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Progress in the Applications of Infrared Spectrometers
in Lunar and Deep-Space Exploration

MO Bing', TANG Hong', ZHOU Chuan-jiao', ZHANG Tian'
Yl Hao-an'?, LI Xiong-yao', LIU Jian-zhong'

2. University of Chinese Academy of Sciences . Beijing 100049, China)

Abstract: Infrared spectroscopy is a key technique for determining material composition and surface thermo-
physical properties during the exploration of extraterrestrial bodies. Driven by rapid advancements in infrared
detector performance and hyperspectral imaging technology, infrared payloads have been widely deployed in
missions to explore solar system bodies—including the Moon, Mars, asteroids, comets, and icy moons—
yielding significant results in mineralogical characterization, water and volatiles detection, organic matter iden-
tification, and the retrieval of thermophysical properties. This paper provides a comprehensive review of the e-
volution, technical characteristics, and detection capabilities of representative infrared payloads used in lunar
and planetary exploration, It highlights key applications of infrared spectroscopy in lunar and Martian scientific
research— conducted via both orbital remote sensing and in-situ exploration— covering major advances such as
mapping lunar surface mineralogy and water distribution, investigating surface thermophysical properties, ana-
lyzing Martian mineral alteration and aqueous environmental evolution, monitoring atmospheric trace gas cy-
cles, and detecting polar ice caps. Additionally, the paper outlines representative achievements in the explora-
tion of other solar system bodies (e.g., Mercury, Venus, asteroids, comets, and icy moons) , such as the de-
tection of organic matter, water ice, hydrated minerals, and evidence of subsurface oceans. Finally, consider-
ing current trends in deep-space exploration, the paper discusses future development directions, including
higher spatial and spectral resolution, broader spectral coverage, multi-platform collaborative exploration, and
artificial intelligence-assisted spectral interpretation. With the deployment of next-generation infrared payloads
and upcoming international deep-space missions, infrared spectroscopy is poised to play an increasingly vital
role in addressing fundamental scientific questions regarding planetary formation and evolution, volatile cyc-

ling, the development of habitable environments, and the origins of life.

Key words: infrared spectroscopy; deep-space exploration; Moon; Mars; Water and volatiles; organic matter
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Table 1 Technical parameters of infrared spectrometer payloads for lunar exploration missions

PRIAT: 5% B R Aoy I BEE Fl /um e A R 75 (0] 43 R
Clementine " 25 H NIR Camera 1.07~2.84 60~120 nm 150~500 m/ pixel
Cassini " K VIMS 0.35~5.0 7.3~16.6 nm 175 km/ pixel
KAGUYA 7% SP 0.5~2.6 6~8 nm 500 mX 500 m
LRO™ 25 H DLRE 0. 35~400 — #J 140 m/ pixel
Deep Impact " % HRI-IR 1.05~4.5 210~740 (A/A0) 60 km/ pixel
Chandrayaan-1 " 2 H M? 0.406~2. 936 10~30 nm 140 m/ pixel
1.0~2.5
LCROSS fEdy/ k5 NIR/MIR 61 — 24 100 m/ pixel
SOFIA " HLE FORCAST 5~8 24 200 (A/AV) 4.8% 1.5 km¥ pixel
I fgy — - B 2 H 1IM 0. 48~0. 96 7.6~29 nm 200 m/ pixel
B =5 /P00 JRA VNIS 0. 45~2. 40 2~11.8 nm % 1~2 mm/ pixel
o . 7.6~24.9 ,
Wt/ B IMS  0.48~3.2 @ %5 0.6 mm)/pixel

1400~3200 nm
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distribution; (c¢) Plagioclase abundance distribution; (d) Reflectance spectra
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Table 2 Technical parameters of infrared spectrometer payloads for Mars exploration missions

PRIAT: 5% M5 7Y A I BEE Fl /um T 4 PR 75 [a] 43 HE R
0. 3~2. 9(VNIR)
L - 5. 8~50(IR)
MGSH! V& I TES 10/20 cm™! 3 km
5.1~150
(Broadband Thermal)
1. 2~5. 5 (SWIR) 7 km (250 km 25 5)
PFS 1.3 em! m m 7/
5. 5~45 (LWIR) 12 km (250 km &5 )
- 0.38~1. 05 0. 38~1. 05 pum: 2~5 km
Mars Express™™ 7 % & R=n
VNIR 7/4.5 1500~4000 km &5 )&
OMEGA ( ) / nm (15 m =)
0.93~5.1  0.93~2.73 ym; 13 nm; < 350 m
(SWIR) 2.55~5. 1 pm: 20 nm (@ <7300 km)
. 18.4 m
MRO™ 1 3 CRISM 0.362~3. 92 6. 55 .
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_ 0. 42~0. 86 (VNIR 50 18
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o . p.ltn) (7] JRAL Mini-TES 5~29 10 em™! 8/10 mrad
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GO, ez X R KIS 3h I s R
R R ARG SRR AR TR UESE

BRAR AP F8 s KR KT Bl Dy s i) B
WAl . TES #£ Meridiani Planum 25 [X 38 &
WR IR &R IX, W Yp2e Rt 1Tk
A A A KT B i R I 4 RS
CRISM 1k B 40 i — 28 & BT 8k 55 %
IKEGEARY  HIE G 7 2K K o Oy 3
. BN R RS KA N E R R0
7/

http: //journal.sitp.ac.cn/hw

2.3 NREXSRSSTHIL MR
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s Rl ESIE I E RGN D ED N VR IR

FLH Mariner 9 fi1 Viking 1T 45 2 2% 14 21 41
FETEAL T Je N T KR KA CO, hE, I
AF T RAIRE L MB AR5 8, [R5
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AT MGS/TES #— 528 7 25k R
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0°N

"9 80 0°E 180

© OMEGA detections (~261) @ CRISM detections (~800) @ CRISM - OMEGA co-detections (~169)

B3 (a) KR AERZAREERR AR 4040 B (R Ry it 2 2, 0k T 4 T2 35 X AT (A EBR v Dy 4T
VIR AR AR CASLRS F RS s () KBRS K Yo A [ G B HERR 1y S FE I IR B
X dgf ) o500
Fig. 3 (a) Global distribution of phyllosilicates on Mars (Noachian terrains and valley network-covered regions
are shown in white and blue, respectively; the red rectangle indicates the southern Utopia Planitia region, and

the star marks the Zhurong landing site); (b) Global distribution of hydrated minerals on Mars (the yellow

rectangle outlines the southern Utopia Planitia region) ©*:%%

HRMREY . RIRET MK W, g
SE T AR R R 5T I SE R HE SRS, Mars
Express #§ 2k 1947 &2 B it 56 3% {¢ (Planetary
Fourier Spectrometer, PFS) #& R #2517 G 1% 4>
PRI R, RGBT CO,. CO %
SR 2 B AR . R T KRR 451
HZEEHRZE AR,

