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2 2AHAA A B3 4(CaCOs)2 L2} % 0|2} F29] &3-HAd HH(F, FEAE T3 95012 Bidhe A%a 98
& gtk 8 A7k A AEEE 89(27] pH 2.0-4.5; 10 mM [Sr )T ¥hg3te] HajAo] gafE AEZEohto|E
(SrC03) 9| Ao] of7| = o] FEA k= IS AAZ = A3 4 & oA BaiA o] 8371 S-AlsHA 2y st
27] pH 3.0 o] oA 3 =7} o W AEEEolo| BV} ARt AAFAIEn A BE-S S SEEEOR|ER X&d
eld 2ol e del FEE FAISh= 7 (pseudomorphism) 3} X 2hk-g- F9F 74| 9] F-5-& FHA7I= 1 um 0|3t 27
59 ZA7F el pHell whE eiA] AR o] FAd Wt 1 899 sty Wske W4 o LAEZE ohto|Eof gt X%k
o] 71 AFE9] 3l WaFE o] A 7 oA Q] A S O TS HolET

FR0{: YotiH(CaC0s), AEEZE|OHLIO|E(SICOs), A2, AEES 1t

ABSTRACT: In natural environments, calcite (CaCOs) serves as a major reservoir for various metals through mineral-water interfacial
processes in which the dissolution of primary mineral is coupled with the precipitation of secondary mineral. We investigate the reaction
of calcite with dissolved Sr*"under acidic conditions (initial pH 2.0-4.5; 10 mM [Sr*"]), where the dissolution of calcite is coupled with the
precipitation of strontianite (SrCOs). Our scanning electron microscopy results reveal pseudomorphic replacement of calcite by strontianite
along with the presence of sub-micrometer sized pores within the precipitate phase and at the boundary between the substrate and precipitate
phases. It is inferred that chemical exchange could be facilitated by such pore space. The evolution of crystal morphologies and solution
chemistry, observed as a function of pH, suggests that the replacement of calcite by strontianite occurs through a balance between the dissolution
of the primary mineral and the precipitation of the secondary mineral.
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2EZF(Sr)Z AAA A 271 ol dHlz &
Uehts g EUagA oA, B9 A', T2 A5
oA E5HA ettt 2EEFS Wl 71 o T4 e
(*'Sr, St V'St, 'S1)9} 20 7)) HAVY FALRE A
THFriedlander ef al., 1981). Sr YA 59 LA & Sre

£ PAM T (4. $2he)e Blarske] 29.1d ¢ H]
22 7 71E Holw MR ES Fol W o] AAH
7] wizell HAMS H71E T RN Fast 59 9
ojch. SrZ B YL E ARHThE Hav glont Srit
Cao] AV 8hebe 4= Q) sr& Tt 43T A9 W
o} Aole] SIgF Ca Fol 2L 718 4+ SUeHCohen-
Solal, 2002; Nielsen, 2004).

2EEF Y2 T2 Sro] FHE FA o Bekol F
3} oA AaH o2 WEsh=T Hhs QI7F EE2 o]
3t & 71431510 Sro] A AejollA £&5 0] H
o] AkES F3f QA Y2 4 JArH(Coudert, 2015). &
3], 'Sr 2 A2 AAH 0 7 WA= 9= A9 gla g
AV 71 E A 2ol E5HA Baso] gt ot
2hA] AAAA E= A9A Ao o) viEE Sro] B
U Aok W) 252 A H 2| Ao SR ¥
7120ck. A7) B FEHES 2 1 srel $54 Bl
HEFBoIL FHABE 5 4002 WS Jaat
2EEFY AT S gt o8 d97F AtiKhan
and Khan, 1995; Parkman et al., 1998; Missana et al., 2008;
Langley et al., 2009). 2EZ2E-2 3}50) A SZEHER
FET Ao argo] ARAH oy Her|E A
FolA 2EEE 255 FAE 5 Sl

W 4(CaCOs)> HFA A 2 3= S oA 7H b
3 ek SO IA = vehdth WS ohakst
SHAST AT ARSI Aok @ B W 559 &
2 ASS SAT = Utk T4 4 oFg7] 24 &
EEF 27} ol &(Sr)2) el 4 F2L pHY} E71
of ukgl Z7lsh= Ao 2 YeRdti(Zachara ef al., 1991).
oFl7] Ul shoby By 27 obd) e St Fmel A
X BRolA S Ca¥ 7} AR mekE Ao Ukl
22 FEolAl AEZEolto| E(S1CO;) o] S5
= Ao Z BuEchParkman ef al., 1998). 0|9} & 7|&
Aol e BerA WY B el St Aws
= g9 271 ofl WA} SP7E AEgo] Tt ol
of % =lo] ik

