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Basic Study for a Korean Lunar Simulant (KLS-1) Development

S Ryu, Byung-Hyun L €’ Baek, Yong
7o A’ Kim, Young-Seok Z+ o 3 Chang, Ilhan
Abstract

For the success of future missions to the Moon and other similar cosmic environments, understanding and utilization
of the lunar regolith has become essential. However, due to the scarcity and unaffordability of real lunar regolith on
Earth, a number of lunar regolith simulants (e.g., JSC-1; NASA) have been developed for experimental purposes.
However, Korea does not have its own lunar regolith, even though the country is planning to actively pursue lunar
and space missions in the 2020s. Thus, this study has been conducted to develop a Korean lunar simulant prototype
via basic feasibility attempts (e.g., raw material selection, particle size and chemical composition simulation). Finally,

the first prototype of Korea’s own lunar simulant has been obtained, and denominated as KLS-1.
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AltollA] 7 77k VAR T A 719de] AJHEe] A
Aol FUg Aoz deA Utk Weill et al., 1971).
A Aok g A ZHo shehA fAEE)S AT
S GRS ti7)7 glal =o] 3Rk 2o s s
9 RZE= AW 6094 F3F AL} ok FEjE P4
so] gkek njeba] @ kAol A givk WA 95 7]
2 A Zuold & v, 58] & EEof dat Tiebd
ola7} AsyElolof giek. ahAlvt ALAfo] Bk 9
= AA g EF2 1960 v oF&E(Apollo) Z &2
o E3] A8l 2 380kgo] E3}5Ho](Schnetzler and
Nava, 1971), thF-29] &5 7Y =72 & B
Bela-spabs 540l AR AT UUES Fustel
g7} 92 el Ao} 7% el = WA Tesln
)t Morris, 1980).
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= Bl G, =, iuthel s, 1 5
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E= 0333 9F(NASA)Q] Johnson Sapce Center
of| A A|ZFst JISC-1A°]ti(McKay et al., 1994). Q13-4
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HEZF A A= v} QoK (Kim et al., 2014; Yoo et al.,
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BAE B AEel 7he A 2 TR e s sty <
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(SC-1A & FIS-1) dlojeleh vlwato] Azl & o2
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2.1.1 %=*(Giant Impact Theory)

Hla ] z|to] Aobe =4 459 @ A Ao
o &R HA7} A2}t S5 A= apHo| s
o] ThEojHth= o] &o|thMackenzie, 2003). A]5-7}
FAE & I 2719 AAE Aot =R, S=
T =S 24 AR moF E%low, A= 7IAY
HAZF Elo] At FHO R FojFth= Zlolt). o] uf,
Ao BAE 4lo] o5 Fe R Hopzton, 1wk
So] 2o go] FH]lth= o]&o|th

2.1.2 ¥ A(Fission Hypothesis)

go) 7] 9lo] Tt 7V odE SIS 18781 27|
t}(George Darwin)o] A|A|3t E2](Fission Theory)
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2.1.3 FA] &2 (Co-formation Theory)

A B Aol FAAFE &L Y B 1|
Jo] mof ok Aol A7l At FYE S AA
At oA go] eHFith= o]&o|tK(Stroud, 2009).
HAL A toll= A7t ST, 71A19F A SR
o]Folx Jd o] shte] & Folg = SH5to]
o] gjojtthal sz o]&o|th shAJNE o] o] &2 A
-G AR 7F EEe] EAe 2 4 gloke Ao
2 AR ] AAIESAE E3E, 27] Eo] upinf ek
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2.1.4 E3¥(Capture Theory)

B FA ol A FAE HAZE Aol FHoll 24t&
|57k B3 9l Ao ® M o] Zo|chMitler, 1975).
2o ofshd x|tel 2o| 3leh4 A fo] thar et
T AL HA ko, o] A A= HA siEaE
Aolet= Aotk o] o]E5 A|A|oh= HAES Tol A
T Aol A AT, AFo] Ztoba] 7|H| EAPF =
W77] 419w AR e g 2ol njFo] AGtET) Ao
ShAa AR R T Hials ARS 228 Et) o)
g S HEs|ole 2870l Agdsitt
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e el AT M7 oF 14GATekm)R ThE
A W SIS Hls) 2 Sl ek (B £
o S4B Ak FaY M4 1100 $2). 2
o2 Yo BHEL Table 13} 2k

ol §49 FE0] FAYY /17385 ~412 )
o QAgliL, 71 Folw A|Fo] 107AZN|E} B 5]

