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29%: B A= d®4 25kt wd Z shubel PHREEQCOA] PC-8ES WH2lo] 7]1& PC-F4 2} w4 2] & %%ﬂi Axre
A@et 5 JQEA HESAL, S HES S4 o) 9] B8 THsAlS BT PC-22A w2 PeE %—*é E& AEo g o
kAL AArAl o 2 §B3CE APl B, BC-BREER BFA)-2 [PCl0y(aq), H[PCJOy, [PCI0:* 53 22 eEES YA A 31820
2 olgitt. CO, B7] ¥ o] &1 dho|| ofgt whalla HA *}aﬂfﬂl 283 A3}, 7] At M e §°C x}°l7} 1+E¥ o1 FHYEA
FEAS 235} 5 Zo|7} AA ZAastATh CO, ©7] A 2] ) Al Zol&= §"Cpic 0.011%0, 6" Ceatcite 0.016 % FL, 0123
3 AL o A= ZH20.0%02} 0.05% Atk & AFE S3f PC-ehikE W] o] 7]& PC-FA3} mdlo] A4 ANE FUEA AT
S HAE3A T, =3 o] WAL v UkS- ] Bt E U4 A S E JE BhARE W A(phase)E 2 TESIY] 4T 4~ = T
H A g A AsFA T

Z90{: PHREEQC, EtAZ QA 1C ERAE, HioiA] AT SRl e

F-III

ABSTRACT: This study evaluated whether a *C-species approach implemented in PHREEQC, one of the representative geochemical models,
can reproduce the carbon isotope calculations of the conventional *C-tracer approach and whether it can be used to interpret carbonate reactions.
In the "*C-tracer approach, °C is defined as a neutral auxiliary component, and §"C values are calculated using algebraic routines. In contrast,
the *C-species approach explicitly defines isotope-bearing carbonate species, including [*C]Ox(aq), H[*C]O5", and [ *C]Os*, as chemical
species in PHREEQC. The *C-species approach was tested against the tracer approach using two benchmark cases: calcite precipitation
induced by CO, degassing and calcite precipitation induced by ion-exchange during transport. Initial calculations showed differences in 6°C
values between the two approaches. However, these differences decreased markedly after standardizing isotope fractionation factors. In the
CO; degassing case, the maximum absolute differences were 0.011%, for 8" Cpic and 0.016%, for 8" Ceyeite. In the ion-exchange case, the
corresponding differences were 0.0%, and 0.05 %, respectively. These results demonstrate that the '*C-species approach accurately reproduces
the results of the '*C-tracer approach when consistent fractionation factors are applied. In addition, this approach provides an extended
framework for resolving carbon isotope signals by individual carbonate species and phases in carbonate reaction systems.

Key words: PHREEQC, carbon isotope, '*C carbonate species, calcite precipitation, isotope fractionation factor
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st Zopol| A Ba9) 7| ¥t vk IS FA51] fI%t
32201 R ARR -5 o] 2K Clark and Fritz, 1997; Kendall
and McDonnell, 1998). Bt4%9]2(5°C)= PC/PC v|&
BEZEZ o] AEE(%)Z2 Jerd rold, gt A ol A
§°Ce B COy, 471719 B4, A B8, A% CO,
O] At 719 & Brlsk=dl = FH 9lsHA &85 o] gt
(Clark and Fritz, 1997; Gilfillan et al., 2009). CO,7} X3}
FAZ FAEHAY B7](degassing)2 W, pH, §E77 |
4x(Dissolved Inorganic Carbon, DIC), Walj4] Z3l=7| ¥
s1A| Eof WafiA o] GalE AL JAHSHA Hek o] IFgellA
COx(g), COx(aq), HCOy, CO;™ & HH3j4] Afolofiz 220
o]z 9] EbAE9 A B¥(fractionation)©] BB Deines
et al., 1974; Mook et al., 1974). wr2tA AAF wha) 4]
9] §8Cx DICY] §°CRHE 7|231A] ¢ &), HakE
(carbonate species) &3 2 24 A 34 A WS
ScH(Wigley et al., 1978). o]#3t o] & §°CEe T3t
23 AR o kg Aok B-oh w32 31 whed
St X AR Z 83 4 th(Mook et al., 1974; Clark
and Fritz, 1997).

