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29 A7 5 FATH 7] AT AH S HER gl wel, sHolH o AAAE-E-2 P HAG = 759 Y
7|e 2 S Qlek. o2 d2 @A NASAS] R0t (Moon-to-Mars) Mg F3f & 71 AT Al@FL R, VS
A Zgo HF DAR A ek DolME 4t &, A5 A, FE VN A T Vg0 HAF LR AFHIL e
o, o= &% 3 AXAEEE9| A GARA u|E I S olitetEa S H7), dF ¥ I, AFUE BE
S TR A AR E AU, olE& B8 At T AR Ak Ve A 8] AH A gl o2t 7le A Y ZA T
&, A 3 FAALLE-E-S Hlsirle Ao 2o} v o], FE3HE B4 T AAEE ZA7E BHolr). AL
2, F= A9 miE d5 w3 E, Aqtad FEY] A E-A- AR FEe Ao e E5taL, 1 A
o gk Ut A eha] 23] A7t HET ARt mEbA, % 3 AN AW E2: AR AAE-E =] HehA
EUE Algshs SA 2oz Ao & Aol o], Q17| A&7edt ¢ BARE 7He sl sk dA 71e )l RIS
of RS Hsfrle Ak x| -ake} 2| FE 2o A ATAL 5 ThgRt 2ore] §9 A7t B3k HlolHHo)A 75 & $%
A st A+-9] 7]o97F BpAolEt & = gle Aol

FR0|: HANULE, 3, BE, 431YS, WKLt

ABSTRACT: As space exploration aims long-term habitation in the extraterrestrial planets, in-situ resource utilization (ISRU) on Mars has
emerged as a key technology for sustaining life and building infrastructures. ISRU is considered as one of the main objectives within NASA’s
recent Moon to Mars architecture, which designates the Moon as a technological testbed and expands ultimately to Mars. Lunar missions,
including Artemis, are currently demonstrating technologies such as oxygen extraction, polar ice mining, and regolith-based construction,
thereby providing an essential framework for the subsequent implementation of ISRU on Mars. Mars exhibits significant resource potentials,
characterized by a CO,-dominated atmosphere, extensive subsurface and polar ice deposits, hydrated minerals, and basaltic regolith. These
materials provide essential feedstock for the ISRU commodities, such as oxygen, water, metal, and construction materials. Ongoing ISRU
research has focused on developing technological methods for extraction and processing. However, the ISRU using Martian resources requires
a comprehensive and robust geological understanding of the distribution, depths, and mineralogical composition. In particular, the presence
of buried ice, hydrated minerals, and silica-rich phases in the mid-latitude regions of Mars is directly associated with the availability of resources;
however, detailed petrological and mineralogical investigations into their origin, spatial distribution, and the physical properties remain
constrained. Thus, geological sciences will play a central role in establishing the scientific framework for ISRU development on Mars, providing
integrated insights from mineralogy, petrology, geophysics, and related disciplines. Ultimately, a rigorous geological understanding is essential
not only for evaluating the feasibility of ISRU but also for ensuring the long-term sustainability of human exploration on the Martian surface.
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IFE QRE AT 2o WES FRo| gov,
P41 WRE] 95 WAL B3l 1 B ARsen ek 5

of] XA g¥at, q17ke) 4714 AFet A A EEolghe o
=2 2R E 3l &% 3L Qt(Linne ef al., 2017; Thomas
and Sewel, 2025). 0]&]3t B-# = n|= 33 9F=H(National
Aeronautics and Space Administration; NASA)& H| &3t
T8 7|89 =7t A AgEt opuz} vzt 957
A et =A1A FE S E Foto] FASE L Uk
(Rausser et al., 2023; Melamed ef al., 2024). 128, Q1F
7H A AT & AR A&t FHY 72 5 FAY
7P 2 Aok 82l& A Ao ARl A0y, &
(H0), 2% 5 249 353 A7) Y5 3ol 2agkql
Z2to] fLFoloh WA 7] W A4 &80 g
o= EstaL, A7 1 kg A=) & A A
HA=ol Fdsh= dol= 4 279 vjgo] 245, o]
£ golu 7R T A Zagt vl82 7|skas
o= F7Ijhe)

