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AE FEEHIo|Aeto] E(beidellite)-Mg, AFEZL}0] E(saponite)-Mg-Mg, AFELO]E-Mg-Na, Hio|dgto|E
-Na)o] A= A= Ach 22A(pH = 8.8)°fl A= W34 (calcite) 2} @E%%}%(é;—q&](chlorite)—Mg, U4
-Fe)o] A/ E]o] ool 23] S716IAL, Al&T}o]E(zeolite)7 FAE7] AlZkstEITt 3TA|(8.8 < pH <
9.7)0lA1E A&OIES B8] S7ke vl welAle HEFEES TaFol A1) QAeich. ohEt T
(pH = 97014 ALelo| 20} HE FBEL Bepo] A&H 02 ZrIsigort wahae Relsich 24} B2
=9 /ol wpat FEet] F=FE-2 10 bar CO0lA = ¢F 5.4%, 50 bar COL00 A= 2 7.9%, 100 bar CO,0]| 4]
L oF 10.19%7} 2519k AE BB Aol RE pH UlolX T3 thaol FR3 S o1 Ao=
Urebsde). of ke BReke] B3 B0l COrHRSl-B A5 a-gol ojd) gl uieh BEgto] Wgte s
= A8 T 5 e AR

Z20f: A7, CO-ARY-B 1S, 22 B8, 38, 9

ABSTRACT: This study was to evaluate whether the basalt rock can serve as a caprock overlying a storage
formation. For this study, geochemical modeling was applied to simulate CO,-basalt-water interactions at various
CO; partial pressures (10, 50, and 100 bar). The results showed that the pH was changed in four stages with time,
and the formation of secondary minerals was controlled by the pH of the solutions. In the first stage (pH<8.8),
Ca-Mg-Fe carbonate (dolomite, siderite, and ankerite) and clay (beidellite-Mg, saponite-Mg-Mg, saponite-Mg-Na,
and beidellite-Na) were newly formed. In the second stage (pH=8.8), calcite and clay minerals (chlorite-Mg and
chlorite-Fe) were formed and steadily increased, and zeolite (analcime) started to precipitate. In the third stage
(8.8<pH<9.7), zeolite sharply increased, while calcite and clay minerals were nearly constant. In the last stage
(pH=9.7), zeolite and clay minerals consistently increased, but calcite was constant. The precipitation of the
secondary minerals decreased the porosity of the basalt rock by approximately 5.4% at 10 bar, 7.9% at 50 bar, and
10.1% at 100 bar CO,. The changes in the volume of the secondary minerals showed that the formation of clay
minerals played a major role in reducing the porosity in all pH ranges. This result suggests that the basalt rock
can act as a caprock as the porosity of the basalt rock decreased by CO,-basalt-water interactions.
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CO, ASAEE CO, HiEs A2AZ 4 Sl
st 71e2 7=t Bachu ef al., 1994; IPCC,
2005). hE-ZE9] -9 itz HulEdollA ==
€O, 7k 1208 29 B 7kA A, @4 g
37} 2E HAZ02 T o] ALt ol
ARIo] CO,Z FYsHe Ao] FUH COS A
el hitel e w2 A 4 gl Aow
oA B FES QY QItMcGralil ef al., 2006;
Matter et al., 2016). @F4L Autroz 9 P&
o] ZxEHA(olivine, Mg,SiO4-Fe,Si0Os), F4(pyroxene,
Mg,Si;Os-Fe,Si,06-CaySin0s) L AR (plagioclase,
NaAlSi;05-CaAl,Si)0) 0. 2 AL, o] JEZL
COy7} F53t FAI9 HkgAdo] mil¢ =2 A2
oA QItH(Matter ef al., 2016). wEtA] HELG2
9% COE Ca-Mg-Fe THAMY FE2 w=A A
2e 4= Qi 9l & &9, CarbFix Z2 A E(https://
www.or.is/carbfix)o| A= FYUE CO,9] 95%7} 2
d ofujo] ehlel BE T WHE A Matter ef al.,
2016). Big Sky Carbon Sequestration Partnership
(https://www.bigskyco2.org) 2] L AqFE F29)
AHARG A 2 $of 23 BAMY FE A0l
AT QA THMcGrail et al., 2017).