IAFE k. ExoMars TGO #5 #k 19 K {2
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FHIX Sl B9 N U SORS i S 38 T CO A
O; B4R AT, 3 8 AR KR R A b 2R )
i AL R CHCD “7 Bk RLAE 76 3 BRI &
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Table 3

k3 H A RARARMAL 4 4 91 i B AT 09 AR

Technical parameters of infrared spectrometer payloads for other planetary exploration missions

i Z5 (4]
FRMAT: 55 BRI 2 Ay i far e B/ e .
~ i RIS geR/nm 4R /m
Near Earth Asteroid — Near-Infrared 0.8~1.5 22 ~300
; 2 JY .
Rendezvous (NEAR) [ " Spectrometer (NIS) 1.5~2.2 44 €=/ 0]
o ties . Near Infrared Mapping 0.7~1 13 ~300
Galileo % 1 R T
Spectrometer (NIMS) 1~5.2 26 ()
Visual and Infrared Mapping 0. 35~1. 05 7 <50
. — Spectrometer (VIMS) [+ 0.85~5.1 16 €2/N)
Cassini T JR ;
Composite Infrared 71000 2. 55 (R ) <50
Spectrometer (CIRS) H%* ’ " €2)W)
InfraRed spectrometer of the 120
Deep Impact 1" & J High Resolution Instrument 1.0~4.9 2.7 (&) L
(HRIIR) "
. . Visible and Infrared Mapping 0. 25~1. 05 ~3 ~70
Dawn['" T [ =
Spectrometer (VIR) 1.0~5.0 ~14 (I
Visible, Infrared and Thermal 0.25~1.0 2.5 (&) 95
Rosetta™?] T I Imaging Spectrometer 1.0~5.0 14 (HwA ( E.{;‘E)
(VIRTIS) 2.0~5.0 15 &)
Hayabusal """ R Near Infrared 0. 76~2. 1 23.6 1
Sa Eatin . 4. . S
Y " Spectrometer(NIRS) R
Near-Infrared 2
Hayabusa2 " 125 JX 1.8~3.2 18
avabusa 1 Spectrometer(NIRS3) ()
0.4~0.9 7.5
Visible and Infrared <2
Spectrometer (OVIRS) [1% 0-9~1.9 13 D
OSIRIS Rex ey S 1.9~4.3 22 *
Thermal Emission A 9ER . ~4
5. 7~100 3 .
Spectrometer (OTES) ¢ 8.66 cm ! €=2In)
New Horizons '" i Linear Etalon Imaging = 0 ) 5 5~10  <<10000
w Horizons J L 25~9. —~
¢ = Spectral Array (LEISA)
Near Infrared Camera 0. 6~5. 0 A/ DA
(NIRCam) ' ’ 4, 10, 100
Near-Infrared Spectrograph 0. 6~5. 0 A DA
= (NIRSpec) ' " 100, 1000, 3000
JWST sl 1 R ;
Mid Infrared Instrument A/ DA
5.0~28.0
(MIRD ~5, ~2000
Tunable Filter near infrared 1. 0~5. 0 A/
camera (FGS/TF) ' ) 1.5, 100
MESSENGER 1"’ ) Visible Infrared 0.3~1.45 1.7 <5000
- e Spectrograph (VIRS) ' ' '
200~5000
Solar Occultation in the 9 9. 4 0. 11 CBAf)  (vertical
i ‘ . 2~4. . i
Infrared (SOIR)2 " ver .ca
v E R resolution)
Crus BXpress T Visible and Infrared Thermal 0. 27~1. 1 1.9 50000
Imaging Spectrometer 1.05~5.2 9.8
o 100000
(VIRTIS) 21 1. 8~5.0 0.6
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TEGE 1, FEOK 2B, MESSENGER 1T
55 ¥E 0 MASCS Stk SGH 1o 35 21 40 W & 3
KR TG S B AR A B 2 e ot 20 40 RN A% K 53 3%
&, RUPKEE RS E SRR E T S
IR Z LY BT, U8 T “WERE L
ST B2 50 . New Horizons 1T 45
F& 40 LEISA 3T 2040 RO G s E IR 3k A5 T
BF R SR L Sy K 2 R A AT L R
N, . CH, #i1 CO yK55 ZFR I K 7, IFfam
TX SR o AR R AR RS . THE R
DU AR, O B AR PR IR PR 855 19 & T
T AL RN K A AR B B A1 T F AR

/NT BB A & K H FRIE R 0 4G )
FEE . HAT Yy 2H O K o3 AR AR IE % T R i
A K AT B SR SR R . BRI DL AT
% A F. NASA i) NEAR AT 55 B KA AT 41
ANGTER IR R E T Eros 3218 DL 3% 8 BROb BR A4
Ky PdlahE ", HZA Hayabusa {155 #5 2k
M 21 A Ot 3% 4% (Near-Infrared Spectrometer,
NIRS) X} S /N7 &2 Ttokawa #4174 BR G 15 I
2, IR H R 32 b MO A IR R A 2
53 B 12 N el DA F s S =5 o AR S
[TARE

VAR, SRR T 55430 1 s G iR
IR A K& & . NASA ) OSIRIS-REx | H 7] IiL
FE—£L AL COSIRIS-REx Visible and Infra-
red Spectrometer, OVIRS) Fl#EE 5} 1Y (O-
SIRIS-REx Thermal Emission Spectrometer,
OTES)Xf B AUz #b /M7 & Bennu HJi€ 7 RGN
W, e b B, OVIRS 7E 2. 7 pm [} ix &
T A BRI 0 A ) OH R AE . IFAE B4
DU 5 B A HLYI AR G 3. 4 wm TR
i s FIGEIE . OTES 38 BUR #2050 & 41 e 3%
DR T & K E R AR R 5 55 A8 57 ) 1
TE. ZEEIEM, Bennu ByRHKR 25 12
7K A A AR K i AS i FE . B T & &
KA B A LB R P B . Ol RE R A=
b AL T A PR S BT R AR Y I S K ARG B
(W 4 Ca)) H2ri2) | A Hayabusa2 #% 2% )
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NIRS3 i A AE C BN T A Ryugu 2 T 48 I
B 2.7 pm [E B EOK)ZREERR ERFRIE s 456
AR FEARRRAE . W] Ryugu JE LT & K3
5, TR A 2R B 8 Ktk J5 /s R A4 1 v Ak
AL T mEGEED, hE K A S AT S A
BT B R 5 OG5 I (Asteroid Thermal E-
mission Spectrometer, ATES) FlI/NT 2 A] W 56—
2T AN 6 1% AY (Asteroid Visible and Infrared
Imaging Spectrometer, AVIRIS), X} it /N7
2 2016 HO, JFJ8 v K B2 467 1 A B PR 4R 0
SBESE H Bk BT A /M T R ] AR R
e