213 A (Copernicus) o7} B3} 1028 Hof A3
7= & FAA ASH R A2 SEE0] dojyaL
= Aol W& HkPieters, 1982). =0l 2Jsf A4
o] upnp Hitks AEER Beyzt Sjus, dE
o] W& Z}&4|(Olivine), $]4](Pyroxene) 5 A& F
71EES Aol Zhetetar, iAo 2 ThHe AP
(plagioclase feldspar) 52 W @7 2]ZM2 FAsHA
E=g), o] B4 EHZA A(fractional crystallization) 2]
2| 3}8H(geochemical) 24 o]2}al gth(Nemchin et al.,
2009). NASA= & %]z}, wiE 121 S gX]517] ¢
5to] Apollo 17 38 F B AUSAE Hofl A
AL, ol A= Aol H]sl B A Sl oFgh 4
Zlo] drAst= A UA EdthLatham et al., 1972).
ojget AFANE E= GO A7 the Bt 704
20lg FAolw, 21 ofefjol] AFEth=s YErF E(HE
o] W) o] EAFHS 2hlsk3th Taylor, 1975).
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Table 1. Comparison of the Moon and the Earth with physical and chemical aspects

Property Moon Earth
Mass [kg] 7.353 x 107 5.976 % 10%
Radius (spherical) [km] 1,738 6,371
Surface area [km?] 37.9 x 10° 510.1 x 10°
Flattening 50 x 107 3.4 x 107°
Mean density [g/cm’] 3.34 5.52
Gravity at equator [m/sec?] 1.62 9.81
Escape velocity at equator [km/sec] 2.38 11.2
Sidereal rotation time 27.322 days 23.9345 hours

Inclination of equator / orbit 6° 41 23° 28
Mean surface temperature [°C] 107 (day) ; —153 (night) 22
Temperature extremes (variation) [°C] -233 ~ +123 -89 ~ +58
Atmosphere density [molecules / cm?] < 10" (day) ; 2 x 10° (night) 2.5 X 10°
Moment of inertia [1/MR?] 0.395 0.332
Heat flow (average) [mwW/m?] < 29 63
Seismic energy [J / year] 2 x 10" 10" ~ 10"
Magnetic field [A / m] 0 (small paleofield) 24 ~ 56
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(Rasmussen and Warren, 1985).

o EEojAe] BT AW AL Dol oy
&’(Lunar cataclysm; 389]57H A ~419d4) o]¢
A7 ZOIE AoT YT, & TE P Tdnd
Hlkof wgshs Ao °‘E47<4 °‘°1 SfE Fi
HElol o 1 EYES
o] wlwo] Tt A ¢

49 SEE of ol
9 TSI BOE o)4] W Lojuix] $5A
o] Hislabyol o3t JFEs SHT 4 A AN
SFcHHockey, 1986).
g B iFE 94 lem 7 LA ﬁél 4 ¢
AR ol olek. ol & o
=2 7 uh, S=oluA] 9 E] k‘a‘—« Al
A, AL MR F7F B g Tto| A o] FaHARE
of zgtew AAEY] ghzoldt.

2o #HE(Regolithy= A AP (Anorthosite; 87%)
I ARPA(Basalt; 13%)2 o] glom, =8
d 84 1) nm, mm T9J0] T ohA ThE; 2) HikE
o Qg felWPY Ex T 3) olFReHolE
(agglutinate); 4) nanophase Fe(L:=AME] ZH); 5) 4
(H-)¢} @& (3-He) 59 77184 6) B 5 4=
SO|tHMcKay et al., 1994). £3] L=ArEl] “H(nano-phase
Fe, o|5} np-Fe)= 33nm~3mm Z7]of AL Wil Q)
=g molo] 213 9l 5% AJHo|chTaylor and
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S 3}etA - GESHE] SAMAAS R L8)H,
58t EoollMe S A(YSA, ASEA, e 5)
A&l ARt T’/P‘“/‘EJ JTYHES Q& itk E3h
Y7go] 50um o]stke] <l
= %%UL(tOXICOIOgY) et 24E AAF-EAPgH]| o]
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uepA AA =2 S5 A 7S 2ok
Aol =87t =& YHES] A S-S 9I5| Table
29} Zho| TiekRl Sl HHE S A3skal It McKay
et al., 1994; Weiblen et al., 1990; Kanamori et al., 1998)
Z(Zheng et al., 2009; Battler and Spray, 2009). <-4 22
2 #F Qg ¥ E(Standardized Lunar Regolith Simulant
- SLRS)& F21gt7| 9J3fj4]= NASA Marshall Space
Flight Center(MSFC)oll 4] A3 =8 3123} 4% 4
Z(Fig. 1)& 2Z3jof sItiSibille et al, 2005).
AYZA AAE S EHE T =4 2 ddH
E(SLRS: Standard Lunar Regolith Simulant)2 22| 2l
Ak Q= Q¥ YU HEE u|=ko] JSC-1(Johnson Space
Center lunar simulant No. 1)o|th(Klosky et al., 2000;
Sibille et al., 2005). JSC-12 | 70] }ALA} & ELQFS
X QN(raw material) 2 ARESlo] & EOFO] EjokEo® Q]
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(Arizona) San Francisco volcanic field 2] Merriam &3}
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Table 2. Chemical composition of pre-existing lunar simulants (after McKay et al., 1994; Weiblen et al., 1990; Kanamori et al., 1998;
Zheng et al., 2008; Battler and Spray, 2009)

