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ABSTRACT: Over the past five decades, Mars exploration missions have fundamentally advanced our understanding of the Martian geological
and climatic evolution through mineralogical investigations. Here, we provide the major findings from orbiter, lander, and rover to provide
an integrated view of Martian surface mineralogy. Orbital spectroscopic analyses and rover-based measurements collectively establish a
mineralogical chronology of Mars consisting of three sequential stages; Phyllosian (Phyllosilicate-dominated) - Theiikian (Sulfate-rich) -
Siderikian (Anhydrous ferric oxide-dominated). This evolutionary sequence of Martian surface minerals indicates a long-term climatic
transition from neutral aqueous to acidic dry environments, marking the progressive desiccation and oxidation of the Martian surface. Such
mineralogical evidence provides crucial constraints on the hydrological cycle, atmospheric evolution, and potential habitability of Mars.
Despite these findings about the Martian mineralogy, several key questions remain unresolved, including the duration and stability of early
aqueous systems, the apparent paucity of extensive carbonate deposits, and the ambiguous origin of detected organic compounds on the Mars
surface. Looking forward, upcoming sample-return missions and in-situ resource utilization programs are expected to resolve these
long-standing issues by enabling high-precision laboratory analyses of Martian materials. Understanding the mineralogical record is therefore
critical not only for constraining past climate and geochemical evolution of Mars but also for identifying potential resources to support future
human exploration. Furthermore, this study discusses the importance of mineralogical exploration for future Mars missions, providing a
fundamental scientific knowledge of Martian minerals for next-generation Mars exploration initiatives.

Key words: Mars exploration, Martian mineralogy, Mars orbiter, Mars lander and rover, in-situ investigation on Mars
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3 9 FEo] digt 2A= vl 3 $-5F=1(National
Aeronautics and Space Administration, NASA)2] Mars Explo-
ration Program (NASA, 2024) & MEPAG (Mars Exploration
Program Analysis Group)7} A3t A7| 1}l B3 0] a4
Q 4-o|ck. MEPAG Goals Document (Banfield et al., 2018)
olxl= A, 715, A4, FUARARE SHIRARY 4t A9
HEZ QOstH, o] F A A-FETH EAS I B9
714 HAARE 5] SR B2 A A= AA
skelct 53] AERE, A, Ak 53 22 WA
IFES A E-A WS, A4S 2, e 7%
A3} Y-S A A o2 71584 Q= 1 A A2 7
FHt ol TN B FE FAls T 529
575 dol, vl FAF 979 #ehd B AT eAe
A& 2Aste ol 94 AEE AlFsl ot dad e
2 o|23t FE TS 5842 3 'Y A& 2t
A B2 A Rss 8 2% o2 FriE

19643 ]| 2FAFE NASA Q] Mariner 437} 3H 0] A&
O 2 Tugto|$ 8, A vhA| 7] Fet o7 2|9 3
AL FFE Bl 3 #9H FEY £, Hphase), 1231
23zo| tiet AEI7 SAE o girh 25 AL AEgE
Por Gl L, I FH| AN FEVIES 5
3 A= HA Ao Eo] FEWUY st Hadt
o= AlALRITE B 9| AT} FE2 o]t
F2I¢ 2 WIS olefd o Qe T2 EAE At
o, o] 2 9] P4 ut 13}, 715 w3ke] AAL A A
T 743, 28 v BAL Mk =gof| o] 27|7HA] £
< ek Ao A4l TES ATT 5= U™ .

NASAZQ] Mariner 4 YF= =22 34 Zto|Hlo|(flyby)

Understanding geology of Mars
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- Human mission

Comparative planetology

- Comparison of the processes
between Earth-Mars-other
celestial bodies

- Understanding planetary

Searching for life on Mars

- Habitability potential
- Organic evidence

ot
OF
(02

of 43ste] & 9 AR E5e =N 3 FALY
A2 A2 At Leighton ef al., 1965). 0]0] 4 1971
28 9] Mars 2 H=A(orbiter)o] |z 2 34 F= 29
Azslgem, 19753 o) WAFE NASAQ) Viking 13= 3+
d o] ¢FRRRE 229 2FAH(lander) 0.2 3}/ 9] E9F
9 tj7] B4-& 35 tHSoffen and Snyder, 1976). ©]
3 19969 Mars Pathfinder QF-o)A+= 222 25 &}
K(rover) Sojourner7} 34g EHS F3hstH |7 70
ohe 8% 2412 el

21417 Bof 7 B 7)) WA & 5 Tt 4
5} o|oJ T}, Mariner} Viking 9J%-9) %4t o ket 2
Ho| 3hy Tele] WEFHel B4 BT, 59 95
(European Space Agency, ESA)2] Mars Express (2003),
NASA®] Opportunity (2003), Mars Reconnaissance (2005),
Curiosity (2011), InSight (2018) 52 USAI= FAL &
3, X4 B4 7|4 Beoio] EHoE e A 9
28 HUsA AT, 202040 oletofolalo]=
9] Hope Orbiter, &= Tianwen-1 (F)=Al, Z5A4, 2H),
)= Mars 2020 (Perseverance W9} Ingenuity 5
B)o| 3} FAtoll ZrofstaA, S e 5 A14 Tl
A7F 23] o] AL Yo HAFUTHIH 2). 53]
Perseverance ZH 9| AZ A7 B BH = FF oF
H AR HEKSample return) TZ IO Z 0]o] A, 34
FESH Ao M2 A7 5 nHd Aoz 7| Hoh

2 =82 AF7HA 9] 3] "AF S Fste] 3
FHO F=of| thgt 24l ]S AA|stLAL 3t o5 ¢
o 33 BAL 7R Al 9 gALe A4 29 of &gt
AR FARR TSk, o] F W] S35 & HAEE
of gt =8 A7t o|BA 4T B o m WA P

Climate history

- Records of past climate conditions

- Climate evolution
(sedimentary layers and
isotopic compositions)

Preparation for future missions

- Sample return

- Exploration planning
(identification of safe landing
sites efc.)