=Y ol c NI ES AT ing iR Sy GECE
RATFANY R IR R e, 25 KH &R
EIEMHEZENSR ., 7 Rosetta {E:55 11, Al WLo%G—
LA S S 1% {X (Visible and Infrared Ther-
mal Imaging Spectrometer, VIRTIS) BRI T
R B R R A ] A BE R LA 2, X
67P/Churyumov-Gerasimenko XM %& B, FH
FT V2 AFAE S A WL AR i A Bk 5T ) o
TE 3.2~3.6 um B2 B C-H fil C=0
BRI CULIE 4 (b)) [R] B 13 51 H Jy 358 &
TR K VKA CO, Pk phAh, 67P Z 1 A
SIS PER B, B B A AR A R R I
() Ji7 i 40 ot 3R A 8 B A HBOME ALK, VIRTIS
Wi TR R K5 LI 3 B A ny i 23 48
it . BEEE RE KM, REKKIAEE
BT HESAIYLIRZZIGE, Bl M
PR RN, B Ik R A gk — 20 48 R o B
s M R AR K PHE . 2T G 4 )=
UK, FFEAE T — R R R A

KREMTERGEMIKTDREZEYHRHRE
JEPEM R B S H AR . Galileo #I02% 19 U1 21 41
M2 56 13% 4% (Near-Infrared Mapping Spectrome-
ter, NIMS) i IR £ K 1 — Europa Z [ iR 7 H
okvkp e, KGR E . A E D&
AIREA A LS. WA 2 M T W V)
1 vk e p ek sl R R e Y, JWST
I LLAMULI i — 248 7R T Europa 38 I 7K 76 b
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Figure 4 (a) Absorption features of organic materials near 3. 4 um on asteroid Bennu detected by OVIRS

aboard OSIRIS-REx"*1; (b) Organic materials on the surface of comet 67P detected by VIRTIS aboard

Rosetta™" ; (¢) Organic materials on the surface of Enceladus detected by VIMS aboard Cassini

gy as | 5 B, JFAE Tara Regio SF4E IR
TP X 3k R & W 1 CO,. il Tax st
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T 15 GW i 5% A i . R i
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INFRARED (MONTHLY)/VOL.47, NO.3, MAR 2026

[132]

SiaPh R ERANI T, L
R 7 b NS 2R (A A TR R S ) o AL
B XA CUL TR A (o2 o 4 T35 Titan A
WIERSJZ, Cassini/ VIMS #F 1~5 pm 3 Bt
ol ek R mmE ., A R AIEREY
URLZH I A DXV 4 78 W A R e F & e TR
FWE s S R G R RS T IR AR
WAy or A s R JE T CHL S il A il &
B WEE. SR DL EATHLY I 20t
Sk A JWST 5 22 W — 25 5000 21 28 F
WRIGFHEHEAEY) . XL LY i & ULRE
AIREZ 5 T ik ik 2= 1y 4k . A Titan B
Ry BIE 5 A i B R AT A o AR Y R AR LR

http: //journal.sitp.ac.cn/hw



AT, 3

. Ab 109

Eal
4 &2

B ER PR (B A 8 B R 7
SRLERFSE MERRA « LI B A 9
S A T T R S T R R R
WCHLI BV T HORT AN L0 1 5. AT
SN FLBRHE 7 B 5 5 2547
A RS IR MR
P o S0 TR A 1 O PB4
SRR 1R . FOLHL MR
HEHE 5 48 7% 1 DK VK5 HE % 5 0 40T L K
UL LB RRUERE . YR IT & S
WFSA AL AR BRI s 76 JORRDI . 21810
BATHR AL TSR T DL AL
PP R A A KR VB 69 T
R s /NI T AR R
Gt 7R A 2K TR LB 5345 15 T
e 3 I AR PR AT R VR
PPV EEGE s e S

HEUC PRI BEHEE— 5 1 B2 o
VLT AP RN S B O R S K
VK A LR T 5 . 20
B U B A /K R o A A ]
BRARIOPLS s o RLTSM B 5 F K R BT
P FLAT R 0915 W7 B 7. 21X JF OH &
HLO. U A B (0 HERT 5 HL 5
B 5 P2 T B T4 R
WS LR MeAh. BEXEA BRI A BT
B RN T R BT 45 27 B 2
B BT St (X B I A
RO . 388 L 0 A b
AR I AT BB RN &
R BRI DO — 25 LA
S FERVE REAL 7 1 e . WM B DK K 3
BB LA B/ AT 5 K A T DR A 4R B 10
FE.

Y. RIS HR . H DG HR
T 5 3 45 90 PR A AR £ 41 R ) T 3 2
By 1) K T A 1) 5 1 2L

http: //journal.sitp.ac.cn/hw

FBOETEASCRE BE A PR JHE K RUBE B4 8 495 23l 17K
VKRR s AOKRGOLTE 7T BRI L0 A0 AR e TE X
b =3 L NI AV 1 i T e I 7 N
A LIRS MEEA o A PR T e s 10T v 3h A5
P 4 DU AT S ot vy s 3R K v -5 11 e 3R KU A
JERRZL LN 3K . 5 Ry, ZDAMR D IE %
AR —BIUE A HUE g Rl A
fr—FEah AT ZF B R L . B
B e e At e Bk R 5 B S HAR L
JELASE 2T A1 G T I AR U A g 2 R K 73
WRAFAR S s B ke ] o A DU A 57 e T R Ak 5
SEWIBE TRE ER RO B RO R . &
AATHERES R, 2T Pl i
TR AR A SR B A 2 R i
TR A Ak B AR AR 27 A BRLE

LR BRIk, LA RARTREAE AR TR A BRI
ARE R AHERGOAERT . IR A MO BRI T H K
Ji& g iy 7 M Sk R LR A T A L R U
AR R 6 BEE BT — R PERELL Ah 3k
oy AV PR 2s RN 55 19 St . 205 E AR
e AN RAT BB s A LA K A= i ke 95 45 8 R
S ) U o JR B BT ) #9 I0E FH T 3

2% Lk

[1] Clark R N. Spectroscopy of rocks and minerals,
and principles of spectroscopy [ M]//Rencz A N,
Ryerson R A. Manual of remote sensing. New
York: John Wiley &. Sons, 1999.

