28 & 7R ik 6406, SR
@R, Wang 45 (2017, 2018,2021a) F) FH“ H



74 S An 0 45 < b T 2 ()R T A S PR T HC X T 2R ) B 4 R o B 7k TR 2695

s—%5” (Chandrayaan-1) H Bk #" ¥ 2 I {1 ( Moon
Mineralogy Mapper, M*) $04& 70 A & BH . 76 Hb BR #
J2 5 WA B RS 1] 35K 3R T A 7K 20 9 oK TR 3R 2R
T 2 /D (Wang et al. , 2021a). i@ i Fh 88 3 A
J2 Z A ] A 22 e ) ke K S R R 28 AR, DA K&
Kaguya T & fl THEMIS-ARTEMIS T &2 %t £ H
25 (1] A FH XU 3 DU ) 8 T 445 2R 5 I 52 1 el Bk XL AT
PARFE H 3Rl T A e s K. R AN E
WEZ N T e BRI R AR TR —— 1 BRI B
EY NI Z 18] 1) o s SR A T e .

X — & B R B A A0 N S 56 = LT BROK T
RS RS T 2% [al I R OR B R A AT R R G
] BEAFTE S BLA0 1) Joit f a AR 227 A R 5 WT DL fek
UNRE D IRAFNIVE: N S Y R R VS N R A
J2 3 B HABAT B - TR R G Y B R 4 ) L 7E I
filt b o B2 G 0T A i T 9 0 0K TS ) R IBURE gy
TR 5 35k XU 17 38 3 AR ok 8 T N T 2R 6
AT 55 Cln = g kL5 7 45O $5 280 1 D6 15 AN A ks 480
AT K AAT T A AT R B B N R IR
FIF R FI A B8 U5 5 Ay S5 26 S 37 ) 3R G b g o 45

Tucker % (2021) £ 25 1 BROK 1Y 7 A2 5 46
S A AR H T C A R S BOE BRI, K
A BRIV % 2 AFAE — A R X7 R 2 B )
B A XBTE A BR8N, AN 2 4% % 88 T K FH
JAUHF R L A X 8527 0K B XL R 5 2. R 2 X
A3 OH/H,O ) & & Wz BAR 5 H Ay 1k i %
AL A2 O DN E S 2 DX AR E

BUAN L B A IE R B T BRI & 4 R A AE Rk
" (Lietal. , 2020). AT (Fe, O) M ER K2
A — e/ AT B b — b W e, B BR AR T 2
KRR H &7 & A Tk R g, — A A
AFEREM =MEA Ly FIH“Al—57
(Chandrayaan-1) i) H 3k# ¥y 2 AL M 9 540 . 78
MALER 7LD B A R IR BT ARk,
53 A5 T HUIE B 2R O R TED [e) o0 1 0 EL T 0 b e
=3 TR (8> S o0 <N WL 17| SR DR = ST =}
SO N R U BRIR R0 1 32 2 A7),

T TR ) BR JRy R S 5 i R B AL b R XL
550 SR AR AR L A5 0K BH XU 3Rk R A i e
U AT A HLS 1 1Y BB A R0 A A DT 05 K
25 AR & 7= A A oK A0 5 B0 3R o XA
56 » DR I ISl o v ) B 5 BRE 80 e DX s 2 O B XL
i BOR L 7 E AR B 2 T A BRilie (Hood and
Schubert. 1980). B} 5 % 8L, H BR e i X 38 5 1% 5+

X555 AH % T A & B T S R e
BE N B K S B W 5 (Li and Garrick-Bethell,
2019).

Hy T3 A RO L ok B b ER R K £ 5
FBRIE 17 X 2k 30 1) ST BB BA A7 T 0 3L AR AT L
W Hb 3K G 2 0K SR AR REAE (Wed et al.
2020). FF X A0 AZAF I A HiuBR PR AR L b Bk 2 1T
JUT- 58 4 T A b 5T C 3% 5 3 — 300 %) el Bk g o2 473 4%
ik, Ozima 48 (2008) # % A HEd He N, O,
Ne Hl Ar 8550 2 AT R, ] 68 243X A~ DA g 7 i}
FRARBEHT 2R 2 . I B2 e W R 37 1) T G 1sF i) L
BRI B, DA R i A 3 ) REE K AR L 3
AN AR 5] .