F| 2ol COx ASAE H 75 EUEHH A= s
Ae 783 A3} AR = BEE AL QUtHAssayag
et al., 2009; Schulz et al., 2012; Mayer et al., 2015; Shin
et al., 2020; Flohr et al., 2021). Mayer et al. (2015)2 3
A CO,9] 6"°C7F 23] w7 graR T} oF 105 o4
B A9 g Co, ARG 487 2HA2 B
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A8 4 Qs A S 7M. s,
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ol-gate] ERAt W4T HEASE 45l HCOy <
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U7 BCE Ak,
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A 5481A] ot BAF AU AL ST 4 gl
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g u} A= www.hydrochemistry.euo] AFA|3] A
5o} 9lo], of7| AL 7heka] AAIBHATE B ERolHE =
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3.1.1. Case 1: CO, 7|0l OI5t S¥oHAd XM

Case 1-2 27| pH="7, 6°C =-10%, ¢1 5 mM Ca(HCO3),
&l CO, E7]ef 9Jaff Wafjalo] JHE= S &2
ApstaTt BE AARS PHREEQC 2] RATES$} KINETICS
E5Z 0|85t HREEEE 08 AL, HAF 7|17
24701}l "7 1= COxg)E B3l 89 CO, Z31tH|et
53 CO; E%U(log Pcoa = -4) 9] Zo|of H]&|5te] CO,7} A
A== s stk Weld A kg 35 ofliel Zo] Plummer
et al. (1978)9] RE-3-& = A5 ARg-sho] A4tslgich
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R =kjans + koamcos* + ksamo — Ksaca+ancos- (1)
A7)A ki, ko, ksz 20 YEF QA ¥R = A ky
L 259 Py 34, HaCO3 = COx(aq) @t HaCO5°9) 3
S Yepdich & Ao A= Plummer ef al. (1978)2] w3
4] &2 A15 PHREEQC RATES E&of @3¢t &=
25°C 27N ARKE k; = 5.11x10" mol'-m™s™, k, = 3.45x10™
mol-m?s, ks = 1.19x10"° mol'm™s"'o]m, PHREEQC?J]|
Ae g UediE= ke thAl Z3A(SH wE &
(1-10%7) & F3f o] g2 gho] > 0 o] &3 W32, o]
Zho] <0 o] a4 S vEhdich
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3.1.2. Case 2: 2& = 0|20 olst W &M

Case 2= §C7} -10%0 ¢l NaHCO; 947} tig=2e
CaClyg o2 wgstH o|Fdl= 5= 7HIstsrt. o
A2 A o] g ghg-of 93l Na= sl Cas 57
sto] Wefjdo] JAstA "t 7] djF2 CaCl, = 5
mM, FU4=pH =8, Na=10mM, Ca= 0.1 mM, C =
10 mME AA=EQon, T3 §13C = -10% 9] H== 1¥C
Lwl AatE ch 5591 0.110684 mMZ g3ttt o]
2 2% 93-S 9J3A= EXCHANGE EF9A X(ex-
change site) = 0.1 mol& Z} cello]] A5t 27| £H1}
BPAA B AA &&= Case 13 YT -
Sl ARSI, AL 77 1d o] SiTt.

3.2. SYIRIA BEHA BES
£ Aol HE F BeE WAL 2] g T
A HZ TR A0 2 BEASE ALg Bt BC-RER

H2]of| A £ A 4= RATES £5 Y] BASIC A4 ¢ 9
8] A= BEHAS A2 Clark and Fritz (1997)2 %€
21-8-31%tt. Clark and Fritz (1997)0]] &J81H aCOsag-COx)
L Vogel et al. (1970), aHCO3-COxey= Mook et al. (1974),
aCO3-COygi=Deines et al. (1974), aCOxe)-CaCOs+= Bottinga
(1968)8] 5412 ALgE 70 2 HIE| T glek,

HhH PCERAE WRAlof| A= B A|IS=E iso.dat (Thorstenson
and Parkhurst, 2004) djo]EjH|o| AR EE Q185151 9]
GO B H] 0] AL COag/COse, HCO3/COx ), CO3/COxg),
Calcite/CO,) A= Deines et al. (19742 FE A&
Shar Qlet. o] gt ghikE WAl oA = T ¥4 weh-3-o
B g2 logk FEj = ALbsHA fet AAIE A4t 278
< HEo A&stqltt. £ PHREEQCO|A] phreeqc.dat
o] obd iso.datZ AMESHA EW BHARE WHA T} fAFSHCE
SEA|T iso.datoll= Z3HE o] Q= BEHE, B, 71, fu-
gacity®] @9 =7} AgHAo|w, £3] 2= 35t vES
2]o] H'7} obd H;O' 2 ZHJ =] glo] F9 A By vk
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ol Al AISFAT

4. A1 Z]

4.1. Case 1: CO, 7|01l OISt HioHAd XM
CO,9] &7]= g9 pHE F7HA]7]1L o] 2 3] W3

13 a)
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—_— 13 :
2 C-species 7
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s
Q
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-14.0

