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CALCULATION OF INDIVIDUAL ISOTOPE
EQUILIBRIUM CONSTANTS FOR IMPLEMENTATION
IN GEOCHEMICAL MODELS

by Donald C. Thorstenson and David L. Parkhurst

Abstract

Theory is derived from the work of Urey to calculate equilibrium constants commonly used in geochemical
equilibrium and reaction-transport models for reactions of individual isotopic species. Urey showed that equilibrium

constants of isotope exchange reactions for molecules that contain two or more atoms of the same element in
. .. . . . ex\1/n .
equivalent positions are related to isotope fractionation factorsby o = (K °) , where n is the number of atoms
. .. . . .. . . 13 16 18
exchanged. This relation is extended to include species containing multiple isotopes, for example "C O O and

1.2 18 . . . e . .
H"H "0, and to include the effects of nonideality. The equilibrium constants of the isotope exchange reactions
provide a basis for calculating the individual isotope equilibrium constants for the geochemical modeling reactions.
The temperature dependence of the individual isotope equilibrium constants can be calculated from the temperature

dependence of the fractionation factors. Equilibrium constants are calculated for all species that can be formed from

1 2 12 13 14 16 18 . .. 3 .
H,"H, "C, "C, C, "0, 0,andselected species containing ~H , in the molecules C02g, COzaq R

+

- - - 2. .
aq’ OHaq,andthe OHaq, HCO3aq,and C03aq ion pairs

- 2
HCOy,,, COy, ., CaCO; , H,0,, H,0;, Hy0

—+

. + +2
with Naaq, Kaq, Caaq,

and MgZ; , Where the subscripts g, aq, [, and s refer to gas, aqueous, liquid, and solid,
respectively. These equilibrium constants are used in the geochemical model PHREEQC to produce an equilibrium
and reaction-transport model that includes these isotopic species. Methods are presented for calculation of the
individual isotope equilibrium constants for the asymmetric bicarbonate ion. An example calculates the equilibrium

of multiple isotopes among multiple species and phases.

INTRODUCTION

The theory relating isotope fractionation factors to the equilibrium constants of isotope exchange reactions
was presented by Harold C. Urey in his classic paper “The Thermodynamic Properties of Isotopic Substances”

(Urey, 1947), referred to as “Urey” henceforth. Urey employed statistical mechanics and spectroscopic data to
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calculate the equilibrium constants for many isotope exchange reactions. Comparison of the calculated equilibrium
constants with measured fractionation factors required derivation of the algebraic relation between the constants
and fractionation factors. The result is equation 1, which holds for most isotope exchange reactions under

conditions that are closely approximated by many geochemical systems:

1
a = (KN, (1)

where o is the equilibrium isotope fractionation factor between reaction and product molecules, K" is the equi-

librium constant for the isotope exchange reaction, and # is the number of atoms exchanged in the reaction.

This report extends Urey’s derivations to express the equilibrium constants of isotope exchange reactions as
ratios of the equilibrium constants for individual isotope association or dissociation reactions that are commonly

used in geochemical equilibrium and reaction-transport models. The Urey derivations are also extended to include

. . . . 13 .16 18 1,.2 18 .
mixed isotopic species suichas ~C O Ogas and H'H Oy quid.The individual isotope equilibrium constants

for the association or dissociation reactions can be calculated for all mixed isotopic species for which elemental
fractionation data and equilibrium constants for intraspecies reactions (discussed below) are known or can be
assumed. This approach provides a method of geochemical modeling in which isotopic fractionation and chemical
speciation are fully integrated, in contrast to the commonly used modeling approaches that perform chemical and

isotopic calculations separately.

The purpose of this report is to relate the equilibrium constant of equation 1 to equilibrium constants for
reactions convenient for geochemical modeling. The scope of the paper includes the derivation of individual
isotope equilibrium constants, expressed as a function of fractionation factors, for reactions used in the reaction-
transport model PHREEQC (Parkhurst and Appelo, 1999). The values of the equilibrium constants and their

associated reactions can, however, be used as input data in any geochemical model. This report constructs a model

. . . . . 1 2 12 13 14 16 18 . .
in PHREEQC that contains all isotopic species that can be formed from H, H, "C, "C, C, O,and O in

2 + -
3aq» CaCOs, HyO,, Hy0,, H30, , OH, , and the

co ag ag

the molecules/phases CO HCO co

2g° 2aq° 3aq>

- - 2. L . + + + + _
OHaq , HCO3aq ,and C032aq ion pairs with the cations Naaq , Kaq , Caafl ,and Mgaz , where the subscripts g,
aq, 1, and s refer to gas, aqueous, liquid, and solid, respectively. Equilibrium constants for selected species

.. 3 .. . .
containing ~H are also calculated. Derivations are presented in the text for reactions among CO, g and CO,, q

species. The algebraically complex derivations for reactions involving HC 0_3 ag e presented in Appendix 1.
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Symmetry numbers and isotope ratios, equations for all equilibrium constants, and fractionation factors are

presented in tables 1, 2, and 3, respectively.
ISOTOPE RATIOS IN GASEOUS AND AQUEOUS CO,

The Henry’s Law equilibrium constants for the various isotopic species of CO, are used to illustrate the
principles of the calculations. The subscript j denotes either gas or aqueous species. For notational convenience the

. 1 12 16 . . . 12 16 .
most abundant isotope of each element, H, “C,and O will be used without superscripts. Thus, “C O, is

denoted CO, . Deuterium, 2H , is denoted by D, and tritium, 3H , is denoted by T.

Species and Symmetry Numbers

Urey calculated equilibrium constants for the isotope exchange reactions from ratios of partition functions of
the molecular species in the reactions by assuming that temperature was sufficiently high that the ratios of partition
functions—and thus equilibrium constants—could be calculated solely from spectroscopic data for the vibrational

frequencies. A consequence of this assumption is that for reactions among different isotopic variants of the reactant

. . . . 18 18
or product molecules in a given reaction, for example formation of CO "O j from CO, j and C 0, Iz the

equilibrium constants can be calculated solely from the symmetry numbers of the molecular species (Urey, 1947,

Bigeleisen, 1955). These reactions are referred to as intraspecies reactions.

The symmetry number, 0, can be determined by counting the number of indistinguishable orientations of a

molecule that can be reached by rotational symmetry operations; for example, 002 =2,0c0=1,and

Oc H, = 12 (Atkins, 1982, p. 721). Symmetry numbers for the various CO, species follow and are tabulated for

all species in table 1.

For the isotopes C, 13C , 14C , 0,and 18O ,nine CO, species exist in the gas and aqueous phases. They are

co,,. co’o,,. c%o,,. “co,;. “coo,. Pc"o,,. “co,,. "co"o, ma "c"o,,.

The CO, molecule is linear, and thus the symmetry numbers of the isotopic species are
co=2, o=1, c=2, 0O0=2, o=1, o=2, o=2, oc=1, and 0 = 2.

ISOTOPE RATIOS IN GASEOUS AND AQUEOUS CO2 3



Equilibrium Constants for Intraspecies Reactions Among the CO, Species

The equilibrium constants for intraspecies isotopic reactions among the CO, species (gaseous or aqueous)

. . . 13
are assumed to be determined by their symmetry numbers alone. Reactions are presented for C and ~C ; results

14 . . 13 . .
for C are identical to those for ~~C. The possible reactions are

co,,+c"0,, = 2c0"0,, @)
13C02j+ 13C1802j _ 213C0180j, 3)
co,;+c"o,, = Pco, .+ co,;. 4)
Pco,,+co"0, = Pco0,+co,,. and (5)
co”o,+"c"o,, = Pco"o,+c"0,,. ©6)

The equilibrium constants for reactions 2- 6, calculated from symmetry numbers, with n; = number of

molecules of species i, are (Urey, 1947, p. 563-565)

o 1 @
n Q2 o o o
co"o, co'®o. co'sol COyc®o, (22
K 8 — J — J — J — 2]:()():4 (7)
2 2 >
coto; nco, g, QCOZjQCISOZj E;l g% 1 4 o 15, (1)
CO,, BjCISOZJD g
o 1 2
nz Q2 O—i
B ) 13C0180j ) 13C0180j ) H’lzcolsojD @) . &
13,18 = = = = =4,
co "0 2
j nlscozj 13C1802 Q13CO2JQ13clsozj E 1 %E 1 % (1)
Y EEY O
13C02j 13C1802]
H 1 Holp
n13C1802‘ co, Q13C1802 'Qcoz ﬂ’BClsOZD COzJD (2)(2)
K13C180 . = 0 é = . = 2)2) =1, ©)
n n
¥ TR0y oy, o, ctoy, E ! %E ! %
RYE 0 s, O
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o' g lg
n
Beo'8p €O, Q13CO180 Qcozj [?713CO180D CO,; (1)(2)
Frcotto, ” o 0 w0, D, o oo ™ (10
n_ 18 N3 18 13 1 1
/ co Oj COZ/ co Oj COZ; 0 K N
DJCOLSODWBCOZ.D
J J
o 1 ad 1 O
O s, 0 e vy OB cavg) [
K 13C0180] ClSOz, 13CO180J ClSOz, 1sc0180jD C1802j|:| (1)(2) | an
13,18, — = = = =
co o no1s Mg O 15 O s o ;1 oo ;1 O (M
/ co Oj C 02/ co 0_]. C 02/ E’p‘ D% N
COlSOD 13C1802D
J J
where Q; is the partition function and 0, is the symmetry number for species i in equations 7 - 8.
Equations 7 - 8 provide the following relations:
S 11
Co "0, 2 2
L =4, nc0180 = 2"002 nCISO 5 (12)
n n A j A
COZ] C1802j J 2j
2
Ry 18 1 1
09—y 2ny omp (13)
= , n = <n n 5
; " s 13CO180]_ 13C02] 13C1802/_
CO,; "C0y;
i3 18 n_18 i3 18 ny3
cto,, cC 02.1.’ o, _ COzj’ (14)
n n
co,, COy; c”o,, €Oy,
n n n n
B8, co®o. 13c0180/ 13C021.
J — I J = S (15)
n n n n
Bco,, COyj coo, COy;
n n n n
Beo'So. COISOj 13CO180j 13C1802j
L = , and = . (16)
n n n n
13C1802]. C1302]_ COISOI. C1802]_

Equations 7 - 16 allow calculation of isotope ratios for the CO, j species.

Isotope Ratios

Isotope ratios, R, are based on the total number of molecules of each isotope. The 13C / 12C ratio in CO, j
is given by

ISOTOPE RATIOS IN GASEOUS AND AQUEOUS CO2 5



. _co’o, co,
N3 0
co, n
B 2 13CO2 13(302]‘D n13C02j
R = = .
co,
J n n n
0 “coo, "c"o,0 CO,;
neo, d + + i
2/ "co,, "co,,0

(17

(18)

The terms in parentheses are equal because of equations 14 - 16, which also allow equation 18 to be written as

n n n
3 13 13, .18 13 .18
c co,, _ "coo, c’0,;

— J —
Reo,, =

n n n
€Oy coo, c"o,;

The '°0/'°0 ratio in CO, , is

2n +n +2n +n
18, C1802]’ oo B8, Beoo.

_ J 2j J
RCOZj = .

2n +n +2n +n
€0y “co'o, “"Pco,, "Pco®o,

18

(19)

(20)

An expression for R C(O)z ~can be derived in terms of C 1802 j and CO, j»as shown by Urey. Using equations 12
J

and 13 to substitute for nCOlgO in equation 20 yields

1 1 1 1
2 2 2 2
2n +2n n +2n +2n n
R180 B Clgoz_,- CO,, C1802j 13C1802j 13C02j 13C1802/
€Oy [ [
2 2 2 2
2n +2n n +2n +2n n
CO,; €0y o, Pco,, Bco,; "c"o,,
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O o 1 O o :i O o 1 oo
O O 2 O O 5,2 O O 2 OO
O 0  "co,,O 0  "Pco,,0 g "co,, 00
%anmo O+ =0+ 2ny 5, U+ —— E{’ 18 5 oas, g+ 4
a 2,0 5 O 2 5 U ¢ 0, C 0,1 5 DE
0 D”mD D”1318D DanD
a 0 “c%,H O c’o,H 0 "o, J‘DD
~ O 1 1 B 1 O
0 o L O o ! O O - 00
% E nzclgo E B ”123c180 E E ”?:180 E E
0 2ncp, D +——=0+2n; 0 + ——0 s 50+ ——=24 U
co 1 1 co [l 1
0 2ig - [l 20 - 0 2j 7~ - 00O
0 o ,2 O o ,2 0O o ,2 00
0 O €Oy, 0 O Pco,, U U €o;0 O
1 1
0= = 0O
2 2
O 1B18, D%CISO f”cozg
s Ot 2n— 2 0
co, n 1 1 1
2i C1802j D% n2 E E 5 E n2
O "¢, 0O “c®,0%o0,,0 c"o,,
- J 2j 2im = 2j
1 1 n E 1 B 1 - Of
23 2 B “C2 02, O 2
O Bco D%’C%, "o jn o, €Oy,
nCO Dl+ 2] ZD J
#0 nCOZ./D% % E
O "co,, O
1
2
18 n_1g
R o C 02j
CO,; T
2
"co,,

