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ABSTRACT: Multi-dimensional and multi-phase hydrogeochemical reactive transport modeling was conducted
to predict the dispersion of CO; plume after its injection into a shallow aquifer via a controlled release test within
the environmental impact evaluation test facility on seepage of geologically stored CO, (EIT) site. In addition,
the model simulations aimed at observing the change of mineralogical composition occurring as a result of
water-rock-CO, interactions. Contrary to the expectation that the injected CO; dispersed in the direction of
groundwater flow, the model simulations showed that the CO, plume was isotopically dispersed initially and then
transported preferentially towards the northeastern direction of the injection well. This result can be related to the
zone of a relatively higher electrical resistivity (ER) where the injection well existed and the northeastern zone
where a relatively lower ER was distributed. The results of model simulations on the change of volume factions
of major minerals via water-rock-CO; interactions for the period of 1,000 years after the CO, injection indicate
that naturally-occurring K-feldspar, albite, anorthite, chlorite, kaolinite, and glauconite seemed to be continuously
dissolved as a result of decreasing pH, whereas quartz and illite were observed to be predominantly precipitated.
Furthermore, it is likely that the mineral trapping of the injected CO, was mostly contributed to calcite and dolomite.
However, the volume fraction of magnesite seemed not to be changed, and which indicates that it was not precipitated
under the given conditions of temperature and pressure. It is expected that these results of model simulations can be
applied as one of indicators to quantitatively evaluate the long-term efficiency of mineral trapping of injected CO,.
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AQE ol AF-udsie] AZHge ol
F7hstel @71 A AAR R M 2 ol 5 st
olck. AF-L8E Aol ol LAKAE 5 o
AefEhAT} 1 B Ml RIS o] A7
A5o] 8] o] % olitslekao) S5 Uske 9
3 ofe] eko] AXET Gk 1 % olAtsheia
A% A% (carbon dioxide geologic storage, CGS)
7)ES ZA7EAL Ff WX IH Ay 3 5
oA th7| 2 WEE = olikElgAE Zste] Z|sh
AR 3 ol A7l e g A-8F
T AE L A7 A2 o8 SN Mt
A v o g FEuky 9tk (Holloway, 1997).
ojAbgteta AF A B FEle AR diedel
FUH o]Atstetar) K2 9 jolof o3| AJH 2 o]
Foto QY 5o ERS W g 22 724
o] A A== 22 E(structural trapping),
Ao = W A FACE AR EE R £
(residual trapping), o]AtslerA7} X|skg=o] &
B =|o] 5 ThAE o] 20] P gHito] 29 FER A
A== 834 3ZE(solubility trapping)dt tiA; of
T3l AAH ez EAsh= IX FET o4ttt
229} A|5}2040 ¥k-gof| ofste] WEEE F F/ S
o] o] §EF LR EAsH= F AL & vHitol] 2T}
Hh3-ohe] ghib FE FEl 2 2o A EH=BE
Z3)(mineral trapping) 9] 4] 7}A] £&7]2}o 2 A
2 &= A2 TIHIPCC, 2005). 24, 5 23]
3} g3y 22 B4 A HFH o2 Hey
2202 AREA St BEeHd e oA o
e Al 7HR 9] 287|127 ok A YA &
ol Qloj A Het o] E-&F o|th(Xu et al., 2004b).
AR A AAH o= CGS 7|&o Higt A7t &
5] o] RO AL QT AIRAQ At e R

