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Figure 1 Lunar Reconnaissance Orbiter Camera (LROC) wide
angle camera (WAC) images of landing regions of (a) CE-3, (b) CE-4,
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and (c) CE-5. Here, the red stars represent the landing sites, and the
lines in white are the basaltic boundaries of CE-3, 4 and 5 landing
regions interpreted by Hiesinger et al.?%, Stuart-Alexander®'!, and
Qian et al.l?? respectively.

WO Tk — 5 PR R AR T s, R
Br T = DU TS B R X BSR4 5 SR AL
FERM SR, GRax et Tl = . L5k
Fifi DX P 3 SEEARIR AR SR R 1, R T R R S R AT
HE A B RTATL AR o 32X 8 28 SRO6F i R ARAinlz S - 3090 F 1
P~ RN BRI SR ) el IR S R v R A B

2 HIEAIE

M 2010 4F 10 H 15 H#| 2011 455 H 20 H,
% =5 MRM % H BRER T HEAT 149 5000 /NS 000,
TAESIRALHE 3.0 GHz. 7.8 GHz. 19.35 GHz 1 37
GHzU'S 17, 14 — 5 MRM HIFR 43 I 8] /2 200 ms, W
MAREEDY 0 MREBUREEL T 0.5 KIS, fHM — 5
PR KATEEZN 100 km, MRM £ 3.0 GHz i & 1)
A 7 HREE L0 25 km, Fél R = AN @18 K 7 8] 43
2979 17.5 kmo. AR MRS KRG EM LR
B 2C 80ds 7= i, A0 AT DU B8 H TR 4
wok oM fF OB kR % R 4
(https://moon.bao.ac.cn/ceSweb/searchOrder pdsData.s
earch) 3R 75 o 0 1k — 5 B S v 50008 1) 40 T ik T
PLZ7% Cai %2311 Zheng 0100,

21 WUE=RHIE

KA TR Zheng SEU6 IR £ o3 AT 5%, T
SRR S IR B S BRI B R U A TR B S
KT 24 NHEBRES . RJE, SR GG BE ST
B AT, W0 5% B ) B ) S Ui A P P S O,
S IE B P RS ) o AR 0 B A A R, TR AR iR
B Y AR VG T R A () HER L0 10, T b
77 T LA 43 W e v s 5 R B[R] — B 25 4F R o
TRV AR VG 7 ) B AR A AR S e /ST, PRIk, SR P 2 4
B 79, A B RN R B 20 o ik X 3 i e,
)73 B3N 0.25° X0.25°

SLIRBE A FE AR L CRTFR G BE RN A2 ) L) ki
A G T E R B T T 0 B AR B S B ) A
2 8T,y 25 Bl X 4175 2 B X, el Bl 26 8 (3R
TR D AR B . T I 55 S R 46 5 R
Meng Z5USI H 7 A0 575 3 a) P R o il 222 ) Pl 7

KPR ITIEAR T R T Sl S ) S A AR )
KE.

#il f/F A W 5% J&  ( Normalized Brightness
Temperature, nTB) K|, FFERIAERANHEICHEN L
R —AFRdE STl o AR ARSI, TEEE AR
PRE . PRER S BAUA PR RESE SR, (RUEFTA #7852
Tk U7 B E AT AL ) ] R IR o AR it 5 1) 5 T 2
W, LR BEL B A i 4, HAAEE N
ZA AR SRR . T, BEANER T B SRR DA
E 28 FERE L () A v S 3, BRI 75 2 72 X B 300 552 iR
K.

iR % (Brightness Temperature Difference, dTB)
& SRR — B 2 AE T, (Rl — 50 B A [R) U0 Bk 2] (1) 5
Tk (AR R AL B o BFFE TR, — R A R AR W 5 Ui
el 22 B, v DU R R IR S H IR 24
IR R

R AN I R B N e i A B, S Bk T ) 3R H 3R
VIR R AE s 22 T TE S i ZE e, S Tk B
TR Y K T 2 7 o Y TR P R ) 48 1 40 R ARSI,
I, ZEA RN SR AN SR 22 ], B R AR R H Y
JoR G o3 A A B

22 RERSIHE

AW 5T Kaguya PR Z B RUZAC (MDD 4,
KH T Wang ERUHRHEI) 7705, [ T HEFLIX EAG I
B (FeO) FMEAMEL (TiO) & &; KM Lemelin 55
DR R Ok, MO OBE AR IX B O A
(Clinopyroxene) FIiiiif (Olivine) & &/ M. Kl
2. 3 M 4 gl s R = P, Tog A b
X AT SEALER . BRE A AR A 2 & o0 A
Kl. B2, 34 X3 AERS (REES) AT
FEX I, DX TR X3 1 xS b i 28 X 3k

@ |y

A

123456-3



PE# 155, ERE PEE J2E RO

2020 4F B 50%F 1

W W 22w oW IEW  1eW

& 2 ﬁﬁﬁgﬁﬁ%]:iﬁﬂ%]ﬂ% AR FARDE A AN
WA SES M. EF, 15, 1204 122 F1 128 & Hiesinger
SEROPU X U 0.