b, A7 Q1 5= BAF 45 D QRS A ¢
A= A2 EE EAS} AL AF B
SAL g2tk oA Hlolu BrALS] tido] F
AR 9] A A E8sh= A & FRALE-EH(in-situ
resource utilization; ISRU)©o| B2 o|c}h. FARALT-L-S
Aol A EHEsof sk EAFS] gt ol thEt YEEE
U 2ZHN, 7 FAHY BT 3 TS 9S 3A
2t 7]|oJ$cHMeurisse and Carpenter, 2020; Cilliers
et al., 2023). ARALZE-L 77 5= FHARE AIRSHA
AI7158 HE3] =0)Eo] & 7 F o=, of=H|u|(Artemis)
n]Ad9] A3t wet I S840 oS R4EI glon
(Sanders and Kleinhenz, 2024, 2025), & ‘EE0}2<(Moon-
to-Mars; M2M)’ A gFo| = AX|AFAZ-E-S] H&o| 7F2E
3 9o

AL o] AR TS BT B S 7
ASeb7] PR, BRUTE 2 7Pse Ao 27
o 7o} 24 EAof| gt A&k A7} SRl = ojof g
o} AR Ao Fa2 W 7ol tie AR = 'ARY A F
H-§- 4 AP =t AgH o2 AdEo 7| A8 4F 7t
SX4L AAHALE ¢ & 9L 3HoK(Starr and Muscatello,
2020; Cilliers ef al., 2023). 2122, X ZAs+A 22X 7|
Hro g et tdo] HedE, S 2 AP #H EE £
4, FESH 9 2|3lekA B4, Ao £2o 34 245
O] E2|AQ1 Aol thgt 513t olsfi7} A3 = ofof gt

M-S HSA WA AF7EA71A AFet A A &

52 AR TR0l 1 8 HAR B g
S7h 299] BAk B SpaceX S BIRA WIZE AU A}
LIEoA 2030 3] BHAF AES FAH o= RS
"} QlthPalmer, 2021; Seedhouse, 2022; Chatzitheodoridis
et al., 2025). o]= 34 A& ¢4(Mars Reconnaissance
Orbiter; MRO) 5-9] A=A EA[Q} FE] 2A]E](Curiosity)
4z A u]oj#A A (Perseverance) 5 Y] 2H FALE &
s Qolxl 3py Erlel AFoty 54 W BB AuE
g uios it oEAR, 4 t7le) o] ot
SJERA(CONZ ol S0lA STk ATk 34 SAe] 48
o] 2A¢}t FA= XY 3FE EEE Bl QR &5
o P22 A A4 BrEE 4= o] FelH Hl,
SH2 AAALEE 71&2 B3l AT AHE AE 7
HhE 15 ¢ Yl 7P e A o2 o AKX

wEhA, &2 =BolA= MM AR EE-Eo T
A 2 AT T FElokaL, FF A As Hofo] At
AEo| FEsfoF sk A+ Wl vl Al dskaz} gt
ojofl, HA AR /g at shE2 9915 Aesta,
2 HAE B 2 E AAEE FERT 0]oj4 NASA
7h QAR EFkA M AA1E AR ALY W
A E N, 3o A 9] 7HeA e XA AFE FAHLE
=93t} mpR|fo 2 BFS HAAALLAE-E AolA A AT
4 PR Ae Fofol| A e ojof T wpA|o tsto] A
sk} ek

2. XTI EE H0 1

AR TS A & FAE Fe= g <l
7o gAF 27] dAIRE 28] FxE o] gtk 1960-70
o] oFE=E(Apollo) ZE2I5H A|7|RE 7R G Ego]
A g FEAY, EE(regolith) & AS5AA = -85}
+= "ioto] =9]%]ith(Allen, 1996; Schliiter and Cowley,
2020). 3], Ash er al. (1978)9] =HoAl AR LeHE
o] 2AF o7 =9%7| o|HY = Et5taL, 39 of
7| 4 RS 83 AU 52 /g ol dial AlAgHEE Sle
™, ol 409 do] At AA7IR = AR89 7|2
E2 Q8531 Itk Starr and Muscatello, 2020). o] =&
A= MY BHY FFLS AZAZI7] Hsf Zagt 3
A ArsXl(Mars Ascent Vehicle; MAV) XA S X| o] A
2YalE AL Bl BE A ol et
UiRko. 2, ¥l A= B Alel MAVE 8h4 Eeio] 2
A7 24 44 BEs] AT H AT AR
Al71= wid ol thisto] AQtst 3tk (Ash et al., 1978). o] f,
Aol A 2D 4= Y= FXA 2 AbA-H8H(CH,) &3
o] AgtsiH, o] & F535h7] YsliA= 3 7] W o4k}
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BaE Y2 S, B ) 22 Shuste] 271 Rs)e
HESE AR Abas) vehs AR 5= e 34 7Hs A
= AXBHATE o= 3Hd FAAEEE-9] T3HA 5}
A 7hse ARE HES AFE, o]F FAIF R XY
El= TR ARREEE Ao SR 02 o AR itk