FUlM= 22 it 3 CO, A= 7t
F2) Aol Aladt A= QA Har Qlok A5E
SEAL QS0 W2H 3708 EA(AF, &5, <
Ahe BT Fe g4 HHEe 2yEelglon
AR CO, A2 75E T QJEKKim ef al.
2012; Lee et al., 2012; Shinn et al., 2020).
Shin et al. (2020)°]] W= F8f| thF5(AIF &4
A ) AdelM= HAFo| dFdFer |
AUt o5 oF 50 v]E FA| 9] A7 A]|5-0] 3f
Aw o}zl 942 - 995 m]E|of] 2R3} oF 88.44 km®
o] WAoo 24 Qla, AFYF ofoll= AT
2 IdE= EA50] 200 n|E oo FAR £
skal Qltkal Hustgich E3F o] HA S FAH
Bt CO, A% 852 84.17 Mto| HaL 21A CO;,
7h &S0 o HH ARG ASol Yge=
g8 Aoz oAHTal A¢tetit). weba £
9 522 AFYo] HAF(AES) ARl &

At A5 ARl WAL JTL T 4 UEA
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B7kel= Aot £ AolA= CO, s&=7t 2

2 dFeel o v A= IS EAFsE] 25
CO, E2H(10 bar, 50 bar, 100 bar)e] ujjof w2}t
A 7-8ke} wj|(batch) RAFS 0|85t EIL,
AFetetd wdly 292 RE COrdFd-& 4
sukgel 93t 359 HskE S5k o]
T= CO, A5ARNA GG =A O EFeY
HE-Z ol3fist= bl ==ol E A2 7|tHrh

o, i

2. 22 U

2.1 ezl 7pd

A COZFARSOE 7Y HH CO, F+Uo=
ATt A4 FHE wEt ASE 3 ol T F
o] FHEH COot AT FAI2 D= #polof 9
8} CO7t 55101 WAt SerbA) olgsto, o
2 Jsf FYANAFE CO, E52 Ut 5= 7
HiE At E3F CO, oY FHll= CO 9 &3
=5 273kl ofof wet g3iE COfl 23 A5
i AEE . B Q7o) F4o] 2RE
< F47(100 bar CO) oA FE CO, 25 7
AE(10 bar CO)7HA] CO, o] ufa}t CO,-HT
o2 AHENSS A2 A Be
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Shin et al. (2020)°] ©r2H 2 XLE2EAL
43D A4 2dgS 7|Hke 2 Jof 55T &
A A D) A A2 A% S B
o}, Zejut Al 27 dlolEE 1983 A4 24}
2 9130 A5E B BRI 2L ] gleln
YA Eske glo| 8tk AN St ek 2 |
TollAs tite = A= @R A S
Hdlof ARg-FiTh

AT 7Y Al A=l YT 474
A skt Al @5 Pliocene-Quaternary
basaltic-trachytic 3HAH&-Eo] o5 FAE Ao =Z
dHA Aom(Won, 1976), AlF= EHO| tiF&
= 918N w2 Bee F2E 7 T @
o] 8 74 FESS XA 3E(XRD)(Bruker,
D8 ADVANCE A25)%} o1 x| EAF B3H(EDS)
(JEOL, JSM-7610F) 241} S| A} AR} @w|7
(SEM)L.= 245t} =3 A tieta AAlA
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AIE|o A T4 BAF B4(WDS)(JEOL, JXA-8530F
PLUS)S ©]-83t electron probe microanalysis(EPMA)
2 Bgslol B BF RS EASAh
£ A0l4] XRD 24 A7} @RGHe F2 A4
(69.0%), $14(26.8%), FE2(3.8%) .2 /4 = o
S AL UEEon|(E 1), vlse] nkaulAle]
E(magnesite)(0.4%)<} oF'24(analcime)(0.2%)%=

PREYT. ol BEE SEM(IH layT} b
w7 olu| (1Y 1b)eIH = TRk B
L Feg} Mgzt F5:5k3, AFAJol Ca, Na, Al]
FHIL, FJHL Ca, Mg 2 Fe FAH] 95T
B AToIAE 2 2 8kt 24S EPMA 24
2 B3} AXBHATHE 1). B3} 24 PR 2
B2 o Aol EPMA £42 F3) Bt

Table 1. The primary minerals of the basalt rock and their chemical compositions.

Mineral Plagioclase Pyroxene Olivine
Chemical COIIlpOSitiOIl Cao,sNaOAAl],(,SiMOg Ca0<24Mg0‘54Fe0,228i03 Mg1,5F60<5Si04
Weight percent (%) 69.0 26.6 3.8
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Fig. 1. (a) SEM image and (b) elemental mapping image for the primary minerals.
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Table 2. The secondary minerals included in the geochemical model.

