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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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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. 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.

2 UG- 4D} 812 IC-EHHE B0l Ml 1

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}

£ HAEY A= FYT ol Aak= ot o
AAEFE. o, 0|2 E3] PHREEQC: °C ghalEe] By
£ A5 o2 ALLsHA "t

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