Fig. 1. Major scientific objectives of Mars rocks and minerals exploration. (Image credit: NASA/JPL/MSSS).
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Fatel, 340 B 2813} 7|15 W] gt
AA= 02 Fejshaz} st

20| B

Ak HhA7] B9k 51 TS )67 21me] Felo] 9
7 Bol A Wy B4, ol Zujghel Az Ao

olojRl= ATAAE TSI ol 5 HolA o
4 BAF R 37 Sgtoluto], A=Al AFA, 2HE
TEHH, 422 dlolH Y sd=, 33, 24 U=
SN AT HebHQl A a8k ok 2719 &
gtojuto] gAk= sHdoll didt # o] 4T 7] A A%
FEE ATH22ZN FF A=A 2 254 gAY E)
£ vhshth A=A 3 1 Al A713 ARt
o A A A Lol A 2 i) HskE FAE 4 9l
o, 2| FHZ I XAt 5ok g AASA.
ZAFAE A=A Fofl YRS vigo s H3toz
AJugle 54 AR A &St BT Aol dit
sfehe-gEehd 2ARE stIHeT, o= M9 Ayt
o A A3t E4e Esket $8% AgHo] HU
olede 7H 2H= M) TRt X FE BARE = 3
o, @ 24 A4 55 A8skes WiiAl=A 3
Y e, 7124 A A &2 2R 2784
A 719 E -

2.1 M #Y FEHMO AT & EAL

S A= 94 B 3 AY9E diide=
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AL 7o, 2EAolU 27t 7= A4 A4S
ngisiol, Sel 71 B4S SO 7Y
1 g 7| oj gttt E] 7P (Visible, 350-780 nm)-
L2 €] X(Near-Infrared, NIR, 780-2,500 nm) % & 2] 2
A A 2 HloE9e] HRE 3l AEFE, T4
d, FAHE T T8 =Y EAE sk, o=
M9 e WA EA S BdskeT 8%
A& AlF3tEHMustard et al., 2008; Liu et al., 2021).
TR I A= W52 21 E 7] YA A 24, @
2 B4 9 HFF-di7] AeA-E 2UE Y 5 o= 1
sta ExdAox 7)oJstHtHCalvin ef al., 2021). o
g it AR Y FETSHY R3lel 37 9
SAS AT SAO, FE A=A 2 2 YR AL S
HA] Aol = 1eh4-F3Ha 7|vka A5ttt

2.1.1. Molde G4 U 28

3] 97 gAY L 1964d Mariner 4 QF-ct
o] Eetoluto] FAMIZ 22749] 3 #H A= A=
AFst o, oF 3 km S|F=2] ZHAFA FAollA 2t
SARE 25T A ES EIsth(Leighton et al., 1965).
o|F B3l Y At AEsH o eFEglen, o
TR PR ol sl gt ArkEel A gl
& FE8 4 Utk 1971dof| WAVE Mariner 9= X%
2 3] Ao XUt FAA e =2, 3k 3, dH 5
TR A F29 AT I ARE G A
H 2FeJA B3] (Ultraviolet Spectrometer, UVS)2} 2] €]
A WARA|(Infrared radiometer, IRR)= 3H4] th7]- EH )
Nkt QEAF BYS sk, AP 1w 24, WA &

= - Mariner 22

1971 I

Fig. 2. Timeline of Mars spacecraft launches with representative images of orbiters (above the timeline), lander (l), and rover
(A) (bottom of the timeline). (Image credit: NASA, NASA/JPL-Caltech, NASA/JPL-Caltech/University of Arizona).
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2 G FAHY £57] EAE A SHATH Chase et al.,
1972; Hord et al., 1972). T3t A A 7+ E3537|(Infrared
Interferometer Spectrometer, IRIS)+= 5-50 um I}3Ho]| A
2UERE FHalol, 34 t7)e] F2 R oliiset
2:(COy) Y& FRl5}aL, EH0] Si0,7F FH-3H HA= vl &
T o] 9422 HolFItHHanel ef al., 1972a). IRIS2} IRR
9] AHEHL Ad X (Hematite, a-Fe,0;), BFL3H}o|E
(Maghemite, v-Fe,03), H&4(Goethite, FeO(OH)) 5 Fe**
APeHE o] £ EA4 T Ao, 3H B A8k o] F
F1A EAkE A AISHTK Singer, 1982). 3Md ] &
2o Asel 2 SIS B P40 AL 3}
&+4 22 & ulEs} g ti(Hanel et al., 1972b).

a2 Mariner®] 944 2 AlRHd 23 Am= 3 &
we] B2 248 Aok B2 AR T W)
SHolA 222 AE 7T 53] AFollA 43 E
£ FE #4(SEM-EDS, XRD, EPMA 5)1} 22| ¥7 ¢
Apto 2 e FEo) BHH Fhut A T4 ARG
AT 4= YISITh o3t A= WA oA FETHE
Hug g0z sjotsiof Bk WS RIS
o, oof whet FFE GE 8 58S ZE Mars Global
Surveyor (MGS)7} T4 A F2 = =|ich

2.1.2. ST 2Z W& - Mars Global Surveyort
Mars Express

20009} o] 2] F= Tt 2 VNIR (Visible
and Near-Infrared) WA} AHER 24O A ~ Wl km
2O F7 e A= Ao XA FE EE2Y A
TFEol= olgeol ATk ol Aloks S5t Slsf
1996 of] WALE MGS+= Thermal Emission Spectrometer
(TES)E At Y E=(SF 3%6 km) 9] F= 8 2+
22 81319 K Christensen et al., 2001). TES T2
Atdat d AR HE2E AARH LR ik, A A
o] AR A|F e} 19 = XY T3} A HAE A
W3l th(Bandfield et al., 2000). T3t E4 X|Ho| A A
R FREPCLTEEECRERERESE ST
A A8+ 2.5 (Christensen et al., 2000), 25 um F29] &
4 23 548 B9 38| HO Y27} CO, A5E T8
wozn 1ol 47 AT B3 AU AT
(Kieffer et al., 2000). 0]9} j&Eo] 47 A A2E &8
3ol T i) Aol Ae AlhE BIskC i (Mellon
et al., 2000), BEo] T7 ZR)= Mars Orbital Camera (MOC)
= 4 mel B2 AE S ATTORA BRI}
Ags weke Adska, B e AR A YsA
ZAE AAS=1] 7|98} tHMalin and Edgett, 2001).
T3 TESO] €3 34 A2e #H HHE dwet 2%

AE)2 Frkshe ] 7] oskathMellon ef al., 2000).