Mineral Formulae
Phyllosilicates
Antigorite Mg43Si34055(OH)s

Chlorite-Mg
Chlorite-Fe
Beidellite-Mg
Beidellite-Na
Saponite-Mg-Mg
Saponite-Mg-Na
Carbonates
Calcite
Dolomite
Siderite
Ankerite
Zeolites
Analcime
Natrolite
Silica

Quartz

MgsALSiz016(OH)s
FesALSiz010(OH)s
Mg0.175A12.3SSi3.6501O(OH)Z
Nay 35Al235513.65010(OH)2
Mg3.175A10.3SSi3.6501O(OH)Z
Nao.35Mg3A10.35Sis.esolo(OH)z

CaCOs
CaMg(COs),
FeCO;s
CaFe(COs),

Nao.96Al0.96512.0406:H20
NazAIQSi301022H20

Si0,

= ARt eH, A 2270 AR, AREA 2170
A4, 314 1770 A-lA SE = At B+t skek =
& A Y - Mg sFe)sSiOs, AFFA 9] ¢
Cay.eNag 4Al) 6812405, F412] 74-$- Cag24MgosaFeon
Si0;0] %t

dole] 3BT RUHS 40 B TI8 2
A (MIP)(Micromeritics, Autopore 9600)1} N2 &
Zlo]| 913t Brunauer-Emmett-Teller (BET)(Micromeritics,
3Flex) ¥ (Brunauer ef al., 1938) 2.2 ZA &1 S
o, 2282 15.850|1 FHZAL0.11 m¥/ge] Tt

2.3 2178181 Y W3t

£ A7A A7 Rdwe 9 27
o] 2L 0.5M NaCl (3594 §4H 9] A4-5
Hstgon, ojojA] o] &g 10, 50 % 100 bar
CO.2 712t B ARt olf) £ A3 24
Tfate] 50°CE Sheich. AAE Y S99 pH
ghe 3.47,3.15 % 3.060] 910, T T A
2golA] AR} WSS EEO R YRS A AT, of
AL 79 F9 F COrAHA-E ATNIL B

AFSRe o] @70 mele) At QAIsi,

Rl oo

Anote] Nhg 4 2o B2 2312 BA] 9
3]l PHREEQC ¥ A 3(Parkhurst and Appelo, 2013)
< A3kl o, HoleH|o] A= Carbfix2 Z 23]
EolA COrBRU-B a3 wAsl] 9
B2 g3 U sjat 25| oFYAL A carbfix.
dat (Voigt et al., 2018)& AR5} tHhttps:/github.
com/CarbFix/carbfix.dat). ©] H|o|EJH|o]2A= corelO.
dat djo]EH|o] 2 (Neveu et al., 2017)5 7|Hto 2
3lal 9l o i, Carbfix TZRAEEF 93] 187]9] Al
Z}O|E T1F FE°| carbfix.dat HloEH|o]Xof
7HE| R om, HueA o] QAshy E4S0| HolE
Hlo]Ao] FE|Q I ERuto|EQ} A 9] 3
T ohA] BAEQTH Voigt ef al., 2018).
dukre g HRPO F8 A4 FEES end
memberEE 4 L-EAE Pk Sk o] A
FolM AL EPMA 2402 2e S5t 24
of wat 75%2] ZAH|2to| E(forsterite, Mg,Si0O4)
2} 25%2] "o|deto] E(fayalite, Fe,Si0O,) o] 118
A= 7 HATHE 1), 22 o2 APFA S
60%2] 3]A}HA(anorthite, CaAl,Si,Og)T} 40%2] &
AL (albite, NaAlSi;0g) 0.2 FAE IEAZ R3]
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Table 3. The kinetic parameters of the primary minerals in this study.

Kinetic parameters

Minerals Neutral mechanism Acid mechanism

logK,s (mol/m*/s)  Ea (kJ/mol)  logK,s (mol/m%s)  Ea (kJ/mol) n (H")

Albite -10.91 452 -7.86 42.1 0.626
Anorthite -10.91 452 -7.86 42.1 0.626
Enstatite -11.97 78.0 -6.82 78.0 0.700
Ferrosilite -11.97 78.0 -6.82 78.0 0.700
Wollastonite -11.97 78.0 -6.82 78.0 0.700
Forsterite -10.64 79.0 -6.85 67.2 0.47
Fayalite -10.64 79.0 -6.85 67.2 0.47