ARAAZE-S 1980t 4 22| H. W. FA] 3R
Q- ZBLAA| E(Space Exploration Initiative; SEI)S A7 2
=7F 2] L4 WA A o= v E 7] AlZksEiT
0] 20053 9] ~HE NASA Q] ISRU Capability Roadmap
A= gt A9 Ak, &, 55, A5 A FHE
A AR 7= S ML ARE AXFEEA, BXA
ATE AT BAH AR 2105tsickSanders and
Duke, 2005). ©] 2ER A= AR ALE-E-Z S5 24
ok & AR AR G Ht LAF s (1) 97 &
HIZ 9] AL (2) £ A4, ) FAAES 8T A2 2
T2, (4) 95 7I5E oy Ao} A o] gito g FLHsI e
o, o]2|gt Y] 7}A] F FHS Ads}7] fIste] A ==
(resource extraction), B4 9] 2<% (material handling and
transport), X ] 2](resource processing), ITEHO| A 9] A=
(surface manufacturing with in-situ resources), Z/d(surface
construction), FX|A-LE S35 YIS L A A
3} Euli(surface ISRU product and consumable storage and
distribution) @} @ XA} HEH8-0] 2|44 7l 2 QIF(ISRU
unique development and certification capabilities)©]2}=
< 77HA1 ] 717 G ool tiste] 35kt oA Al
AlE AR AEEE] 78 B 7|ed g9 AAY A
ToF AN A ol o - 3] F a3 7|vke 2 2Rg-3iTt

AT 9] HA| 7heH| FAAEEEo] AU O0Z =05
= A2 23 3Mdoltt. Dol REE &85 A9
AB4E AR 2|9} A AR SRS S HEE A5
R, oAM= t7] F =2 BlE&S AR5k ol4tagt
29t EF U &2 E83 F2A Ak A 2] A9
SH7 A BAZ FAH AT o] F 20160 HF= +F
T E NASA ££&9-FAlE (Johnson Space Center) 9] &
A7l 7 2RH(L-8 initiative) ol A= SHg ol A 9] AAAL
&GS 23 FAAR] 7]& ot A= gleH, 11 F
A= 3 715 S-83t 4ha E vgk AAE Ak o7}
ArA| 8] AEE] I tH(Sanders, 2016).

2020t =, =ZA| -5t} S](International Astronautical
Congress; IAC)o|A| T4 02 Why FFEakA of7|dlA
Wollz= EXAFEEE0] HA| FAF Hx 2A4Y 34 7=
HAEo] glom, T AR H3x71 34 A+ H7HResource
assessment), EX|Z}-LE-2 2 Z8(ISRU and Usage), %]
= FAALZ-{(Responsible ISRU) Al 7HA] 9] gH o=
TASE ATHISECG, 2022). AH4 B7H2] - & L 31

o

[e)
.
] &
A

e

I U S| A of 232, vl 22|13 AF 7t
e AFE 2= skt 53] itk ol fsiie
oH, Aokt 24, 3 HA L A& HA =W |
P HS ARE S8 B8 7 AR AR fRE
A &3} k= o] HXEE AAE . FAALEE B 2
& YoM = S ALS AR Zf F(excavation), 7
Al(purification), Z|7(storage) % B-8517] H2k 54 7=
Wdhs ZQBRAL QLK™ 1). dEd o2, 23 IS ©]
B3 Ak} o4 QAL HE 7| AZAA Az, 222
7] ® EFL2RE 9 AR Y Fol 7] st vt
Aoz, e e BAAAEE oA = Aok &
AL 87 BE A4 11 E4 2 78S 25k @A
A= AT 2 MY Y P YAY FE5E FE=
St &, FRAY] A= B o8 oA AR 9] EEE
FESHA] ehat, 'hAF 2] =A% 719k A4 Fofell
e A& 7t o8 71ES FHske A 9 F8%
A o] tHISECG, 2021).