18

In addition to Urey’s derivation of equation 22, R ng ~can be expressed in terms of C0180 ; by using
J

equations 12 and 13 in the numerator of equation 20 to give

2

%100‘805 %1%0‘805

nC0180 +2D4n 0 ”13CO180. 254;1 0

Yo ;000 70 Pco, O
RC02 = J

J

5 Eﬂ .\ nc0180]D+ 5 E,l . 13co”‘oB

neo., . 1+ 2n; 5[

20 2nCOZJD COZ/D 2n13C02j|]
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(22)

7



D O n 1
h Beo®o A0 co ‘ol

O “co®oO O )

O "N El —
+ +—
EVCOISOJ. nBCOlSO]DBl co' O]D 2nC02jD

A 2nc00. 0 "co! 0 g-
_ 2j " — . (23)
n n
od | coo[d 0 "Bco,00 "co™op
2) €O, 2”C02jD 60 Mco,,00 2”C02jD

Equations 14 - 16 define the equality of the terms in parentheses in the numerator and denominator and allow the

isotope ratio to be written as

Reo,, = 57— (24)

2”C02j

Equation 24 can also be derived by substituting equation 12 into equation 22. Using equations 12 and 13 in equa-

tions 22 and 24 gives

! 1

n2 2 n

18, C1802‘ 13C1802‘ co"o. Boo'8o.
Reo. = I = I = I = L, (25)
2j 1 1 2nc0 215

2 2 2j CO,;

"co, USE]

J COZJ

Equations 19 and 25 define the Be/2c and 070 ratios for Cco, Iz The isotope 70 has not been included

. . . .. 18 .
here because of time and space considerations, and because of redundancy with O for mass dependent fraction-

ation processes.
. 14 14 18 14 18 . . .
Inclusion of *'CO, It co O It and C 0, ; as species, and as needed in equations 2 through 25 and

their 14C analogs, yields

! 1 !
2 2 2
n n n n n n
18, o 13I8, 418, co0®o. Bool ERPLrY
R — 2j _ 2j _ 2j _ J — J — J and (26)
CO,; 1 1 1 2ncq 2ny5 14 ’
2 2 2 2 0,; CO,;
€Oy, Pco,, “co,,
n n
R14C ~ 14C02j B 14CO180i B 14C1802j o
€0yj nco n_ s n_ig '
2 co™o, c"o,,

Restating equation 19,
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n n n
13 13 13 . 18 13 .18
C co,, _ “co’o, cro,;

= J =
Co,;

R (28)

n n n
€O, co”o, co,,

The algebraic simplification of the isotope ratios that leads to equations 26 - 28 occurs if two or more atoms
of the same element occupy equivalent positions in the molecule, and the equilibrium constants for the intraspecies

reactions (equations 2 and 3) are determined solely by symmetry numbers (Urey, 1947). When these two conditions

hold, the symmetry number of the molecule is an integer multiple of the number of atoms in the molecule, # ; that

is, 0 co, = 2,0 co? = 6, and so on. The intraspecies equilibrium constants are then equal to n" . Table 1 contains
3

symmetry numbers for all species and entries analogous to equations 26 - 28 for all species except bicarbonate. The

bicarbonate ion is asymmetric and requires a different treatment, discussed shortly.

CALCULATION OF INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS FOR THE
REACTION CO3g,5—CO2,queous

The isotope ratios given in equations 26 - 28 form the basis for the algebraic expression of the fractionation

factors for 13C , 14C, and 18O between CO, g and CO,,, e thus permitting calculation of the individual isotope

Henry’s Law constants for the nine isotopic species of CO, .

co'®o

18 . . .
For CO 0O, the reaction used in PHREEQC 1S

18, 18
co"0, = €00, . (29)

The first step is to express the fractionation factor in terms of the reactant and product species, choosing the appro-

priate ratios from equation 26. For equation 29, the appropriate expression of the fractionation factor is

5 f'co’o, ]
0
18 R n
0] _ COZaq _ DZ C02an
Qco, —co,, = . : (30)
2aq 2g [0} ﬁl 18
RCO co OgD
2g O
Dzncong

The next step is to convert the fractionation factor to common concentration units. In this case, dividing numerator

and denominator by 1 kg water and by total moles of gas gives
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oo O
O——2

n m
18 n 18 n 18, X
6.0 B nZ co,,,0 coo,"co,, ~covo, " cCo,, G31)
CO,y,,—COy, n n X m ’
“ ¢ ﬂicolgogD c0"0, €024 c0"0, " €02y
Dzncong

where m; is molality, and X, is mole fraction.

The terms in equation 31 have the form of a concentration-based equilibrium constant for an isotope

exchange reaction. The exchange reaction for equation 31 is

18 18
CO "0, +CO0,,, = CO 0, +CO,,. (32)

The next step is to write the equilibrium constant, K ?0180 , for this reaction in terms of activities, then activity
aq

coefficients and concentrations (activity-concentration relations used here are from Garrels and Christ, 1965, p.

20-73):

“co™o aco Yeo®o  (co, Piod™co™o Xco
Kex " _ aq 2g _ aq 2g aq 2g (33)
co o, a. . 4co %\ g Yco X s, Meo,
aq c0'0, " €024 C0180gp tof] 2a €00, CO2q

where P, is total gas pressure, a; isactivity, and y; and A; are activity coefficients. From equations 31 and 33

Y . 18 A 0
K, = B0 u COng g, o c0, 0 (34)
co ‘o A 2ag~ CO2d 1
aq O yCOZQq COISOgDexp q

where the subscript exp indicates that the true value of K erOl 5 can only be evaluated exactly if the parameters
aq

18
in the brackets are known for the experiments in which o~ _ -,  was measured.
2aq 2g

The equilibrium constant for the isotope exchange reaction can always be expressed as a ratio of equilibrium
constants for other individual isotope reactions. Expressing this ratio with the Henry’s Law equilibrium constants:
“co"o, aco Koo

K" s = U2~ (35)

coo, a a
“  “coo, Oy Keo,

H H e e .
where K~ 3 and K-,  are the equilibrium constants for the reactions
coo,, 2aq

18 18
cO Og = CO an and C02g = COZaq‘ (36)

10 Calculation of Individual Isotope Equilibrium Constants



The value of K co, is assumed to equal the standard thermochemical constant; this assumption is discussed in
aq

more detail later. From equations 34 and 35,

D 18
H H ex H [gcoo, o, D
K" o =Kl K - K ¢ g 8: (37)
CcO 18 CcO co, —-CO
coo,, 20 CO"0,, 2“45\/0020(] A 20 ng

co' og]exp

. H .. . H
With known values of K co, and the activity coefficients, K oo can be calculated from the measured value
aq aq

18
of a co,, ~CO,,- In PHREEQC the equilibrium constants are used in logarithmic form; rewriting equation 37,
aq

2g
Y . 18 A 0
18
H H 1o) 0 0 CcO an C02g 0
logK = logK +1o +1lo 38
& coo,, g% co,, gg"com—cozgm gEVco A s H (38)
2a¢g CO OgDexp
C1802
18 . .
For €0, , the reaction is
18 18
C O2g_ C OZaq' 39)
For reaction 39, the appropriate expression of the fractionation factor is
. ' c'%o,, 0
U————U 4 m
2 n 18 n 18 X
Bjcg COE ERCO2 p 0 cozan _ €0, "CO, €0y, T COy, 40)
2a¢~ C 2 n n X m '
! ’ Dch D d'co, 0 c®o,, €02y co,,” €04
2g E‘I gl:l 4 g
0%co,, 0
g
The isotope exchange reaction for equation 39 is
o, +co, =c"o, +co 41
2aq 2aq 2aq 2g° (41)
and the equilibrium constant is
a s A P M 18 X
ex _ €0y, %C0o,, yCISOZaq ( CO,, o) C 04 CO,, “2)

c o a a 0 X m ’
2aq c0,, €02y %\clgo P Yeo,, "0y, €02y
2g

Following equations 33 - 38 yields
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Y 18 A 0

18
H _ H 0 04 1000 %2ag €9
= - -
logKC180za logKCOZQq 210g8]C02a4—C02§:| logDyCO "o O
a 0" %24 C Ongexp

13002

13 . .
For ~CO23, the reaction is

13 13
COyy = "CO,,..

For reaction 44, the appropriate expression of the fractionation factor is

s ﬁl”comm
13 R ¢ On o Mo n i3 X
g c _"co,,, _ B"co,,,0 _"Tcoy,"co,, TC0,,, 7 COy
CO,,,—CO, 13 n n X m ’
aq g R C d’lncoz 0 13C02 COy,, 13CO2 COy,y
CO,, E £ g g
D”cong

The isotope exchange reaction is
Bco, +co, ="co, +co

2¢g 2aq 2aq 2g°
and the equilibrium constant is

aps a Yis A P. YMi3 X
ex COy,, 1Oy, CO,,, ( Co,, tor) CO,,, 2 CO,,

K = .
co a a 0 X m
g Diagg, 9C0,, %\%0 P, Ycoy, B0, "0z,
2g

Again following equations 33 - 38,

Y13 A 0

13
H _ H c 0 0 €0y €Oy [
logK13CO = IOgKCOZaq+IOgE}COZuq—COZéDJrl()gD X 0
2aq Dyco2aq 13COgD
2g—exp
1300180

1 1 . .
For 3CO 8O,the reaction is

13 18 _ 13 18
co’o, = "Cc0°0,,.

In this case a product of fractionation factors is required to provide appropriate species; the algebra remains

unchanged. Choosing appropriate ratios from equations 26 and 28 to define the fractionation factors gives

12 Calculation of Individual Isotope Equilibrium Constants
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EQK
[ co anDd’co 0,
O

%130 D% On 4 |
B3 a0 o 0 _ Bco,, X co,, F 0 co' 0 D[|2nCO2 0
B’COZaq—COZgD%‘COM—COZgD E :

(50)
DCDDOD s, 18, 0 18
ORco,,00Rco, 0 0_C0 00 dlg co o4
T P"co,,0
D co' O 0
Converting to concentration units yields
Ny 18 g my 8. X
Fco, -co,Aftco,, -co, B = T0 Dag Dag o 2 Tuy_Tag (51
2aq = €02 0200 = €02 "o, "0 Bco'o," €02
The isotope exchange reaction for equation 51 is
Pco'®o +C02aq Beo! 0 +C02g, (52)
and the equilibrium constant is
a % m
e _ Pco',,%o0,,  "Pcoo, ()\COngtot) Pco'o,, X co,, 53)
13,18, = .
coo, a a o v X m
q 13C0180g C02aq %\13C0180 Ptoqj C02aq BCOISOg COZM
Again following equations 33 - 38,
H H B 0
= + -
logKBCOlgan logKCOZaq logglcohm_COZgD
Vi3 ., 18 A O
18
0] O co Oa C02 0
logBico, _co, A+ logp : ; %)
! ‘ O €O, co'®o
“a éDexp
13,1
3c'®o,
. 13 18 13 18 . .
The equations for “C 0, g e analogous to those for “CO 0, . The isotope ratios are
[H13
Be oo o P E&%ﬁ'c 0y,
C n E 1]
Hco m 0 _ E*R%za ERC 0 oy, 00"co,,,8 (55)
= , or
COZaquOng COZaquOng B C DD 0 D s |j1C o
ORco,, DDRC02 0 c"0g Hzg
Up UOnco. O
0"¢! ‘0, o U 22
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o Mz 18

m
n B8, X
E}BC DB}BO  _ “c%o,,"co,, _""c"o,, Xco, (56)
€0y, ~CO, €Oy CO, n n X m '
aq 4 aq i 13C1802 €Oy, BA18, COy4q
g 2g
Familiar algebra leads to
3 18 Vi3 18 A O
H H C 0 10) B 0 € 05y "COy, O
logK 3 s = logK +10g81 B +210g8§( B +log 1 £ .(57)
c0,, CO24q COzq=COL] €02y~ €O TPL co,,, )\13C1805
2¢ exp

14002, 14co180’ and 14c1802

The equations for 14CO2 , 14C0180 , and 14C1802 are exactly analogous to those for 13CO2 , 13C0180 ,

and 13C1802 (equations 48, 54, and 57), yielding

Yis A 0
14
H H c co,,, co
logK 4 = logK o +10g%}c0 _co E-i—log% 2a ZgE 5 (58)
C02 2aq 2aq 2g co )\14
ad O 2aq COngexp
Vs, 18 A O
14 18
H _ H C |:| (0] D |:| co an COZg |:|
= + + +
logKMCOlgan logKCOZaq log %l C02aq - COZgD 10g %X COZaq - COZgD log E yc02 A 14C0130£ (59)
“a exp
and
V14 18 A g
14 18
H _ H C |:| o |:| D c 02aq COZg D
= + + + ,
logKMClgOzaq logKCOZWI log B} €024y =COL L] 2log BJ €024~ €O L] toe E yC02 A 14018, H “
aa 2¢ exp

The eight individual isotope equilibrium Henry’s Law constants for CO, can now be calculated given a value of
H . . .
the fundamental constant K 2,16, (denoted CO, throughout the above discussion) and experimental or
2aq

assumed fractionation factors.