[2] Hapke B. Theory of reflectance and emittance
spectroscopy [ M]. Cambridge: Cambridge Uni-
versity Press, 2012.

[ 3] Christensen P R, Bandfield ] L, Hamilton V E, et
al. Mars Global Surveyor Thermal Emission Spec-
trometer experiment: Investigation description and
surface science results [J]. Journal of Geophysi-
cal Research . Planets, 2001, 106 (E10). 23823~
23871.

[4] Christensen P R, Jakosky B M, Kieffer H H, et
al. The thermal emission imaging system (THE-

MIS) for the Mars 2001 Odyssey Mission [ J].

INFRARED (MONTHLY)/VOL.47, N0O.3, MAR 2026



110 L b 2026 4E 3 H
Space Science Reviews, 2004, 110(1) . 85-130. [14] Lucey P G, Blewett D T, Jolliff B L. Lunar iron
[5] Clark R N, Swayze G A, Livo K E, et al. Ima- and titanium abundance algorithms based on final

L6]

7]

(8]

L9]

[10]

[11]

[12]

[13]

ging spectroscopy: Earth and planetary remote
sensing with the PSI Tetracorder and expert sys-
tems from rovers to EMIT and beyond [ J]. The
Planetary Science Journal , 2024, 5(12) . 276.
Zahra A, Qureshi R, Sajjad M, et al. Current ad-
vances in imaging spectroscopy and its state-of-the-
art applications [J]. Expert Systems with Appli-
cations, 2024, 238. 122172,

Pieters C M, Englert P A J. Remote geochemical
analysis, elemental and mineralogical composition
[M]. Cambridge: Cambridge University Press.,
1993.

Green R O, Pieters C, Mouroulis P, et al. The
Moon Mineralogy Mapper (M?) imaging spectrom-
eter for lunar science: Instrument description, cal-
ibration, on-orbit measurements, science data cali-
bration and on-orbit validation [ J]. Jowrnal of
Geophysical Research ;. Planets, 2011, 116(E10) .
1-31.

Wiens R C, Maurice S, Barraclough B, et al. The
ChemCam instrument suite on the Mars Science
Laboratory (MSL) rover: Body unit and combined
system tests [ J]. Space Science Reviews, 2012,
170(1) . 167-227.

Liu S, Du K, Tong X, et al. In-situ mapping of i-
ron and titanium with the visible and near-infrared
image spectrometer (VNIS) along the Yutu-2 rov-
er traverse on the farside of the moon [J]. Icarus,
2024, 412, 116003.

Mustard J F, Ehlmann B L., Murchie S L, et al.
Composition, morphology, and stratigraphy of
Noachian crust around the Isidis basin [J]. Jour-
nal of Geophysical Research . Planets, 2009, 114
(E2) . E00D12.

Farley K A, Williford K H, Stack K M, et al.
Mars 2020 mission overview [ J . Space Science
Reviews, 2020, 216(8) ;. 142.

Nozette S, Rustan P, Pleasance L. P, et al. The
Clementine mission to the Moon: Scientific over-
view [J7]. Science, 1994, 266 (5192); 1835-
1839.

INFRARED (MONTHLY)/VOL.47, NO.3, MAR 2026

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

processing of Clementine ultraviolet-visible images
[J]. Jowrnal of Geophysical Research: Planets,
2000, 105(E8) . 20297-20305.

Lucey P G, Taylor G J, Malaret E. Abundance
and distribution of iron on the Moon [ J]. Science,
1995, 268(5214) . 1150-1153.

Ohtake M, Matsunaga T, Haruyama J, et al.
The global distribution of pure anorthosite on the
Moon [J]. Nature, 2009, 461(7261) ; 236-240.
Pieters C M, Boardman ], Buratti B, et al. The
Moon mineralogy mapper (M?) on chandrayaan-1
[J]. Current Science , 2009, 96(4) ; 500-505.
Paige D A, Foote M C, Greenhagen B T, et al.
The lunar reconnaissance orbiter diviner lunar ra-
diometer experiment [ J]. Space Science Reviews ,
2010, 150(1) . 125-160.

Zheng Y, Ouyang Z, Li C, et al. China's lunar ex-
ploration program: Present and future [ J]. Plan-
etary and Space Science, 2008, 56(7) ;. 881-886.
Li C, Liu D, Liu B, et al. Change-4 initial spec-
troscopic identification of lunar far-side mantle-de-
rived materials [ J]. Nature, 2019, 569 (7756) :
378-382.

Xu R, Li C, Yuan L, et al. Lunar mineralogical
spectrometer on Change-5 mission [J]. Space Sci-
ence Reviews, 2022, 218(5) ; 41.

Liu B, Zeng X, Xu R, et al. Lunar surface and
subsurface water revealed by Change-6 [J]. Na-
ture Astronomy , 2025, 9(12) . 1776—-1784.

Priest R E. Lewis I T, Sewall N R, et al. Near-
infrared camera for the Clementine mission [ C].
SPIE, 1995, 2475. 393-404.

Brown R H, Baines K H. Bellucci G, et al. The
Cassini visual and infrared mapping spectrometer
(VIMS) investigation [ J]. Space Science Re-
views , 2004, 115(1) . 111-168.

Matsunaga T, Ohtake M, Hirahara Y, et al. De-
velopment of a visible and near-infrared spectrome-
ter for Selenological and Engineering Explorer
(SELENE) [C]. SPIE, 2001, 4151 32—39.
Greenhagen B T, Lucey P G, Wyatt M B, et al.

http: //journal.sitp.ac.cn/hw



/AT, B3

. A

111

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Global silicate mineralogy of the Moon from the
Diviner Lunar Radiometer [ ]J]. Science, 2010,
329(5998) : 1507-1509.