o|AH FA FAALE-E thet FAF M2 g3t 3}
3 Aol diste] 78R o= 2= Ao otz = A
AE dAlke T84 HZo2 JeHN It 2). &
3], 2Rk o EIA A= g FAAEEE Ve A
T 8 AA A4S ez dAsto, Ah 2, 45
Az, & 79 A4 5 Rt 71go] AA 952 S5
SAH o2 3= Yok

:

oN

3. MY SHXITHES Lot 2E0rA ME

AR7HA] &] NASA of=2H|u| A Al 9] A FE-2 1980
dd o]& FHEUE 72 S0P S #H A= &
EAsh= Aol 24o] A Uk shARt 7142l vl
O] A2, Tt ATl A A] QoL Xt F{HEarth-
Moon space) & & FEH|A 9] A|& 7H5E HARRL ARE
Ao =N FF 3 FAt= e dAA & 7Rks
Sk Aol Aotk o] A MehA kg2 2020 ) 25
B NASAZ} AAZE ZFuk2 of7|ElR] 9] 3y 4 84
2 A glow, 53] DoA 9 AAAUEE 7]e A
T2 FT I AR AFAHS gEsh] R 2l
A2 7HEE 31 It Merancy, 2024).

2 A= RE H| 2] 7P7ke: A 2(oF 387t km)of £
s, B4l Aol AL 5 EH7}-8olsiths FHollA dA|
ALE-E 7|20 HAEHER o4& 21& 2331 9l
t}. F7)&Y5=HSpace Technology Mission Directorate;
STMD)o] 20224 WS “@ARHUBE vlef SH T4
(ISRU Envisioned Future Priorities; EFP)’ o) A=, =A|H};
9] G S AR Y(Permanent Shadowed Regions)2 H|E3H
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g 29 B 52 439
ol 7sd 2 RERRE AL S5}
A Fx2 AAE T o] F 7HA]
sto] FEOA M AR DAF F45S FES= V=
Fdto] 22714 BR 2 AA = ¢tkSanders and Kleinhenz,
2022).

ofefat A W 7S 714044 (Technology Readi-
ness Level; TRL) A|AE 7|dto.2 AZ 9 vy 4~F0] §
7HE AL Qi dRbE o2 TRLE 3 97 GAR 2=,
TRL 1-3-2 AEA =29 7id A+ TRL 4-5+= 293
oflxo] Z2 Y] A¥, TRL 62 FAF A Al
g AF, TRL 7-9= AA| HA| FHAA Y] SFDEAZ +
EHth NASAE @A 2o & 9 & T A4
WollA TRL 5-6 29| 7|es A5 9ARE Holel
AUk
ojnff, A&7 wola AR FAF S S,
&2 NASAo| A= Lunar Surface Innovation Consortium
(LSIC)E AHTo =X A, 9IZh, AFGA] 59 i & A
S8 Frstal Q). o|9f T A2l 2 7o)
A8 & A AJH)2(Commercial Lunar Payload Services;
CLPS)Z, NASAZ| 217t 7194(]l, Intuitive Machines, Astrobotic,
Firefly 5)oll 2F5-A1 7} 2-8-3 27)3 7 o8 ¢
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(Polar Resources Ice Mining Experiment) SAAE 7}
of FA AT LUX) Qgo] Hxol v Hol Tl
3}l AR 9} Ak Al 7| (Mass Spectrometer Observing
Lunar Operations; MSolo)& ©]-83}o] 422 FA|Fo=
BEASH= A2 BX 2 SFGTHQuinn ef al., 2023). o] AH|=
CLPS9] ggko &2 =3 %] IM-2 (Intuitive Machines Mission-2,
Athena) 250 G = o] 20259 2 2 &= AL A
o= wEigict ek, BEe selel o 93 Ak wg
B Aol AdBoigort, AAe] 2] opiko = PRIME-1
o] 7}E0] A3hE]QkKleinhenz ef al., 2024). ©]F NASA
+ VIPER (Volatiles Investigating Polar Exploration Rover)
PFE A Foll lem, o] HA| CLPSE F3fl Astrobotics
AL] Griffin 2540 A= o] & = = £3(Nobile
Crater) F-2o]] 258 oA o]ti(Fernando ef al., 2025). 9]
VIPER®] 7%, o|5F ZH=A, JAA Woll= $/87 28
7](Neutron Spectrometer System; NSS) 2 L&} 9] A 123537)
(Near-Infrared Volatiles Spectrometer System; NIRVSS),
AR A7 (MSolo)7} ZH2¥Elo] ek, ol F]xke. 4 2
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Fig. 1. Schematic overview of the ISRU system architecture (modified from Sanders and Kleinhenz, 2022).
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2o Y HollA 42 4 AP 249 £25 FAlst
I, 1 m ZO7A| 9 A FE B8l 4 £E A= 5 T4
A #ES AR =3 Algolot -2yt o
=2|(Korea Pathfinder Lunar Orbiter; KPLO) GA| & &
H A3 9 A EE gl 7lodstaL Stk ool
NASA$} er=3-3- 95 dteo] 35 73t ShadowCam
o] AalElo] glom, I J G S FA IS LR
HPot] Ao BE 7S ERIT e =X, AXALEE
AF A7 A5 THA A 213 7|1= HolHE AlF
S S okl ITH(LH 3).