32 9] AT sfeba) ulgE 2Aold Wl 7
9] A5 2L go] Y27 )5 BYT NHSIHE 27
g 4 LS RYtHKim ef al., 2021; Kim ef al., 2023;

o ol

ST

Kim et al., 2024). A2k 38| ek A7l gt 5}
14 By 9 vHEPL =8N $240]2 F=(pH=-log[H']
2 540l oot A 2= 4 242 8871 Al
St Y 2 agstct. W4 o] gl F<4(ol. P,
Cd*, Zn*") §N 3} wh-33t of a4l 2] gajot F< what
FFE9 JAo] AAE &8l 559 AsS A F
3ttt o] A=Y WA= T FEAC] A9
3 39 840 § w2 AR Ao R A= 4
(&, FEAHY F83 EA(. 7M, pseudomorphism)
S & HAEtHKim ef al., 2023, 2024) o]= H]HEH =4
o X&) WM F&0]8 Ao Aol A Fihilig7t
H| & 5= 31 (mine tailing) XY 53 o] F5& 2ol
TAZt He A9 Adsh=t o] 88+ U=
&t

2 AF= A2 A(Z7] pH 2.0-4.5)01 4 a4} sr*
o] AR of T A AH R o|afsl= A Aol At
8N 270l o] §aE L Sr*'e] FAHAQ AE
EE| oo E(SrCOs)7F FAE= o] WEEH. itz
A sH= 2EZE|ofLo] Eof| o3 B4 2|2k F+ A
4 FE9] &= ztolof 7] AFTHK sp, catcite = Acaz+*Ac032-
= 10" Ksp srontianite = asi2+-acoz- = 10°27; Ball and Nordstrom
(1991)). 7] pH H= &= WA AHot= 2E
EE|oRo| B FAFE BASIH T o]F &9 Sekx
3 Wgt A=} o 2l &8l-A A 7 7 o] TR A
AEZE|opto]Eof o3t WalA] 2| ghs Xkt

s ARER s 24 7 ARL $9) 2]
82 PPN 47-53 um 7] YRR Aol A A
WSk A T YAEE ALY SPgolat hSA
A RS etk Agol AH BE SP gt 3
2} ZZ P (resistivity = 18.2 MQ-e¢cm; TOC < 5 ppb) &
o] ds} AEZE 6 $3=(SrCl,-6H,0, Sigma Aldrich;
purity of = 99%)2 & £H|3t & -2 HClo|LY} NaOH
|HS o] Yot=pHE A TH

TEX)3} AT 50-100 mL S -2 Yo 1 g CaCOs/1L
|N HlE&S FAIsH] ti7|ete] HE glo] duE 871 W
oflA] Z1ael ek, 91| 27] pHE 2.0-4.5 Alo] 2 4]
o8 SP FEE 10 mME Tgele] 2. v
2 1624417 B WEb Fal ATk, oloh 2L A
228 alT ol Welao] SalEe] Tk B
72718 25 mshelo] WHEhs AEEEoho| 2| 3
g BT 5 ol 2o AYEAT o) ) 428
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Sr*' 9] Fwvt el A g2 53l S A AlA"
H &2 AZER)E H o5tk

C& G247 27| A ukg F 51 Fmoln = 2F Z
Bzt EPEA H(ICP-OES) & 5to] At

X-A 34 3je Rigaku Ultima IV 3] 87| & A5
40 kVe} 30 mA ZAoA Ak A”}0.3% 5210.02°
20 =72 CuKa (A = 0.15418) HAFES ALE-3) 245}
Ak W3 HE 2749 P42 Phenom HAFAFAW|H
(scanning electron microscopy, SEM)S AR&-3}o] 35}
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Fig. 1. X-ray diffraction patterns of calcite specimens before
and after reaction with acidic Sr**-containing solution (pH 3.0;
[Sr*] =10 mM)
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tpH 81319}k Sr?* & Ca? Sk Hgt
> £o0(10 mM [Sr]; 27| pH 3.0)z}+
H #1315 vhg- A7t what S48H5ch 2
F o]yjell pH 7.874A] G538ttt eftke)
4AZE7HA] pH 7.6 0.2 FA| ). &&
Hg-8- A1t ¥vh-3-3t 7390 mM [Sr]; 7] pH
3.0), A& 3A17t 5<F pH 822 7H=A F71kt 3 pH
8.302 UASHA FA = UTHH 2).