A RAF A, A AR AT} AT} mY

B AT Al 7R EFE 5 Aok WA FQolM=
o] 2= =3 i@ A4 CO, 7t o)F
A Ao} Thekst 2 oA o) X uiA| Az ot 4=
A N RE v B2 77t Fete] E-¢HA-ol4ikst
g WhES mARSE AU v A3 9 Ab|(Qafoku
et al., 2014; Lassen et al., 2015; Yang et al., 2015;
Wan et al., 2017) 50| 2.0, 2} 2l CO, 7}29]
g 7Rto oFE 0 2 AT Eafo|E(dawsonite),
ol 1Y ALO| E (magnesite), B34 (calcite), -4
(dolomite)Q} o7 to] E (ankerite) 2} -2 BAG
FES THEE I A 713 digt A7 A=
v} QIth(Liu et al., 2011). T3F PHREEQC (Parkhurst
and Appelo, 1999), Geochemist's Workbench<2}
TOUGH?2 (Pruess et al., 1999) A8 52 thd3t X
Foiot Be 22 IR ol §3te] £ o o2
= 4717ke) olatsieka A7) 9 6|3 mao] 4
= v} QcH(Xu et al., 2004a; Wan et al., 2017).
U lA Y AA-FARE TE Ate A, F
EA G SHAGE STHOR ASE= Ttk
37193 Ejaehs] 2 S E el dad] B4
et A7 o] 23 E AEjolth(Choi, B.Y. et al.,
2000; Koh et al., 2000; Yun and Kim, 2000; Choi,
H.S. et al., 2002, 2014; Jeong, 2004; Jeong et al.,
2011). RA|Fsha] melg)of #3t A= PHREEQC
£ 0] 8% WA 84 ol ZEP R A
o|Abateta o] 213} ofof WE B¢ WSS &
AR 2R A F A7 G582 H75F 3L (Choi et al.,
2009), 29 = l& AsH=d] lolA AR AHE
3lo]| OJgt Y TOUGH2E o|-§5to] HFz o=z
Blste] olikgteka 2|5 A a8-S A S}elaat
3t A7} QUckLee et al., 2015). T3 TOUGHREACT
£ o] &% A2 E AR A dieS W 99 #F
= 24T ofo it W3} X5 A aedat
SFgAoll om gt FEES v XAl thigt A-H(Kihm
et al., 2009)e} EZFEZ] FAule] YX|et A




CO, 79 A% A9 4R A% 72} 2 =
232 whelgt 47} A vt Siek(Choi et al, 2015b,
2017).

A9 AAXE Al 7HA] A W 5 A Eke)
nege Ay 7|7to] A2 CGS7]e TS 2
25t 1,000 o] o Aol A Yok
=-UA-oliksleraTke] vhgof tigt 1zbo] Tk
st FE=H ZYH = o] Atabera o] AwkA ¢l 3
717} 7hsstthe A wiZell 7P A ARl A
o2 0] gk 3kl Qlok

wEhA] 2 doAs gAY 2] BdY 22
1391 TOUGHREACTE o83} &7 529] ‘CO,
A5 A% ST 7SNE ARG AFEERA 5
B 24479 AY+E=x4 AA(controlled release
facility)& Z¥& environmental impact evaluation
test facility on seepage of geologically stored CO;
(EIT) TR0l = 23} W ojAtsbekad] Fle &
Apstarst stk ot $AE o S4d
71847 FAL AIE o]-&ste] A miA| o] Fxf
&= Hrh JUsHA Alste] A-&s%aL olof whE
Z59 ¥ P St shyieh £33
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Fig. 1. Location and layout of study area (modified from Jun et al., 2017).
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Zlo]tq o]_’__]_gl JJ-%_Q_ /5:]01 Q]Zl—/,l:] 27(1—
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2 AN EHF} OF 124~17.6 mo|| BE3}1 2|3]<9)
S5 WS B4 FHeE Weko|n SRl
oF 0.0052 4| AEEE 2.65x10" cm/sec @ L}e}
with T35 ok A & ofef oF 27~37 m FA|19] F
3tEZo] A5t o= TR YL HEA nafj2
TAE o] itk FIES M oF 27~40 me] FA|

o] E3jot2o] Bxaln Qi Aol S0l

22 % 24
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©= }PetraSim 2015 (Thunderhead Engineering) =2
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o o] - salahd SRR YR e A T
313F4 Hk3A] o) (hydrogeochemical reactive trans-
port)S EAFS 4= Qlok. E3F 2| Al A o] & - 35t
A oA 1,2, 591 AT A2s 4 gl
o] chopet el Feiety 27slo] Hg3 4 ot
(Xueet al., 2004b). T}Fst Al ®l7g4)(equation of state)
25S Bl o] fA0 SHE M8 & e
ol 2 Aol oltsekasl Aalse] ASS B
A¥sl7| )8t ECO2N E-E(Pruess and Spycher,
2007)& o]&3l3 . ECO2N 2E-LS oF 12~100C
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Fig. 2. Schematic diagram showing the basic framework of model grid. (a) 3-D model domain, (b) model geometry
(aerial view) and location of injection and monitoring wells.
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Table 1. Hydrological parameters used in the model simulations.