Symmetry Assumptions in the Isotope Ratios

The equilibrium constants for all of the reactions in the present model are listed in table 2. For all species
except bicarbonate, the sequence of derivations follows that above. The fractionation factors used to derive each

equilibrium constant can be recognized from the equations in table 2; the isotope ratios containing the appropriate
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1/n
species are selected from table 1. The Urey relationship of equation 1, a = (K“) " where K" is the equilibrium
constant of the isotope exchange reaction, holds if equations 26 - 28 and their analogs for other species are valid.
Urey points out that the above algebraic simplification does not occur for asymmetric molecules but does not

calculate this case.

Urey also points out that, although the effects are small, the symmetry-derived intraspecies constants are not

exact for reactions involving hydrogen isotopes because of the mass effect on vibration frequencies. The equilibrium

constants for the reactions H20+D20 = 2HDO and H20+ TZO = 2HTO are K = 396 and K = 342 at

298.1 K, instead of the statistical value of 4 derived solely from symmetry considerations. Calculations based on
these values could be made, in concept, by extending the numerical methods discussed subsequently for the

asymmetric bicarbonate ion.

In judging the importance of errors such as the mass effect for hydrogen for modeling applications, a
fundamental difference between the work of Urey and this report must be recognized. Urey was calculating
fractionation effects in isotope exchange reactions; thus, errors contribute to the predicted distribution of isotopes
between reactants and products. In this paper, measured fractionation factors are used to calculate the individual
equilibrium constants for reactions between reactants and products. The symmetry-based intraspecies equilibrium
constants are used to calculate the distribution of species within reactant or product molecules/phases. Thus, correct
isotope effects will be preserved between reactants and products, even if small errors are introduced in the

distribution of isotopic species within reactants or products.

INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS FOR BICARBONATE

The bicarbonate ion is asymmetric, with symmetry number 1 for all species. Thus, the equilibrium constants

of the intraspecies reactions in equation 61 are unity, as shown in equation 62:

- 18- 18- - 18,0 18 .-
2HCOS,,+ HC "0y, = 3HCO, "0, HCO},, +2HC "0y, = 3HCO 0}, (61)
3 3
"Hco,"o; "Hco®o,
1 = . ag 1 = 5 =t . (62)
n_ 1. n . n_ g . n .
uc'oy,, HCO,, uc'oy,, HCO,,

There are three oxygen atoms in bicarbonate; thus, if the n" relation held, the intraspecies equilibrium constants
would equal 27, and the isotope ratios, like those for the carbonate ion, would simplify to analogs of equations 26 -
28. However, with K = 1 the terms do not cancel and tedious algebra (Appendix 1) leads to the following equa-

tions for the three primary individual isotope equilibrium constants for bicarbonate:
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18
0 O
logK = logK +log(1.5) +1 +
o8 HCO,"0,, o8 HCO,, og(15) Og%HCO;anOZan
oy 18 - Yeco., O
HCO," 0, €02
log(QQ1) +logf——2t—— ) (63)
- 18
0'uco,, coo,0,,,
180 0
logKHCOISOéuq = IOgKHCO;aq +1log(3) +2log B}Hcogaq C02an+

Y 18 .- O

10g(QQ2)+1ogEHCO Oraq yCOZgE ,and (64)
0 "Heoy, yclgozéﬂexp
1 _ 180 0
ogKHclgogaq - logKHcogaq_ 3log(2)* 310gB]HCO'3an02an+
et y?é'O a
log(Q03) + log f——41 41, (65)
0" HCO3,, yCOISanDexp

(1 18 - 1
0 HC0,"0, 7
O
O

03
O anogaq

where QQ1, 002, and QQ3 are complicated quadratic functions of

1
EﬂHclgogqu
Ly g
0" ncos,, 0

, given by equations A1.18 and A1.58 for QQ1, A1.31 and A1.68 for QQ2, and A1.40 and A1.78

for QQ3, respectively. The three parameters are thus nonlinear functions of the calculated species distributions in
PHREEQC simulations.

Values for the three parameters—Ilog(QQ1), log(QQ2), and log(QQ3)—were evaluated numerically by using
UCODE (Poeter and Hill, 1998). Initial estimates for the QQ factors were used to calculate values of

logK 15 . »logK s . sandlogK o . Anaqueous solution containing 10 mmol 0fcarbon(12C)

HCO,"0,, HCO"0y,, rag

at pH 6.3 and water with 5180 = () permil was speciated using the log K values. From the distribution of aqueous

18
species, the fractionation factor a i and the quotients for equation 62 were calculated. UCODE was

3aq7c 2aq

used to adjust the QQ factors until the calculated fractionation factor was equal to the assumed value of 1.0, and
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the quotients for equation 62 were equal to 1.0, the symmetry-derived equilibrium constants. The resulting values
are listed below.
18

. . o .. .
The fractionation factor g} i E depends on system composition because the expressions for the
HC03aqf COzaq

isotope ratios do not simplify. The abundance ratio Ry¢y,0p 18 2.0052x1073. Values of the three bicarbonate

equilibrium constants calculated for 180 concentrations corresponding to 6180 = VSMOW £ 100 permil are

tabulated below.
18
5 0 log(QQ01) log(QQ2) log(Q03)
(permil)
+ 100 -3.9786x1073 0.46916 1.4194
0.0 -3.6178x1073 0.46989 1.4205
- 100 -3.2568x1073 0.47061 1.4216

The variation is small, and the values calculated for Ry,¢, -y, are used throughout this report.

INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS FOR ION PAIRS

The method for calculating individual isotope equilibrium constants for ion pairs is presented for
completeness, recognizing that isotope fractionation data do not exist at present for this application. Reactions are
written from the free ion to the corresponding ion pair (rather than from CO, 7 for example) because the algebra

is greatly simplified. The assumption is made throughout that the symmetry numbers for the ions in ion pairs are the

same as those for the free ions, based largely on the fact that Bottinga (1968) used this assumption successfully in

. .. . . . 1 18 + . . .
calculating partition functions for solid calcite. The CaD 3C 803 ag 100 pair requires the most complex algebra and

is used for the following example.
The isotope ratios for the ion pairs are equivalent to those of the free ions, given the assumption of equal
symmetry numbers. The isotope ratios of the species appropriate to this calculation are (from table 1):

1

18 M 13 8- 3 13 n o, n §
0 _ b co.g 403 R C _ DUCoy, D _ DCO;,, 66)
Hco,,, Hn y O HCO}, n__ HCOy,, n_____
¢ 0 Dp°co,, 0 a DCO;,, ¢ THCOY,,

INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS FOR ION PAIRS 17



1

18 n 13,18 + [3 13 n 13, o+ R +
o) _ DCaD C 03(“1{] R C _ CaD C03aq RD B CaDC03aq. (67)
CaHCO;,, Hn 5 U CaHCOy, n . CaHCO,,, n .
¢ O cap“coy,, 0 a CaDCO;, 4 T CaHCO,
q aq
The calculations follow the same sequence as presented earlier for the various CO, species:
BJISO D3BJ13C DE}D 0
catcoy,,-Hcoy B U catcoy,, - ncoy P cancoy,, - ncoy, P
[ 13 .18 + L[] 1 13+ O + O
0 CaD " C 03“@ 3 310 CaD CO3M}DD CaDCO3an
n 13 + D(qq ) Dn + DDZ + |:| m 13 18 + m
B O CaD COsan O CaDCO3anD CaHCOMJJ _ CaD”"C"0y,, HCO;aq (68)
13 18, [ i, - 0 @ - g m ©oMmos s o
DD C 030@ 3 3 DD CO3an DDC03aq{] CaHCOBaq D C 03aq
0 o 0¥ | 0,0 GO
| O p“co;,, 0 0" pcos,, 0 OHCo,, [
The isotope exchange reaction corresponding to equation 68 is
+ 13 18 - 13 18 + - .
CaHCO3,,+D "C "0y, = CaD "C "0y, +HCO},,, for which (69)
a 13+ 4 3 m 13,18+ M Y. s, Y -
ex _ CaDC70y,, HCOy, _ _CaD C 0y, HCOy,, ~CaD’C 0, HCOy, 0
13 .18 -+ s
CaD "C O a a ; m m ) ;
3aq caHCO,,, D"C"0i,, caHCO,,, — D“c"0;,, vcwco;q yD13C1803aq
ex _ BJISO D:‘BJBC DB}D Oy
can®coy,, catcoy,,~Hcoy, B U cancoy,, ~ ncoy, BU caticos,, - neoy, 0
oy, 38 + Y -0
ECaD C0y,, HCOWE an
Y + Y 13 s
0 "carcos,, 'p°cto, [,
The reactions used in PHREEQC are
+2 13 18 - 13 18 + +2 - +
Ca,,+D°C 03aq—CaD C 03aq and Ca,,+HCO;,, = CaHCO;,, . (72)
a DBy a - a DBt a _ pd - K 13 18 +
ex _ CaD°C’0y,, HCO,,, CaD’C"0;,, Ca, HCO,  CaD’C 0y, 73
13 18 - - = ,
CaD "C 0;1(1 a + 4 13 18 - a_ pd 13 18- 4 + K +
CaHCOy,, D°C" 0y,  Ca, D°C"0y,, — CaHCOj,, CaHCOy,,
18 3
(0]
K 535+ =K . K Bas + = K + + .Ex
cap"c"oy,, CaHCOy,, CaD"C"0;,, caticoy,, U catcoy,, - HCOS ]
oY ., 138 + Y -0
13
B} C DB]D DD CaD "C 03aq HCOSaq D and (74)
+ - + - >
catcoy, —HCO;, B0 canco;, - HCo;, BU G
3aq 3aq 3aq 3aq [ VCcho;q yD”clgohJjexp
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18 13
0 C
logK = 3 15+ = logK + +310g% + - E‘*‘log% + ) E*
cap"c"0},, CaHCO CaHCO3,, ~HCO;, CaHCO3,, ~HCO;,

3aq q q
Y .
D 0 gcw”clgogaq HCO,,, E
log N i D+logD 0 (75)
CaHCO,,,— HCO;S, Y + Y 13 s,
a 7 0 " CaHCOs,, "D7C 03, H,,,

The form of any individual isotope equilibrium constant for ion pairs, if written from the free ions, will have the

same form as equation 75, with each fractionation factor multiplied by its stoichiometric coefficient in the free ion.
APPLICATION TO OTHER ISOTOPES

The methods described above are general and were applied systematically to generate all of the entries in

tables 1 - 3. They can be readily extended to other molecular and isotopic species.

The first, and most laborious, step in deriving the individual isotope equilibrium constants is the calculation
of the various expressions of the isotope ratios for each molecular species. However, if the new molecular species

has the same stoichiometry and symmetry as a species for which the isotope ratios have already been calculated, the

new ratios can be written by inspection. The isotope ratios for H,0, for example, can be obtained from the ratios
for CO, by substituting throughout equations 26 - 28 the isotopes of O in H,O for the isotopes of C in CO, and

H, in H,0 for O, in CO,. Table 1 shows the isotope ratios of H,0 and CO, to be algebraically equivalent

with these substitutions; identical structure is not required. Listed below are symmetry numbers and the
corresponding species from table 1. To the right, other species of the same stoichiometry whose isotope ratios can
be obtained by analogy are in parentheses ( ), and species of differing stoichiometry for which derivations have not
been done in this report are in brackets { }. The molecular structures from which the symmetry numbers were

obtained are from Purdue University (2002).
o=1 OH ( Co NO )

HCO; ( HNO; )

{ NNO  HSO, }

o =2 co,  H,0 ( H,S NO, NO,)
{ H2 NZ 02 b
+
o =3 H,0 ( NH; )
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c=6 CO;  CaCo, ( NO, )

o=12 none { CH, SOf NH:‘r }

For the underived species, the procedure is analogous to equations 2 - 28 for CO, —calculation of the

intraspecies equilibrium constants and substitution of these, for each species in turn, into the equations for the
isotope ratios. The algebra becomes more cumbersome as the number of atoms of polyatomic elements increases,
but as long as these atoms are structurally equivalent in the molecular species, the Urey relation (equation 76) will

be obtained as one of the isotope ratio expressions:

1

i i D;
R fB. _ 5485 (76)
7 M

where 'B is the isotope of element B of mass i in species 4B It and B is the most abundant isotope.

The remaining calculations of the individual isotope equilibrium constants are more straightforward and are

analogous to equations 29 to 60 for CO, and equations A1.49 - A1.185 for HC O; . The calculations require

selection of the appropriate fractionation factors to provide isotope ratios for the species in the desired reactions,
expression of these ratios as a concentration-based isotope exchange reaction and equilibrium constant, writing the
thermodynamic equilibrium constant for the exchange reaction, and using the exchange reaction to define a ratio
of PHREEQC reactions. The PHREEQC reactions can be of any type—association or dissociation, dissolution or

precipitation, and acid-base or redox—because the activities of all species other than those in the isotope exchange

reaction are introduced to both the numerator and denominator of the isotope exchange reaction, and thus cancel.
NONIDEALITY

The equation structure in PHREEQC assumes the presence of only one solvent, liquid /,0O . The other

. . . 1 1 .
isotopic water species HDO e D,0, g H, 8O g’ HD 80 g’ and D,0, g are treated as electrically neutral

solutes in PHREEQC. The concentration scale and the activity-concentration conventions differ for solute and

solvent. The activity of water is defined by

n

Ny
a0 = 1—0.0172 7 (77)
1

i
b
aq
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where N, q is the number of aqueous species other than water, n; is the number of moles of these species, and

W, 1s the mass of solvent water. The reference state for the solvent is pure water and the concentration scale is

q
mole fraction. The activity of neutral solutes, other than isotopic variants of water, is defined by a; = y;m;, where

logy;, = b;U, b; is an empirical constant, and [ is the ionic strength. Therefore

a, = (10" ym,. (78)

The reference state is infinite dilution, and the concentration scale is molal. If these conventions were used for the

other isotopic water species, the activity of pure HDO, for example, would be ~53, whereas that of pure H,O

would be 1.0. In addition, as electrolyte concentrations increase, a H,0 would decrease according to equation 77,
whereas a o/ mypo would increase according to equation 78.