Figure 2 FeO, TiO,, clinopyroxene, and olivine abundances of
CE-3 landing region. Here, the signals IS5, 120, 122, and 128 are the
basaltic units identified by Hiesinger et al.>"),
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Figure 3 FeO, TiO,, clinopyroxene, and olivine abundances of

CE-4 landing region. Here, the signals Im and Nc are the geologic
units interpreted by Stuart-Alexander!?'!.
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Figure 4 FeO, TiO,, clinopyroxene and olivine abundances of CE-5
landing region. Here, the signals Em4 and Im3 are the basaltic units
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Table 1 Average mineral abundances in CE-3, CE-4, and CE-5
landing sites (Region I in Figures 3, 4, and 5).
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Figure 5 nTB maps of CE-3 landing region: (a) 3.0 GHz, noon; (b)

37 GHz, noon; (c) 3.0 GHz, night; and (d) 37 GHz, night.
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Figure 6 dTB maps of CE-3 landing region: (a) 3.0 GHz; (b) 7.8
GHz; (¢) 19.35 GHz; and (d) 37 GHz.
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Table 2 Average dTB of unit 122 (Region I) and unit 120 (Region II)
in CE-3 landing site.
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Figure 7 nTB maps of CE-4 landing region at (a) 3.0 GHz, noon; (b)
37 GHz, noon; (c) 3.0 GHz, night; and (d) 37 GHz, night.
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Figure 8 dTB maps of CE-4 landing region at (a) 3.0 GHz; (b) 7.8
GHz; (¢) 19.35 GHz; and (d) 37 GHz.

R3HRIY S ARG 15 SR DO e 1 2
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Figure 9 nTB maps of CE-5 landing region at (a) 3.0 GHz, noon; (b)
37 GHz, noon; (c) 3.0 GHz, night; and (d) 37 GHz, night.
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Figure 10 dTB maps of CE-5 landing region at (a) 3.0 GHz; (b) 7.8
GHz; (¢) 19.35 GHz; and (d) 37 GHz.
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Table 4 Average dTB in CE-5 landing site in Unit Em4 (Region I)
and Unit Im3 (Region II).
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fH2, AIIWOGIRINZE R B, 122 FLITH) FeO
TiO2 F &M E & T 120 FI0, SRR TR R
MEE R . Kk, 76 37 GHz FiEREEHE A (8.1
cem), MZEAFE—ANE: B2 Wb EdE AR
*, BAKER FeO 1 TiO, &8 (ZBITHE 2
HE; TERVAEEEE RN E 2 g, &)
FE 1 KPR BE VO B Y, 0 0k =5 35 B IX 1) A7 A =
Nor)ze

X F BRI 2 5 04 (R i T AR, o T 1F 5 K B
AR AR BT R . SR sy
A IR BH RUAIT A Sk B3 45 7 T R R 2245 S By B
BB, REE =S R RS KA ECE
HEIE, BWATEERE, 5 1 EERHOHEN
60 MHz, FZH TIRMIKALEEAS T H 5200 Hb 5 45
Fs 55 2 JEIE I LA N 500 MHz, P T PR IIE AR
[X 35 338 J2 1) J5 B R 45 44150, Xiao ZEUR IR IR F 5 15
PR By 65 BN A5 ki et DX sk b 5 27 5 RO o 1R 9
AR R A7, REZHLIX B NI LLRE T T 4
(b R I 7

B2, XTI H FHIXBIEE 219 R EAL
#AE 1 m BL ) AR s BT F A0 1 o P2 Al
FLR BT, 1 om BAPY Y 358 5 J2 S HE AR )
DR, i s S T PRI R B, BT Ry SR Sk adk — 25 4y
Ml B R, SRR R IZ 5 )2 H B A5 M1 B4R

[ ESE S

4.2 CE-4 EMEXHNKLSRE

K7 R, fEGE MDY 5 &R X, X 5 KA
{0 ) 2 3 A B IS T e DU Im FR A A X
o XA IAGE S R BE AT O B B A, A
U BT LA FE R VA s S, T R R TR
V] 2 2k — 5 AR 5 TR A A S O D R
FORI o PG, 78 SCIXFh R AN b 5 35 A X LA
BRI TR B S RO A S