Parameters Values
Porosity (%) 20
Compressibility (1/Pa) 4.5x10™°
Density (kg/m’) 2600
Relative permeability (van Genuchten-Mualem)

Exponent, m 0.457
Residual water saturation, Slr 0.3
Residual gas saturation, Sgr 0.05
Capillary pressure (van Genuchten)

Exponent, m 0.457
Residual water saturation, Slr 0.0
Strength coefficient (kPa) 19.61

Aol TYst== A5t
A= o|Ql= BRUEE B ¢

Atol B wske wo} Heks] Basknat okl
TH(1 2b). 9] TYo| Aol AL FH O
2 wde] Azmesh)E FATHYOD B2 tol
(Voronoi) tiz+e Beje Addiatel =gahoict. »
2ieo] tzhe Uik A7t Axels e 7914
Qo] Joig Aeislol wet HUT AL AYe
% qlehe Aol gtk #9492 A ude
0.05 m’, Ztf A W22 8.0 m'o| 3L BojA] AHY
& A9 4= 34007 o]t E 13} Zo] EFol 9
TE2600 kg/m’, FE TIEL 20% 2 BAEY
S H(Jun et al., 2017), | F2E(relative perme-
ability) 2 AT & (capillary pressure) $Ht=
van Genuchten-Mualem 42} van Genuchten
r7h AR E AT fhpol] ARSE B S-S A
Al AEE Foto] AFEE oloksh= ghol x|t dA] A
S3ko] RAst7| wjiZo] ECO2N 2EoA 7 o
HH2] 0 2 ANEE = fhE 3Harste] ARSI THXu
et al, 2004b). 2181 % EIES 42 BIEH
oh 5ulf 2 grez AAs e dukdoz 423
HIek FEa=8(Z permeability) ¥} =% ®3F F4E(XY
permeability) ©] H]i= X|5} HFoflA] &2 i} 2
= 20K o g EHE 2AFY ST 3=
FAS] B8 o7 o ISl Soulis ef al. (2000)
o] AAIFt ARE HIFL R A W £ FIE9)
HE 11022 AAstt £ A= JF ZIS5S
ez A mElgo]7] e o] Hrf A2

- IR A FAo A
AE HEFRos &

<
€

15 o) W& A §3}eich olkelekn 9L oF 5
£9] oj4talera Thst £U4E 0277 kg/s9) &
£2 527 53 FYsig o £ F2 F 10004
2 ek e BAStET o714 29wl
A% AR E3) W galE oStz 39
of o2 Ahpato] A7 LESt Iz o}
o] 7k 4 olAtelek oz B] o] RESR &
He o T 2 AT Aol ESS
e s BARSIY] ulEel 2eHl AiE 915t
o] H]-3-54 7 Al (no-flow boundary) 2 A3 3}H 1L
S BAAE Z3 7} YAk FRES T Ut
o] EAfsh= S3UTE FA Y-S st miRrEA|
= °Hli-54 BA= A5t S94 BA= Ast
T ALAR 355 7] st 587 A
(open boundary) 2 A5}k E3F E malojA A
Fole 2= Z3H | EAshe Aok Bt
221 15C 2 A3t o|akstekao] F¢j o <Js
A 2E7F HakR] g 52 27 (isothermal con-
ditions)o.2 A3t 27] GEZAL Oi7|g
91 1.213x10° Pa2 ARshEon ggTul= ot
Bupsko 2 112x10* PaxZo](m)2 AAsach &
3 BAGA BB ko 2 GBS Asie] 58S
AR YeliA 27] Gzl F5e= -506.0
PaxZo](m) 2] &= -uE A4 sl3Ut.

24 XTEEE z7 Y oS
mge) 27] BB 24 Eoh o] ZA5
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Table 2. Kinetic rate parameters for minerals.