1 30| A ST gl T Al o] ek & St A
HET §9 Y Ca¥’ HEE Z7] pH ¥ ZA3ItH
S AZELS 27 pH 2.0 EHo A F 4% 2 YeEphte
™ pH 3.57}4] 23%=2 A A35] 571314 pH 3.59)4 4.5
Ato] o] W RloflA ¢F 24% = ALY dFT ATES EAT
27] pH 2.0¢] §A3} W34 0] Wh-33t 4L, [Ca’']= 6.7
mM2E JeERbE pH 3.02.2 Z713te| wet 2.0 mM7HR]
ZHA8tal pH 4.57HA] 9F 2.1 mM=E A9 dA3H] 34| =
itk 27] pH 2.0¢1 §of|A Ca* =7 ATdoz &
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Fig. 2. pH variation with time during reaction with acidic
Sr*'-containing solution (initial pH 3.0; [Sr*'] = 10 mM).
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A Yehts AL g olA Weld a7t s Ao
a8 A3 L Rle] 7] 91k,

3.3. Woll At AEZE[OHLIOIE XIS HIA

Ao A TEE = pH HelolA WA 2EE
Elohio| 2] ZHA42 ARSI 4). Wahat 2
EZ2E|ol}o]|E 9] E3l:(saturation index, S+ Th= 4]
© 2 Aojdrk:

(agq2+)(@cpz-)

SIcalcite = lOg[ ( 1)

Ksp. calcite

(a5r2+)'(a60§—)

2

Slstroutiauite = IOg[
Ksp, strontinanite

a= 0|2 F =Y, K= AT SAtEE=2 993t
2 g =52 UEhd

10 mM [Sr*"]¢} calcite®] HPZANA AAME Z3te
= WA AEZEolto|E R tisf} pHY} 79t
of w2} S7tetet

24X|7F WEg3E -§-H0] 2F pHE 7.602 SHECH
S 8 2ANA Shiontianite Sleacie= 2¥2ZF 1.273¢
-0.232 8 AXLE|GlT) o= FEX|o] == e &
EZE|oho]Eof tisfiil= Tpazsto]ar wsfA]of oA

© =X 2ol e A AR

vkl M) A3t W) A4S SEM B9
) S4BT 5). e A e 2ge 244 3
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o
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Fig. 4. Saturation index of strontianite and calcite as a function
of pH. The calculations were performed using Visual MINTEQ
software with thermo database, for a solution containing 10
mM SrCl, equilibrated with 0.08 g/L CaCOss) (= 2 mM
CaCO3(S)).

Fig. 5. SEM images showing morphologies of (a) unreacted
calcite and calcite reacted with Sr**-containing solution ([Sr*']
=10 mM) at (b) initial pH 2.0, (c) 3.0. and (d) 4.5.

B2 e QRbe] ol FAgoll A et (104) o] ¢
AISHA T AEHTH Sa). 27] pH 2.091 St -}
% el dxke Ao PRt SEiEol B
FE7E A Ao WEEIUTHLH 5b). 2EEE o
HolE 842 27 pH 3.0 o}/de] gt W3 Ao] whs-
gt 5ol FEE U 27] pH 3.0 2HA 2EZEo}
UolEZF gafiael s FEA0R €1 9l Aol &
A= UKL 5¢). Z7] pH 4.5014 ¥hg-o] FPH H$
el e] 27 FeEj7E RAIHEA 25 BH2 AEZEo}
UolER g FEiE B 5 U™ 5d). B4
" AEZE o] E Y= 1 um 0|3} 2719 YRHE0]
EES 53] 9L e WA oR gAsiglon gt
AR Atelef] g0l WEH7| & St SEZEoRto|E
o] 2 el dFe ANk o2 fA3he WyE A
O = FEEU

4 EE

4.1. SoHeF HHHEO| =

SEMoj|A| IZE= 7 FAoA LEZEohtolE
UAE Atolof| =1 2EEE|ohto| EoL a4 A AL
ojof| F=o] TWHEUTHIH 5ctd). R A oA &
ZE= 359 24 H2 8Y(bulk solution)o] F=<
E3) Sd=o] F= g (pore solution)T} W EH AE
Selohols AHo| AR ol Fo] H'%h P ol2o] F
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27 W5 3l A2 = UARNSS A AR E3, &5
A whgo] = tellA A= AA|(coupling) = o] #+BS
FAEt A== g2 A EH AR AEZE ot
WolER 2ghe YK 5d)7F (104) Ho] S AU =
3|4 Yl Pl Sa)E AHH o2 fX]5k= 7 A4
< Z 4gstch(Putnis, 2002, 2009).

