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Fs3t 2 Ao g Az Eojol & FaAo] lut. E3], IAUe =& (a0 ¢+ 2 ALO,/SIO, Bl
= vl @ sk AU gl Ao BaiEe] A7) wie, dERA 2 38 BX
A& SHoA 2 o)Fe] Stk o]He EAo| ule}, 3 FL2 T2 YEEL] IF
doz HyWky 9low, H AAIF R Tkt S-8-hAshE A kg SHeA e &
oME 3gte] FE YA vHSAS A s el FESHY 9 x|gleky 54
o shA EAS AEs ol E ZHte g H 2 9] 17 2 FAEAZ Qs Aol
02 3h= GFF A Uitz e sete] &8 reAd ), 2187 AR EA 9 B
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Abstract: In light of the development of modern high-tech industries, where human sustainability is becoming
increasingly important, anorthosite needs to be reevaluated not only for its potential as a new source of aluminum,
but also as a primary resource with a wide range of industrial applications. In particular, a relatively simple
chemical composition with a high CaO content and Al,0,/SiO, ratio, along with its relatively low impurity
levels and chemically stable nature offers significant advantages in industrial processes. Thus, anorthosite is
considered as an important industrial resource in the age of energy transition. In this review, we examine the
mineralogical and geochemical characteristics of anorthosite that determines their stability and reactivity.
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Based on their characteristics, we propose the potential use of utilizing the anorthosite as an alternative to the
Bayer process which has the limitations. We also explore its application as the eco-friendly geo-synthetic
materials, and as the new materials for carbon dioxide storage and utilization. As the demand for aluminum
applications accelerates, anorthosite is gaining their importance in the geological industry and clean energy
field. Therefore, advanced and extensive research on anorthosite complex occurring in the Hadong and
Sancheong regions of Korea is critical to obtain opportunities to enhance economic advantages through
efficient utilization of national resources and to lead to sustainable development.

Keywords: Anorthosite, Hadong-Sancheong anorthosite complex, Resource potentiality, Carbonate sequestration,
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7] oA AA It FEE T A A
F= AN A A= FA4E 7S
A BMe] A5 T o SHAA g
b £ EPls] 9
A Aol A, BATH ARIAL
gk iRkS BASH A,
| E0] = Ae] A AA|
Nakel F=3ar Sk, o]FA A Al
ANUA A7) AlthZ o wk
Lol Bt} A 22 Sk 9 3§
AFIA N} 71E TP A
=l o] Hglo] F2lolg} & & Qi
= ol = AJRRE A3} A 7] ] A ae]l
3 AP (e.g., Kim, 2022), 250t FEukA] £
Ak SHET) WelM e EE 2F B4k e.g., Benson
et al., 2023), ¥ A5 AHE A4S A7) $1s
A e Ze W 9] 7 (e.g., Kim et al., 2019) 5 X<
7Fsgk vgE AdAT=d 38 fg 5 A
g} gl FEIH =g 9] dstolzt & 4 Ut o]¢t o
Eof A M&7]of SFAHE Brolate], 27k
AAA o2 B AFdAE0 AAAeHE A it
o] Fojgkd 372k 9k (anorthositic rocks; 13} 317
hell gk s 9 J-87 SHoxe] A i &
SAE AEA UFEHI = el
3K, anorthosite)S CaZl =5-3F Al
(@5 AP calcic plagioclase, Angyo)2] H&2] &
o] 90% ol/delarL, g kol 5% olsiel YA ow
A=, A A7H ez TA AABU(3.7-2.5 Ga)st 5
7] DA (1.6-1.0 Ga) 5+ Al71°l G3¥ Aol B
352 It Ashwal and Bybee, 2017). 2 5 $%}2]
73%-, et wiA 2 o2 v, b7 xRt
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(granite)?} &7 o] 24} “AMCG TFE (suite)”2] €l
2 & tH(e.g., Emslie 1978a). ©]&2 FJ &<l %
2he-Ea WS AEAdS Holr thekel R #Y
o BEA S FElE Ve, o] oA FutE e
23280l wEt B Y (granulite)e] W43,
WFE2] 4 (segregation)ol]l &Jgt FeElo] wE 2 H
-EJ g g o] A o] 54E BATHChubb er al,
1995; Lee and Cho, 2022; Kim ef al., 2011). &3], A
AlAICA B A A7) R A=
A 37 0] 75, lF A171€] A Zb-iE XSt
e 2rjvo} % FEHlo} ZoiEe] B FHl ¥
e Aol S ACE AAR AL QlojA] ShmzloR
A - A A8 S sk 98 el
%23k A Aotk (Charlier et al., 2010). E3}, 3
Aok ARtz vhEo] Ao 949 Y| TS T
Aehe Fo gaog F2 79 (highland)ol] E¥E3}
3ok olyg @ Hool 43 F9H Exe g
A %719] vl vtk (Lunar magma ocean)?] SAE
olal| sl=d =221 ©hAl 7} E tHElkins-Tanton et al.,
2011; Russell et al., 2014; Pernet-Fisher et al., 2019).