SEATRAAY, Fa S0 IA E 452 3008,
SLIRM E B KL (FeO+TiOy) S8, HiE
FE. RIS, HE, BEP (FeO+TiO) & &
S8 A ORI e s R e b R R . XA HERR T
(FeO+TiOy) F MM . 76 H b 2% 3 4 o bt
X338, Meng BRI, HOK M)A PTF RN SRR
Mg K, 37 GHz AmsEiiA %, MfE 3.0 GHz
A17.8 GHz AARSEIR S8, A TA) U 35 3 A AR 2 il S
W, DR, DY A R XA S IR R I AR T DLHERR A
BuE B R I R . SRTH R N A O,
I 17 E 33 P o S T e AN TS P R R iR R, AR
AN BE AR 1 1k VU 5 5 i [X R TR v e o

#F LRO £ Diviner £, Bandfield Z£P8IA1
Hayne 5509 K I H R AFAE R E MR AR 1L, ¥ s
X 1) H SR & L P IEAR 10-30%. Hi 4 i 1k
U 55 47 000 25 k35 il DX ) S8 3L B8 140 3t o 0 2 45 2R, Xiao
SEUOL NI T X I H AT AR AR . IR e R IR A,
08 1k DY 5 25 B X PRI ¥4 S AR AT BB I ) 1 i
B AP F AR G B s BT H BRER T B &
BR H K PR S, R R S RAEHRZLUFIMA
IR FE AR AR, MNTT 3 80T 4 Wk DY 5 3 i X RN
W b iR P T R L X

R, H AT B = 0 ¥4 S 1 R RN TR B ) 4R
e MriRZER (K 8) RE, TEMBEA =W X,
HHEL T R B TR RN A 18] iR 22 5 5 12 b X AH G 58 vy
() S8 2k B — B8, R B 4k DU 5 i X iR e IR
MR F R AR o 2% e B ATk SR A
BIOHS A B A RE MR PR DX O B v S o [RIE, 3R
MBI, FTREAFAE — PR RIS, 18R T k0 5 4
il DX AR A 74 S s b T LA A R B T8 RO AL AL
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ZAR RS B 5 AR I 4 2 [R) 2 A R AIE

AR i 2 25 L, mT DAAS 3 0 0k 5 o o DX
YA H ST Ko A BB (R 5). T E I ik VY 5 3 i
X, Qiao FFWIRYE Kaguya MI #ds, fhHEAEL <
[T X R AT (PLAG) & & 29 H(~54 wt.%)-
RS (OPX) Z1H(~24 wt.%). WM (OL) £
N9 wt.%). Li ZEWBER A IE & 2R £ =5
() SR AL B ) VNIS Ee 4 247 iV, 153 CE4_0015
M AR R (LCP). &S AHK A (HCP). #if
M (OL) MIEFEE N 42%:10%:48%, CE4 0016
M S LCP. HCP. OL MFEEEL N 38%:7%:55%.
Liu ZMEF B4 =5 VNIS YA 3kE 1 R4
W, SRS F O R AE I i Y, A 5T I 0k
VU535 Bl [X 16 H 3 0 20 o e A, I VR & CPX,
OPX. OL Fl PLAG iX 4 F ¥yl & 1 9 M ik VY5
Hf XA A, HAE 6 SRR
TiO, &5 & 15 0 ik DU 5 25 B IX fe e, M 45 SR LR 5 .
#S5EMW, BT Si0. ALOs. MgO. Na,O il K,0,
08 1k U 5 i X 498 1) 32 B B R A T
FASHLX, JEF AR FeO (M VY 5 A FE A FerO3)-
TiO, fl CaO & &M ZE R HE . RIEFTR T,
FeO F TiO /A~ RE M i 1k I 5 1 [X PRI 084 S o
DRl 0L, A R 5 75 25678 Si02+ ALO3 MgO- NayO+
K20 Fl CaO o5t sEi sy . (H2, @ikl sE
Wi DX PRI P04 25 R A R R ASEADLH S o b 5 R, A —
SE e AR IR R Y5 5 B X B AE M PIR 7y s [FIRS,
ANHERBR A2 JE i E 24 /D B 27 43 3E BB SZ R,
MnO F1 P,0s.