Element JsC-1 | JSC-1A MLS-1 MKS-1 | FJS—1 NAO—1 CAS—1 0B-1
Country United States United States Japan China Canada
(institution) (NASA) (Univ. Minnesota) | (Shimzu Corporation) | (Chinese Academy of Science) | (NORCAT)
Raw material Volcanic ash Basalt Basaltic lavas Gabbro Anorthosite
Si0, 47.71 46.67 47.3 52.69 49.14 43.83 49.24 46.6
TiO, 1.59 1.7 1.6 1.01 1.91 0.77 1.91 0.115
Al203 15.02 15.79 17.8 15.91 16.23 25.79 15.8 21.55
Crz03 0.04 - - - - - - -
FeO 7.35 8.17 10.5 12.28 8.30 3.52 11.47 5.08
Fex03 3.44 12.50 - - 4.77 2.62 - 1.24
Chemical | MnO 0.18 0.19 0.1 0.22 0.19 0.09 0.14 0.09
element | MgO 9.01 9.39 9.6 5.41 3.84 4.93 8.72 9.5
Ca0 10.42 9.90 1.4 9.36 9.13 15.12 7.25 12.6
Na20 2.70 2.83 0.7 1.90 2.75 1.4 3.08 0.965
K20 0.82 0.78 0.6 0.58 1.01 0.47 1.03 0.12
P20s 0.66 0.71 - 0.14 0.44 0.08 0.51 0.07
H20 - - - - 0.43 - -
Lo 0.71 0.01 - 0.50 - 1.10 0.52 2.74

1) LOI (Limit Oxygen Index)

Source (Raw material Chemical compostion
= Volcanic ash / dust
= Basaltic lavas

= Igneous rocks
(Basalt, Gabbro)

= Mafic iron (FeO)
= Nanophase Fe
= Magnetism elements

= Anorthosite
(igneous plagioclase feldspar)

Lunar Simulant
Specifications
(NASA)
= Dust content

= Agglutinate content
= Particle size distribution

= Shear parameters
(@2 42° c<3kPa)
= Specific gravity (,>2.9)

= % passing #200 sieve = Density o
= Particle shape & roughness = Compressibility
(0.015C,<0.11)

Physical properties Geotechnical properties

Fig. 1. Specifications and requirements for a lunar simulant to
be authorized by NASA (after Sibille et al., 2005)

A S =2A(20um 7 50% ©]%; D50 = 27um)
Q1 EYHET} JSC-1AF(fines)o| ™, HHi= A1 #F2

(Cesaretti et al., 2014).

QAET A ZFHFIS-1, FIS-2, FIS-3)2] SlFUHES
Nshe] ARESFaL It Ueda et al., 2010; Matsushima
et al., 2009). FJS-1& T XAt & 5-9F -89 (basaltic lavas)
oA Y=E HFst e, d B Bls| ¥ MgO=
3EQFSEAL Qlvk whehbal, FIS-2 9 FIS-3&= & EQFo)
TAMES Eol7] $18l 242 A (olivine) v} B gHE

(ilmenite) & FIS-16] 37} £3ks10] 2] QJck(Kanamori

et al, 1998). FIS-series Ql3-dHE= AA| & B4 o
gl th=al, 0.5%2] AFAghrHlE AU i glow
JSC-1HT} e upazka} -0 H 2 (cohesion) E4.0
& QI3 NASAS] =A< A A L&, ot
2 w5k ot Kol olA] Gt 2§ AR} HokNakashima
et al., 2010, Nakashima et al., 2008, Bui et al., 2009)
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2(10.5%) WhH A7 B2 tf7] F Akaz Q)

weha] 2 Atods Sl AReks BElE HA 2
(Fe) TF(FeO + Fe,05) AA| YHES} H]S3E 50
2 g o 245 sk drdols &olA w
AU 7k w2l Eel A(slag) 2 Fe] W2 715°] B
Az)o] oAt Z(vesicular structure) 7| 2+ WEE o] Q)
ok FRhS 27 BA(intrusive) Tt EE(effusive)
Arotom BELLY, W WAReke vhnls} 23}

o] 71& S sl 2Rl AR oA A
A3

[e)
of| A olm] At Aoltk. ofuf A|R(fine grained) WA]
) Ak(vitreous) AlHo] Wl 2 AR e
FHE| S YHAFZ 2] (porphyritic texture)©] 2} $FH(Kim et
al., 2013).