T2U TES GA] 4= km @919 371 Eall5-9] A= <l
3] MGS dFolM= AEZET Z& F33EY £25
ALsHA Bd]= ol ool AUSIth A+ AP
2] oM = ARE A F st SAERE &4
T4 7] d2ol HERE 9 Y S 22 A EE
9] Aol = o &2 A Hélled -2 gt e] VNIR
8 A=7F 2 E Ik o|2Rt 47 P aAol we, ESA
20039l Mars Express (MEx)ol o] <F 350 m a4+
T2 FAA A9 AU #5T 4= 91em, 0.35-5.1 um I}
S Z45te] OH- 9 H,0 F= =S A ' = 9l
+= MAA]Q] OMEGA (Visible and Infrared Mineralogical
Mapping Spectrometer)E BR8] LA THBibring et
al., 2004). o] YF+= 39| 2| Fsk4 z13}, 4=, 7], X5}
TZEE TYHE 1Hste AS JRE 51510 (Chicarro
et al., 2004), o2 93] OMEGAS £33t & 87 9] 7}kst
4|7 G = Atk OMEGA= A 3Y/33] F=of|A] 1.5-5
km2] =R 34 A oF 90%E vk FAlO &
B QG 2 m 520 2 T =3I Bibring ¢f al.
2006). 1 A3} 34 (Pyroxene, (Ca,Mg,Fe)(Si,Al);0)2 A
s & o 2 B35l T ZHEHX(Olivine, (Mg, Fe),Si04)2 &
A A Yol A H o7 Fxsh= Z o] ERIE YUt Mustard
et al., 2005). o|= o] 27|oll= 717k 2dstar &3t
o]tk o) A A x3E 2 02 S e AL
gt} E5E a7t -o}7]9KNoachian, 4.1-3.7 Ga) A gl =
Fe/Mg-2~HELO| E(==E 2110 E(Nontronite, (Na,Cags)o3
Fe*'5(Si,Al)40,0(OH), nH,0), ARZL}o]E(Saponite, Cagos(Mg,
Fe2)5(Si, Al)O10(OH), nH,0))2F T34 (Kaolinite, ALSi,Os
(OH)y), 3l|&#| 2| $K(Hesperian, 3.7-3.0 Ga) A g A= &
At (Sulfates) &, oFt2UY<K Amazonian, 3.0 Ga-@AY)
Ao A= F4= AL (Anhydrous ferric oxides)o] $-A]|
SHA 23 5ho] BFa Z th(Poulet ef al., 2005; Bibring ef al.,
2006). 0|3t FE ARE EE sto] 39| A @54
HILE A 714 38 AJt)(Z 2ZA]RK(Phyllosian, HEZE
B7d) — Ho|7|%K(Theiikian, F4HE F4) — Alelg]7]¢t
(Siderikian, 7<= AFeHd 2]uf)) 2 F25H= Aol A|bEH R
th(19 3) (Bibring et al., 2006).

2.1.3. 1HST B 2 &Ll - Mars Reconnais-
sance Orbiter (MRO)

MGS9} MEx= 247t TES9F OMEGAS E3) 3M4 A

9] FETH A &g IEIIF oY 9 mg Tt Y=

= A °olF AR, uAe §d Jr9 Zpo] T T2

FE B2 At H3E sfidste Hioles EA7E A8l

o} Aol A 2= = ofe] R A RARY BhAH T]o] FA4]
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o] ]3] OMEGA A== 4|5 1 wiet ojfo] B4
Q) 37 a5 A EalA Eaigc o2 32317 el
NASA+= 20059 MROE A2, 0.36-3.9 um HY
9] ZA1 A -2 A ] A (VNIR) £37]21 CRISM (Compact
Reconnaissance Imaging Spectrometer for Mars)E &4
StATH CRISM2 31 #H2 2o 18 m sf== &=
g 4= Q19 (Murchie et al., 2007), o]+= o] A YF djH]
T4 H FFE 1Y £33 A= ARt 7St skl
£3] CRISM2 OH- ¥ H,0 ¥ & HEE &85}
M A ofA ) ] o] o] HEFE ARE TR &
st om, 71 A3 OMEGA7F A 33/4d 4] fEofl A g2l
o 27Ae BB BES U Bt S5
Fe/Mg-2~HELO|E, &=1)4|(Chlorite, (Mg,Fe)s(Si,Al);010(OH),:
(Mg,Fe);(OH)g), AHZA](Serpentine, Mg;Si,0s(OH)), 5
Y Z1}o] E(Montmorillonite, (Na,Ca)o33(A1,Mg),Si,0;o(OH)-
nH,0), 14 5 Tt HEFEo] FAF oz AEH
31(Bishop e al., 2008), ©]= OMEGA7} A|A|$t L ZA|t
Alth ] =27 o] A2 Tt HEFEC] T4 H AR
3o SHIEHA s U= ckBibring et al.,

Crater chronological
~4.1Ga
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2006; Bishop et al., 2008; Carter et al., 2013). 3}, ThillA]
(Opal, SiO,'nH0), H]X|(Zeolite), SHAFE, BFAFE(Carbonates),
BI=A(Cl salts) 59 HEFE= A 4AMEE= 38
(Associated minerals)®= TFHSFFTH Carter ef al., 2013). L
o}7} CRISMZ MRO9| A ©FAE HiRISE (High Resolu-
tion Imaging Science Experiment) @ CTX (Context Camera)
o} e TEkE 34 Ao} AgEe] B4 FBo| X
B X290 2AEHA A Foky weke sl o 4
Tk (Murchie et al., 2009; Ehlmann ef al., 2011).