3k A w2 S FoAT HEC], Cait
A 9159 v FERAY 2R 7)dsks AU
sstxddel 54, 5 AH3EA 9159 vlwA i
3k 3Fak2A (M7 CaO ~15 wi%, ALO; ~30 wt%, SiO,
~48 wt%), A2 =2 Ca0 TF 2 =2 ALOY/
Si0, H]& 52 38423 AN M2 &
Ao mAe] &8 7k "ehrol FEsithar
AR, o]0 wkel, ® =M 3gete] & <t

F

% 1

it

B4} e ARSI Sgerel BEe 9 As)
5 540l thale] Yok, o & WO F 3§
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PEE B4 Pohuwat Fet. ololA] 2gere] 2
A B8 FYt vld) Aol BT 5 e 3]
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3gAE T2 Zgo] THI APIAEE AP,
calcic plagioclase, An)2] H]E&-°] 90%ol &&}, A
A7] E 4kE ol whet Zg AP o] H]go] of
Any o= THFESITHFig. 1). AT dlA AMEEe 3%
-2 FA| A ARKY 37 (Archeon megacrystic
anorthosite) 2} YA A1 28 3] 7 (Proterozoic
massif-type anorthosite)Z T CHFig. 2). ZAk] A4
T Ango,(FT Ang)el =2 L] HIE-E, T4 7
$= aRY o W An (BT Ang)Ql S ZHe
o] EAolt}(e.g., Ashwal and Bybee, 2017 and
references therein). ©|l] H]3| @ollA] A& 3134
(Lunar primordial anorthosite) U AFg419] 73-9- Ane]
H]&-2 ©F 93-970.2 R|Hge] 317¢to| viste] €5
3] ¥& 7S zF=tH(Kenson and Ringwood, 1976;
Snyder et al., 2000; Elkins-Tanton et al., 2011). 3|7
o FME AR =& AnHES Zte 3%
oF B AT 373ete] 73, EA WA= 2 EA
nlzmke] Wz 2710 A& CaAPdAo] 1y

KAISi, O,

Abite .

Proterozoic massif-type

ulzmle]] WlEke] e W (9F 2.6-2.8 g/em’)E 7H
of et & W AR weEn 3k nlants
Pt g A Atk A2 37 G AN
o B s 7|9 niantE Y jdeA T, 1
2 miante] Fedy T hEAZ 229 £, EF
Al&Hle] fof FO= Qlste] & Bl AT 37t
Hl&to] tha W 2 AP S 2k Alo] 54
o]th(Lee and Cho, 2022; Lee et al., 2014).