9 RERRE ALE 355 Ve LY A FF
3ol A Y] AR LT A A o2 AAEE
A 71e BAZ (T B BESRE Ak 258 5]
gt o 2= dl#F o2 &8 7| E3}(Molten regolith
electrolysis), BtAEHE3(Carbothermal reduction), =4 2
Y (Hydrogen reduction) 7]&0] &5 t}t 2 NASA 7
Y|t Al E|(Kennedy Space Center)of| 4] =3 &0
A A BHNA & BAEE &8 A7] &8st Aba
FZ 8-S 35t o Z R (Sibille et al., 2009), 1 L A
T 2ZAAE Aka WAYo] P F o= o]Ro|d 5= Sl
< B9t oo tiste, REE 1600T ol4fe] 1.2
of| Al BkAx0f HESAIA YAtSlerA0f Ak s S B
AU 378 9 1000C HEo] v @2 2Tox RE
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W FeO%}t 25 HHAIA & R AMRE &St v &
A A= XEA 02 T Qi

ojet 4t FES HIXT FAREEE 7o AF
A 4SS HeiM= AAl 2 RE AR E9-3eHE] &
A& 712 & BALE (lunar simulant) @] 7jEto] B=Z o]t}
g HAEE U= BE, FE 24, A A 2 sle 24
= 7 AAl 2 B fAH sk AXIAH
28 AF 9 ] A5l EEHh sfelolA = olv] b
g RALETL AP o] Ao EE-H )l tiEA L
Z )= NASAQ JSC-1 W JSC-1A 5 £&FAIE Alg
2 OFER AR T EFYE SMHAIE 7o = AZtE
2121, Orbitec Planetary Regolith Laboratory®] GRC-1,
MLS-1, NU-LHT 59| A8+ 29| nX|tje} AX|t) &
Aol & Hrget Rz g 2olal Qltk. FH Tl
L=29o] AFUE B8 EAC-1 & EAC-2 HALEES A
Zksto] 4har 533D T A4 Ao &85k gle
o, =& o] FAF Hlo|HE 7|Hke 2 CAS-1 9 CE-2
HEAES 7S] A B Al At o]-gskal i

TN & EALES] it} E-go] Bs] ZegE
=, dFd & ZALE Q] KOHLS-1 (Korea Hanyang
Lunar Simulant-1), KAUMLS (Korea Aerospace University
Mechanical Lunar Simulants), KL.S-1 (Korea Lunar Simulant-1)
So] 7= 2 H(Koh et al., 2009; Yoo et al., 2014; Ryu