Parameters for kinetic rate law

Minerals O\;osl(.)"l/;,d " H?Z/g) megliilr(llism Neutral mechanism megzsr?ism
logkas E. n logkas E. logkas E. n
(mol/m%/s) (KJ/mol) (H") (mol/m%s) (KJ/mol) (mol/m’/s) (KJ/mol) (H")
Albite 15.55 9.8 -10.16 65.0 0.457 -12.56 69.8 -15.60 71.0 -0.572
Anorthite  15.55 9.8 -3.50 16.6 1.411 -9.12 17.8
K-feldspar 20.17 9.8 -10.06 51.7 0.500 -12.41 38.0 -21.20 94.1 -0.823
Quartz 18.47 9.8 -13.99 87.7
Kaolinite 18.64 151.6 -11.31 65.9 0.777 -13.16 22.2 -17.05 17.9 -0472
Glauconite  6.28 9.8 -4.80 85.0 0.700 -9.10 85.0
Chlorite 4.27 9.8 -11.11 88.0 0.500 -12.52 88.0 -21.20 94.1 -0.823
Illite 1.07 151.6  -10.98 23.6 0.340 -12.78 35.0 -16.52 58.8 -0.4
Calcite 0 9.8 Assumed at equilibrium
Dolomite 0 9.8 -3.19 36.1 0.500 -7.53 52.2
Magnesite 0 9.8 -6.38 14.1 1.000 -9.34 23.5
Muscovite 0 9.8 -11.85 22.0 0.370 -13.55 22.0 -14.55 22.0 -0.22
AIE AR o T ghe 247 AR (20.17%), HE-§-9] £ (kinetic reaction rate)4]2 o33} 7t}

o | E(18.66%), A1%(16.57%), 2A4(15.55%),
SAA(15.55%), SHEA(S-21)(6.28%), H14(4.27%)
o} de}o] E(1.07%) 0]t} webA 2 HAto| A= of4t
Sekas F2] Kol Ap/doll s YRFFERA 94
A3 8 T2 FES AAsHitE. TOUGHREACT

oM AFSHe G5 dlolgHlo] 2ol Few

7} EASHA ekth wreby Beng gAjstel o
£-4(glauconite) © & A= HFAS S
B A Qo] BE2 Seme} etz o] e fAl8h
7] wi2oll thAste] Ad7gstol = Frpsicta wetkst
ATH(Xu et al., 2004a). 22|31 U H o]AkstER AL
P\ZEe] A3 BB} A3t Sot MO oI5}
of 20| 44 7H5aheka ekee oA} BEERE
B =2 B4 (calcite), B4 (dolomite), T}
AL E(magnesite) S AL F7HE Wl

(muscovite) S AASIHRTHE 2). T3t 27| BEAAES
A7) Q7R v sleek AShEEAE A o]
$3 o]ks}eka Fmebgolo] ICP-OES % ICHA
t|o]ElS ARR3ITHE 3). TOUGHREACTO||A] 7]
nxoz AFat BEL akEe] At oy
Ho]A=EQ3/6 database v 7.2b (Wolery and Daveler,
1992)% ekt Ao Qubdel Fo| ol UH

=2 v

(Lasaga, 1995).
r=kAlL— (2]

o 7|0\ A r& B &% (reaction rate), k=
4= AFa=(kinetic reaction rate constant), 4= 3%
=9 QWS- I & (mineral reactive surface area),
K= B-A47e] HEA444(equilibrium constant)
Q= ¥H-S-A|4x(reaction constant)©] 1L 49} n= A3
o oJsto] A E= Fhol Xt WA o2 15 AR
St £/ ki pH ol w4714, $4
71%, d718712 22 Um & et & ATllAl
ARE-H ol 7452 Palandri and Kharaka (2004)
o) 422 Fmskel ATt Al 74 ]2kl o)
ke TR 22 Ao s

7

\ Ey o1 1
— 125 _ Nt
k=kyexpl=—r(Zm o)l
5 EH 1 1 Ly
i expl= o (G g ey
9 Eou , 1 1 nan
Ko exp == (= gae s ao;
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Table 3. Compositions of initial water and injection water used in the model simulations.