Sunshine ] M, Farnham T L, Feaga L M, et al.
Temporal and spatial variability of lunar hydration
as observed by the Deep Impact spacecraft [ ] ].
Science, 2009, 326(5952): 565—568.

Ennico K, Shirley M, Colaprete A, et al. The
Lunar Crater Observation and Sensing Satellite
(LCROSS) payload development and performance
in flight [J]. Space Science Reviews, 2012, 167
(1): 23-69.

Honniball C 1, Lucey P G, Li S, et al. Molecular
water detected on the sunlit Moon by SOFIA [J].
Nature Astronomy, 2021, 5(2). 121-127.

Wu Y Z, Xue B, Zhao B C, et al. Global esti-
mates of lunar iron and titanium contents from the
Change-1 1IM data [J]. Jowrnal of Geophysical
Research ; Planets, 2012, 117(E2) . 1-6.

He Z P, Wang B'Y, Lv G, et al. Visible and
near-infrared imaging spectrometer and its prelimi-
nary results from the Chang'e 3 project [J]. Re-
view of Scientific Instruments, 2014, 85 (8):
083104.

Li C, Wang Z, Xu R, et al. The scientific infor-
mation model of Change-4 visible and near-IR ima-
ging spectrometer (VNIS) and in-flight verification
[J]. Sensors, 2019, 19(12) ; 2806.

Lin H L, Tian H C, Gou S, et al. Change-6 lan-
der reveals local hour-scale temporal variations in
lunar surface water [ J|. Science Bulletin, 2026,
71(10) : 2591-2598.

Clark R N. Detection of adsorbed water and hy-
droxyl on the Moon [J]. Science, 2009, 326
(5952) : 562-564.

Pieters C M, Goswami J N, Clark R N, et al.
Character and spatial distribution of OH/H,O on
the surface of the Moon seen by M’ on Chan-
drayaan-1 [ J]. Science, 2009, 326(5952): 568—
S572.

Lin H, Li S, Xu R, et al. In situ detection of wa-
ter on the Moon by the Chang'e-5 lander [J]. Sci-
ence Advances, 2022, 8(1) . eabl9174.

http: //journal.sitp.ac.cn/hw

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Liu J, Liu B, Ren X, et al. Evidence of water on
the lunar surface from Chang'e-5 in-situ spectra
and returned samples [ ]J]. Nature Communica-
tions, 2022, 13(1) . 3119.

Colaprete A, Schultz P, Heldmann J, et al. De-
tection of water in the LCROSS ejecta plume [J].
Science, 2010, 330(6003) . 463—468.

Li S, Lucey P G, Milliken R E, et al. Direct evi-
dence of surface exposed water ice in the lunar po-
lar regions [J]. Proceedings of the National A-
cademy of Sciences, 2018, 115(36) ;. 8907-8912.
Vasavada A R, Paige D A, Wood S E. Near-sur-
face temperatures on Mercury and the Moon and
the stability of polar ice deposits [ J]. Icarus,
1999, 141(2) . 179-193.

Honniball C I, Lucey P G, Arredondo A, et al.
Regional map of molecular water at high southern
latitudes on the Moon using 6 um data from the
Stratospheric Observatory for Infrared Astronomy
[J]. Geophysical Research Letters, 2022, 49(9) :
€2022GL.097786.

Li S, Milliken R E. Water on the surface of the
Moon as seen by the Moon Mineralogy Mapper:
Distribution, abundance, and origins [ J]. Science
Advances, 2017, 3(9): el701471,

Wohler C, Grumpe A, Berezhnoy A A, et al.
Time-of-day-dependent global distribution of lunar
surficial water/hydroxyl [ J]. Science Adwvances .
2017, 3(9) . el701286.

Bandfield J L, Poston M J, Klima R L, et al
Widespread distribution of OH/H,O on the lunar
surface inferred from spectral data [ J]. Nature
Geoscience , 2018, 11(3); 173-177.

Allen C C, Greenhagen B T, Donaldson Hanna K
L, et al. Analysis of lunar pyroclastic deposit FeO
abundances by LRO Diviner [J]. Journal of Geo-
physical Research: Planets, 2012, 117 (E12) .
2011JE003982.

Surkov Y, Shkuratov Y, Kaydash V, et al. Lunar
spinels in the Aristarchus crater and cobra head
[J]. Planetary and Space Science, 2024, 240
105831.

Bernhardt V, Grumpe A, Wohler C. Spectral un-

INFRARED (MONTHLY)/VOL.47, N0O.3, MAR 2026



112 . sb 2026 4F 3 H
mixing based construction of lunar mineral abun- complex from the Moon Mineralogy Mapper (M’)
dance maps [J]. The International Archives of UJ]. Journal of Geophysical Research : Planets.,
the Photogrammetry, Remote Sensing and Spa- 2011, 116(E6) . 2010JE003725.
tial Information Sciences, 2017, 42, 7—14. [59] Williams J P, Paige D A, Greenhagen B T, et al.

[48] Donaldson Hanna K L, Cheek L. C, Pieters C M, The global surface temperatures of the Moon as
et al. Global assessment of pure crystalline plagio- measured by the Diviner Lunar Radiometer Exper-
clase across the Moon and implications for the evo- iment [ J]. Icarus, 2017, 283. 300—325.
lution of the primary crust [J]. Jowrnal of Geo- [60] Hayne P O, Bandfield J L, Siegler M A, et al.
physical Research: Planets, 2014, 119 (7): Global regolith thermophysical properties of the
1516—1545. Moon from the Diviner Lunar Radiometer Experi-

[497] Chen J, Ling Z, LiuJ, et al. Digital and global li- ment [ J]. Jowrnal of Geophysical Research :
thologic mapping of the Moon at a 1:2,500, 000 Planets, 2017, 122(12) . 2371-2400.
scale [ J]. Science Bulletin, 2022, 67 (20): [61] Bandfield ] L, Ghent R R, Vasavada A R, et al.
2050-2054. Lunar surface rock abundance and regolith fines

[50] JiJ, Guo D, LiuJ, et al. The 1:2,500,000-scale temperatures derived from LRO Diviner Radiome-
geologic map of the global Moon [J . Science Bul- ter data [J]. Jowrnal of Geophysical Research :
letin, 2022, 67(15): 1544—1548. Planets, 2011, 116(E12) . 2011JE003866.