X2 M

e

2.2. U ZHE 0I18¢t s ZE Bt

A= 944 gAPE 8 29 EYS 7Hke = 3 HY
of gt FH4 JRE AlFTctd, A4 =29 A=
EA oA dF B (In-situ analysis)S 433}
1A A&7 2ATY L= B A7E ASdch =
710 3% 3P A FE FAke AEA ] gAE |
£ ol&sl #H EF 35HE A4S &A%t =l H
SR 22U BAF 7)) AT whet 3Hy F=st
T B9 RS o] Fo] AUE FE T8 R AE

Mineralogical

Noachian
heavily cratered terrains

warm and water-rich

Phyllosian
phyllosilicate-dominatedterrain

Volcanic activity

~3.7Ga

Hesperian
Intermediate crater densities

acidic and evaporation

Theiikian
sulfates deposits

~3.0Ga

Amazonian
sparsely cratered surfaces

oxidative and dry

Siderikian
anhydrous ferric oxides regime

present

Fig. 3. Comparison between the traditional crater chronology (left) and the mineralogical timescale (right) of Mars. The crater
chronology is based on crater size-frequency distributions (Hartmann and Neukum, 2001), whereas the mineralogical timescale
was proposed by Bibring et al. (2006), highlighting the transition from the phyllosilicate-dominated (Phyllosian) to sulfate-rich
(Theiikian) and ferric oxide-dominated (Siderikian) stages. (Image credits: NASA, NASA/JPL-Caltech/ASU, NASA/JPL-

Caltech/ MSSS/IRAP, NASA/JPL).
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FEo|A 9 A& EX0] 7HesizleH, olF 3 H=A
o] 25 92 WA ATHE AL ALY 5 A
ATt © Yoyt 3o it =347, EA 7, FAA A
YA AF 7FsA0l dig olaE Fr|F R AHAHS
H, &% A& HE(Mars Sample Return, MSR) ¢ 5-9] 7]
whe vhislsic,

2.2.1. 8E ASO| A& - Viking &M

Mariner 99] = W53 53l 3Hd EHO| FAMH It A
3hdo] FRe F2 o)k 7ol Al7|E =T, ol
3 27] 7F2 197549 NASAS] Viking 13} Viking 2 25
Ao =3ggt 2|29 3 dF 38} HA41E Bl FAIF o=
AFE7] A ZEAl= 7HA FE XA 3
B 7](X-ray Fluorescence spectrometer, XRF), 18] 1L
7tA A 2ukE | u)-A A 7](Gas Chromatograph-Mass
Spectrometer, GC-MS)7} &A1 =]o] 13t Soffen and Snyder,
1976). 714 Fhollsk E9F Qo) Wele} B 728
71 &sigon], XRFE 54 =9 o] 2.8 24 24E 7
Welich. 4 A, EOHE AR A3o] $AIS Fe,
Mg, Ca, Ti F°| Fou|et 02 EAsk= ¥HY, K, Na
Y & dae AT Htol vl 5] 2PHE AL
2 YEPGTHClark et al., 1976). o)== SH EoFo] trdt
Z3}F 2 =] of gt AN, St AFeHE S0 £
E3A| YL RFItK(Baird et al., 1977). ©]& Toulmin
01 et al. (1977)2 Viking 13} 29] o) H & £351o] 34
Eope] ATkt mUS ANGGL, 58 FAHdo] A
WE @128 sjof WA duricrusts] EA1= AFAo] o}
2ol B 3t Bl woR2E AABFR e, 4t
F A2 dFEE 7194 7edol ke siAlS AlA
Sttt 3 GC-MS= ppb &2 HEES 7HiSol=
E st A 7] SRMES AE WaskA] Bkl
(Bieman et al., 1977), ©]= EFo] 7}3t ALS) &7 of o
U YnlstthKlein, 1978). 381 Viking 2541
O] A A= 3P ol 4, FA, ArshE o E3t
A2 FEo] Jlon, FAlo) Z4tets 2hgnr £EA<
TE A8 IS W= HoFSI) ol o] ¥ A=
Aa 2H o] ghAtollA B Bk oA Y| FETHA-5)e)
2 A5 ok ol Sagt 7| o] H3ith

o9t Viking 25419 42 1AH A oA Y] ¥4
24 gRlof FetEglom, FE A T A 12 &
A} Zro] 4 APA 2o Y £42 E7Fs5HAT
E3 o540l jlo] AATHY oA o] & A Fe AT
= QI ol2fgt EA4 4 Ao ol FF FAMS o83t
A% FE A RS RAAF e Sojourner H

o] Eqloz ofojzr.

2.2.2. & T8 2XM - Pathfindert Sojourner

Viking ©]5 2F 208 911 19961 NASA= Mars Pathfinder
PFE T8l 3 AR FAkol ThAl =-51HH: ©] A=
R4} ol M2 29 vl SojournerS Tt
2ok M4 o|FERUA 1Y A\ AT Bk 2A
o = Qe MEE FAL AIHE AAT) Pathfinder 2H541
< 1" AR oA di7|et 71 28e BSshe W,
Sojourneri= Q12 SHH3F £ BN HAtsto] A=
TS AAE 3HY BH 22 AR "SS5 AT

Sojourner— APXS (Alpha Proton X-ray Spectrometer),
3] ), t7] 2 S AHE gAlste] 443 &
¥ sfat AL YA BHaIAT HEAIS Ares Vallis
= Y AP o= gl 7199 4T BE =] £
SRt Ajolgton, ol I £BAY EHE ZA]
of A3t FaAch APXS 24 23t 25 A e 671
of Ko A28 ZHL 2 WSS Holx| g R 4
= YEHSITE AAA Q] 243 Viking 2FFA0] 24137
EGT FAHA THAtE ol $-AISHAL Fe, Mg, Ca, Al Ti &
o] 8 4= HESHIUT Ty Hoh FUgt BlaoA
Pathfinder B2 Viking EoFo| B8] S24(Cl)7} Atz L
2 1, 7S )2 Ao s A HuEgtt
(Winke et al., 2001). T3t Pathfinder E9FE Viking B
3} o) Tisk Fe Afololl FHa ATUAE ek glsk
o, ol et ARY FEAE ol B FEE
A LS AABFATE ES 28 2 A7) B B4 2
1, B B7] 5 HAE AR 52 Yk 2719 B
4AHHdo] 28 HJE o2 ERlEglon, ol 3H] EUY
< At 7ot Al @S st S 2002 A
EAkBell 11T et al., 2000). BHAOSZ2 Pathfinder?:
Sojourner= Q4 24 oA Y 7 213 '+
o4 988 AZOATE. Telt APXS F410] A4S B
B A T80 48 e AR &, HE-3REY
sjota} e A BEeA SHol Aokol Ak A7
oA 48 =)= Raman, Mdssbauer, XRD 43} &2 o]
3t 7|2 A2 3 F= olsloll T FEth ol
e}l o)Zof| A&t Spirititt Opportunity©l] Mossbauer -
3719} Mini-TESE HAste] & AeHEat 3Hitd o 4kst
W A AR AT 4 AES SArHSquyres er
al., 2004).