= E, A A 4710] Uold sHIRgoR QI8 7
)% A, 4w AU AR At FO2(Fig. 2)
7] B SAIEEO R TRt $RY AR X
uro] B gtk B Aol AV1E AWCARS
Ze]; N 38° 00° 55.57”, E 127° 03’ 59.107), 7}¥=
HAAEHS AZ7 ; N 38° 11" 41.677, E 127° 15

53.18"), AL FIHFLFEES JLET ; N 35° 59" 36.99”,
E 129° 34" 00.39"), Y A7|W ®xZg ; N 35° 55
57.60”, E 129° 31" 0026”7, Y3t A4S Z#g] ; N 36°
02" 01.94”, E 129° 17’ 19.37"), AZ = stg(atdg 4=
2le] ; N 33° 25" 345.34”, E 126° 15" 44.34") A0
ot @4 2AR} AR AR AHsIACk

oFA o] A whle Auk 2AF gulel 44 B)A
%A 4)(Rotary wash type) A|%7]E AR&-8}o] NX 12
(37 76mm, FoF2]7] 54.7mm) 02 Ft X Jof A 33
KZ5t0] AlFETL o A B mohe Bhe
o},
Tokel Bsha zAdu] BAS Qlate] AT
2 o83 oF lem’ H& 77]9] ¢HL Atk E
3 Foo} MAo] IS Haslaly] 9iste] 753 2
A52| ot BES ol g3tgith g YA B4l

(nickel mortar)2} A& o]-8-5}0] gt & XRF(X-ray
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fluorescence) AHH](XRF-1800; Shimadzu Co.)S ©|-83}
of 7]sksh AR BHE SasgickTable 3)
BEAT AT 7ako] Fmote] 2 AX 7RO S0,
X E 0] 46.7-61.2%= Lunar soil 14163(47.3%)&‘:]' =
O, FeO AHEL 0.75-3.67% % Aol YA|=Z A F
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Urize] welow AMgEY] AR Aoz By
AT AFE B SUzold AT ARLL Si0,
gE0] 47.5% % I BT BFHA &2 FAISHL FeO
A ST 847 B B4 A0, S
H|E CaO AJH0] 9.20%=2 AlA| YHES] 3H5-3H11.4%)
o} Al Tie] CaOk 77 POM 37] %ol 23}
OVIBIEA S FAshe] SABHIHCalOH)) T B
H(CaCO) o2 HaE FRsAo] ok obge] At
EIH 34“0*—4 9] Hh=Eo] ARtE o] Qlof AlF Ao &
—4 3-83fo] A|oko] k.
A7 |2 AT} AHE HY AY
2O g Fe o] &2 2 o= 2RlH
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Screening 100 ~ 200 mm aggregates

15t Screening HGround BasaltH Sieving
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sieves

Particles < 5 mm
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‘Reoomposmonl—*[ KLS-1 ]

Refer to particle size distribution of real lunar regolith

Fig. 3. Overall manufacture process to conduct a lunar simulant prototype using natural igneous basalt

Table 3. Chemical compositions of igneous rock sites in Korea

Yeoncheon (Jeongok—ri) Cheorwon Pohang Pohang Pohang Jeju

Element - - - - . ! ) )

Intrusive rock | Effusive rock | Intrusive rock | Effusive rock | (Guryongpo) | (Daljeon—ri) | (Mopo—ri) | (Suwon-—ri)
SiOs 47.6 48.1 48.0 48.1 57.7 46.7 61.2 47.5
TiO» 1.76 1.75 1.67 1.78 0.89 1.86 0.72 2.56
Al203 15.3 15.3 15.3 15.8 16.6 17.8 17.9 141

Cr203
FeO 8.83 7.89 6.64 6.13 1.21 3.67 0.75 8.47
FeoO3 2.22 3.17 4.75 3.78 6.15 3.91 4.95 3.29
MnO 0.18 0.18 0.17 0.16 0.20 0.13 0.14 0.16
MgO 9.79 9.65 9.64 7.53 2.15 5.88 1.63 8.67
Ca0 8.26 8.45 8.38 8.40 5.31 4.88 5.12 9.20
Na2O 2.80 2.94 3.42 2.95 3.59 6.18 4.60 3.02
K20 1.53 1.54 1.52 1.56 2.62 2.67 2.03 1.53
P20s 0.37 0.34 0.33 0.36 0.20 1.63 0.26 0.48
=28 QIZBFHE(KLS-1) W2 It J|x= A7 59



g BE3 3 29k (recomposition) dh= A4S
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