[51] Hapke B. Space weathering from Mercury to the [62] Bandfield ] L, Song E, Hayne P O, et al. Lunar
asteroid belt [J 1. Jowrnal of Geophysical Re- cold spots: Granular flow features and extensive
search ; Planets, 2001, 106(E5) . 10039-10073. insulating materials surrounding young craters

[52] Pieters C M, Noble S K. Space weathering on air- [J]. Icarus, 2014, 231. 221-231.
less bodies [ J 1. Journal of Geophysical Re- [63] Williams J P, Bandfield J L, Paige D A, et al.
search ; Planets, 2016, 121(10); 1865—1884. Lunar cold spots and crater production on the

[53] Li S, Lucey P G, Fraeman A A, et al. Wide- moon [ J]. Jouwrnal of Geophysical Research
spread hematite at high latitudes of the Moon [ J]. Planets, 2018, 123(9): 2380-2392.

Science Advances , 2020, 6(36) : eabal940. [64] Bibring J P, Langevin Y, Mustard J F, et al.

[54] Zeng X, Jin Z, Dong C, et al. Earth wind-driven Global mineralogical and aqueous Mars history de-
formation of hematite on the lunar surface [ J]. rived from OMEGA/Mars Express data [ J]. Sci-
Geophysical Research  Letters, 2025, 52. ence, 2006, 312(5772) . 400—404.
e2025GL116170. [65] Murchie S L, Mustard ] F, Ehlmann B L, et al.

[55] Pieters C M, Besse S, Boardman J, et al. Mg-spi- A synthesis of Martian aqueous mineralogy after 1
nel lithology: A new rock type on the lunar farside Mars year of observations from the Mars Recon-
LJ]). Journal of Geophysical Research : Planets, naissance Orbiter [J]. Jowrnal of Geophysical
2011, 116(E6) ;. 2010JE003727. Research . Planets, 2009, 114 (E2). 2009]-

[56] Jolliff B L., Wiseman S A, Lawrence S J, et al. 003342,

Non-mare silicic volcanism on the lunar farside at [66] Christensen P R, Mehall G L, Silverman S H, et
Compton-Belkovich [ J ].  Nature Geoscience , al. Miniature thermal emission spectrometer for the
2011, 4(8): 566—571. Mars exploration rovers [J]. Journal of Geophysi-

[57] Glotch T D, Lucey P G, Bandfield J L, et al. cal Research: Planets, 2003, 108 (E12). 2003]-
Highly silicic compositions on the Moon [J]. Sci- E002117.
ence, 2010, 329(5998): 1510—-1513. [67] LiC, Zhang R, Yu D, et al. China's Mars ex-

[58] Besse S, Sunshine ] M, Staid M I, et al. Compo-

sitional variability of the Marius Hills volcanic

INFRARED (MONTHLY)/VOL.47, NO.3, MAR 2026

ploration mission and science investigation [ J].

Space Science Reviews, 2021, 217(4) . 57.

http: //journal.sitp.ac.cn/hw



/AT, B3

. A

113

[68]

Zou Y, Zhu Y, Bai Y, et al. Scientific objec-
tives and payloads of Tianwen-1, China's first
Mars exploration mission [ ] ]. Adwvances in

Space Research , 2021, 67(2) . 812-823.

[69] Korablev O, Montmessin F, Trokhimovskiy

[70]

[71]

[72]

[73]

[74]

[75]

[76]

A, et al
(ACS) of three spectrometers for the ExoMars

The atmospheric chemistry suite

2016 trace gas orbiter [J]. Space Science Re-
views, 2018, 214(1) . 7.

Bibring J P, Soufflot A, Berthé M, et al. O-
MEGA : Observatoire pour la Minéralogie, 1'E-
au, les Glaces et I'Activité [ M]//Andrew Wil-
son. Mars Express: The scientific payload.
Noordwijk: ESA Publications Division, 2004.
Murchie S, Arvidson R, Bedini P, et al. Com-
pact reconnaissance imaging spectrometer for
Mars (CRISM) on Mars reconnaissance orbiter

(MRO) [J].

Planets,

Journal of Geophysical Re-
search : 2007, 112 (E5). 2006]-
E002682.

Silverman S, Peralta R, Christensen P, et al.
Miniature thermal emission spectrometer for
the Mars Exploration Rover [J]. Acta Astro-
nautica, 2006, 5§9(8-11);: 990-999.

Mahaffy P R, Webster C R, Cabane M, et al.
The sample analysis at Mars investigation and
instrument suite [ J]. Space Science Reviews ,
2012, 170(1) . 401-478.

Vandaele A C, Lopez-Moreno ] J, Patel M R,
et al. NOMAD, an integrated suite of three
spectrometers for the ExoMars trace gas mis-
sion; Technical description, science objectives
and expected performance [J]. Space Science
Reviews, 2018, 214(5) . 80.

Maurice S, Wiens R C, Bernardi P, et al. The
SuperCam instrument suite on the Mars 2020
rover: Science objectives and mast-unit descrip-
tion [J 1. Space Science Reviews, 2021, 217
(3): 47.

He Z, Xu R, Li C, et al. Mars mineralogical
spectrometer (MMS) on the Tianwen-1 mission
[J]. Space Science Reviews, 2021, 217(2):
27.

http: //journal.sitp.ac.cn/hw

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Xu W, Liu X, Yan Z, et al. The MarSCoDe
instrument suite on the Mars Rover of China's
Tianwen-1 mission [ J]. Space Science Re-
views ., 2021, 217(5) . 64.

Bandfield J] L, Hamilton V E, Christensen P
R. A global view of Martian surface composi-
tions from MGS-TES [J]. Science, 2000, 287
(5458): 1626-1630.

Wyatt M B, McSween Jr H Y. Spectral evi-
dence for weathered basalt as an alternative to
andesite in the northern lowlands of Mars [ J].
Nature, 2002, 417(6886) : 263-266.
Mustard J F, Poulet F., Gendrin A, et al. Oli-
vine and pyroxene diversity in the crust of Mars
[J]. Science, 2005, 307(5715): 1594-1597.
Hoefen T M, Clark R N, Bandfield J L, et al.
Discovery of olivine in the Nili Fossae region of
Mars [ J]. Science, 2003, 302 (5645): 627—
630.

Poulet F, Gomez C, Bibring J] P, et al. Martian
surface mineralogy from Observatoire pour la
Minéralogie, 1'Eau, les Glaces et 1'’Activité on
board the Mars Express spacecraft (OMEGA/
MEx) : Global mineral maps [J]. Journal of
Geophysical Research: Planets, 2007, 112
(E8): 2006]JE002840.