To make the concentration scales and the activity-concentration relations consistent for /,0 and for

HDan , Danq, Hzlgan, HD180aq , and Danq , the activities and activity coefficients for the latter are
defined as

B _ %H,0
a;, = y;m; and Y, = 555 (79)

where i refers to the five species HDO Danq, H2180aq, HDISan, and Danq.

aq’
Ratios of activity coefficients appear in all of the equations used to calculate the individual isotope equilibrium

constants. For example, in the equations (table 2) for logK e logK B8 ,2 and logK CaCO" are found

2%aq 3aq a 2s
4
gHDZOZE %{136180; Yco,, % E Acaco, yclgozaqg
the terms log ——5 , log3 v 1 3 1 0 and logD\ v 0 >
+ -2 18 co
0 #;04,0,, 0O €0y ycolsoaqVI3c02anexp U'caco™o,, "~"2ae L,

respectively. In all cases, the ratios are of activity coefficients for different isotopic species of the same molecule in
the same phase. The differences in molecular energies between different molecules and/or phases are provided by
the measured fractionation factors. The interaction of each isotopic species of a particular molecule with its chemical
environment is expressed by the activity coefficient, which is assumed to be independent of the mass of the species.
For gases and solids, this is an arbitrary assumption. For dissolved species, there is some fundamental justification
provided by the fact that the PHREEQC aqueous model is an ion-interaction model in which the activity coefficients

of aqueous species are based on the electrostatic-interaction Debye-Hiickel equation

NONIDEALITY 21



2.1/2
Az; |

-logy; = (80)

1/2°
1 +a,Bu
There is no explicit mass dependence in the derivation of this equation and its included constants (Lewis and Ran-

dall, 1961, p. 332-343).

The activity-coefficient terms in each of the equations of table 2 are thus assumed at present to be unity, their
logarithms are zero, and the activity coefficient ratios are, in the absence of conflicting information, independent
of concentration. The individual isotope equilibrium constants should thus be applicable to calculations of
evaporation from brines, for example. Although the activity-coefficient terms are not implemented in the
calculation of the individual isotope equilibrium constants, the terms have been included in the derivations for

completeness in the event that further analysis or information allows calculation of the activity-coefficient ratios.

TEMPERATURE DEPENDENCE

PHREEQC uses a five-term analytical expression for the temperature dependence of log; K:

A3 AS
log,,K = A1+A2T+7+A410g10T+F. (81)

6D 3
Fractionation factors are generally reported in equations of the form 103 Ina = a % +b 0on + ¢, which will

DTZD 7
be written here as
a a
A A
10°ma = A5+ 2+23 (82)
r r

Equation 82 is the form in which the fractionation factors are presented in table 3, which can be rewritten as equa-

tion 83

Ay 43 A5
log,,0 = 3 +— t— 5 (83)
107In10 [107In10]7 [107In10]T

The temperature dependence of the individual isotope equilibrium constant is illustrated by example.
Restating equation 38
¥ 00, )\COzg E

18
H H 0 0
logK = logK + log _ +log3 .
C0"0ug 2 BXCOM €024 UYco,,, Aco'®o exp
4

(84)

The fractionation factor temperature dependence is
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a

18 A A
3 0 0 ,a, 43 4s
10 lnB}COzaq_COZgD— A1+7+?,or (85)
a a a
A A A
19} 0 1 3 S
logfico, —co,f = * ¥ ' (50
8] 2aq 2g|:| 10311'110 [10311110]T [10311110] T2

Assuming the activity coefficient term is unity, equations 81, 84, and 86 give

(X a
H _ B 0 Ui 4s Onip

logK'~ | D41+3—D+A T+D4 +—Dm+A 10g10T+D45+—E| 3 (87)
CO 04 [ 10° In100 O 10> In 100 U 10 lnl()DDT

H . . .
The temperature dependence of log K 18, is now expressed as a five-term analytical expression that can be
aq

directly input to the PHREEQC database. For simplicity, PHREEQC allows definition of separate temperature depen-
dence expressions for the reference equilibrium constant and each fractionation factor. The coefficients are com-

bined to produce the proper temperature dependence of the equilibrium constant for the isotopic species.

FUNDAMENTAL INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS

Henry’s Law is again used for illustration. The Henry’s Law equilibrium constant for a gas consisting of a
mixture of inseparable component gases is based on measurement of the total concentration of the mixture, the

definition of a single activity coefficient for the mixture, and measurement of the partial pressure of the mixture.

The Henry’s Law constant for total carbon dioxide, CO,, , is defined by equation 83:

O
t+m +m tm tm +m
VCOZWE(”COZM co®o o Beo Beo'8 iy, O

aq 2aq 2aq aq q
= ) 88
CO2uor Peo, TP +P +P +P +P a -
CO,, COlgOg C1802g 13 0, 13C0180g 13C1802gD
The expression can be rewritten as follows:
m m m m m
COISOa C1802a 13CO2a 13CO180a 13C1802a D
Yeo. Meo. O+ 4+ 4+ 4+ 4+ 1l
2tot 2aq|] mCOZa mc02 mc02 mc02 mc02 D
K7 = ‘ oy 0 g ‘“1 (89)
COst01 P 18 P 18 P13 P13 18 P13 18 ’
0 co’o, c o, co,, co o, c’o,
P a + £+ £+ £+ £+ C|
(6/0)
220 Peo Peo Peo Peo Peo, O
2g 2g 2g 2g 2g
0 18 180 Dz 13C 180 2 0
m | +2R + R + 1+2R + %e }
H yCOZtotyCOZ COZaqE COZuq C02a4:| CO2aq|: COZaq CO204:|
K = ,and (90)

COZtot 13 8

18 18 2 1 2
0 O [ C
+ + + + +
yCOzPCOZg@ 2RC02g %COZQ C02g|:1 2RCOZg %QCOZQ]

FUNDAMENTAL INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS 23



+ R + R
COth 3

2
E}l + RCOZéDEl * RCOZE

Using the definition of the fractionation factor gives

Yco2

13 13 18 18 2
C o o
+ +
H — yCOZtot H % |:G Cozaq B Cozg}RCOZQ% |:a Cozaq B COZg:|RC028D
= K : 92)
COth yCO COZ DZ
2
% +Rcozé E}l + RCO%D
and thus solving for the fundamental constant K goz gives
H DVco2 0 g+ RCO gDEl +Rcozgm
K =K . (93)
Co, COZ;orD/ 13 18 18 2
COZwDEIll R Elll 0 RO 0O
COZa ,—COy, Co2 0 Yco,,,~co,, |"co, O

13C ]3C 180 180
If the parameters P , m , R , R , R and R are all measured precisely in
P COZg, tot COZaq tot COZg COZaq COZg COZaq p y

the same experiment, or extrapolated precisely to infinite dilution, then all of the parameters defined in equations

91 - 93 can be calculated exactly, provided the ratio of activity coefficients is known. K 2102 could then be

calculated from the standard thermochemical value of K Igosz . However, experimental isotope studies determine
the ratios R, q and R g (and thus 0) precisely, with less emphasis on absolute solubilities, whereas the experimental
solubility studies, from which the standard thermochemical properties of substances are calculated, measure

K Igohm precisely, but generally do not take account of the fact that the substances are mixtures of isotopes. In

many cases the problem, as Urey pointed out, is that effects related to the minor isotopes are too small to be

measured. Regardless, isotope studies leading to an evaluation of d are usually not the same studies that define the

H
values of K .
C02tot

COMPARISON OF METHODS

Isotope calculations have been combined with geochemical reaction-path modeling in earlier studies. Cheng
and Long (1984) used the equations of Deines and others (1974) and Wigley and others (1978) in a subroutine to
the reaction-path modeling program PHREEQE (Parkhurst and others, 1980). Bowers and Taylor (1985) applied

equations for conservation of isotopic mass after each reaction increment in the geochemical reaction-path
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modeling program EQ3/6 (Wolery, 1978; 1979; 1983) to compute the D and 3580 of fluid and mineral phases as a

function of reaction progress. Similar equations were applied by Janecky and Shanks (1988) to sulfur isotopes, using

EQ3/6, and by Bowers (1989) to 130, D, and 34S, also using EQ3/6. Bohlke and Shanks (1994) expanded the
equations of Bowers and Taylor (1985) to include calculation of isotope effects in aqueous species and gases. The
equations were applied as a postprocessor to the reaction-modeling program CHILLER (Reed, 1982; Spycher and
Reed, 1989). Lee (1993), Lee and Bethke (1996), and Bethke (1996) also extend the isotope-balance equations to
include aqueous species and gases, using a postprocessor to the program React (Bethke, 1996). Plummer and others
(1991, 1994) use the equations of Wigley and others (1978) in the program NETPATH to solve Rayleigh calculations
for reaction mole-transfers determined by inverse modeling.

The term “postprocessor” is used in the following discussion to refer to any method, as in the above references,
that performs the chemical and isotopic calculations separately. This definition is used whether the isotope
calculations are applied after each individual step in a reaction-modeling calculation, after completion of an entire
reaction-modeling calculation, or after reactions are determined by inverse modeling.

The method presented in this report differs fundamentally from that of the postprocessor calculations,

although in practice both methods will yield isotopic speciation calculations that are indistinguishable in many

natural systems. Calculation of the species distribution between CO, g and CO,, g can again be used for

. . 13 . . . . .
illustration. For "~ C, for example, at the completion of a species-distribution calculation, the postprocessor method

13
uses the speciation-calculated values of CO, g tot and CO, g, tot? the fractionation factor a 0,5,y ~CO, and an

. . . 13 . 13 13
isotope balance equation using & ~C ystem, tot (or more rigorously moles of ~C ystem, to ;) to calculate & “C 2. tot

13 13 13 13

13 C C C C .
and 6 C ag, tot” and thus RC02g and R Oy, Once R CO,, and RCOZaq are known, simple mass-balance

equations (94) allow calculation of CO,,, CO, . "CO,,.and °CO,,,:

13 13
_ C O 13 o C O
COyj 1or = €Oy +Reo,q and "CO2; = Cozﬂ%ozp-

The thermodynamic model based on individual isotope equilibrium constants calculates values of

94)

/ag , which are derived from from the relation

H
K =a /a and K =a
co, = 4co,,/4co,, Bco, ! 26

3
CO,,y

H H T . ey . .
a C0,,,~CO,, =K 13COZ/ K co,> and uses the two individual isotope equilibrium constants in the species-

. . . . . 13 13
distribution calculation to obtain concentrations of CO, g CO,, 7 co, g’ and "CO, aq
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Both methods can be expanded to include mixed isotope species by using equations 2 - 28. This report then
uses equations 29 - 57 to calculate the individual isotope equilibrium constants that permit the complete species-
distribution calculation.

The postprocessor calculation would again use the speciation-calculated values of CO, , g, tot and

13
. . . . . 13
co, g tot? the fractionation factor O O,y ~ €Oy, and an isotope-balance equation using & "C ystem, tot (or more

13 13

rigorously, moles of 13C and thus RCSZ and RCO2 LA
4 aq

13 13
System’mt),tocalculateé Cg,tot and 8 °C

agq, tot”’

mass-balance equation can then be written for each phase:

n =n +n +n +n +n +n . 95
COy; tor CO,,; C0180j C1802j 13C02j 13C0180i 13C1802j (95)

13
The values of 513CC02J are known, thus defining R ngj . Using equation 28 allows equation 95 to be written

13
_ D% c O
n = %1 +n +n +R . 96
COsq, tor €0y "co'o, "c"o,H CO,[] 06)

18
The values of 6180C02j are known, thus defining R ng; . Using equation 26 allows equation 96 to be written as

180

18 13 18 2 13
_ o ZD cQg_ 00 CO
"COy ;o nCOszlll + 2Rcozj.* [Rcozj] D% +Rc02)j = "COszlll +RC02_D E}l +RC02_}]’ 97
which allows calculation of nco, - Equations 26 and 28 then allow calculation of the remaining CO, isotopic
J

species.
There are fundamental differences in the calculation sequences of the two methods. In the postprocessor

method the distribution of CO, between phases that precedes the isotopic speciation is based on the single Henry’s

Law constant for CO, , ., which is very slightly different from the individual Henry’s Law constants (equation

93). Using the individual isotope method, the calculated distribution is species-specific, but assumptions have been

made in obtaining the individual Henry’s Law constant from existing thermochemical data. Either K - 0, 1

H . . H . . .
assumed to equal K co, ,,»°r equation 93 is used to calculate K - 0,° which requires assumptions about the
, tot

isotope ratios of the CO, used in the experiments. If the standard thermochemical data were determined on

substances of known isotopic composition, there would be no assumptions needed for the individual isotope

equilibrium constant method. The numerical difference between the two methods would appear to be unimportant
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for speciation in any single iteration; whether this is so in extended reaction/transport calculations remains to be
determined.