37gete] 41 EACERY & F %ol 3%
WS T2 AL JE CaAPTA L] 7, 22 873
oM FEE = A7 A AE Z7(near-surface
condition)l|lA] A& o2 Belgsla 4A F3lE=
545 Btk tiF-Ee] APEAE e AR 24
oM 7} &e el E[ALSLOy(OH),] #15-9] F4¢] 2L
% E (kaolin)= |3, 3} =7} Astd e ujat
A OE SRS GFHE FEE, AAlE B B}
O|E)E FAE dFrE FAQ B0 E(bauxite)
2 Wy, o] w L&Al NaAPdA] 3 dze]
A ALG FEol vlste] CaAPEAe] #3312 HAE
7} AsHA o] FolxInt. g, AP o] 749 pH 271
o] w} &8 %5 (dissolution rate)ol] XFo]S HolEt],
AR o8 pH=6 F5 AR 7= U & 83l
FXe] EA-8 HAtH(Blum and Lasaga, 1988; Ganor
et al., 2009; Gudbrandsson et al., 2014). A Z7A

Archean megacrystic v Lunar

—

Hadong-Sancheong
Anorthosite complex

\ Anorthite

Oligoclase

Andesine | Labradorite | Bytownite |

N

NaAISi,Oq

CaAl,Si,0,

Fig. 1. The ranges of An contents for Lunar (gray), Archean megacrystic (red), and Proterozoic massif-type (blue) anorthosite
(Data from Ashwal, 2017). A range of An content of Hadong-Sancheong anorthositic complex is shown with blue arrow (Jeon,

2014; Jeong et al., 1989).
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Archean megacrystic anorthosite

o > 100 km? m <100 km?

90°E

Proterozoic massif-type anorthosite
O > 100 km? ® <100 km?

180°E 0°w

Fig. 2. Global distribution of anorthosites. Blue squares refer to Archean megacrystic anorthosites and Red circles represent Pro-
terozoic massif-type anorthosites [data from Ashwal and Bybee (2017)].

(PH < 69141 9] 83 = de] 249 83 S
o Hlsle] B} FAT F7HEE HolE Flo] 540
o} 2] AgA Al Wk=w pH 6 o]t A =
oA Zhg APA L] 24d0] FrHstel wlet g3l &
E7} frolshAl S7FebH, pH ~ 2 Z7dollA] 31344 ¢] &
3l Ee= 274 (albite)©] 83l Zieoll Hlsle] of 107
vl A= W2o= Aol E2=ATHGudbrandsson et
al., 2014). o149 3gL2 A& 39| FE L
A3}l AP SHelA tha B staL shekA vt
3/g0] vl 2 HHOEH, 53] A 271 stollA 9]
A e] w2 BalEEE o]F 71ET ollislekAa A
A EAEA ] §8A4, R e vkeS B
gt 7] wAA AN 2 AR GFuE 95249
71673 & ThdEh SO kR E8-0] o284 7|uke] Hrt.

sggre FAGA G FoN AUHoR Be
ALO, % CaO L Hol L, JhF o2 e 534
SESAE Hols Catbad $170] YRAAE o))
mol, BB B B8 54 A, 2] ZTelA
-840 ¥t} ol BHL 3] AYAR B

QA Fps B84 S Bole 89102 Agqn,

3ke 1 F9F 9 (mineral wool) 53 2 2%
A5 EHEA A5 ARRE] fon, HIZoe A Al
AH o thefeh S8 3HA Bl Ay SHoA e &
SAJo] BAE T e Adgolt). Table 1914 B¢l
T Ue A Zo], 3k e A7 S ot
of, B4 Fof, Alghe Fof B sk ok FellA]
T $8=5 Aok

3ok drkx o g fe] 9 Alety] 3ol H
A Tt gl Askzge] Ao E2A Ase] W
T AEE FHATE dES o, e &
g 7Me 2 FRIE 9 ZHF T XA (coatings) A
o FXIA, A AN EE de] SEE I Ak &
3], ol M= A Algte) Az e 71 gA— oA
A8t e A Frelidfr(glass fiberyt oA
(mineral wool) A4t Fool|A] Zhsgqkar 9o},

olg gt 7|E9] A4 &8 ok i, &
o] A& 7Fs A ANEs 5 AV At

T8 zejsolo} s 2ol Atid e 2 |,
St MEA S8 % ol et :