Polar Water Mining

& Storage

Removal
Reactor

CH,
Liquefaction
& Storage

Subsurface
Ice-Liquid Water
Extraction

Mars Atmosphere & Water ISRU

Fig. 2. Conceptual framework of the Moon-to-Mars (M2M) architecture highlighting the three major domains of ISRU (modified

from Sanders and Kleinhenz, 2024).
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et al., 2016), =17 |=dFHolN E EYF BALESE
gz i e 7le R Y EFEHES AR
UeE B HAHE sl & 1 o EAF AR &
£5}31 Ith(Yoo et al., 2018; Ryu et al., 2021; Park, 2023).
0|9} BlEo] & 2FAlo] ALUA| o] AFEl= AS thH]st
7] 15te] U BPgek 83t 11 BALE, KIGAM-LI
o] 7Rt AcHKang et al., 2024).

o| A Y Ho| Ao ARALZE- TRL 6 =& o449 A
% A =Estglen, CLPSSE AAE 412 AL Al
BE FHCE V&9 A3 Ao JYstich o2
T dH9 AALEE AF dFE2 EFUE 0P|
849 7|4 EYE Fst, ol2dt APS 7Nte =
ol A Y] A A, AA L EE FH R S| 3t
A 2 JAM] A&7 S sk U AdY dA =
A9 F83t ou]E A dr}

4. BFEHIMC] SHTITIRIEE H7 S8

9. & B el AR7 71802 AZE 4 9)
L by A B, A et 54 oy
ook o) AXAALG AT AL AT 9
o 8H99) F8 AUORL ol ilsheA FH9| B7], 3K
2 A|}o] BEsh S, o3 Ak, A8k 2 et
EERES 2RO SR REI} glou], of 2114, )
HoA A, A% B 7NN ARS AN R S

» ShadowCam ¢ Lunar Trailblazer
- KPLO

PRIME, Hopper,
LTE Demos

VIPER W

Qi 71 EAQ1 581, BA 7)uto] Hk.

4.1. 2td [HD|E &8¢t ATITIHES

Mg 7= oF 6-7 mbar®] 7|4o.= A tf7] 2] of
0.6% o= w9 3uFskA|TE, oF 95%9] o|4talet4a-ot
2.7%9] A, 1.6%9] o220 2 FHAJ e o] §lo] AR
8o A FAHEE 7HItOwen et al., 1977). o]t o
7] W o)ibtetas = B oA 9 Aba, &, T2 ek A
Abek=t] &7t Aok Tlsto], 3 AaE 83 Aot
512 U o} g4 B9 HRE olgstele AT o
X 22831 9QItk(Luo ef al., 2024).

ool T} NASASIAE 20009) F¥H2e] 514 7]
% olIslEaE 17 ool ARol A 2E5H: 7]
& 7] H=5tar Qlow, F2 ARFE]of] WE-3-(Sabatier
reaction, CO, + 4H, — CH4 + 2H,0)1} A7| 23| 7| &S
Z-83kaL QItH1d 4a). F|2olle Stz 9 ARl s &
& olidetea E8f A4tk Es] I QUk(Kelly
et al., 2024; Zhu et al., 2025; 13 4b). o]& AFZF o=
TG A Q) A== NASA A|t]-$-F-A1E]2} Pioneer
Astronautics & NASA £L9FA |7 F50 2 PR
MARCO POLO (Mars Atmospheric and Regolith Collector/
PrOcessing for Lander Operations) T2 A E7} Qt}. o] i
ZAE Yol AHFE o W3- 7]eS 7|REe R 3] of
715 AR S04 olikBletAE st wiEgt T B
AAFSH= Atmospheric Processing Model (APM)S A7
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Fig. 4. (a) Conceptual diagram of ISRU propellent production methods (modified from Kleinhenz and Paz, 2017). (b) Process
of plasma treatment of CO, and H,O vapor (modified from Zhu et al., 2025).
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Ao Z B AERITtHTrokhimovskiy ef al., 2015; Martinez
et al., 2017). Thgt, 3} 9] & | 7| 2(6-7 mbar) ZZ 9|
A= Eo| AV = EAs717F oL, 5719 F &
gt - wju|ste] FRAFASE SHAA = AL O =A &
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MRO 9 Mars OdysseyE HI5£3t o2 A=A HA 2
I 9% 60%= o]5te] S Aol A= Wstol &) EA
H A, T Qs FAAE AP 9 oA AE T =Y
P -2 AP o] A5k Ao FRI= YITH(Holt ef al.,
2008; Plaut ef al., 2009). I3k, Mars Odyssey©] EA1H &=
A} 53710] 12 o] m2g, ARy IR 2
2 AT AR oF | m 7o) U] S FHeo] BAH o 2]
SR ATL B o] IS S471 BT B ez
ZAYGTkT 7P3E 1] B 3 BN Weight Equivalent
of Hydrogen; WEH)©.2 Akelm, o2 E5je] 2jte] &
= % $3IFEY EA 7Fs/do] A AA = Atk Pathare
et al., 2018; Wilson et al., 2018). T}qt, 42 B34 =
< LA Ao tigt ARE g5t Aol Aol
Aot o] =47 A5 PR EAsH=A], oFHH FE
2 W 28 Iz I U=A] BEs] FEshe A
o= eHAIZE Utk o] F ZHAPEA B 2 QA R EANE
Eoto], @FUE A2z F YR A GoM = B et
|02 FHH olgEe] EARIH= o] Btk Ehlmann
and Edwards, 2014). 71| 1 A7} SHelE $3-4-E5
2 JEAS BIRE 4EH FET AdEO|E, 7R
ZUo|E, ALZA 59 HEZFE, 0T-A Y 2F-CT 50|
It Morris et al., 2006, 2008). o] FE=2 UHIF o2
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(Leshin ef al., 2013). |23 £ & S22 I Ao 4
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Ao s &5 SHET 4 Sl A2 ALY 9]
gt