2.2.3. X-4 2|& 24 - Curiosity

Ho} et FE FARE At 34 2H EYY XAl
3] 24 32| Fasdo] FUE oM, ojof e NASA
+=2012 Mars Science Laboratory (MSL) 975 3l 3}
4 BE HAR A= e B AlY $E7KGale Crater)
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of| 23t Curiosity (MSL rover):=MAHLI (Mars Hand Lens
Imager) 59| 742k} APXS, ChemCam (Chemistry &
Camera), CheMin (Chemistry & Mineralogy X-ray Diffraction)
59] 47|, 12]aL RAD (Radiation Assessment Detector),
DAN (Dynamic Albedo of Neutrons) 52 373 AIAE &
Aty @A HALS =851 th(Blake ef al., 2012; Edgett
et al., 2012). £3] MAHLI= 4 um 7292 FAF AR
Agslol Azl o 243} gaRe Bastaigon, ol
& CheMin £4] H-39] A5 #5sh= d 7|83tk
CheMin& Co KaAl& AMESh= 48 X-4l S|E7|2, A&
AS AEAIA AR FES 2403t 7 234 A&
EYE JAHS ol 284 FEY B BF £4 9L A
A7 Bg =4S 71531 sEthBlake ef al., 2012, 2024).
ol= 3V BN 2= FoA A X-A 38 Bl
A 2578 = A RIS Curiosity= Rocknest
FAHEE CheMino]| FYdto] oA 229 XRD 2t
QST 4). B AT} EoFS Z2 kAl (Andesine,
(Na,Ca)(S1,A1),05), EZAH|2}o]E(Forsterite, Mg,Si0y), E
=3514(Augite, (Ca,Na)(Mg,Fe,ALTi)(Si,Al),06) 2.2 T4
H o, - A (Magnetite, Fe;04), 4 F(Quartz, Si0,) 5
27F0] 7o ERIH I £, AA A7 F AT Bl
(2F 30~40 wt%)o| B|AA A o] %Itk Bish et al.,
2013).

0]% Yellowknife Bay X| o)A 3t John Klein ¥
Cumberland ©]¢(mudstone) A|& B4 o)A = AFZHH A 3
2WELO| E(Smectite) 7} 4 wt% 02 HEE oM,
Ca-3H (BP0 E(Bassanite, 2CaSO,-H,0), F<411
(Anhydrite, CaSOy)), AF8 4], &314(Pyrite, FeS,) ¥ H]73
A EZlo] FE5R= 7 0 2 1% Vaniman et al., 2014).

=
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53] 2HEto| E AR 7F 37k ol Aol & Ko7 o
2ol AT O] A2 Aol A] =270l A E]F 9l o] o]
FoRES AR E3 A FE2 A4 3(Gypsum,
CaS0, 2H,0)-HAFO| E-FpA a1 2 o]ojR|= 7423 4=
ke 1815 71E351 Q19 2™ (Rapin ef al., 2016; Vaniman
et al., 2018), o= 37| 59| 2} 7% BABhS olaohe
o] 83 EAE ATt 2ol MAHLIZF Mastcam
2 B3 243 a3 Aol 3 A ol 2z 3
Q1% S (NASA/IPL, 2024; https://www.nasa.gov/mis-
sions/mars-science-laboratory/curiosity-rover/nasas-curi-
osity-rover-discovers-a-surprise-in-a-martian-rock/ (July 18,
2024)), o}z B4t B A Abo} Wt Agkstol BALE 6
A2 A8t HAL BolFE Y2 Ae2 Bohet,
2.2.4. XN =22 Y RIIZ &AL - Perseverance

Curiosity®] CheMin©o| 34 A5 24 L2} FE
e BN A S P} A7e] FUES
Ahd, 20203 of) TAFE Perseverance (Mars 2020 rover)
£o)s ErE oEE, b, 9% 710 B )
718 B, A= Q5 R A7 3TN S '
ALE T BEoA] ml Y] Al= A 7|NE A2 A
7= AEA-S ulEsta QJck(Farley et al., 2020). Persev-
erance =3 A Fo] 11 A T4 4 3 E|H L1227}
B2E A0l dAZ(Jezero) SS9 1o 5Hd Azt
AGS A L2 B o] 38} FE(Fe/Mg A E,
A, A S0l thE RSt AR dEA qlof L
o AABA &2 gAY 229 243 AlF K Ehlmann
et al., 2008; Horgan et al., 2020).

Perseverance= % 77l(Mastcam-Z, MEDA, MOXIE, PIXL,

Anhy drite

Magnetite

I | |
LI o 1
I NP HHI

P e

2609

Fig. 4. The 1% collected 2D XRD image of Martian soil (Left) (credit: NASA). Converted 1D XRD pattern and subsequently used

for mineral identification (Right).
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Table 1. Launch years and major instruments of Mars exploration missions.