Parameter Initial water Injection water
pH 6.7 4.5
Temperature (C) 15.0 15.0
Elements Concentration(mol/’kg H,O)
Na" 6.37E-04 6.77E-04
Ca™" 3.08E-04 2.75E-04
K" 2.97E-05 2.56E-05
Mg* 9.59E-05 7.40E-05
HCO5 1.05E-03 3.75E-04
cr 2.29E-04 5.37E-07
S04~ 1.90E-05 7.29E-06
Fe™ 8.03E-07 1.83E-05
AlOy 1.60E-06 2.46E-07
SiO2aq) 5.65E-04 5.45E-04
Onag) 2.00E-04 2.47E-05

7]o)l 4 N, H, OH+= Z}Z} % (neutral), 43
(acid)T} H7]/d(base) 7|2t K3t 2= @433t o
A (activation energy), k= 25Co|A] ¥h-g&x
Ay (rate constant), R 7k AF4(gas constant),
7= Adj % (absolute temperature), o= E5=
(activity), n2 HF-g- Z}43(reaction order) & L EFH
ot & HAL A A E YA D o|AFE Y] ky oF
F= ANAR|(£)E & 200 UEHSIT of7]ofA] &
342 W& =t o2 FEE B8 vi$- w2t
I AgEAR R R PP oz 7St AA A4
Aol FES ARG =S} SollEes A AR
71 Zpol7} uu]s}y] wiiEe] Zrhar 7y ste] At
Qom 2] vk A EHAL Xu et al. (2004b)S
aste] AR,

25 MIIHIKE EA] HE

2 QAo o} g3t A7]HIAE ThAte] Auke 8
o] ojilsiekt XEAP ST ATEHK-COSEM)
o) A% ARl o8] S o EIT 342 o)
Ao of 227k SRy Elek. 234 AU A B
AR ATEATA 718 oA 714 g 2ole
o2 A mHe] AT A WAL AT 5
A5tol RO Z ARE ST o] Ao
whe} the A Uehts A7E A 3o sk 2%
ato] 2|ake] T2 B8 A Telshs o]

oH(Yi et al., 2000). o]27t A7|W| A7} ko) Aik=
EG AT £, FETH 2, 39ESR T
7] A2, R, 2%, fA1Y ol sE 5Y
HaEo olsle] A4 HtHSamouélian et al., 2005).
E3E A 7|8 A g FALY] A= 2 A o) H=et
A 2o APE 4= Q7] o] & AtolM= #
A f Z3hf| oS o= HAAIE M7 HA% '
AHAE vl o2 BdS AAsk=t JlojA Hok
A3k mjd o] 44 skt 23 o] A7)
U A} EAL A} ghe] ek Q] £ HeR= 1.50~3,300
ohm-m o|j2 yeigtorn AFMoz vepd
ZHF 600 ohm-m)o] 7} Wo| £ dl= A& &
=+ At ® 3a, 3b, 3¢, 3d, 3e, 3f). 3 JH9]
A7|8AF g2 A= 2 M2 EEs e
53] Aot 359 sH HgFol aLu| AR} o] A7t
et A FUAIES FHOE BAZ IS
2 32 7|8 A 7 U Aol E4o|t &
H ZofZolA SAE AR S HgeR
2d Zzjol 283 F3H&(3.086x10" m’)& A4t
SHRAL o] FhE AFAE W= A7 A7) gkt g
Al7132 33(2F 100 ohm-m), 3=(2F 200 ohm-m),
ZE(9F 240 ohm-m), =3}(¢F 1,000 ohm-m), E7}
(2F 3,000 ohm-m) ] & 679 ER2 Ui 5 4%
A9l 600 ohm-mE 7|E 02 7} W7o v g &

Tl SLsHA At AEestR e ol 2
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9 ARE skt A8SIATH ™ 3g 3h, 3, = ARt whE olilsleta 2 WS S &
3). A7l A vlgo] W2 Engo] gre ® 4 Qlste] AR EIT 22| =3 ) E ofatstera

o el stk 7} o9 SpakeA] )2 5teich. Eate) Fejol
Aoy 7] A SAL AT mRhe Al )
3. 41 ¥ EO ol AN 99 @ FYo| ool 2-25 m
T2k A O 2 8w BESIE A
3.1 O[tstEA EEC| W5t = 4 Qlth =3 BS-63}F BS99 U EH A FHO

od A EF o)A Ao AL pH WSS vig 2 AlgjFo g e A7|u|A g st Bxsy 25t

Table 4. Vertical and horizontal permeabilities obtained from electrical resistivity survey.