- 13
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A9 23 E F7HA DS DHA7)A et B o]
o] wet DIC7} 279} Whall 4] 2ol s HA FasHA
=, 8H ] §°Cpyc, §"Crcos, SISCCOZ(aq) D 55Ceeire @
Zho] WzksHA "t 19 12 CO, E7] oA WA
HAAFo] Z71e u, "C-FHxK(uhgt A4) whalat Pe-g
ARSES AA) B0 & ALt gAYl 2AAS Al
A8k

a9 194 B%o0], §”Cpic, §"Cucos, §”Ccorag L 6
PCeie®] FEL 7100 23f a4 Arego] kol
wtal Z715HA) "t £3), 27171 Ag el mat §°Chice
271 -10%0°014 F -2%7HA] Z718F9a (2™ 1a), 6" Crcos
AA| oF -8.5%0 A 2% F7HA F7FFATHIE 1b).
ol ©7] Igol| A HCOs-Erh g oz v §°C gt
& ZH= COy7H AIA 2L, 2% DICSF HCO; 7} A} e
F3lEo] Hldg A e r FAYA = H Y] (Rayleigh) 73
9] B¥(Clark and Fritz, 1997) &3} wj&o|c}. o] IAL

-4.0
13
C-tracer b)
-45 4| === ®C_species 7
o
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Q
3
©
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Fig. 1. Carbon isotope changes during CO, degassing-induced calcite precipitation. Blue solid lines indicate the '*C-tracer, and
red dashed lines indicate the *C-species formulation. a) §"*Cpic, b) *Ceacites €) "°Cco, and d) §"*Cricos.
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Fig. 2. The differences between the two models before and after standardization of isotope fractionation factors for a) §"*Cpc

and b) BCacite during degassing.
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AE9YL 240] EIF I WIS BojZa gt}
(29 3). 29 394 Na == A 710 weh 43
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Ao g2 Wolx = v §PCouie= A2 F710] what
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Fig. 3. Spatial changes in pH, cation concentrations, and calcite
precipitation of the "*C-tracer and the '*C-species approaches.
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Fig. 4. Carbon isotope changes during calcite precipitation by ion exchange. Blue solid lines indicate the '*C-tracer, and red dashed
lines indicate the *C-species formulation. a) §"*Cpic, b) *Ceatcite, €) §*Ccoa, and d) §"Ccos.
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Table 1. Conceptual comparison of the two carbon isotope modeling approaches.

BC-tracer

BC-species

C representation

Carbonate species

8§BChic Calculated from the ratio of tracer to total carbon
13 Estimated using carbonate equilibrium and
6 Chucos Lo
fractionation factors
Calcite Calculated as an auxiliary kinetic reactant
Advantages Conceptually simple and suitable for benchmarking
Limitations Limited in handling explicit species tracking and

COx(g) equilibrium

Defined as an auxiliary tracer (e.g., Ch)

61C carbonate species do not explicitly exist

Defined as an independent component of the
carbonate system ([*C])

Explicitly defines ['*C]O,, H[*C]O5’, etc.
Calculated directly via Total (["*C])/Total(C])

Calculated directly from the ratio of H[*C]O57/
HCO5

Calculated explicitly as a distinct mineral phase
Interpreting speciation and reaction pathways

Requires database expansion and fractionation
factor validation
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Appendix. Carbon isotope modeling with PHREEQC.

1. Solution_Master_Species2 Solution_Species &2
PHREEQCY] Solution Master Species SZo]|A “C
£ 59 924 [13C]2 AYsta [13C]0E ©] AZ#°
Master SpeciesZ & 2J31%th [13C10, AAl= SA1 ¢ 3
FoER g o] FTFo] o] AT 7|o= 082
gk E3 [13C]T 13.00335 g/mol S Ak T ¢S
zoz walel] 9iat s1EsEE YAl ol
Solution_Master Species &0 A th2-1} Zro] A o)t}

Solution_Master Species
[13C] [13C]O, 0.0 [13C] 13.003355

th8-© 2 Solution_Species E-Z0]|A]= Master Species
21 [13C]0, 2 AoalFa B E PC 252 A olshd
PHREEQCO|| A= o5& 48 species 2 Q14]51A] Hrt.

Solution_Species

[13C]O, = [13C]O;,

log k0.0

HCO; + [13C]O, = H[13C]O5 + CO,
log_k 0.003908

CO;* +[13C]0, = [13C]Os* + CO,
log_k 0.003235

[13C]Ox(g) + CO, = [13C]O, + COx(g)
log_k —0.000461

Ca[13C]0s(s) + CO, = [13C]0, + CaCOsx(s)
log_k —0.004961

91714 log_kZ ARSHE e okl A9 shglo
w, o] IHL o] oA VC-aE WAle HEASE
B2 B ZEST ek

2. WIS BES)
A Appelo (2003)9] PC-F2 =} wAloflA] ARgEE &
WA 2 ol w9} 7.

& PC-ZHT} AIHEISY PC-BHIES WAl Hli 645

9l #oA B Rt Zo] FAR}; WA o= HCOs7}
FAH 7€ FTLE o] 8E L Qlr} SHATE gHARE WA o] A
= [13C]0.7} 71 Fo)7] wiZo| HCO; 7|& &EE8ATE
[13C]O; (COx(aq)2 E7]) 7|Eo =2 WHEsfof gt =
HCO,/COx(aq), CO5/COs(aq), Calcite/COx(aq), COx(g)/COx(aq)
AT} Hojof gttt dlE S0 FAA} A 0f| 4 2] COy/HCO;
A7} CO3/COx(aq) TA7} E|ofof a1, AL 9
2 W HhSAE g2 S0 okt 2t