Carter J, Poulet F. Ancient plutonic processes
on Mars inferred from the detection of possible
anorthositic terrains [ J]. Nature Geoscience ,
2013, 6(12). 1008-1012.

Bishop J L. Fairén A G, Michalski J R, et al.
Surface clay formation during short-term warm-
er and wetter conditions on a largely cold
ancient Mars [ J]. Nature Astronomy, 2018, 2
(3): 206-213.

Ehlmann B L, Mustard J F, Murchie S L, et
al. Orbital identification of carbonate-bearing
rocks on Mars [J]. Science, 2008, 322(5909) ;
1828-1832.

Carter J, Poulet F, Bibring J P, et al. Hydrous
minerals on Mars as seen by the CRISM and O-
MEGA imaging spectrometers: Updated global
view [J]. Journal of Geophysical Research :

INFRARED (MONTHLY)/VOL.47, N0O.3, MAR 2026



114 . Ab

2026 4F 3 A

Planets, 2013, 118(4) . 831-858.

[87] Squyres S W, Arvidson R E, Ruff S, et al. De-
tection of silica-rich deposits on Mars [J]. Sci-
ence, 2008, 320(5879);: 1063-1067.

[88] Wiens R C, Maurice S, Robinson S H, et al.
The SuperCam instrument suite on the NASA
Mars 2020 rover: Body unit and combined sys-
tem tests [ J|. Space Science Reviews, 2021,
217(1) . 4.

[89] Wang J, Zhao J, Xiao L, et al. Recent aqueous
activity on Mars evidenced by transverse aeolian
ridges in the Zhurong exploration region of Uto-
pia Planitia [ J]. Geophysical Research Letters ,
2023, 50(6);: €2022GL.101650.

[90] Christensen P R, Bandfield J L, Clark R N, et
al. Detection of crystalline hematite mineraliza-
tion on Mars by the Thermal Emission Spec-
trometer: Evidence for near-surface water [ J].
Journal of Geophysical Research . Planets,
2000, 105(E4) . 9623-9642.

[91] Klingelhofer G, Morris R V, Bernhardt B, et
al. Jarosite and hematite at Meridiani Planum
from Opportunitys Mossbauer spectrometer [ ] ].
Science, 2004, 306(5702); 1740-1745.

[92] Hanel R A, Conrath B J, Hovis W A, et al.
Infrared spectroscopy experiment on the Mari-
ner 9 mission: Preliminary results [ J]. Sci-
ence, 1972, 175(4019) . 305-308.

[93] Conrath B, Curran R, Hanel R, et al. Atmos-
pheric and surface properties of Mars obtained
by infrared spectroscopy on Mariner 9 []].
Journal of Geophysical Research, 1973, 78
(20): 4267-4278.

[94] Farmer C B, Davies D W, Holland A L, et al.
Mars: Water vapor observations from the Vi-
king orbiters [J]. Journal of Geophysical Re-
search , 1977, 82(28) . 4225-4248.

[95] Smith M D. Interannual variability in TES at-
mospheric observations of Mars during 1999-
2003 [I7. Icarus, 2004, 167(1) . 148-165.

[96] Formisano V, Angrilli F, Arnold G, et al. The
planetary Fourier spectrometer (PFS) onboard

the European Mars Express mission [ J]. Plan-

INFRARED (MONTHLY)/VOL.47, NO.3, MAR 2026

etary and Space Science» 2005, 53(10): 963
974.

[97] Korablev O, Olsen K S, Trokhimovskiy A, et
al. Transient HCI in the atmosphere of Mars
[J]. Science Advances, 2021, 7(7) : eabe4386.

[98] Fedorova A A, Montmessin F, Korablev O, et
al. Stormy water on Mars: The distribution
and saturation of atmospheric water during the
dusty season [J]. Science, 2020, 367 (6475) .
297-300.

[99] Aoki S, Vandaele A C, Daerden F, et al. Wa-
ter vapor vertical profiles on Mars in dust
storms observed by TGO/NOMAD []]. Jour-
nal of Geophysical Research: Planets, 2019,
124(12) . 3482-3497.

[100] Formisano V, Atreya S, Encrenaz T, et al.
Detection of methane in the atmosphere of Mars
[J]. Science, 2004, 306(5702) . 1758—1761.

[101] Webster C R, Mahaffy P R, Atreya S K, et
al. Mars methane detection and variability at
Gale crater [[J]. Science, 2015, 347 (6220):
415-417.

[102] Langevin Y. Poulet F, Bibring J P, et al.
Summer evolution of the north polar cap of
Mars as observed by OMEGA/Mars express
[J]. Science, 2005, 307(5715): 1581—1584.

[103] Brown A J, Calvin W M, Becerra P, et al. Marti-
an north polar cap summer water cycle [ J]. Icarus,
2016, 277, 401-415.

[104] Vincendon M, Mustard J, Forget F, et al.
Near-tropical subsurface ice on Mars [J]. Geo-
physical Research Letters, 2010, 37 (1):
2009G1041426.

[105] Dundas C M, Byrne S, McEwen A S, et al.
HiRISE observations of new impact craters ex-
posing Martian ground ice [ J]. Journal of Geo-
physical Research . Planets, 2014, 119 (1).
109-127.

[106] Fergason R L, Christensen P R, Bell IIl ] F, et al.
Physical properties of the Mars Exploration Rover
landing sites as inferred from Mini-TES-derived
thermal inertia [ J]. Journal of Geophysical
Research : Planets, 2006, 111 (E2). 2005]-

http: //journal.sitp.ac.cn/hw



HAT &, 3 2L

A 115

E002583.

[107] Asteroid rendezvous: NEAR Shoemaker's ad-
ventures at Eros [ M]. Cambridge; Cambridge
University Press, 2002.

[108] Smythe W D, Lopes-Gautier R, Ocampo A, et
al. Galilean satellite observation plans for the
near-infrared mapping spectrometer experiment
on the Galileo spacecraft [J]. Journal of Geo-
physical Research: Planets, 1995, 100 (E9) .
18957-18972.

[1097] Spencer ] R, Pearl J C, Segura M, et al. Cas-
sini encounters Enceladus: Background and the
discovery of a south polar hot spot [J]. Sci-
ence, 2006, 311(5766); 1401-1405.