Blue Sky Green Light green Yellow Red
XY permeability (m”)  1.76x10™"%  9.23x10"  7.73x10-"  3.09x10"  1.86x10"  6.18x10™
Z permeability (m®) 3.52x10"° 1.85x10"°  1.55x10™  6.18x10™  3.72x10™*  1.24x10™

(@) (b) © (d)

Fig. 3. (a) The 2-D electrical resistivity survey lines. The results of each line: (b) Line i, (c) Line ii, (d) Line iii,
(e) Line iv, and (f) Line v. Model domains of each depth formulated via reflecting the results of 2-D electrical resistivity
survey: (g) 18 m, (h) 21 m, (i) 24 m, and (j) 27 m.
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Fig. 4. Spatial distribution of pH at the depth of 23 m after the CO; injection. (a, ) 0 day, (b, f) 1 day, (c, g) 50 days,

and (d, h) 150 days.
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274 (albite) :
2NaA181303 + 3H20 + 2C02 = Aleles(OH)4 + 2Na+ +
4SiOz(aq) +2HCO;

3]A4 (anorthite) :
CaAlSi,0g + 2H,O + CO, = CaCOs + AleizOs(OH)4

=Y (chlorite) :

Mgz 5Fex5ALLSi3010(OH)s + 8H' = 35i0s(aq) + 2.5Fe* +
25Mg™ + 8H,0 + 2A10;
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Fig. 6. Comparison of the concentrations of different chemical constituents between field measurements and simu-
lation results during a relatively shorter period. (a) HCOs', (b) Ca”", (¢) Na, (d) SiO,, and (¢) Mg”".
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A4 (K-feldspar) :
2KAISisOg + 3HO + 2CO, = ALSiOs(OH), + 2K +
4SiOz(aq) +2HCO;

72210 E(kaolinite) :
ALSiO5(OH)4 + CO, + 2H:0 = 2A1(OH)5 + 2Si0s(aq) +
H'+ HCO5

A 5)24L o) aksietao] Felof ofato] WAy
3he we pH 23t §3Eo] Ca¥' o] T
24 g ate ol W4T Wea ol Yol
B MAA DeHIY 8a). 2G4 Wol pH

Z5te] |42 02 g3flo] Bl §EA Na'

A0y & B3R A0 SelslcHd 8. A
A4 (K-feldspar) 2 =4 A E3F AL 7]7F 52k A
&Aooz gafuo] K9t Mg S WEsle A2 &
QISFATH LY 8d, 8e). HUAo A FTFEE Mg™
= HA 9] A FFE v|A= AR wHd
ot G2 34 o]% 1000d ¢ AEHH o= A
HE It ol A dARFEREA A
45l 24 0] Golt st 2o} e olAEe)
AH o 2 HE WAYst= AL 2 wsh 4= It 1™
8. FHgeolEs Avtdo 2T s
=il Ao SR E JAsts AR gy
A Q+=d|(Xu et al., 2006; Tian et al., 2015) X2 =&
Y Ao A= 27] 1009 592> & Hep) #EE
A rhrh100d THE AF B&o] Fashe A
& 4 UTHH 8g). o]HEr Ajo]7} WAYsH= ol F
= 271 dAFEEA EAT 7HEE Ul EV R
ozl pH zste] &= deto]|EL e
AlOy Y] FFHYL2A] 7|5}7] wiFol|ztar wtst
AH(Xu et al., 2004a; Choi et al., 2017). Yo E=
AL 717 R X EH 0 2 A E = AS FRIsHS
=U(2 ¢ 8h) Yeto|ES] I AL o3 22 4|2
2 Hofa 4 ik

dato] Efillite) :

0.6K-feldspar + 0.1Chlorite + 0.75Kaolinite + 0.5H" =
Mllite + 0.1Quartz + 1.15H,O

91e] 43} o] Yefol=t FHAHT U4 2

FrgeUolER R E FEEE= Kok Mg” I8]1 A0y
L A nwsle] A3 FHok(Xu et al., 2014; Wan et
al., 2017).
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Fig. 9. Results of model simulations for a relatively longer period. Changes in the volume fraction of carbonate
minerals: (a) Calcite and (b) Dolomite. (c) Changes in the amount of CO, sequestered by mineral trapping (smCO>).

(d) Changes in the porosity.
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