Year Operator Mission Spacecraft Mission Type Major Instrument
1964 NASA Mariner 4 Mariner 4 Flyby Imaging System
1971  NASA Mariner 9 Mariner 9 Orbiter Imaging System, UVS, IRIS, IRR
1975 NASA Viking 1/2 Viking 1/2 Lander Visible camera, XRF, GC-MS
1996 NAsa  Mars Global Mars Global Orbiter MOC, TES
Surveyor Surveyor
Mars Pathfinder Lander IMP, ASI/MET
1996 NASA Mars Pathfinder .
Sojourner Rover APXS, Three Cameras
2003 ESA Mars Express Mars Express Orbiter OMEGA
2003 NASA Spirit Spirit Rover Mini-TES, MB
2003 NASA Opportunity Opportunity Rover Mini-TES, MB
Mars Mars CRISM, HiRISE, CTX, MARCI, MCS,
2005 NASA Reconnaissance Reconnaissance Orbiter SHARAD, Engineering Instruments,
Orbiter Orbiter Science Facility Experiments
Mars Science . Mastcam, MAHLI, MARDI, APXS,
2012 NASA Laboratory Curiosity Rover ChemCam, CheMin, SAM, RAD, DAN
2020 NASA Mars 2020 Perseverance Rover SuperCam, SHERLOC, PIXL, MOXIE

RIMFAX, SHERLOC, SuperCam)®] 2 15+ 2| & &
A3t SuperCam2 LIBS (Laser-Induced Breakdown
Spectroscopy), =i #371(532 nm), ¥ £37](TRL),
VNIR £37] 5 Yl 7HA] £ 78S S8ste] 3 B
FE9] 38t A S B2 3t Maurice ef al., 2021).
53] 2t 2587 SN, S, At E S 22 R
O] Achof ARl RS AlFsie, A f71= FAl
T &85 31 Itk SHERLOC (Scanning Habitable Environ-
ments with Raman & Luminescence for Organics and Chemi-
cals)-2 248.6 nm2] 4]z} 2] A(Deep Ultraviolet, DUV) 2t
BB 2|2, 0 2ALo) A BHE D AW &
71E-& FA5)3L, WATSON (Wide Angle Topographic Sensor
for Operations and eNgineering) 71| 2k} A &b &
o) njAa BAHe} f718 BES Awsfat 4 gitkBhartia
et al., 2021). =3t PIXL (Planetary Instrument for X-ray
Lithochemistry)2 nfo| 22 EA A XRFL} A o]n]
Qg e AU ol 53 24 W) 4l um 2.9 1]
A 94 222 FulsiA 2 =sshel(Allwood et al., 2020),
whkIE} FARIE 22 5% BB BEE Bep o}
oFet 4 Q171 Bk o Lolrk, PIXLe] A #4& Fotel
AR ARA B BAE 7155 9L 5 e )l
BE-§712 ABUAS Yol o AT g e
ZAolck. MOXIE (Mars Oxygen In-Situ Resource Utilization
Experiment)= 3 7] 5 CO,2HE AAE BAsh=
AHE agsto], FF ¢l BA 219 AARE

7|& GARET B|asto Perseverance BARY] 7H Xk
WH3lE R = ME 7)) (Sample caching) A| 289 -8

ojty. ¥ Fol == Y7 A A RE FH BE
3o, ol 3% 3 ME AT YRE o) A7 mj
of| A o|ti(Silverman and Lin, 2020; Wiens et al., 2020).
ol UATA L B BAS Foldol AT AT 4
O] WY BAlS B2 Sk I "AF F2 9 Alkolth
Z35PH, Perseverance= SuperCam-SHERLOC-PIXL&
2o FEoH chopy T A 7120 ZAE YU
AL glow, B AL ofulet dlole] 227k 4
Yoz, 3P FAL dEtide 9E EAA A=
34 75k Y AR At F2T AHS vdst

) =

et 7] AFUE A FoA 7| D3 13} 4AME FER
gk opUet F/3-oFddeE] 279 =34 P9 AHE}
O|E, 4H3-5 37 stollA] HHHE AZEAL|E(Jarosite,
KFe;(S04),(OH)s) R Mg/Ca-SH4H4, 12]aL 7] x4k
3} s oA FAE HEA T ot =] A3
O g2 AostA gttt o|H3t FEE B oSt
A9-A4 2 9 7% 203 DHSHA dREo] glor,
g w9 7|43 XSS Ak AR
A7 5 Al-F3ict.

3 #H FE BAS EHS AR R AdiZ1 A A
Mot DHSHA ET UTHER 1). 3P FHY 44T &



tok
0x

ol
MHD

2 “Fdlo] AAl A= E BEY FH=E A 84
T AI7IE 7153k obtol B Haks gt ot
HollAl MExe| HA1E OMEGA #337= 34 A99
= X5 A=3} 5to] 3Hg 27 Hstof gt A A =
g ¥S AAIBHHTE. OMEGAS] B Aif= kol7|3t Al
o] Ao FEFE0] FHHOZ PAHIL, o|F 3
2#2et Aol FHAT FAHE EA S0l A,
upR|Ere 2 ofup Ut Aol = Az ol A
T A A=Y Aol AHjAo|e= HoAFH, olg B
2 F2AE-Ho|7IE-AlEHE7I¢E Al Althe] FE A
712 Ndsst=d] 7195t ch(Bibring et al., 2006). ©]
A7l= 39 71571 2719 S5-2 S 00A A
I S A, At B2 ARz A E M-S
AARETE o] MRO EAHA O] HA € CRISM 371=
OMEGAXY ¥53] & 37 =S vl e s, oy
T ANA FE ddi7IE NE AE g SAA Hge
2 FF3] d4st=t 7198tk CRISM O] A #&5-2
ZAE A ® FE3 53 AT D SA o JEBAE
9 Aust st 3hg e 9] A3t RS FAF o= o]
3f5l= 7| 52 vl 3t ctH(Mustard ef al., 2008).

H o 1o oS

O

3.1.2td EM &S

A} 3P BE G4t AZre g FAE7] wiZel
A4, 314, A4 (Feldspar, (K,Na,Ca)(ALSi);05) 3 22
1 A, HERE, AL, Tk, Ak 5 7]
22 FES AAl= 53z vehdth 28y 34
= 22 S8, AL, A 2o A7t A4 A,
Rocknest ZHE oA B 11E 27-40 wt%2] H]AZ AJHo]
I LBA AEE= EAS B oItk Bish ef al., 2013; Ehlmann
and Edwards, 2014). 3M42 X7} &8 A7]F el €4
S810] Bzsio] WawEe] Al B7HY Aol Aol
v, B2 BEL 7|5 ool tet A7 s PR
ol 4 2017} ek