The most obvious difference between the two methods is operational. To initiate isotope calculations, or to
add new isotopic species, the postprocessor method requires that relatively simple computer programming be added
to the reaction modeling code. The individual isotope method requires that new data—definition of elements,
species, and equilibrium constants—be added to the existing database, and that solid solutions can be treated
adequately. Both methods require appropriate input/output coding for isotopic information. Kinetic fractionation
factors can be used in both methods. The method presented here will calculate equilibrium constants corresponding
to the values of the entered kinetic fractionation factors.

The advantage of the extra algebra for the individual isotope method in this report is that reaction and isotope
calculations are performed simultaneously. In addition, the set of individual isotope equilibrium constants should
prove useful in studies of reaction mechanisms, kinetics, and transport. An early version of this method was used to
investigate gas-transport effects on isotopes in the unsaturated zone (Parkhurst and others, 2001). For isotopic phase
equilibria studies that require a knowledge of the degree of saturation of each component, for example, the degree
to which stoichiometric saturation is involved in isotope solutions, the individual isotope equilibrium constants

appear to be a necessity.

EXAMPLE CALCULATION USING PHREEQC

Descriptions of five new PHREEQC keyword data blocks for isotopic data input and the necessary modifications
to existing keyword data blocks are found in Appendix 2. The example consists of constructing a solution of
specified isotopic composition that is supersaturated with respect to calcite and allowing this solution to degas into
an evacuated volume with attendant precipitation of calcite. The system attains complete isotopic equilibrium. The
input data consist of the reactions and corresponding equilibrium constants of table 2 and the temperature

coefficients of the fractionation factors in table 3. Internal consistency of the calculations is checked by comparing

3 . T .
the values of 10” Ina computed from the calculated species distribution and those input to the program at the
temperature of the calculations.
Input file: exanple

Qutput file: exanple.out
Dat abase file: iso.dat

SOLUTI ON_MASTER SPEC! ES
| SOTOPES
| SOTOPE_RATI CS
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| SOTOPE_ALPHAS
NAVED EXPRESSI ONS
NAVED_EXPRESSI ONS
SOLUTI ON_SPECI ES
SOLUTI ON_SPECI ES
SOLUTI ON_SPECI ES
PHASES

SOLUTI ON_SPECI ES
CALCULATE_VALUES
END

SOLUTION 1
pH 8.2
Na 1 char ge
Ca 1 Calcite .1
C 2
[13C 0 # perm |
[14Q 100 # pnt
T 10 # TU
D 0 # perm |
[180 0 # perm |
END

Begi nning of initial solution calcu

Initial solution 1.

| sot ope Mol ality

H 1.10997e+02 1.

D 1. 72889e- 02 1

T 5. 55062e- 16 5.

C 1.97789e-03 1

[13C 2.21132e-05 2

[ 14C 2.35178e-15 2.

o 5.54011e+01 5.

[180 1.11090e-01 1.
----------------------------- Sol ut i
El enent s Mol ality
C 2.000e-03
Ca 3.909e- 04
Na 1.218e-03

Activity of

28 Calculation of Individual Isotope Equilibrium

| ations.

Mol es

10997e+02

. 72889e-02

55062e- 16

.97789%e-03
.21132e-05

35178e- 15

54011e+01
11090e-01

Mol es

2.000e-03

Rati o Units
0. 00000e+00 permni |
1. 00000e+01 TU
0. 00000e+00 perm |
1. 00000e+02 pnt
0. 00000e+00 permil

ion conNpPOSitioN---------mmmm

3.909e-04 Equilibriumwith Calcite
1.218e-03 Charge bal ance

pH

pe
wat er

Constants

8. 200
4.000
1. 000



lonic strength = 2.370e-03
Mass of water (kg) = 1. 000e+00
Total alkalinity (eq/kg) = 2.000e-03
Total C2 (mol/kg) =  2.000e-03
Tenperature (deg € = 25.000
El ectrical balance (eq) = 1.897e-12
Percent error, 100*(Cat-|An|)/(Cat+| An|) = 0. 00
Iterations = 8
Total H = 1.109971e+02
Total O = 5.540110e+01

Speci es Mol ality Ac
o+ 1.675e-06 1.5
H30O+ 6. 632e-09 6.3
H20 5.551e+01 9.9
C(4) 2. 000e-03
HCGOB- 1.941e-03 1.8
(e02 2. 609e- 05 2.6
Cas- 2 1. 695e-05 1.3
CaHCO3+ 7. 540e- 06 7.1
CaCx3 7.001e- 06 7.0
NaHCC3 1.193e-06 1.1
NaCCB- 3. 099e- 07 2.9
Ca 3. 909e-04
Ca+2 3. 764e-04 3.0
CaHCO3+ 7.540e- 06 7.1
CaC3 7.001e- 06 7.0
CaOH+ 8. 470e- 23 8.0
H( 0) 5. 634e- 28
H2 2.817e-28 2.8
Na 1.218e-03
Na+ 1.216e-03 1.1
NaHCC3 1.193e-06 1.1
NaCCB- 3. 099e- 07 2.9
NaCOH 1. 208e- 23 1.2
a0) 1. 049e- 37
o2 5. 243e- 38 5.2
------------------------------ Saturation
Phase SI log AP |
Calcite 0.10 8. 30
Cc2(g) -3.12 -4.58
H2Q( g) -1.51 -0.00

USE solution 1

Log
tivity Mlality
86e- 06 -5.776
10e- 09 -8.178
99e-01 -0. 000
40e- 03 -2.712
1le- 05 -4.583
68e- 05 -4, 771
54e- 06 -5.123
05e- 06 -5.155
93e- 06 -5.924
37e-07 -6.509
49e- 04 -3.424
54e- 06 -5.123
05e- 06 -5.155
28e-23 -22.072
19e- 28 -27.550
53e-03 -2.915
93e- 06 -5.924
37e-07 -6.509
09e- 23 -22.918
46e- 38 - 37. 280
indices----------
og KT

8.20 CaC®3
-1.47 CX
1.51 H20

Log Log
Activity Gama
-5.800 -0.023
-8.200 -0. 022
-0.000 0. 000
-2.735 -0.023
-4.583 0. 000
-4.864 -0.093
-5.145 -0.023
-5.155 0. 000
-5.923 0. 000
-6.532 -0.023
-3.516 -0.091
-5.145 -0.023
-5.155 0. 000
-22.095 -0.023
-27.550 0. 000
-2.938 -0.023
-5.923 0. 000
-6.532 -0.023
-22.918 0. 000
-37.280 0. 000
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GAS_PHASE
fixed_vol une 1

H2(X( 9) 0
HDQ( 9) 0
B2Q( 9) 0
H2[ 180 (9) 0
HD[ 180 (9) 0
b2[ 189 (9) 0
HTQ( 9) 0
HT[ 184 (9) 0
DT 9) 0
Ca2(g) 0
cq 180 (9) 0
180 2(9) 0
[13C C2(9) 0
[13CJ 180 (g) O
[13C[1802(g) O
[14C) 2(9) 0
[14CQ g 180 (g) O
[14C][18F 2(g) O
SOLI D_SOLUTI ON
Calcite
conponent Calcite 0
conponent CaC2[ 18Q 0
component CaC(q 180 2 0
conponent CaC[ 180/ 3 0
conponent Ca[ 13C] &3 0
conponent Ca[ 13C] O2[ 184 0
conponent Ca[ 13C] g 180 2 0
conmponent Ca[ 13C] [18Q 3 0
conponent Ca[ 14C] @3 0
conponent Ca[ 14C] 2] 18Q 0
conponent Ca[ 14C] g 180 2 0
conponent Ca[ 14C) [ 180/ 3 0
END

Reaction step 1.

Usi ng solution 1.
Using solid solution assenbl age 1.

Usi ng gas phase

Total pressure:
Gas vol une:

Conponent

[13C] [180 2(9)
[13C C2(9)
[13C q 180 (9)
[14C] [ 180 2(9)
[14C C2(9)

1.

0. 0317

at nospheres

1.00e+00 liters

Mol es in gas

log P P
-10.41  3.907e-11
-5.05 8.966e-06
-7.43  3.743e-08
-20.38 4.123e-21
-15.02 9. 464e-16

[eNeoNoNeoNe]l
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Initial

. 000e+00
. 000e+00
. 000e+00
. 000e+00
. 000e+00

Fi nal
1.597e-12
3. 665e-07
1. 530e-09
1. 685e-22
3.868e-17

Delta
1.597e-12
3. 665e- 07
1. 530e-09
1. 685e-22
3. 868e-17



[14C g 180 (9) -17.40 3.951e-18  0.000e+00 1.615e-19 1.615e-19
189 2(g) -8.45 3.521e-09 0.000e+00 1. 439e-10 1.439e-10
C2(g) -3.09 8.081le-04 0.000e+00 3.303e-05 3.303e-05
CJg 18Q (9) -5.47  3.374e-06  0.000e+00 1.379e-07 1.379e-07
D2[ 180 (g) -11. 89 1.276e-12 0.000e+00 5.214e-14 5.214e-14
D2Q( g) -9.19 6.421e-10 0.000e+00 2.625e-11  2.625e-11
DT g) -22.42  3.820e-23 0.000e+00 1.561e-24 1.56le-24
H2[ 180 (g) -4.21  6.125e-05 0.000e+00 2.504e-06 2.504e-06
H2Q( g) -1.51 3.083e-02 0.000e+00 1. 260e- 03 1. 260e- 03
HD[ 180 (g) -7.75 1.768e-08 0.000e+00 7.226e-10 7.226e-10
HDO( g) -5.05 8.899e-06 0.000e+00 3.637e-07 3.637e-07
HT[ 180 (g) -21.28 5.259e-22 0.000e+00 2.149e-23 2.149e-23
HTO( g) -18.58 2.647e-19  0.000e+00 1. 082e-20 1.082e-20
-------------------------------- Solid solutions---------mmommmm
Solid solution Conponent Mol es Delta nol es Mol e fract
Calcite 3. 92e-05
Calcite 3. 85e-05 3. 85e-05 9. 83e-01
CaC2[ 180 2.38e-07 2. 38e-07 6. 08e-03
CaCq 180 2 4.91e-10 4.91e-10 1. 25e-05
CaC] 180 3 3.37e-13 3.37e-13 8. 61le-09
Ca[ 13C] @B 4. 32e-07 4. 32e-07 1.10e-02
Ca[ 13C] O2[ 18Q 2.67e-09 2.67e-09 6. 81le- 05
Ca[ 13C] d 18Q 2 5. 50e-12 5. 50e-12 1. 40e- 07
Ca[ 13C] [18Q 3 3. 78e-15 3. 78e-15 9. 65e-11
Ca[ 14C] @8 4.60e-17 4.60e-17 1.17e-12
Cal 14C] @[ 189 2. 84e-19 2.84e-19 7. 26e-15
Ca[ 14C] g 18Q 2 5. 86e- 22 5. 86e- 22 1. 50e- 17
Ca[ 14C] [ 1801 3 4.03e-25 3.03e-25 1.03e-20
-------------------------------- Isotope RatiOS----------------------------- -
| sot ope Ratio Rati o Input Units
R(13C) Calcite 1. 12049e- 02 2.2079 perml
R(180 Calcite 2.06136e-03 28.009 perml
R(13C) CX2(g) 1. 10956e- 02 -7.5676 perml
R(180 C2(g) 2.08734e-03 40.964 perm |
R(13C) CX2(aq) 1.10863e-02 -8.4 perml
R(180) CO2(aq) 2.08958e- 03 42.08 perml
R(13C) HCB- 1.11827e-02 0.22679 perml
R(D) HCO3- 1. 55760e- 04 0.0016832 permil
R(180 HCCB- 2. 08956e- 03 42.072 perm |
R(13C) C®X-2 1.11667e- 02 -1.2086 perml
R(180 COX-2 2.08958e- 03 42.08 perml
R(180 H2Q(1) 2.00519e-03 -0.0042574 perm |
R(D) H2QO(I) 1. 55760e- 04 0.0016832 permil
R(D) OH 3. 70889e- 05 -761.88 perml
R(180 OH 1. 93085e- 03 -37.076 perml
R(D) H3O+ 1. 62250e- 04 41.666 perml
R(180 H30O+ 2. 05156e- 03 23.119 perml
R(180 H2Q(g) 1. 98657e- 03 -9.2908 perml
R(D) H2Q(g) 1. 44310e- 04 -73.512 perml
R( D) 1. 55760e- 04 0.0016729 perm |
R(T) 1. 00232e- 17 10. 023 TU
R(180 2.00520e- 03 0. 00010261 perm |
R(130) 1.11812e-02 0. 0868 perml
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R(14C)