[110] Groussin O, AHearn M F, LiJ Y, et al. Sur-
face temperature of the nucleus of Comet 9P/
Tempel 1 [J]. Icarus, 2007, 187(1) . 16-25.

[111] De Sanctis M C, Ammannito E, Migliorini A,
et al. Mineralogical characterization of some V-
type asteroids, in support of the NASA Dawn
mission [ J]. Monthly Notices of the Royal As-
tronomical Society., 2011, 412 (4 ). 2318—
2332.

[112] Capaccioni F, Coradini A, Filacchione G, et
al. The organic-rich surface of comet 67P/Chu-

seen by VIRTIS/

2015, 347 (6220):

ryumov-Gerasimenko as

Rosetta [ ] ].

aaa0628.
[113] Abe M, Takagi Y, Kitazato K, et al. Near-in-

Science,

frared spectral results of asteroid Itokawa from
the Hayabusa spacecraft [J]. Science, 2006,
312(5778): 1334—-1338.

[114] Iwata T, Kitazato K, Abe M, et al. NIRS3:
the near infrared spectrometer on Hayabusa2
[J]. Space Science Reviews, 2017, 208 (1)
317-337.

[115] Reuter D C, Simon A A, Hair J, et al. The
OSIRIS-REx Visible and InfraRed Spectrometer
(OVIRS) : Spectral maps of the asteroid Bennu
[J]. Space Science Reviews, 2018, 214 (2):
o4.

[116] Christensen P R, Hamilton V E, Mehall G L,
et al. The OSIRIS-REx thermal emission spec-

http: //journal.sitp.ac.cn/hw

trometer (OTES) instrument [ J]. Space Sci-
ence Reviews, 2018, 214(5).

[117] Reuter D C, Stern S A, Scherrer J, et al.
Ralph: A visible/infrared imager for the New
Horizons Pluto/Kuiper Belt mission [ J]. Space
Science Reviews, 2008, 140(1) . 129-154

[118] Rieke M J, Kelly D M, Horner S D. Overview
of James Webb Space Telescope and NIRCam's
Role [C]. SPIE, 2005, 5904 590401.

[119] McClintock W E, Lankton M R. The Mercury
atmospheric and surface composition spectrom-
eter for the MESSENGER mission [ J]. Space
Science Reviews, 2007, 131(1) . 481-521.

[120] Vandaele A C, De Maziére M, Drummond R,
et al. Composition of the Venus mesosphere
measured by Solar Occultation at Infrared on
board Venus Express [J]. Journal of Geo-
physical Research : Planets, 2008, 113 (E5):
2008JE003140.

[121] Drossart P, Piccioni G, Adriani A, et al. Sci-
entific goals for the observation of Venus by
VIRTIS on ESA/Venus Express mission [ ] ].
Planetary and Space Science, 2007, 55(12) .
1653-1672.

[122] Smrekar S E, Stofan E R, Mueller N, et al.
Recent hotspot volcanism on Venus from VIR-
TIS emissivity data [ J]. Science, 2010, 328
(5978): 605—608.

[123] Hashimoto G L, Roos-Serote M, Sugita S, et
al. Felsic highland crust on Venus suggested by
Galileo near-infrared mapping spectrometer data
[J]. Journal of Geophysical Research: Plan-
ets, 2008, 113(E5): 2008]JE003134.

[124] Peplowski P N, Evans L G, Hauck S A, et al.
Radioactive elements on Mercury's surface from
MESSENGER: Implications for the planet’s
formation and evolution [ J]. Science, 2011,
333(6051); 1850—-1852.

[125] Grundy W M, Binzel R P, Buratti B J, et al.
Surface compositions across Pluto and Charon
[J]. Science, 2016, 351(6279) : aad9189.

[126] Veverka J, Robinson M, Thomas P, et al.

NEAR at Eros: Imaging and spectral results

INFRARED (MONTHLY)/VOL.47, N0O.3, MAR 2026



116 N

A 2026 4F 3 H

[J]. Science, 2000, 289(5487) . 2088—2097.

[127] Hamilton V E, Simon A A, Christensen P R,
et al. Evidence for widespread hydrated miner-
als on asteroid (101955) Bennu [J]. Nature
Astronomy, 2019, 3(4) . 332-340.

[128] Simon A A, Kaplan H H, Hamilton V E, et
al. Widespread carbon-bearing materials on
near-Earth asteroid (101955) Bennu [J]. Sci-
ence, 2020, 370(6517) : eabc3522.

[129] Kitazato K, Milliken R E, Iwata T, et al. The
surface composition of asteroid 162173 Ryugu
from Hayabusa2 near-infrared spectroscopy
[J]. Science, 2019, 364(6437) . 272-275.

[130] Zhang R, Zhang H, Liu J, et al. Tianwen-2
Mission of China's Planetary Exploration Pro-
gram [ J]. Space Science Reviews, 2026, 222
(). 11.

[131] Raponi A, Ciarniello M, Capaccioni F, et al.
Infrared detection of aliphatic organics on a
cometary nucleus [ J . Nature Astronomy,
2020, 4(5): 500-505.

[132] Brown R H, Clark R N, Buratti B J, et al.

Composition and physical properties of Encela-

INFRARED (MONTHLY)/VOL.47, NO.3, MAR 2026

dus’ surface [J]. Science. 2006, 311(5766):
1425-1428.

[133] Filacchione G, De Sanctis M C, Capaccioni F,
et al. Exposed water ice on the nucleus of com-
et 67P/Churyumov-Gerasimenko [ J|. Nature,
2016, 529(7586) . 368-372.

[134] McCord T B, Hansen G B, Fanale F P, et al.
Salts on Europa’s surface detected by Galileo's
near infrared mapping spectrometer [ J]. Sci-
ence, 1998, 280(5367); 1242-1245.

[135] Trumbo S K, Brown M E. The distribution of
CO, on Europa indicates an internal source of
carbon [J]. Science, 2023, 381(6664): 1308~
1311.

[136] Barnes ] W, Brown R H, Soderblom L, et al.
Global-scale surface spectral variations on Titan
seen from Cassini/ VIMS []J]. 2007,
186(1): 242-258.

[137] Teanby N A, Irwin P G J, de Kok R, et al.
Vertical profiles of HCN, HC,N, and CH, in

Icarus,

Titan's atmosphere derived from Cassini/CIRS

data [J]. Icarus, 2007, 186(2) . 364—384.

http: //journal.sitp.ac.cn/hw