A #9] FEpFET tEo] A o EARE o
Fo o) A F& oH3] 3ol EAst = 7HsA
o] AAE L qict. 2 AtolN= FAY EAET 3}
d AFO 2ot P22 ZT B HA o EAfsh= EC
ol A+ A Bt 4 9F 34 mo]| G sk F=(Global
Equivalent Water) =7} € Z o]t 434Gt Carr and
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2 FA =] Itk MceSween, 2015). AH o2 Ao] =
2 Aol A= & AE dalo] &3] Yehue, d7ol
W2 A QoflA= Edoloto| E(tholeiitic) AB | ¢4o]
B A4S Helth 3ol BAY JA] &3] U
it Ao g, 34 SIS 7199 A Eo] i =7
e HYUT SEAE Aol g EFe= 2l
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A7HA] L 3 REO| 35HA 9 E9F] EAS
7IRke 2 g4 gl Ak 220 AAA) E A e A
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Az, 3Hd B AA g8t 243 FE3H] EA4S WY
g+ MGS-1 (Mars Global Simulant-1) FAIEES tjAto = g
2G5 4182 4385}t Nababan et al., 2025a, 2025b).
o] Ao A= MGS-1 A|&E 1550-1650 C o A] B4}
HHSAIZE o Fe-Si g 2 430 A4EE 2o
o, 9§ FANER AR YARSeAe} ojilsleka = S
7HAQL Abas Bl FAHC 2 &G 7Hs e Eelsklth
o|AH I REE o] F& LA FE 7 |e2 2
2 gAA AR A FF BARE THSHR S (TRL 3-4
T, FF sl 2A|YY AXALEE F& FE AL
2] Ao 7]5to] H R e 2 7|t Ear Qi

3 REE S8 E UE ST A U A E
S 23t A 249 Attt fAE At © AN}
UEF Y &2y 891} 39 RES VA1 S 24,
3 B B A EYHz AYsto] AF 2E E 2
7 Ao SE3HAY AN R A5 Foll 2851
£ Al=7t 88| o] Ro|R] 1L Qlck. 2| e EejH A= A
Al ZEWE AHIES} g 3Eg0] ofd Si-0-Al
2% AuiE ¥ SN E FEE sk 22 A
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AAM = gHo] 715 Ao Z 7|t E 2 It Alexiadis et
al.,2017; Mills et al., 2022).
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of #4BRIEF 9 S4B 88 A2 AHg-sto
AL EYHE P52, oF 10 MPa 9] 9] 4S54 =
o] 7lsglo] ERIE QT Mills ef al., 2022; Wu et al.,
2024; Zhou et al., 2024). Thik, SHA HALE 7]HE X 2 Z4]
He FAL D g 77k 3 87 BAF 23004 =
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7+g 9 3D ZHY 7|9 AFA % 7]& o] A-EE Jtt
(Warren et al., 2022; Gupta et al., 2024; Deng et al., 2025).
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