1.17609e-12

| sotope Ratio Sol uti on al pha
Al pha 180 CQ2(aq)/ C2(Qg) 1.0011
Al pha 13C CO2(aq)/ CO2(g) 0. 99916
Al pha 180 CQ2(aq)/ H2O(I) 1.0421
Al pha D H2O(1)/ H2O( g) 1.0793
Al pha 180 H2O( 1)/ H2O( g) 1.0094
Al pha 180 H3O+ H2Q(1) 1.0231
Al pha D H30+ H2((I) 1.0417
Al pha 180 OH/ H2((1) 0. 96293
Al pha D OH/ H2O(1) 0. 23812
Al pha 13C CG3- 2/ CO2( aq) 1. 0073
Al pha 180 C3- 2/ CO2( aq) 1 -1
Al pha 13C HCGO3-/ C2(aq) 1.0087
Al pha 180 HCG3-/ CO2( aq) 0. 99999 -0
Al pha D HCG3-/H2O( 1) 1 1
Al pha 13C CO2(aq)/Calcite 0.98942
Al pha 180 CO2(aq)/Calcite 1.0137
----------------------------- Sol ution conposition--------
El enent s Mol ality Mol es
[13C 2.136e-05 2.131e-05
[14C 2.272e-15  2.267e-15
[18Q 1.113e-01 1.111le-01
C 1.910e-03 1.906e-03
Ca 3.526e-04 3.517e-04
D 1.733e-02 1.729e-02
Na 1.221e-03 1.218e-03
T 5.563e-16 5.551e-16
---------------------------- Description of solution------
pH = 8.157
pe = -2.768
Activity of water = 0.998
lonic strength = 2.262e-03
Mass of water (kg) = 9.977e-01
Total alkalinity (eq/kg) = 1. 926e-03
Total C®2 (nol/kg) = 1.910e-03
Tenmperature (deg C) = 25.000
El ectrical balance (eq) = 1.897e-12
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0. 00
Iterations = 30
Total H = 1.109946e+02
Total O = 5.539966e+01

Speci es Mol ality
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Log

Activity Molality

100. 02 pnc

Sol ution 25.0 C
1.0715 1.0715
-0.83913 -0.83913
41. 223 41. 223
76. 356 76. 356
9. 33 9. 33
22.86 22.86
40. 82 40. 82
-37.777 -37.777
- 1435 - 1435
7.2261 7.2261
5732e-09 0
8.6622 8. 6622

. 0076108 0
2044e-09 0
-10. 641 -10. 641
13.594 13. 594

Char ge bal ance
Adj usted to redox equilibrium

Log
Activity



O+ 1.509e-06 1.431e-06  -5.821  -5.844  -0.023
H3O+ 7.313e-09 6.964e-09  -8.136  -8.157  -0.021
H2O 5.551e+01 9.978e-01  -0.001  -0.001 0. 000

c( 4) 1. 910e- 03
HCOB- 1.843e-03 1.749e-03  -2.734  -2.757  -0.023
o 2.750e-05 2.75le-05  -4.561  -4.560 0. 000
CCB- 2 1.450e-05 1.175e-05  -4.839  -4.930  -0.091
HCoR[ 187 - 1.146e-05 1.087e-05  -4.941  -4.964  -0.023
CaHCOB+ 6.504e-06 6.178e-06  -5.187  -5.209  -0.022
CaCo8 5.466e-06 5.469e-06  -5.262  -5.262 0. 000
NaHCO8 1.138e-06 1.138e-06  -5.944  -5.944 0. 000
DCOB- 2.871e-07 2.724e-07  -6.542  -6.565  -0.023
NaCOB- 2.670e-07 2.533e-07  -6.574  -6.596  -0.023
cJ 180 1.149e-07 1.150e-07  -6.940  -6.939 0. 000
o[ 180 - 2 9.087e-08 7.368e-08  -7.042  -7.133  -0.091
HCO 180 2- 7.123e-08 6.759e-08  -7.147  -7.170  -0.023
CaHCOR[ 180 + 4.044e-08 3.841e-08  -7.393  -7.416  -0.022
cacoe[ 180 3.426e-08 3.428e-08  -7.465  -7.465 0. 000
NaHCO2[ 180 7.073e-09 7.076e-09  -8.150  -8.150 0. 000
DCo2[ 187 - 1.785e-09 1.693e-09  -8.748  -8.771  -0.023
NaCC2[ 187 - 1.673e-09 1.588e-09  -8.776  -8.799  -0.023
CaDCOB+ 1.013e-09 9.623e-10  -8.994  -9.017  -0.022
HC[ 180 3- 4.428e-10  4.202e-10  -9.354  -9.377  -0.023
CaHCd 180 2+ 2.514e-10 2.388e-10  -9.600  -9.622  -0.022
cJ 180 2- 2 1.899e-10 1.540e-10  -9.722  -9.813  -0.091
NaDCC8 1.772e-10 1.773e-10  -9.752  -9.751 0. 000
d 189 2 1.20le-10  1.20le-10  -9.921  -9.920 0. 000
cacd 180 2 7.160e-11  7.164e-11 -10.145 -10.145 0. 000
NaHCO 180 2 4.397e-11  4.399e-11  -10.357  -10.357 0. 000
DCO[ 180 2- 1.109e-11  1.053e-11 -10.955 -10.978  -0.023
cabCoe[ 180 + 6.298e-12 5.982e-12 -11.201 -11.223  -0.022
NaCO 180 2- 3.497e-12  3.318e-12 -11.456 -11.479  -0.023
CaHC[ 180 3+ 1.563e-12 1.484e-12 -11.806 -11.828  -0.022
NaDCO2[ 180 1.102e-12  1.102e-12 -11.958 -11.958 0. 000
NaHC[ 180 3 2.733e-13  2.735e-13 -12.563 -12.563 0. 000
d 180 3- 2 1.323e-13  1.072e-13 -12.879 -12.970  -0.091
Dq 187 3- 6.897e-14  6.544e-14 -13.161 -13.184  -0.023
cad 180 3 4.987e-14  4.990e-14 -13.302 -13.302 0. 000
caDCq] 18Q) 2+ 3.915e-14  3.719e-14 -13.407 -13.430  -0.022
NaDCQO[ 180 2 6.849e-15 6.852e-15 -14.164 -14.164 0. 000
NaC[ 180 3- 2.436e-15 2.311e-15 -14.613 -14.636  -0.023
caDC 180 3+ 2.434e-16 2.312e-16 -15.614 -15.636  -0.022
NaDC[ 180 3 4.258e-17  4.260e-17 -16.371 -16.371 0. 000
TCOs- 9.216e-21 8.745e-21 -20.035 -20.058  -0.023
TCo?[ 180 - 5.729e-23  5.437e-23  -22.242 -22.265  -0.023
CaTCOB+ 3.253e-23  3.090e-23 -22.488 -22.510  -0.022
NaTCO8 5.689e-24 5.692e-24 -23.245 -23.245 0. 000
caTCOR[ 180 + 2.022e-25 1.921e-25 -24.694 -24.717  -0.022
NaTCO2[ 180} 3.537e-26  3.539e-26 -25.451 -25.451 0. 000

Ca 3. 526e- 04
Ca+2 3.404e-04 2.770e-04  -3.468  -3.558  -0.089
CaHCOB+ 6.504e-06 6.178e-06  -5.187  -5.209  -0.022
CaCcB 5.466e-06 5.469e-06  -5.262  -5.262 0. 000
CaH[ 13C] 03+ 7.274e-08 6.909e-08  -7.138  -7.161  -0.022
Ca[ 13C] 08 6.104e-08 6.107e-08  -7.214  -7.214 0. 000
CaHCOR[ 180 + 4.044e-08 3.841e-08  -7.393  -7.416  -0.022
cacoe[ 180 3.426e-08 3.428e-08  -7.465  -7.465 0. 000
CaDCOB+ 1.013e-09 9.623e-10  -8.994  -9.017  -0.022
CaH 13C] 2[ 180/ + 4.522e-10  4.295e-10  -9.345  -9.367  -0.022
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Ca[ 13C] O2[ 180
CaHCJ 18Q 2+
CaCg 18Q 2

CaD[ 13C] O3+
CaDCC2[ 18Q +
CaH 13C] g 18Q 2+
CaHC[ 180 3+
Ca[13C1 d 180 2
CaD[ 13C] 2[ 180 +
CaC[ 180 3

CaDC(J 18Q 2+
CaH[ 13C] [ 18Q 3+
Ca[ 13C][18Q0 3
CaD[ 13C] 0 180 2+
CaD(] 180 3+

CaH[ 14C] O3+

Ca[ 14C] 8

CaD[ 13C] [ 180 3+
CaH[ 14C] 2[ 180 +
Ca[ 14C] O2[ 180
CaD 14C] 3+

CaH[ 14C] 180 2+
Ca[ 14C1 J 180 2
CaOH+

CaTCCB+

CaD[ 14C] @[ 180 +
CaH[ 14C] [ 180 3+
CaT[ 13C] O3+
CaTC2[ 180 +

Ca[ 180 H+

Ca[ 14C][18Q 3
CaD[ 14C]  18Q 2+
CaOD+

CaDf 14C] [ 18Q 3+
Ca[ 180 D+

CaOT+

Ca[ 180 T+

1. 733e-02

HDO
HD{ 180

D20

DCCB-

D[ 13C] 8-

D2[ 180

DCO2[ 187 -
CaDOCB+

NaDCOB

o

Df 13¢] O2[ 18C -
caD[ 13C] CB+
DO 187 2-
caDCCR[ 180 +
H2DO+

NaD[ 13C] O3
NaDCCR[ 180)

D{ 13¢] O 187 2-
[ 180 D-

caD[ 13C] @2[ 180 +
DC] 187 3-

3. 826e-10
2.514e-10
7.160e-11
1.133e-11
6.298e-12
2.811e-12
1.563e-12
7.995e-13
7.043e-14
4.987e-14
3.915e-14
1. 748e- 14
5. 569e- 16
4.379%e-16
2.434e-16
7.737e-18
6. 484e-18
2.722e-18
4. 810e- 20
4. 064e- 20
1. 205e-21
2.990e- 22
8. 493e- 23
6. 932e- 23
3. 253e-23
7.492e-24
1. 859e-24
3.637e-25
2.022e-25
1.339e-25
5. 915e- 26
4.658e- 26
.571e-27
. 896e- 28
. 965e-30
. 000e+00
. 000e+00

OO A~ADNMDN

. 729e-02
.467e- 05
. 347e- 06
. 871le-07
. 210e- 09
. 700e- 09
. 785e- 09
. 013e-09
. 772e-10
. 596e-11
. 996e-11
.133e-11
.109e-11
.298e-12
. 560e-12
. 982e-12
.102e-12
. 241e-13
. 080e-13
7.043e-14
6. 897e-14

PR RPRPWOWORRRPRORRPREPNONRE®WR

3. 828e-10
2.388e-10
7.164e-11
1.076e-11
5.982e-12
2.670e-12
1. 484e-12
7.999e-13
6. 690e- 14
4.990e- 14
3.719%e-14
1. 660e- 14
5.572e-16
4.159%e- 16
2.312e-16
7.349e-18
6.487e-18
2.585e-18
4. 569e- 20
4. 066e- 20
1. 145e-21
2. 840e-22
8.497e-23
6. 578e-23
3. 090e- 23
7.117e-24
1. 766e- 24
3. 455e-25
1.921e-25
1. 270e-25
5.918e- 26
4. 424e- 26
. 440e- 27
. 750e- 28
. 711e-30
. 000e+00
. 000e+00

OO A~ADNMDN

. 108e- 04
. 233e-07
.421e-08
. 724e-07
. 046e-09
. 854e-11
. 693e-09
.623e-10
. 773e-10
. 308e-11
. 894e-11
.076e-11
.053e-11
. 982e-12
. 390e-12
. 983e-12
.102e-12
.177e-13
. 025e-13
6. 690e- 14
6. 544e-14

PRPRRPRPWORRPRPUORPRORAMONNO®W
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-9.
-9.
-10.
-10.
-11.
-11.551
-11.
-12.
-13. 152
-13.
-13.
-13.
-15.
-15. 359
-15.
-17.
-17.
-17.
-19. 318
-19.
- 20.
-21.524
-22.
-22.
-22.
-23.125
- 23.
-24.
-24.
- 24,
- 25.
-25.332
- 26.
- 27.
-29.
- 40.
-43.

-1.
-4.
-5.
- 6.
- 8.
- 8.
- 8.
- 8.
-9.
-10.
-10.
-10.
-10.
-11.
-11.
-11.
-11.
-12.
-12.
-13. 152
-13.

417
600
145
946
201

806
097

302
407
758
254

614
111
188
565

391
919

071
159
488

731
439
694
873
228

590
538
304
707
421

762
460
871
542
493
569
748
994
752
252
700
946
955
201
449
703
958
906
966

161

-9.
-9.
-10.
-10.
-11.
-11.573
-11.
-12.
-13.175
-13.
-13.
-13.
-15.
-15.381
-15.
-17.
-17.
-17.
-19. 340
-19.
- 20.
-21. 547
-22.
-22.
-22.
-23.148
-23.
-24.
-24.
- 24,
- 25.
-25. 354
- 26.
- 27.
-29.
- 40.
-43.

- 3.
- 6.
-7.
- 6.
- 8.
-10.
- 8.
-9.
-9.
-10.
-10.
-10.
-10.
-11.
-11.
-11.
-11.
-12.
-12.
-13.175
-13.

417
622
145
968
223

828
097

302
430
780
254

636
134
188
587

391
941

071
182
510

753
462
717
896
228

613
561
327
729
444

507
205
616
565
516
314
771
017
751
275
723
968
978
223
470
703
958
929
989

184

0.
-0.
0.
-0.
-0.