FE §H-AH 1 7Y E EFF2 pHO| D2 Sr Y
Ca 5% HStolA = ERIFETHE 3). 27] pH 2.0-3.09]
A & W Ca s=7F AZE Sr =) HI3) =4 §4]
e} o= WA ga7t AEEE OB A Ht
AlSHAl 7] w2 o2 FekEct pH 3.5-4.504= &
N ff Ca's=ot §HolA AAR Sr 5=7F 212t 2.0-2.4
mM HeHolA dASHA FAIHTE o] 2= Wl
o] gallE Bt AR B4UHE 2EZE oo E I
o] WAEte] g3-1A 2k Fo] FAEUSE Aoz 7
St

Bl Azt 8”7 ol 2F WS- Aol A Al whE pHAS}
(28 2)& WA 2EZEEohto|EQ gaf 9 AT
7% 9 EFF ) Azt T2 WskE Ao g gt
t}. Abg Sr*” §9l(10 mM [Sr]; Z7] pH 3.0)+ W34 9]
HESolA 27] 302 <t pH 6,82 7Hh=2A| S71eE £ 1
A7t Zol pH 7.87FA] F718t3h. ]9t 2 pH HSh=
W X3t AEZEjoho| EQ] E3lEE AAIITH LY 4).
HhE- 304 o] Mol oA It AEEEoh o] E RE B
3} Aol A wWelAd o] 887 Akl AEZE|oRto|E
O] AL dojubA] Aok Aoz Helrk 30804 14]
7k Abololl = Wl Aol tial) EEsto| 1 AEEEoRO|E
of] thaf Zhazst 27io|n] FEX|To] LAEHA AP =R
Aoz FZ2Hr} o|F pH7} 7.602 Ot ZAastal §-4]
B 2 iAol disf 23t 20 717k HeiA o
B3l7F gt AEEE ohto]Eof o3t X|Fho] A
Ad A9 A E FHEE A er gt AEEEo}
LolEo| o5t HafA] x|ghe] Aj7tel| e g 2%
SEM &< 9 ICP-OES 4] 3712 2gste] JA3] A
T oI eet.

4.2, AHEB9 1 Sr IESHHHALIZO Tt

27] pH 2.0 T} a4 9] MFS AL OF 4%9] vk
St A7HgS WOl (71 3) ok SEM ZTellA Bt
FEATo| A AYHA) e Ak YAFTHITY Sb).
S SARANAL Yoz AEBejopto]E nE 2
T3k (1Y 92 ZAS] o] Pehao] Sahslo]
WS §E TG $E9) F7p} AEEeohtolEe)
WA op|5h g A0 R WRET) 7] p 3.0 §9)
2 ol Ero] REHOR AEEEopto|Eo

ofeh N3HE Be|E SAH 0] 2] pH 4.5 ZANAE
a4 Qafe] Erlo] RO R AEREohtolER Fal
AL Blat & YU 5d). TR Bk S pH
7k Z7Hel wret st AR wAUZo] B FHA g3
2 HA PO R ASKRE P S A A

ofgk A XBho] QxR G} o] B A
7ke] Zol o) AAHE AL S B A7dns
A AR R WS 19 A7 R et
o} H71% FEE A3 9 EF L A5k A @
CERLEE ERELEEDRE ERET e
AEALgo] FAT 4TS T 4 U A0 BT} &
3 Abg 0] SAIE A AR (O], ARl B
Abdorah 28 B0l 7ke] whgo] §al-AH QA
ofg B Ao oJ3) HAD 4 YrHs WL ARk

£ Aol AAFAEN AL o] 3 WArust Bake
FEATo] DojLb B HAI9) WS TP S
B3] £ BAT 5 Ygick. AT ARFAER A
o ARYAS RS GESHAT 24 ) e
DAl SAS BT YA 2EEE|ohtol=
7AW D o) B2k BE 5 A9 250 gz
2 S5 AHNE HTREE X-HS o] 43 Lt
9] BERGT 2e TANE Bjo] Way o By
HoHKim ef al., 2023, 2024). T3t 25 Ao A= 27
pHO| Wilel) T2 AERE A7 tlAUZS A8 7He A
2 PF) Aol XA F TR BAS ARG AR
B2} 9le) n|A A A Sy aor & A0 B

A =

o] =EL 2024 E HR(LEF) 9] APo gy
Ake] G-AWIZ(LAMP) AL 2| QS Hho} 2385 AT7(No.
RS-2023-00301702).
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