AT FaA o] FoHAAL AUE Aoltt. o] 2 F
| o} Wetol| N, FFulE Fudo2A 9 37| 7}
el g8l Az ek, 1874 AR ZA e A
A LA Sl 2w A HAL e
CCUS AF(carbon capture utilization and storage)ll A1
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Table 1. 3]732] thg3t 2F32 3-8 (modified from Wanvik, 2000)

57 (Processing) A& (Products) 45 (Uses) M5 2H8-(Specifics)
=7l (aggregates) NTA-LEL R
B84 7t AP A5 A A, ZAE BA 5
e R ) (plagioclase) A A7 B, K)ok, TeEA
S, ZBA 5 HRJNE AP WA

LTl AskE, AFhE AekE,
AT A, A 2
AR g, T 2, AN e

s

ARPbAL TP ES, R LSS 5

54 A(flocculsent),
W AA](binder), 1 5

©% 9 A A2, 50l ALAIE,
FE AT, olABEWAME AR, AVNSE,
L B A, AT O T,
BP9 B JORE A, A% 7H,

B 2~ D12~ sy
AaHg, SFa5ls T

3la+A 71
@1157]7];% ) 229 S FIE A 4,
Z2)9-dek A 5
AehaRE =294 o] o
5 P 24 548
B AHIE A S

Alet] EFY, EA} A, vlo] @ Ak, ok 5

48 A 2 Al S5 ¢ (mineral wool)
S+ A=

A Al-S &, Al-Y Si-E<5

ojxtstgtae] A2 1Y = (fixe)ZM O] 28 W
ol thalf 24A8] =akarat gt

71 LF0ls e 2AET L=0|

EZNe| slEgefe] 71X

Hr
:
if

[
|0

ATIEE Tl -0 PR AAE, o34,
A5} 2PIEE 5 nRET AFe) a7
ORI BHS AYCR o)A T Yov], 53] A

o,

= ST e gl et 1 FeA
FEIL QITE 2023 24, AR T ST E A
SnAdgps UHs, dFvEeE 33% HUFER ¥
AR BE AT/, 2023). i {HRI=ERt
olye}, u]=t oL X (Department of Energy)oll A =
ST HAFEIA FA AURA] 7l &
T2 187FA] AQ1 “The electric eighteen’ .2 A
ot AEletar glom, f3 A% A AAA
(Critical Raw Materials, CRM)Z¥ &F0|FS ¥
AZIAL AR5 34F0] SFEo] dFulEE LA
713 A

o] dFulE 292 1880 thol| 2iAlof shekat
<l Hlo]oj(K. Bayer)ell 2J3l 7i wo]o] 374 (Bayer
process)yS 7|REC 2 4R u|E tjEALte] AlOE Blo]

ot

| M 2
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A HATh wlolo] ¥4 HA|E B S 44t
SPEF| &3l ksl dFRIARIER [NaAl(OH),]
PR R AT & Wzlete] AAstE FAkstedm|
F[AIOH)}E E 531, o] & A4dAAH LFHLHALO;)
o] Fe| 7 WEAY Zoll5 374 (Hall-Heroult Process)S-
53 AFvE F507 FUNTE I Fgolr)
Hojo] FA o] YT} HE HAAC|EE fAlo|E
[gibbsite, y-AI(OH),], Tho] o2~ 3 o] [diaspore, 0-Al(OH);],
H]n}o] E [boehmite, y-AIOOH] 52| 443} ¢Fu|F
AE JAAR, T2ust XA $HAolA 3}
A Ee] e 2 FEF ] wet 2 A A9 A%
Y02 ¢ A gHF o]t} o]2)d HAAo|EL] X
A b =A Aol wEl dFulE el Azt
FFS PR = F Yotk T8 RIAXC|E Y8 ¥
F 71 ZFe AFuF 13} AALHES] AlsiuE
v 2 GFPE(ingo)e] AR St
T mpake 7 AAIFQ] SFulE i) Asks =
F 7o) T A Q) A7) Pk, 3, HAAlo|E F
=<1 Q1 =u|AJo}r} 20231 6YHE] KAL)
Fo| 2L FHgoEN, A AA LFuF A
Ao] 9s 9 NHIE S AAl wEe] dofukar itk