000
022
000
022
022

-0.022

- 0.
0.

022
000

-0.022

0.
-0.
-0.

0.

000
022
022
000

-0.022

- 0.
- 0.

0.
- 0.

022
022
000
022

-0.022

0.
-0.

000
022

-0.022

0.
-0.
-0.

000
023
022

-0.022

- 0.
- 0.
- 0.
- 0.
0.

022
022
022
023
000

-0.022

-0.
-0.
-0.
-0.
- 0.

-1.
-1.
-1.
- 0.
- 0.
-1.
- 0.
- 0.
0.
- 0.
- 0.
- 0.
- 0.
- 0.
- 0.
0.
0.
- 0.
- 0.

023
022
023
023
023

745
745
745
023
023
745
023
022
000
023
023
022
023
022
021
000
000
023
023

-0.022

- 0.

023



H(0)

caDCd 180 2+
NaD[ 13C] C2[ 180
H2D[ 180) +

NaDCQ[ 18] 2

Df 13 [ 180 3-
HD20+

caD{ 13C] g 180 2+
caDC] 180 3+

NaD[ 13C] [ 180 2
NaDC[ 18C) 3

caD[ 13C] [ 180 3+
HD2[ 180 +

NaD[ 13C] [ 180 3
D[ 14C 03-

DTO

D3O+

D[ 14C] O2[ 180 -
caD{ 14C] 08+

NaD[ 14C| O3

D3[ 18] +

DOf 14C O 187 2-
caD[ 14C] 2[ 18Q) +

O ~NONPFE W

P ONPEFEFNWOWPRARREPNEANDN

caD[ 14C) d 180 2+
NaD[ 14C] O 18] 2
CaOD+
NaOD
caD[ 14C] [ 180 3+
NaD[ 14C] [ 180 3
HDTO+
Ca[ 180 D+
Na[ 180 D

2.373e- 14

NN OUNDMNO®

H2 1.

1. 221e- 03
Na+

NaHCCB

NaCCB-

NaH[ 13C] O3
NaHCO2[ 180

Na[ 13C] CB-
NaCCR[ 180 -
NaDCCB

NaH[ 13C] C2[ 180
NaHCQ[ 18] 2

Na[ 13C] C2[ 18] -
NaCd 180 2-

NaD[ 13C] O3
NaDCO2[ 180

NaH[ 13C] O 18] 2
NaHJ 180 3

Na[ 13C] J 180 2-
NaD[ 13C] C2[ 180
NaDCQ[ 18] 2
NaH[ 13C] [ 180 3
NaC] 180 3-

NaD[ 13C] O 18] 2
NaDC[ 180 3

BNNWORWNAMRPRRWORAMNRPRPNNRNREPR

.915e-14
. 232e-14
. 303e-15
. 849e-15
. 712e-16
. 776e-16
4. 379%e-16
.434e-16
. 659e- 17
. 258e-17
. 722e-18
.185e-18
. 761e-19
.415e-19
. 647e-20
. 124e-20
.123e-21
. 205e-21
. 108e- 22
. 408e- 23
. 320e- 23
7.492e-24
NaD[ 14C] C2[ 180 1.
O 14C] [ 18Q 3- 8.
4. 658e- 26
. 147e- 27
.571e-27
. 057e- 28
. 896e- 28
. 065e- 29
. 658e- 30
. 965e- 30
. 833e-31

31lle-24
204e- 26

186e- 14

. 219e- 03
. 138e- 06
. 670e- 07
. 272e-08
.073e-09
. 981e-09
.673e-09
. 772e-10
. 909%e-11
.397e-11
. 869e-11
.497e-12
. 982e-12
.102e-12
.917e-13
. 733e-13
. 905e-14
.232e-14
. 849e-15
. 057e-15
. 436e- 15
. 659e-17
. 258e-17

O~NOO O PF W

P ONEFEFNNPRPWOWORARPNEANDN

NN OUNBMNO®

[EnY

BNNWORWNAMRPRRWORAMNRPRPNNRNREPR

. 719e-14
. 233e-14
. 954e- 15
. 852e-15
. 318e-16
. 500e- 16
4. 159e-16
. 312e-16
. 663e-17
. 260e- 17
. 585e- 18
. 128e- 18
. 764e-19
. 240e- 19
. 554e-21
. 975e- 20
. 014e-21
. 145e-21
. 109e- 22
. 102e- 23
. 252e- 23
7.117e-24
1
7.
4. 424e- 26
. 151e- 27
. 440e- 27
. 059e- 28
. 750e- 28
. 067e-29
. 197e-30
. 711e- 30
.837e-31

31lle-24
785e- 26

.187e-14

. 157e-03
. 138e-06
. 533e-07
.273e-08
. 076e-09
. 829e- 09
. 588e- 09
. 773e-10
.913e-11
. 399%e-11
. 773e-11
. 318e-12
. 983e-12
. 102e-12
. 920e- 13
. 735e-13
. 705e-14
. 233e-14
. 852e-15
. 058e- 15
.311le-15
. 663e-17
. 260e- 17

-13. 407 -13. 430
-13. 909 -13. 909
-14.137 -14. 158
-14. 164 -14. 164
-15. 113 -15. 136
-15. 238 -15. 260
-15. 359 -15. 381
-15.614 -15. 636
-16. 116 -16. 116
-16. 371 -16. 371
-17. 565 -17. 587
-17.926 -17.948
-18. 322 -18. 322
-18. 467 -18. 489
-19. 063 -20. 808
-19. 505 -19. 527
-20.673 -20. 696
-20.919 -20.941
-21.676 -21.676
-22.193 -22.214
-22.880 -22.902
-23.125 -23.148
-23. 883 -23.882
- 25. 086 -25.109
-25.332 -25. 354
-26. 089 -26. 089
-26.590 -26.613
-27.392 -27.392
-27.538 -27.561
-28. 295 -28. 295
-29.015 -29. 036
-29. 304 -29. 327
- 30. 106 - 30. 106
-13. 926 -13. 926
-2.914 -2.936
-5.944 -5.944
-6.574 -6. 596
-7.895 -7.895
-8.150 -8.150
-8.526 -8.548
-8.776 -8.799
-9.752 -9.751
-10. 102 -10. 102
-10. 357 -10. 357
-10.728 -10. 751
-11. 456 -11. 479
-11.703 -11.703
-11. 958 -11. 958
-12.308 -12.308
-12. 563 -12.563
-13. 408 -13. 431
-13. 909 -13. 909
-14.164 -14. 164
-14.515 -14.515
-14.613 -14. 636
-16. 116 -16. 116
-16. 371 -16. 371
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cNeoNoNeoNeoNoNoNoNoNoNeoNoNoNolNoNolNoNoNoNoNoNolNe

0.
. 000
0.
. 000
0.
. 021
-0. 022
. 022
. 000
. 000
. 022
.021
. 000
. 023
. 745
. 021
. 023
. 022
. 000
. 021
.023
-0.022
0
0
-0. 022
. 000
. 023
. 000
. 022
. 000
. 021
. 023
. 000

o

cNeoNoNeoNoNeoN NeollolNoNolNoNo]

[cNeoNoNeoNoNoNoNo]

e

022

021

023

000
023

000

. 023
. 000
. 023
. 000
. 000
. 023
. 023
. 000
. 000
. 000
. 023
. 023
. 000
. 000
. 000
. 000
. 023
. 000
. 000
. 000
. 023
. 000
. 000
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Na[ 13C] [ 180 3-
NaH[ 14C] O3

NaD[ 13C] [ 180 3
Na[ 14C]| 8-

NaH[ 14C] O2[ 180
Na[ 14C] O2[ 187 -
NaD[ 14C] O3

NaH[ 14C] [ 18] 2
NaOH

NaTCCB

Na[ 14C] [ 180 2-

NaH 14C] [ 18] 3
NaT[ 13C] O3
NaTCO2[ 180
Na[ 180 H
NaD[ 14C] g 187 2
Na[ 14C] [ 18] 3-
NaCD
NaD[ 14C] [ 180 3
Na[ 18C] D
NaQr
Na[ 180 T

Q 0) 0. 000e+00
(07

T 5.563e-16
HTO
HT[ 180
DTO
TCOB-
T[ 13C] 8-
TCC?[ 18Q -
CaTCOB+
NaTCO3
or-
CaT[ 13C] G3+
CaTC2[ 180 +
H2TO+
NaT[ 13C] 38
NaTCCR[ 180
[18Q T-
H2T[ 18Q] +
HDTO+
CaOT+
NaOr
Ca[ 180 T+
Na[ 180 T

[ 13C] 2.136e-05
H[ 13C] O3-
[13C] 2
[13C] @3- 2
H[ 13C] 2[ 18Q -
CaH 13C] 3+
Ca[ 13C] @B
NaH[ 13C] O3
D[ 13C] B-
Na[ 13C] 8-
[13C] g 180
[13C] O2[ 180 - 2

o

OO OO0OONOOWWORFRNWAMAOOWUOURL OOWREFOWOM

PFRNWRONRP R WON

2.720e-17
1. 353e- 18
4.761e-19
3. 167e- 19
8. 414e- 21
1. 985e- 21
2.108e- 22
5.231e- 23
1. 094e- 23
5. 689e- 24
4. 148e- 24
NaD{ 14C] C2[ 1800 1.
3
6
3
2
8
2
4
5
7
0
0

31le-24

. 252e-25
. 362e- 26
. 537e-26
. 112e- 26
. 147e- 27
. 889e- 27
. 057e-28
. 065e-29
. 833e-31
. 000e+00
. 000e+00

. 000e+00

.551e-16
.113e-18
. 647e-20
.216e-21
. 031e-22
. 729e-23
. 253e-23
. 689%e-24
.278e-25
.637e-25
. 022e- 25
. 190e- 25
. 362e- 26
. 537e- 26
. 260e- 28
.442e-28
. 658e-30
. 000e+00
. 000e+00
. 000e+00
. 000e+00

. 061e-05
. 049e- 07
. 619e- 07
. 281e- 07
. 274e-08
. 104e-08
. 272e-08
. 210e- 09
. 981e-09
. 274e-09
. 015e-09

o OCO~NUOBRNONWOWRFRWARLRUONREFPOWRAEREN

OO O0OO0OONNWORPFRPWAMAIOWUIOOERFNO

OFRPNWFROOORPFPWER

. 581e-17
. 354e-18
. 764e-19
. 005e-19
.418e-21
. 884e-21
. 109e- 22
. 233e-23
. 094e-23
. 692e-24
. 936e- 24
.311e-24
. 253e-25
. 366e- 26
. 539e- 26
. 113e- 26
. 151e- 27
. 741e- 27
. 059e- 28
.067e-29
.837e-31
. 000e+00
. 000e+00

. 000e+00

.979e-18
. 001e- 20
. 554e-21
. 745e-21
. 779e- 23
.437e-23
. 090e- 23
. 692e-24
. 057e- 25
. 455e- 25
. 921e-25
. 134e-25
. 366e- 26
. 539e- 26
. 834e-28
. 326e- 28
.197e- 30
. 000e+00
. 000e+00
. 000e+00
. 000e+00

. 956e- 05
. 050e- 07
. 312e- 07
. 216e- 07
. 909e- 08
.107e-08
. 273e-08
. 046e- 09
. 829e-09
. 275e-09
. 227e-10
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-16.
-17.
-18.
-18.
- 20.
- 20.
-21.
-22.
-22.
-23.
-23.
-23.
- 24.
- 25.
- 25.
- 25.
- 26.
- 26.
-27.
- 28.
- 30.
-41.
-44.

- 64.

-15.
-17.
-19.
- 20.
-21.
-22.
-22.
-23.
- 24.
- 24.
-24.
- 24.
- 25.
- 25.
-27.
- 27.
-29.
- 40.
-41.
-43.
-44.

-4.
- 6.
- 6.
- 6.
-7.
-7.
-7.
- 8.
- 8.
- 8.
- 8.

565
869
322
499
075
702
676
281
961
245
382
883
488
196
451
675
089
539
392
295
106
508
223

531

256
953
063
035
987
242
488
245
369
439
694
924
196
451
083
612
015
707
508
421
223

686
516
791
892
138
214
895
493
526
895
994

- 16.
-17.
-18.
-18.
- 20.
- 20.
-21.
-22.
-22.
-23.
-23.
-23.
- 24.
- 25.
- 25.
- 25.
- 26.
- 26.
-27.
- 28.
- 30.
-41.
-44.

- 64.

-17.
-19.
- 20.
- 20.
-22.
-22.
-22.
-23.
- 24.
- 24.
-24.
- 24.
- 25.
- 25.
-27.
- 27.
-29.
- 40.
-41.
-43.
-44.

-4.
- 6.
- 6.
- 6.
-7.
-7.
-7.
- 8.
- 8.
- 8.
-9.

588
868
322
522
075
725
676
281
961
245
405
882
488
196
451
675
089
562
392
295
106
508
222

531

001
699
808
058
010
265
510
245
392
462
717
946
196
451
106
633
036
729
508
444
222

709
516
882
915
161
214
895
516
548
895
085

cNeoNoNeoNeoNoNoNoNoNoNoNoNolNololNolNoNoNoNoNolNolNol

-1.
-1.
-1.
- 0.
- 0.
- 0.
- 0.
. 000
- 0.
- 0.
- 0.
- 0.
. 000
. 000
- 0.
- 0.
- 0.
- 0.
. 000
- 0.
. 000

- 0.
. 000
- 0.
- 0.
- 0.
. 000
. 000
- 0.
- 0.
. 000
- 0.