H AT e VY 5 i e AR an i, Wi Re A 2 5
TEAI L2 BOE R B B . Rk, THEAET A
BAr Erm AT b, g5 A M LSS, SR — P A
TACIRE ¥ S ) R B

R 5 MRS A I DXOR S G CURI G 48 DY 5 Bl DXCASEAEL A
FEREa B 6 AMREA) VAT IR sy B 8

Table 5 Mineral composition of lunar regolith samples from CE-5 FI
and CE-4 (No.6 regolith simulant by Liu et al. “4)) landing sites.

HE (wt%)

Y%
CE-4 CE-5
Si0, 53.6 422
TiO, 0.69 5.0

Al,05 12.24 10.8
FeO - 225
Fe.0s 9.26
MnO 0.13 0.28
MgO 11.99 6.48
CaO 7.51 11.0
Na,O 3.67 0.26
K0 0.4 0.19
P20s 0.05 0.23
Total 99.61 98.94

43 MRM HIEMBERMNE

CABR IR T 5 36 bl X NS5, Mk =5 H X,
ARANE BRI R TR

(U fopt 4 v St st A i & s AR R

Hiesinger %545 4], Haruyama %5 47/fll Kramer %5481
XA A A IR 2 G U ) B A 2 — & FeO Al
TiO, & & . HEK LAWK, Meng 4T H
F o A FeO. TiO, & AN Ee o #, IAHTE BB
B A R TR 3 R R FeO AT TiO, & BRI, A
JEER 1SR, B — 5 A0 5 (Rl 4 A T s AT LU
SRR AN X A A AR %R

TEGR I — 5 R 5 X, S RIS 5T 0T 0ok
Hed R 00 2% U eI S I TRV G o AR
=5 X, 122 A1 120 HICH R 15 $oo. 122 Al
128 FLICH 0 120 50 il 0 F 5 1l 5 5 610 v
G FEHRESERX, Emd BI05 7 ILET
Im3. Im2 B0, STl A5 R B el AV 615
R AF o XK, RS EOE AT U T A KR
BRI TL, AR WG A R e .

fHRTE 3.1 THIA M, BATKIL, TRk =5
HRER 122 #6, HHARM 128 o6, LikZ& AR
W L AR 2 I B S R L A R R
XA HIT) FeO M TIO, & 4ix (& 2), Mtia
R R A SRR A R ES, 03 TR T
BT EAR R I . BRI, Wu 527
ETmEadEEf LROC EMMANEGE. mtik
R BRI 22 A RN Wk — 5 T 0 AR 15 1CEK
). 2B 1% (LROC WAC A Clementine UV-VIS
HHE)~ 70 om I R IS T A B MR s A5k
W =5 R X EEAT T WHIT, AR T A0 Hb i AR
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BMER, ARG AR B A R s
S3AT AL A ST . A IE RO R RRAE, 0K 122 A0
128 & I H— N HJ0 . Morgan 5 POV T 1 5L 75 A 1 7
WX RAET, WI%H AP 122 B e 128 H It 6
R HAAE . L, SOBRRSS THXE 122 B0 128 5
TG X EAE R FTRER, P ROZ R — AN 6. A
SRV, R EA — @M FEENE: R EENH
BRURBEVG A, W5 R 52 DB S P 78 35 G AN 2 ] IR
TR RZ M 5 55051, 3xX 7 B2 H Bt 1 2 50 Hh X R B
SEMA S o DRI, A S B T DL SRR AN R
AR i X sCE Y, VT WG 5T s S i B 2L
7.

(2) I i =5 46 i DX sl B SR 1) b 23 A

1E A ERBER FL R, X B0 FeO Al TiO, &%
BHERKCAMER T TR
120 A1 122 FITCSEIRFFAE AR, SR NI FeO M1
TiO: R EGFRN K RBEFEENSHEE L.

120 A1 122 BRI, 2RIt XA it
FOH AR 5 2 — AR T 0] IO E R 1 120 AT 122
FITHF A, 122 BT H) FeO Al TiO, &8 & T 120 H
JelP%, fE3EE USGS #2411 1: 500 /5 Lufl R Bkih
FRE R, ¥ 120 A1 122 SICHERAIN T & R 4002,
Hiesinger ZFPOMHE i 4s RIN N, 122 HIGHFR N
2.96 Ga, MiT 120 BITHAERS 3.01 Ga; 7EFREHHT
FERCH) 1= 250 J5 EEBROA 3k o & v 1531, g iy A
JCHHIN Emt B0, Horb 122 B 5002 AR A
2.29 Ga. 120 F TR R4 RSN 2.31 Ga. I,
ZATEFRICIDAL, XA 0 FeO Al TIO, H&EA
I 2 sl /L T 3 K i 34