F HH0 7 Q3 7 Ba¥ I i, 71E9
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or=n g Akl A EA A 22A o 7o Hsbolgl=
At gl ZRsHAl =Tt wolo] FA ] 79,
U F A Fgolr] theke] #7)1EE A=,
G2oE 1E T oF 1.6-3.089] 77188 e
Aoz FEA k. 53], warjels AdgHe| o

34 4 8549 92U JEF 8] A2l
ulgo] Amwl 3 gk, ofo] wel, ofuix] [AF1e] A
2 wAske A YA wolo] 7

=N

- h
g e e e Al e ] HaL e A

Al-rich rock
preparation

Acid leaching

Solid phase

Liquid phase

+ HCI, + Recovered metal

Sparging

Solid phase
AICl, - 6H,0

Liquid phase
2

CO, mm)| Precipitation

+ HCl (aq)

Washing
+HClI (aq)

‘-» sio,

csn > 00

+ HCI (g) — recovery

‘ PCC (precipitated calcium carbonate)
+HClI (g) — recovery

Amine and HCL
regeneration

Fig. 3. Flow chart of ‘Aranda-Mastin process’ (modified from
Aranda and Mastin, 2015).

- o3}

pil

ZH (precipitated calcium carbonate, PCC)S X18H74%]
o2 Asl7] $13 Whete]th(Aranda and Mastin,
2015). °] 342 AEiee] dAat} SekE WHEAIA
dFulE B 25 Ball(eq. NE HASIR R 10
bar ©]3} A3 2713} 80-180%=2] F-2 F3olA 5%
GoRNY dFuE 4 AFo 5] aHHoR o

of g A8kt

CaALSi,0 (s)+ 8H' (aq)
— Ca* (aq) + 2AI*" (aq) + H,Si,0; (aq) (1)

o] g3l FAHolA A FAREEA A7t 2xE
3, 0l% golo] yixa Fey W A TS 53 X
TEo| EFILH(ALO;)7 ALk TS A &
d COE FYUFL=ZH enbdgS Akl =2
4~ &-8-(carbon capture and utilization, CCU) *H
FREE o] B} $531814 < AR o= It
ALh ATEH HEE Qg AxIsHE A S
A nlEe] A4 9EE 310 U= 7 FREV)S
“E2}o] 2 2020 == 18 (Horizon 2020)°2] o 2
i 1670 AAIe] FY ARGt A F3E cAlSiCal
z2AE = 7|29 712 Aranda-Martin 3782 ©
& FAlF o7 dAIZ] o 2 AA| dHH dFrE
LS BEE ST o] ZRAEES Fsto] AT
A Fsted Wy Algdoldd g vhe B 2
glojoll A 2FEE= AlAl Al o] TR 31739t
(Gudvangen anorthosite, Ang)S YREZ 3t ¢ =
< GFulE 2 At Aike] EHAAS A
(Neron et al., 2022). THi, 3|AS 982 sl UF
v A4 340 BIA|ES AEE k= Hlolo] ¥
ol vlate] AA3S FraP] fEiM e FAERE
HhE]= S A7ke A ek A Al %
A= 71 Y BEF WRte] EEEojol & AoR
A, 28R 9 7|80 BAXPIE 7]|Hke] &m
T AdeA FA7F =A< H7lEe] 3
A B3, A8 ARRo] Ao] BAadA=S HAs &
S SR AZE GAT F AL B ol 23]
ojitstetAE B MR AT e dES &
T AUe 23 A GFulg AL olge SHlA
QAR o] Ao g714olet & = AS Aolth
A, o 2 ek 21837 LFuE A
7EYE I ARG Ale] ekt RISk Al G
o] AA FE3loF & A0 R oJAXIT