“&4|(labradorite) 7} FAFSHITE #1442 54%9] Al
HE}o]| E(enstatite, MgSiO;), 22%2] AFEE)A(ferrosil-
ite, FeSiOs), 24%2] 1#3]4(wollastonite, CaSiOs)
o2 FdH AR A (augite)o]l 7M. 12y 2
&A9] k&2 whE -8-3= PHREEQC =49
= Xt A 3let e 2= Ahto] E7Fs5 Tt
weha] 2 Ao e 78 A4 FEEY TSR
£ B-& &3l= end member FEE5S ©]-85}d
LA 3). 3 vhg-of oJsf| AFA JAst
=22 FEEE AFY A HA CO, A3} &4
H A3 d34(Gysi and Stefansson, 2012; Menefee
et al., 2018)e} x| L3keta] mels] HL(Gysi and
Stefansson, 2011; Aradéttir ef al., 2012; Sneabjorns-
dottir et al., 2018) ATES Ax35to] AA3HTE
aJu &2 dtelAe 8 A4 FESC ZEK)
o] mj-- m|FFo]7] ol ZE(K)S ZURt 27}
=2 ALt 22 FE 152 F 20 etk 3l
on G7t 2t FES0) tisf 23 20 HH &2
At &<t I A= 585kt

o] A-tollA] FE9] /AL Ho] A o]
(Lasaga, 1998 7|Who 2 thdal 22 =402 7|
AbE| 1T}

=t Sl () )

7

AZNA i FE, r &3l SE(mol/s)(FS ) 2
AR S2(Z5 ), ke S5 A(mol/m’/s), S&
FEO BEH(MY), 0k ¥ A4, K B A5

olck. s 09k i ik 12 P,
FE &3 &= pHell €& oH H, H,0
% OH o] of3) Qe Wt WA S Sk )
d wkE wAYUS £29] FAolH oS3} o] A
AFEl T Brantley, 2008).

—EHN( 1 1
T 298.15
H

L1 1
+kflexp| ( )a 2

R T 29815 %
-E 1 1 .
(= Na" "

R T 29815 “on

)]

k=kexp|

+kPexp|

o7|A N, H, OH & Z¥Zt 573, At 2 471 WAY
F= YeHdth E= 843} ol|A|(/mol), ks 2
5°CO)| A &&= Ag(mol/m’s), RE 7|A| A+4(8.314
J/mol/K), T= At} 2=(K), a= o2& &F5&, n
AARE A5 Uehdich & Aol ANE 73
=9 gt kS E M4 ZF5-2 Palandri and Kharaka
(2004) 5 F=SFHUTHE 3). APEA, 314, A2
EPMAE 4% 38} 245 d1fste] 2H2F 23]
A, ARIA, ZAEER|EY] &) £=5 AMESH
KAt

FEEY 27] FHA(S )= thaat o] AktE]ick

S; = Mm; X,S 3)

4714 Mk m& 747t 2 i9] BA1Hg/mol)T B
(mol) 0|, X.& A HE EAHo| that v &
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oL, St AA FE FHH(m’)o|c}. HA FE =
(52 BET SH22RY =&Hon, 4
29 B&(X)2 4 FE2 & &0l visto] ALt
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E(mg)ek 017 AZE|A & F=(m)] B|2FH
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MR w438 F7Fskleh & ¥ gAlolA pH=
8.8 (pH = 8.8)= YA F-AI= Ut} Al Hin) <
Aol Al pHE= THA] pH 9.7 ZA7FR] F7181L(8.8 <
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Fig. 2. The evolution of pH and the secondary groups based on (a) 10 bar CO,, (b) 50 bar CO,, and (c) 100 bar CO,
and (d) the change in total dissolved inorganic carbon (TDIC) with the CO, partial pressure.



CO,°l| A &= pH= 10 bar CO,8} vp7FR| 2 %13}s}
A9t pH7} ZF dAlo] =5tk H o 2/ A7)
Agl= AL E 5 ATk 100 bar CO00A pH=
109 oJuje]] o}2] mpz|a}t TA|(pH = 9.7)°] =25t
A = ASE 5 UM