3.1.1. HEZE=(Phyllosilicates)

%7] 3M49] tj & FEL Fe/Mg-2HELo| EQL Al-AH]
Elo| E(H|o]dz}o] E(Beidellite, (Na,Cags)o3Alx(Si,Al),010
(OH),'nH,0)), 1184 59| HEFECIth HEFES T4~
oFzte] o] AFE FAVE =2 B/UAEIE 12} A F
B HES A] §F82 02 A= 23} FEo|cHChevrier and
Mathé, 2006). 235 AHEHOZ = 1.9 um & 59}
2.29-2.31 um (M-OH) E=5=thi7} @7 Hol= Al HF 2 o]
a1, o] Az = oA 2 ol |¢t 7Rkt 34 B A
Ao A g ExEsHS Bt Mustard ef al., 2008). T3,
AL B3lLo| A Curiosity 287} Z%] Al53t Sheepbed ©]
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RH& CheMing 531 A7} oF 20% E3H5Io] 3] 2
A=A, 27] LS v AHES] YaH|= opp7h|o]
E(Akaganeite, FeO(OH,Cl))2} Hgtstict. o2t I+
7152 G4 o] 2% EF A2 FA7E 3= weEt ol
Ea1g.20, pH} E40l 717 Aol B712 B-914
o] FFol A= Kol 2= 27| S452(FA
ol 7P7he) 20k 212101 Aal/ 54 Be] AAZ 2

=25 XA Gellert et al., 2015).
3.1.2. &L (Sulfates) 1t E(Cl salts)

OMEGA+= 4 31/9F431(Hemihydrate gypsum, CaSO,-
0.5H,0), 7|H|8}o] E(Kieserite, MgSO,-H,0) 52| A
o] B2 nfj9s|g o, ulg]y|g]A A= Valles Marineris),
w2 tjohy thx|(Terra Meridiani) 5 ¥ S A1 @A
ol FEo] AsHeE EEFS W HGendrin et al.,
2005). 53] w2|tjol thR|9] &% 2/J2 o] FHslL
BG4t B2WI(Br) E3F ARbAQl 3 A ET 2 5
L2 AEE o S 93t g d=ol 55 FEU= A
AlgFHch AA| 2 APXS, Mossbauer, Mini-TES 2] Z3gke- =}
EALo| EQL Mg/Ca-SH4H4, v A HAtg o] 22 34 ¢
oA ZEFS o X ElstFTHJolliff et al., 2006).
3} Endurance S5+ 3}8+=A](chemostratigraphy)+= 4]
B2 A4S M-St et o] of 36 S7HE 1
o] 29 7183 {4-5 - A3 WHES AAISFATH Gellert
et al., 2015). o] = Z-2 A|7HFE?t A o] &2 Eo] 7183
o2 ERjelehrt Fo] Ak Bl sihe Sl4ln 3
31l (Wyatt and McSween, 2006). ©] 2|3t AHA- 4 &1
39 7192 3 7IAI(SO, F)ell &gt AHdste} 5
I Z3ro A 9] A Ee- A3t H 27 A ="
(Tosca et al., 2008). A FHZ HH, E9] 3} 2|4
Jo] Eoj=aL, HEA R &2 -5 AlelEo] ¥ A Y
2 Aufgt GAIF kAL £ 4= QTiJolliff ef al., 2006; Wyatt
and McSween, 2006).

w

.1.3. EfHH(Carbonates)

LS 2719] E-olitsheta Ao Ago] & AFH
HE WHgelk=FE=, J2] ZA|(Nili Fossae) 5<ll4] CRISM
o] Mg-ghatedel 33 158 vlarct BAE bk
FE2 WE} P ) 4B, ol 27] $49
FolA ojisleiazl BER THEHIBHERSS Kol
THEhlmann ef al., 2008). AA|Z ZFu]o} AE(Columbia
Hills)e] FTEX|(Comanche) =504 Fe/Mg-EHitg0] 16-34
wt%Z} EAeH= A 02 B E o fX]H o2 = FA4d 7t
7he B3} oliislekas] Sho] AREINSS HHY

THMorris et al., 2010). 12t A 3P4 TFH oA EAFE 9

2

o g
T
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N5} gAkedol ula) Arj oz okshA B2, o]
o Be) AVY-Fush Lol THALIo] AL T2
A FEol gE-mER o FAEH7] A HAF] G2
2 A= chJolliff et al., 2006; Wyatt and McSween, 2006).
Aot B2 27 $4 Y FE HEE 7S
SHAE AAHA BEE AL TAH A9 o]
2 g o) olttsleka t7|7 B isil Qr o
TAE AT B7]+= oJHTtHEhlmann et al., 2008).

3.1.4. £H3HA(Fe oxides/(oxy)hydroxides)

H2]tjol % ¥(Meridiani Planum)oj|4] TES= 3|40 4
7 H@40] oF 500x300 km FEZ B el Lx3t
& woizglch TES Holele thebet 7] ol 4 AgE 2
A AN AHEEL vug Ag A0 AN A
& ek 100-300 C)o ofsl FAHAE Mol 714
3ckar X AIGHENGlotch ef al., 2004; Wyatt and McSween,
2006). EZF o] At AH o] AAZALO|EL} Ca/Mg-BH4te
I 2 FA QboA FEF T AMEE AREHE QL 2 A
slmo] gk-FHo] A7|7t Fet HHE] MEENSS
u]gtch. A Mossbauer= XL 2ALO|EQ} ZH 4] 0] ZA] Ab
<, Mini-TES&= 4 FAME I A, 449 23 B
of MElE ST, APALSIHS e Be| o5} 2
wolehs sh4z BT w3k, vleltion] B E
o= Az 53 22 A4} H W (regime) o] &
2 A3(tH ¥ (polygonal) B|2%, F3}+ A 5)= W&
= Ich(Jolliff et al., 2006).
3.2. 3l B=S Sotoky J|1Z BN
B2t 5718 S FHE oprloo] L
ol 77k & 7H AL, AlRte] 32 A2 jtoll=
A4S B o g ASE gl o, offxytols Ax:
4t3} g o] Aol it o]2f3t 352 Ha AF(ES
/AR A A - SRS B/ AA Yz
ABHFA] 89 E A3 ¥7FgE Ho| £ ol3E 4= ¢l
th(Bibring ef al., 2006). 7|9 HE 4] 342 &4
A RAshp/z47F EA8EAL /4 pH7F FAIH AS= A4
SlaL o)== AEA| 9 AF e Y HA 2N SFH E
9] AAE HoFQHGrotzinger et al., 2015). £42] 3}
4t S BFoA = A9 Bo] 1tdd o E3 S0
E|HA] /o] Yol BETHA A|ko] AFE 7Hs/0l =
tH(Gendrin et al., 2005; Tosca et al., 2008). &7]| ArsHd
FAHY L AR A4 739 T3 WA
71 FAENL, A FEA D Ax #E FY Dt
= 3L RAFHIolliff et al., 2006). 3+, EFAIG S
F=(Nili Fossae | ¥) 2 &=} Comanche X ¥)o| A9 H