J3 Bk 2 (] 1 45 Ffoks - 56k 2290 o (A48 7KO
M DTHR s A — 2 B 38 SOMEAR 3 9 2R . H A KB
RO H 2 1V FHBIE 9% 45 22 R L Gn fif it A 28 7= 2k
1A 55 A WIS 45, 30 T3 2R 47 R o 1 AR il ok
FH XU st 2R XURE T BR 7K B4 A X 57 1k R 6 s Bk XL LR
FHXUEE X H 2K STk 45 A A 2 K BN X R 2
A/ B o DL R IR U S LA LR 45 5 2
AL, A EKOE TR T A2 & R R — M O
B Ry STk ER R W AR DD L HER XU A
FEAAE T WG 5 5 7 A i B AR A T ()
B 3 — 7 I 55 [BDRE T 5 7 3R BLVE A i A
P R HE X H BROCAR (B U6 7 Bk Ah R 2D T F
F 275 [ BB BTk L B 35 Ak T B A I 9 1R AL
FRAMKARE R 75 H &7 AE MR 7,
AR F 2273 M1 30 55 oA 5 250 0, FLRE 1% i n]
FRE R R T (K S Ho A 45 % 43 55 b H Bk
RRJZ M EAEE R E K.

WA BUAE 3R W 58 DX i ik 5 A Bk ] g
FEAE T Gy 33 e R 23 5 ) R FH X 3 33Kk XU Y B K i
TR GE O LB I W 8 XN AP K i 2 S L 2
A I RE RS T A A BRI R T UK R &R
A RE I8 I BETE 19 7K B g3 AT —— Fe Wil X T AL
Bk SUHE AT R WA Bk 28 AR A )
PR RARA 25 L Ry 1 3 55 5 T AT 28 LA

3 Bheg LR ES BORPEAS R

3.1 BEAFELE

H HIAF 75 1Y — S6 5 fifp e (0 OG5 n) il 76 H R e
SRR T T AL HE (1) 524 2k K BH XU b 2R XU ZE by
H s 8] (1) 4% S CEL 36 AN ) RUBE 1 14 3 % 4% iy 1) 52
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W)Y 5 (2) F 3& U G v 1 s B RE T 1 40 A A AL 5
(3) HERJZ/HuER % )22/ 7 BR W 55 X5 A [R) RS
S ey 5 0 ) 2 5 5 R B s () k15 H RAEAEH]
PR T B IR EE TR, 6 R S 6 T 2R T BT
FR 7 T A S (1) Ml Bk X K PH XUSE A [R] R X 220K
F R R TR 5 (2) Jry b i 5 5/ 0 3R R 3 10 R
(3) HP - B8 i dan fof o A S 8 IR R )2 W i OK 58D B4y
S IX 28 H I IR I I AR A SO TR 7 R AR
et/ A Gl G | 23 1) ) 3155 2 20 B R S8R Y

[
3.2 MAZENFERARRERES ARRERARN
BAR B

fife pRe LA b ok 2 1 8L 0 2 9 2 SR PR AR A 4
[0 R A RN A - N REOR R T RUR D L
RE T S8 H R W0 T TE RS 20 SR04 1) AL

A (R BE AT FERE 0 5 T L 2 ] R 2R Y RE
YU R A B LB R AR BRI A2 R
T B A BAS Y FIR]  2 T] 48 00 45 A0 A 3 o M
R GEZ B HE R 38, 2019) DT 4 8057 7 26 (1 45
2GR R B AR ARARAR (Xu et al., 2020). X F
301 78 AE (> Te V) BRL 3 T IA 7R 23 (W] 54T B # WL
GZIRHEFIZ 58 . 2019). P H 4R B9 %7 05 RE ) B0
Ao A0 JHG A% 1] S P R O DA T RS 8 7 310 3 BR A 23 36
B R 2R AL S AR L R B ) L TR BRAS
BV Ry KRB, f R T b 253 ) 52 7 4R 14 o U5
J7 1) S AT Y LA % T B RE SR AL T a0 1. 3 Y
frid , TUR i S A AR 2 IR AR KL 1 03k HE A AR A
7T G 325 R 000 38 58 53 b, R XU 174 552 o 3 o e R R AR
il PR IHG 5 B R R BT ) B AR f I i 3 AR E 1Y L R
JRGES 5 33 2 A A L R A ) AR

X3t H 25 ] AR H R TE T 2 PR
T AN R URESE e R A R R R A
A% S 7 A B UR Gty HLRE 5 SR T 22 48 00 31 iy PR e
T AN [a] Ji A% 9 S 0 8T AN () L S R 48 T 8
Bt P T RE R AR AL L R T R BRI AR AR A LA O T
& e A [ BB e B Y P - IR AR L AR AR Z A A
7 14 R0 i 2 e S22 A R M0 A (] i B 9 op 15 0
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W Ah Tl A B UI 45 G AL B TE RE SRR A
iR AR 04 (Liu et al. , 20125 Hui et al. , 2013;
Hu et al. , 2021; Yang et al. , 2022) F ki 735 7 &
AT 5256 (Tang et al. , 20125 Zeng et al. , 2021),
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