19 2% E3F pHO| W37L Azt whE 23}
=9 FAT TS FHA0| S HoFa U
th 2= CO;, 3= 7oA A ¥4 SA(pH <
8.8)0ll A= BHAET F/dFAr A (phyllosilicate) 33
ol A= A=A F ¥R DA(pH = 8.8)ll 4]
= S SATE Y T ES] S7FsHL
Algeto| EZL JAE7] AZtste) Al WA @A
(8.8 < pH < 9.7)0| A A &0l EY] Fr= G473
F7Fot= W et T SAANE Y == AY
dAsF . A2 DA(pH = 9.7)9l4] Al &eto]
Eo} 245G SEE ASH 02 FAA g
Y s 4T AS & 5 A ol R
A= 22 FE9 F/do] ZF A9 pH Wstet
Ho] QIS HoFal Qlrh E3 CO, 527 57}
soll wlet WA B BB Brr} Zrjote
A& &5 UTh &, pH > 8.804] A€ &4t
9] H =2 10 bar CO,90|A4] 0.17 moles/kg, 50 bar
COylA 0.64 moles/kg, 100 bar CO, oA 1.07
moles/kg®] ATHIH 2a, 2b, 2¢). o] XY 29
(¥ 2d)ollA & && F7] B(TDIC, COxuq +
HCOy +CO)9| 27] w9} A|5}m, o= 3
Zl CO, EYollA CO, Gaf=o] wE CO, &3
7191gtt}. o]#gt TDICE J23] #Asle i
2 oJfjof] 2R EW(TY 2d), o= -&3E CO.7t
ShAHE FEE 8] AEASS YEhdth o] A
2 3 A E S| Fol pH > 8.8 4 A%t
SEREER TS

3223} ZMG=0l| Chst CO.2| B
A FEE A2 ATl FTHOR COE A

ehated
A 4= 97 whizel CO, A% AN Fat
Ae] tafelch. mrebd CO, ol e Birg %
2] g4 7% 3a, 3b, 3c0] ANFHGE $4 pH
< BRI BZnlol e} S AL YT A
4jo] ZH57] AR pH = 8 8ol H
24 N3 SAERA YhHlo] BRE] At
k. pH > B84 & SUsHA Walm FAEY

Doto| SO} i3t TKSA0l LS A1 Tafe B ¢ 275

olefat ATH= THAE FE(Z, Ca-Mg-Fe ThiF
FE)o| W 2710 E FHE 4 e HelF

o™, calcitet= pH 8.8 o|/JolA T2 A E
[e]

r ko &

CO, F=of T2 Al&Ttol E FE9 A 11
3d, 3¢ 9 3f0] AAJS}SAT 2ol Hol Az}
o] oAl pH = 8.80] 4 4oz WHE] A
5pAk pH > 880141 1 ofo] F23] 271519
t}l. ¥bY YEEE}o]|E(natrolite)= pH > 8.89]|4]
-2 CO, &34(10bar)of| ARt A= JATHLH 3d).

3% 49 CO, =l mE A4 FEY
#sl2 Uehoith. Tl Rol At 2ol A
£ 22 35(o|deto]E-Mg, AELo]E-Me-Me
AFEUFO)| E-Mg-Na)2 pH < 8.8 A3k F A =] Sich.
3, vlo]dzjo|=-Mge} ARELIO|E-Mg-Mg7} A}
271 T vholdlafo] E-Naks pH < 8.804 ]
AJZ3o] pH = 8 8ol 4 T125] 271tk o] vl
Wefo|E-Na 8.8 < pH < 9704 2H23HA]5k pH
= 0704 A& H o2 Zrtallch. 1Y oML E
2 pH = 8.8 F-Zol A 54 A-Mg@} =1 A-Fe7} A
AEo] A&EHor Tk AS & 4 e,
U A-Mge= pH > 8.89|4 T W=A] 45353tk
gi2& o2, Qte]aalo] E(antigorite)r= AFF AYA
Hie} o]#gt A= pH = 8.8 I pH > 8.89f|A]
who] kol =-Na, 1) 4-Mg 8 1 4-Fert 34F
FAFAS) 9 27 B2 BeiF gk

a0, & 0] mYs Ak CO-BRY-
84BNl ofet 27 B2 Y4ol §94o] pH
2 25k AS WolFL00], pH < 88914 Mg-
No-HE 5 Ca-Mg-Fe B4H) 2] SAlalsicr.
T2} pH = 8,804 Mg-Fe-HE, B34 % 7S
sol= gl BHEY) Aste] pH7E E7kes
S Al it the AvAEe) 49 L Y
Y AT AR A1E RoFItH Gudbrandsson
et al., 2011; Gysi and Stefansson, 2011; Gysi and
Stefansson, 2012; Snabjérnsdottir et al., 2018). <
£ 50|, 70 20| ¥ B Bahy 249 A
ololl= E513}a1, Gysi and Stefansson (2012)-2 40°C
oA 260Y &<t CO-EFY-5 AZuhgol gt
A2 Ade sty 152 Ferl S5 gt
A3} Ca-(Mg)-Fe 2HELO] E(smectite)7} pH < 5.5
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