CO;” +[13C]0, = [13C]O5> + CO,
o] ¥h3-9] B A= thaT Ak

_ (3doy)(co,)
- (o )(3cloy)

R = C/°C o] B2 E9i914n] Wej2 vehw ohea)
2.

K=

Rcoj

— =
€0,/ CO,
R(”()z 3 2

w2hA, log FEj 2 WHESHA logh = loga, o, 7+ ETH
o}7] A P23t BiAS aCO5/CO= the TA A Al
AFE 4 QL.

_ Qoos/HCO3
Qooz/cor —

w2},

1000Inacos/coz2 = 1000Inacosmcos — 1000Inacozmcos
=-1.551-(-8.999) = 7.448 %

Xeo/HCO3

Z CO57t CO, Bt} 7.448%, “C7t ¥ats AL Vepd
th o] 5 AFR-2 T Zho 2 H3sh logK = 0.003235 o]t}
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Table B. Isotope exchange reactions and logK of carbonate species.

Table A. Fractionation equations of carbonate species. Equation (IZOS%g)
. 1000Ina . HCO5 + [13C]0, = H[13C]05
Equation (25C) HCO5/COsaa) oy 0.003908
CO,(aq)/HCO 24.29x10-3 - 9.925/T -8.999/ > = >
2(aq)/HCO; exp( ) M CO#iCONag) SO TIBCIO=[I3CIOT ) 5a0as
exp(20.7x10-3 = 9.552/T +CO,
COMCO g0 1551 Ca[13C]0s(s) + CO, = [13C]O
Calcite/COx(aq) C2L3CI03(8) +CO2=T13C102 ) 5046
. exp(26.561x10-3 — 17.2183/T 0 + CaCOs(s)
Calcite/HCO; > 2.424 %0
+2988/T%) [13C]0x(g) + CO, =[13C]O,
CO(g)/COx(aq) -0.004961
CO,(g)/HCO;  exp(24.1x10-3 = 9.552/T) -7.939 %o +COy(g)
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3. XJ18C 7t 3wy

Z 27} WA 7} ehakE wh2]2 PO e o] 3= W o]
Ztol7t ek WA 212} @12 PCrh FojE o] 9A o
7] g8 o] L= & ofefe} ZHo] KINETICS EEo4] &
ofstal gtk BZ9 27] 9 ARE d= 24, 84
(C) 5%=7} 10 mmol/Lo] 3L a9 ¢4 ghol -10% %1 &
Ho|aps 5:(]{71” - 1) - 1000 S 2HE Ramied] T&

standard

5 AAFE 4 I3, Ryandard 252 0.0111802 (VPDB)E &
@A 9tk R = BC/Col) o] UCe) BRES Fuka
0] FalH PHREEQCS] 98 7153t BCe) w7} 9
o} o] WAL BhAES olalx] 9] whEel WE AL

ot}

KINETICS

13C

-formula C

-m0 0.110684 (mmol/L)

A g2 WAle PC 5 =5 ofej9k Zo] SOLUTION
=5 AR d=ste] AdSHA Fot. whEkA g Alttol

SOLUTION 1

Ca4

c1o0

[13C]0.110684 (mmol/L)

4. 13C-FHIt LA HIM AF2E RATES & KINETICS EE9|
HiAH ZXHeE =2 BASIC T (Al
7] Alg|2] RATESS}KINETICS E29] 8 F = dij=
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olgje} Zon, AF FTE= https://www.hydrochemis-
try.ew/exmpls/istp.htmlof| A Q1 7153}t

RATES

Calcite # Calcite 2 ¥F-&-

-start

110 moles = moles * (k1 * act("H+") + k2 *
act("CO2") + k3 * act("H20"))

120 moles = moles * (1 - 10"(2/3*si_cc))

130 moles = moles * time

200 save moles

-end

C13 #°C B AS4]

10 aa 1 2 =exp(24.29¢-3 -9.925/T)

20 aa 3 2 =exp(20.7e-3-9.552/ T+ 870/ T"2)
30aa_cc 2=exp(26.561e-3 - 17.2183 / T +2988.0 / T"2)
40 aa g 2 =exp(24.1e-3-9.552/T)

-end

KINETICS | # °C 5=

C13; -formula C 0; m0 0.110684e-3

-end
END
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