B2, 26 HERBOHERINEEE, Wu LTI 5T
NN 120 TR (2.26 Ga) BT 122 #ot (235
Ga). Xitsh Z A ¥t FeO F TiO, & E 5ER
WAk T AR E T, Bl = F 2 e R 2 E &1,

T e S e AR 120 1 122 BA TG R 4 A
CERS IR RIRAL T WIS 8E . MR 4.1 T 2 H %
CEMWEIURCR, 122 Bt —Z A O F 8.1 cm)
ff) FeO M TiO, & & T 120 Ht, HE ~ZHECK
T 155 cm) FeO Al TiO, & & BALT 120 H T,
Campbell 25 261RIIF 57t & B FR I 04 3408 1) o s s [X K

BRI 120 $95), HATHm 1) FeO M TiO, & & . &
—ZABEEERUN, R LI R AR, 120
BTG FeO Al TiO, & B & T 122 ¥t

DA G, i T DB S T R R T R, R RGIE
ST W BRI A, XA FeO fil TiO,
o EE A T R R N T 38 K R o AR e S T
N A A DT B AR T T E B S %, (E
13— 5L

5 #ip

AW T Tk — 5 TR RO RS AR, 2 A
=5 WSS mEMNESE R, R T
CEAIH IR =5 . VU5 R 15 25 B X 38 1 Bt FA e 5
Rtk EZHE R DTS

(1) il 5 4 Bk X B AR i s i A i 22
RN, 2R WO S B A o X 9%,
FLZh X H 338 7 BE VR FE AR 4 35 50, T DLAE Aok
AR DR A 0 SRR T SE AR 3 BRI T 0k =
SADY S XA B0 AR AT R R R S

(2) MRS NS%, (=5 H5MHX K
IR 22 Bl AT R R AR R R A AN 38 5], RIZE 1 m I H
BORFEGHEN, FESADELN, TEHE FeO
M TiO, & 88w, 2 — )2 H 3% FeO Al TiO, & &I,
2 HIE FeO M TiO, S8 H & .

(3) EHEME=5FMX, KM 122 #5 128
BILA LA N — NG, T 122 BT FeO A TiO;
O BT R 120 BT, 4 SCHE T R SR EAG L A
LA FeO Ml TiO, A Bl A7 W8 (1500 1 385 K Fr)
e

(4) FHECECT W 0k 15 B Bl X i, 72 0 Wk DY
5 5 Bl DX R BT AR T B A S IO AE AR, W5 HEN
HOR R 2 X ] B A BRI A E R 2, I
M) 153 £ BE R 0 R T sk ¥4 S R0 P Jo R T
B o

g =5 VY5 RS A B X skt b, R
O S B T T R i X A 1R, T RME
H i 5T o] e A X A R E B A 7, ol
BE— BT ik =5 . D95 A TS 1 S A7 0 2 i 4
BT EESE,
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Analyzing the Microwave Thermal Emission Features of
Lunar Regolith in Chang’E Landing Sites and Its Geologic
Significance
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The in-situ lunar regolith explorations of Chang'E 3, 4, and 5 landing sites provide an important reference for lunar
research based on microwave radiometer (MRM) data from Chang'E 1 and 2 satellites. In order to eliminate the
influence of brightness temperature with latitude and highlight the relationship between brightness te mperature and
lunar regolith composition, the normalized brightness temperature and brightness temperature difference maps were
defined and produced. Based on Kaguya MI data, we calculated the FeO, TiO2, clinopyroxene, and olivine
abundances of Chang'E 3, 4, and 5 landing sites. Combined with the in-situ exploration results, the microwave
thermal emission properties of the regolith in Chang'E 3, 4, and 5 landing regions were systematically analyzed. The
main findings are as follows. (1) the Chang'E 5 landing region has a stable brightness temperature performance,
indicating that the variation of lunar regolith composition with depth is not obvious in this area, which can be used as
an important reference for microwave thermal radiation anomaly research; (2) there is a stratified structure within the
lunar regolith detection range of Chang'E 3 landing region, with the lower layer represented by low-frequency data,
the middle layer represented by high-frequency data, and the upper layer represented by optical results, composition
changes greatly; (3) the presence of cold microwave anomalies were found and proposed in the Chang'E 4 landing
region, and its nature and formation was preliminarily analyzed. It is found that the microwave radiometer data can be
used for the identification of mare basalt, which can provide an important scientific reference for deepening future
studies on the evolution of lunar mare magma.

Chang'E mission, in-situ exploration of lunar regolith, microwave radiometer, microwave thermal emission
properties, basaltic volcanism, microwave cold anomaly
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