Hir o
ko 2k
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1=

< 7HESkehe T Sl Fa Rlelet & 4 qlnh
oo AIME At e] HlF-S Hap v F UES
7oAl 318 AIME 9 Az o] i A7-E
3L ATt o]t T dFoF V& XEHA
= A E (Portland cements)E thA| S = = 29

AT 2A 37FeS ARE-SFaLAL she A7} oo A £
o AEH o= gt FAYE Y AHES] Hr}
A= g5 g=dl, He A+E T3 et
I AAE AEEN 2438 28 F UEE o= 4t
A Tido] &ds] o] FofX|aL vk tHEAH O, 11
W =29] 3lo|E n}-2El(White Mountain)ol|4] ==
34S S =2 Q14 (phosphoric acid)} HHAIA F
58 & YA s E 7R 2 ZA7) e g
A=A o|8A WEE AEE LA E AR

OAStEMNS| MZR DHXME ME 22| B Het

o] SFo= el uEH o iseAE HAs)
32, Yo7l o]& 719 (atmosphere) > 2HE 22|l
ZHst A W Al 2 24 A[FT Soll A%
3= o)iksleks X547 (carbon capture and storage;
CCS) 7I&°] 27k 455 A% 94 7le= 5
W Q). o]2lgh AR 71s s BlEe, fas
o wjEate AlxY HEe] =2 Fle 14, 2
FE oliksterae] A< ggo] HrfF R §ol
g FEERISE e g9 AFHoE Qe
ARRtolt, o]l g At 7|2 AAA AztA EE
oA BhAyE]= Btk 93} (carbonate sequestration)
Hhe-S 7|nko 7 v E|ojof dit},

ARkA o 2 HIeRIA A5 B4 W Ca02] FH-Ho]
2 T e AoEe AR, 2718, olH¢, 27l
37gete] e E it o] T, AFUF= A <F
Asle Bkt HAY G EAHE 7= ZeE
A A =, ol ¢ W Cas vIES F5-g 27}
ol greFo 2 HE] 7|Ag (e.g., Oelkers ef al.,
2008; Assayag et al., 2009). oo|&ET= SR &
TR W oabstekAe] QS B3t FE eSS
S0 2 &gl e wo] SHH R AEHE=
% (e.g., Alfredsson et al, 2013) ¥4 58 AR7t
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RIS A A e A G
e A A B i
AL Qlo], AT FA2 CCS ¥ FHAE A
S3710ll= olEleol Atk 27k (skarn) 373 94
= 24 ] A EA, TR A5 FEde
O]F= ¢ Ca09] 8 7ol € 5 U, 35
W/ Rk mom g ety okdsiel| 284 7hsAd
o] ittt ey} 7Aoo 7 Bde FELS oF
I lom, M3jgkat gk o ® ARl AAlE o] 9L
o] §&7d Algte] 71 sit

olol] vlste, 3¢S FE=A) e 29 59 TS
33k sheb] WA SHellA Bt sk S8l
sAHeR Jd 5 Qlvk 718 wkel 2o, Ca07}
TS A3 B Y T A HAES A

CaALSi,04+2CO,+ 3H,0
— ALSi,04OH),+ Ca** + 2HCO; ()

N
N
o

4o X d

Fde i AP S 7o g &)
T WA PGS QIH o= Vi
A= 9 Yol gkl eHgslE =
ko] ZFAA oA o] F
Ca™ o} FEHFo]&(HCOy)o] 53}
HE FolME sl
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