ot
OF
(02

E= 9l 7] ikl Aa-E 45 EY AR E SR
A9, A P33 R Aol o o] 4Md-A
= 2 REA 02 RS 7HsAo] ErhUolliff ef
al., 2006; Wyatt and McSween, 2006; Ehlmann et al., 2008).
Aoy, 3Hd2 271le AT Mg S AR
2 715 Ao] oLk Ajzhe] Aol ukeh 44 -4keh A% o
7go] FAIBIAIHA AT 7HsAdol ARF Fokdl Bz
A3}3H i Mustard et al., 2008).

4. ZE: ok BAL X 22 0HH|

A BhA7] 5e] S EANE FERE-SAE-E 4
IHEE olojA|= FETH A& S, 3ol 27 &
=+ A AR AR o2 HEPI S AAF R
graigict. shAITE o] 23t AA|A olsfjoll e EetaL, (1) &=
7] 89 gt A& 717, (2) et SAE B #
A, 3) WA AdEte] A A HAUE, 2 4) &
A9 F71E9 7197 22 dHHQ] EAES 943 v
a8 ZHA 2 Folqlrt o] ZAIES 1o 349 7% =dl
I YA AF 7Hs8 9 3 ZolE AAshe ZEA
7o\t

olg|g T2l sty ARELS A= E % FANE
L 2= &3] s dstr] o Hrt olof thgt g2 2= 3t
4 NE ABS F AT HY 24 WIS o] 834 A
28 27 ATt B0 Aok ABE ARE Bolds 2
Ag ZIsh P B4 B9l 7] B B9 EA4T A
& 7I7ke ek, $71E0) AR 79l g et
T AN TN AT Ao 7hEr

THH, 2-3%o|A] =20lE 3] FH FEG B E4LS
Hed] T BAS 71S5Re AU AEES ol I
B2l FHALE AR AFQAZ-R(In-Situ Resources Utilization,
ISRU) ol F83F Ju|E 2=t} o9& &0, CRISM
4 CheMin 24 &3 18 FEZFE FAELS 42
+ 374 EUSE FORRRA P B FES 92
3] 2o 2 =051 QI (Sanders and Kleinhenz, 2022).
TESE TES 2 Mossbauer Az oA B 1% AAA, nf13)q}
o|E9} 22 Aok BEL £ B T 52 5 A 4
A 7145} 7 4 Q= HAA 922 H71EcKEhlmann
and Edwards, 2014; Hoffman ef al., 2022). o] 49 F-E35}
A e} ke 37 75487 WS ATReRe o
£7 ofulg Yol FF 714 YA A, A S ek
52, ISRU A28 AA] Bae 2|2ska 3 7w 2
22 Az

2 2L 7|2 5 PSS B o me BEs A
7o) 4akg Fele] WA B NI ATHIIL,
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AN 7P F23 w32 BASL AL of

5 3H4 ALY TeiThel S e Al A o] 3}
ah%) Wa S AEshe FA, nlde) shy 7)) Ak
FAZ 9% B AR, Ak, A A )9 A
THUCRN B2 BEZ of35He Aol FATS AN
o). webA] ShAe] TAS ofalshe o Tt Ao} nje
£ MHsHe A BAHE A BEH o o|RojHel 5}
u, ol @A) $FT ZEWS T Fol oS )
£ ae Eake A 35 Aol Faw shed, 48
EY2 AEY Rolth

fr et

A =

o] it ARCIFAUAERET) o Y= =gt
BAd7Ied A =4 g SAdeEd A 3
7| e HEAFY] QLo FxA7ASY A¥=
gro} =3 HLQI(RS-2025-00557111).
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Appendix 1. Acronyms.

APXS Alpha Proton X-ray Spectrometer

ASI/MET Atmospheric Structure Instrument/Meteorology Package
ChemCam Chemistry & Camera

CheMin Chemistry & Mineralogy X-ray Diffraction

CRISM Compact Reconnaissance Imaging Spectrometer for Mars
DAN Dynamic Albedo of Neutron

DUV Deep Ultraviolet

ESA European Space Agency

GC-MS Gas Chromatograph-Mass Spectrometer

IMP Imager for Mars Pathfinder

IR Infrared

IRIS Infrared Interferometer Spectrometer

IRR Infrared Radiometer

ISRU In-Situ Resource Utilization

LIBS Laser-Induced Breakdown Spectroscopy

MAHLI Mars Hand Lens Imager

MARDI Mars Descent Imager

Mastcam Mast-mounted camera system

MB Maossbauer Spectrometer

MEDA Mars Environmental Dynamics Analyzer

MEx Mars Express

MGS Mars Global Surveyor

Mini-TES Miniature Thermal Emission Spectrometer

MOC Mars Orbital Camera

MOXIE Mars Oxygen ISRU Experiment

MRO Mars Reconnaissance Orbiter

MSL Mars Science Laboratory

MSR Mars Sample Return

NASA National Aeronautics and Space Administration

NIR Near-Infrared

OMEGA Visible and Infrared Mineralogical Mapping Spectrometer
PIXL Planetary Instrument for X-ray Lithochemistry

RAD Radiation Detector

SAM Sample Analysis at Mars

SHERLOC Scanning Habitable Environments with Raman & Luminescence for Organics & Chemicals
TES Thermal Emission Spectrometer

TRL time-resolved Luminescence

UVS Ultraviolet Spectrometer

VNIR Visible and Near-Infrared

WATSON Wide Angle Topographic Sensor for Operations and eNgineering

XRF X-ray Fluorescence
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