. 023
. 000
. 000
. 023
. 000
. 023
. 000
. 000
. 000
. 000
. 023
. 000
. 000
. 000
. 000
. 000
. 000
. 023
. 000
. 000
. 000
. 000
. 000

. 000

745
745
745
023
023
023
022

023
022
022
021

023
021
021
023

023

023
091

023
022

023
023

091



H 13C] J 180 2- 7.965e-10 7.558e-10 -9.099 -9.122 -0.023

CaH 13C] @[ 180+ 4.522e-10  4.295e-10  -9.345  -9.367  -0.022
Ca[ 13C] @[ 180 3.826e-10 3.828e-10  -9.417  -9.417 0. 000
NaH[ 13C] C2[ 180  7.909e-11  7.913e-11  -10.102 -10.102 0. 000
D 13C] O2[ 180 - 1.996e-11  1.894e-11 -10.700 -10.723  -0.023
Na[ 13C] C2[ 18] -  1.869e-11 1.773e-11 -10.728 -10.751  -0.023
caD[ 13C] G3+ 1.133e-11  1.076e-11 -10.946 -10.968  -0.022
H 13C] [ 180 3- 4.952e-12  4.699e-12 -11.305 -11.328  -0.023
CaH 13C] J 180/ 2+ 2.811le-12 2.670e-12 -11.551 -11.573  -0.022
[13C] [ 180]2-2  2.120e-12 1.719e-12 -11.674 -11.765  -0.091
NaD[ 13C] O3 1.982e-12 1.983e-12 -11.703 -11.703 0. 000
[13C] [ 18] 2 1.331e-12 1.332e-12 -11.876 -11.876 0. 000
Ca[13C] O 1802  7.995e-13  7.999e-13 -12.097  -12.097 0. 000
NaH[ 13C] [ 18012  4.917e-13  4.920e-13 -12.308 -12.308 0. 000
D[ 13¢] O 187 2- 1.241e-13 1.177e-13 -12.906 -12.929  -0.023
CaD[ 13C] (2[ 180+  7.043e-14  6.690e-14 -13.152 -13.175  -0.022
Na[ 13C] J 180 2-  3.905e-14  3.705e-14 -13.408 -13.431  -0.023
CaH 13C][ 1803+ 1.748e-14 1.660e-14 -13.758 -13.780  -0.022
NaD[ 13C] C2[ 180  1.232e-14  1.233e-14 -13.909  -13.909 0. 000
NaH[ 13C][180/3  3.057e-15 3.058e-15 -14.515 -14.515 0. 000
[13C] [ 180 3- 2 1.477e-15 1.197e-15 -14.831 -14.922  -0.091
O 13C] [ 180 3- 7.712e-16  7.318e-16 -15.113 -15.136  -0.023
Ca[ 13C] [ 180 3 5.569e-16  5.572e-16  -15.254  -15.254 0. 000
CaD[ 13C] 0 180 2+  4.379e-16  4.159e-16 -15.359 -15.381  -0.022
NaD[ 13C] O 180]2  7.659e-17  7.663e-17 -16.116 -16.116 0. 000
Na[ 13C] [ 180 3- 2.720e-17 2.58le-17 -16.565 -16.588  -0.023
CaD[ 13C] [ 180 3+ 2.722e-18 2.585e-18 -17.565 -17.587  -0.022
NaD[ 13C][180/3  4.761le-19 4.764e-19 -18.322  -18.322 0. 000
T[ 13C) 8- 1.031e-22 9.779e-23 -21.987 -22.010  -0.023
CaT[ 13C] G3+ 3.637e-25  3.455e-25 -24.439 -24.462  -0.022
NaT[ 13C] OB 6.362e-26  6.366e-26 -25.196 -25.196 0. 000

[ 14C] 2.272e-15
H 14C] O3- 2.192e-15 2.080e-15 -14.659 -14.682  -0.023
[ 14C Q2 3.215e-17 3.217e-17 -16.493 - 16. 493 0. 000
[ 14C] 0B- 2 1.719e-17  1.394e-17 -16.765 -16.856  -0.091
H 14C] O2[ 180 - 1.363e-17 1.293e-17 -16.866 -16.888  -0.023
CaH[ 14C] G3+ 7.737e-18  7.349e-18 -17.111 -17.134  -0.022
Ca[ 14C] &8 6.484e-18  6.487e-18 -17.188 -17.188 0. 000
NaH[ 14C] O3 1.353e-18 1.354e-18 -17.869 -17.868 0. 000
D[ 14C O3- 3.415e-19  3.240e-19 -18.467 -18.489  -0.023
Na[ 14C] CB- 3.167e-19  3.005e-19 -18.499 -18.522  -0.023
[ 14C] O 180 1.344e-19 1.344e-19 -18.872 -18.872 0. 000
[14C] O2[180-2  1.078e-19 8.739e-20 -18.967 -19.059  -0.091
H 14C] O 180 2- 8.473e-20  8.040e-20 -19.072 -19.095  -0.023
CaH 14C] [ 180/ +  4.810e-20  4.569e-20 -19.318 -19.340  -0.022
Ca[ 14C] @[ 180 4.064e-20  4.066e-20 -19.391 -19.391 0. 000
NaH[ 14C] C2[ 180  8.414e-21  8.418e-21  -20.075  -20.075 0. 000
Df 14C] O2[ 180 - 2.123e-21 2.014e-21 -20.673 -20.696  -0.023
Na[ 14C] C2[ 1801 -  1.985e-21  1.884e-21  -20.702 -20.725  -0.023
caD[ 14C] G8+ 1.205e-21  1.145e-21 -20.919 -20.941  -0.022
H 14C [ 180 3- 5.267e-22  4.998e-22 -21.278 -21.301  -0.023
CaH 14C) 0 180 2+  2.990e-22  2.840e-22 -21.524 -21.547  -0.022
[14C] O[180]2-2  2.252e-22 1.826e-22 -21.647 -21.738  -0.091
NaD[ 14C] O3 2.108e-22  2.109e-22 -21.676 -21.676 0. 000
[ 14C] [ 18] 2 1.404e-22  1.404e-22 -21.853 -21.852 0. 000
Ca[14C] O 1802  8.493e-23  8.497e-23 -22.071 -22.071 0. 000
NaH[ 14C] [ 18012  5.231e-23  5.233e-23 -22.281 -22.281 0. 000
DO 14C] O 187 2- 1.320e-23 1.252e-23 -22.880 -22.902  -0.023
CaD[ 14C] ([ 180 +  7.492e-24  7.117e-24 -23.125 -23.148  -0.022
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Na[ 14C) O 180 2- 4. 148e-24  3.936e-24 -23.382 -23.405  -0.023
CaH 14C][ 1803+ 1.859e-24 1.766e-24 -23.731 -23.753  -0.022
NaD| 14C] O2[ 180  1.311e-24  1.31le-24 -23.883 -23.882 0. 000
NaH 14C][180/3  3.252e-25 3.253e-25 -24.488 - 24.488 0. 000
[14C] [ 180 3- 2 1.569e-25 1.272e-25 -24.804 -24.896  -0.091
D[ 14C) [ 18] 3- 8.204e-26  7.785e-26 -25.086 -25.109  -0.023
Ca[ 14C] [ 180 3 5.915e-26 5.918e-26  -25.228 -25.228 0. 000
CaD[ 14C] O 180 2+  4.658e-26  4.424e-26  -25.332 -25.354  -0.022
NaD| 14C] [ 1802 8. 147e-27  8.15le-27 -26.089 - 26.089 0. 000
Na[ 14C] [ 180 3- 2.889e-27  2.741le-27 -26.539 -26.562  -0.023
CaD[ 14C] [ 180 3+  2.896e-28  2.750e-28 -27.538 -27.561  -0.022
NaD[ 14C][180]3  5.065e-29 5.067e-29 -28.295  -28.295 0. 000
[ 180 1.113e- 01
H2[ 180 1.113e-01  2.001e-03  -0.954  -2.699  -1.745
HD{ 180} 3.467e-05 6.233e-07  -4.460  -6.205  -1.745
HOO2[ 180 - 1.146e-05 1.087e-05  -4.941  -4.964  -0.023
H 13C] O2[ 180 - 1.281le-07 1.216e-07  -6.892  -6.915  -0.023
od 180 1.149e-07 1.150e-07  -6.940  -6.939 0. 000
oce[ 187 - 2 9.087e-08 7.368e-08  -7.042  -7.133  -0.091
HCO 18Q) 2- 7.123e-08  6.759e-08  -7.147  -7.170  -0.023
caHo2[ 180 + 4.044e-08  3.841e-08  -7.393  -7.416  -0.022
cac[ 180 3.426e-08  3.428e-08  -7.465  -7.465 0. 000
NaHCO2[ 180 7.073e-09 7.076e-09  -8.150  -8.150 0. 000
[ 180 H 2.913e-09 2.763e-09  -8.536  -8.559  -0.023
D2[ 180 2.700e-09  4.854e-11  -8.569 -10.314  -1.745
DOO2[ 187 - 1.785e-09 1.693e-09  -8.748  -8.771  -0.023
NaCCR[ 180 - 1.673e-09 1.588e-09  -8.776  -8.799  -0.023
[13C) O 180 1.274e-09 1.275e-09  -8.895  -8.895 0. 000
[13C) 02[180]-2  1.015e-09 8.227e-10  -8.994  -9.085  -0.091
H 13C] O 180 2- 7.965e-10 7.558e-10  -9.099  -9.122  -0.023
CaH 13C] @[ 180/ +  4.522e-10  4.295e-10  -9.345  -9.367  -0.022
HC[ 180 3- 4.428e-10  4.202e-10  -9.354  -9.377  -0.023
Ca[ 13¢] @2[ 180 3.826e-10 3.828e-10  -9.417  -9.417 0. 000
caHcg 180 2+ 2.514e-10 2.388e-10  -9.600  -9.622  -0.022
cd 180 2- 2 1.899e-10 1.540e-10  -9.722  -9.813  -0.091
d 189 2 1.201e-10 1.201e-10  -9.921  -9.920 0. 000
NaH 13C] 02[ 180  7.909e-11  7.913e-11  -10.102 - 10.102 0. 000
cacg 180 2 7.160e-11  7.164e-11 -10.145 -10.145 0. 000
NaHCO[ 180 2 4.397e-11  4.399e-11 -10.357  -10.357 0. 000
D[ 13C] O2[ 187 - 1.996e-11  1.894e-11 -10.700 -10.723  -0.023
Na[ 13C] C2[ 18] -  1.869e-11  1.773e-11 -10.728 -10.751  -0.023
H3[ 180 + 1.500e-11  1.429e-11 -10.824 -10.845  -0.021
DO 180 2- 1.109e-11  1.053e-11 -10.955 -10.978  -0.023
caDC2[ 180 + 6.298e-12  5.982e-12 -11.201 -11.223  -0.022
H 13C] [ 18] 3- 4.952e-12  4.699e-12 -11.305 -11.328  -0.023
NaCd 180 2- 3.497e-12  3.318e-12 -11.456 -11.479  -0.023
CaH 13C] 0 180 2+ 2.81le-12 2.670e-12 -11.551 -11.573  -0.022
[13C) [180]2-2  2.120e-12 1.719e-12 -11.674 -11.765  -0.091
CaHJ 180 3+ 1.563e-12 1.484e-12 -11.806 -11.828  -0.022
[13C][ 180 2 1.331le-12 1.332e-12 -11.876 -11.876 0. 000
NaDCO2[ 18] 1.102e-12  1.102e-12 -11.958 -11.958 0. 000
Ca[13C] O 1802  7.995e-13  7.999e-13  -12.097  -12.097 0. 000
NaH 13C] [ 1802  4.917e-13  4.920e-13  -12.308 -12.308 0. 000
NaHJ 180 3 2.733e-13  2.735e-13 -12.563 -12.563 0. 000
d 180 3-2 1.323e-13  1.072e-13 -12.879 -12.970  -0.091
D[ 13C d 187 2- 1.241e-13  1.177e-13 -12.906 -12.929  -0.023
[ 180 D- 1.080e-13 1.025e-13 -12.966 -12.989  -0.023
CaD[13C] @[ 180/ +  7.043e-14  6.690e-14 -13.152 -13.175  -0.022
DC] 187 3- 6.897e-14  6.544e-14 -13.161 -13.184  -0.023
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Ccad 18Q 3
CaDCJ 180 2+
Na[ 13C] O 18Q 2-
CaH[ 13C] [ 180 3+
NaD[ 13C] @[ 18Q]
H2D[ 18Q +
NaDCQ[ 18Q 2
NaH[ 13C] [ 180 3
NaC[ 18Q 3-
[13C[180 3-2
D 13C] [ 18] 3-
Ca[ 13C][18Q 3
CaD[ 13C] J 18Q 2+
CaDC[ 18Q] 3+
NaD[ 13C] O 18Q 2
NaDC[ 18Q 3

Na[ 13C] [ 18Q 3-
H[ 14C] O2[ 18Q -
CaD{ 13C] [ 180 3+
HD2[ 18 +

HT[ 18Q]

NaD[ 13C] [ 180 3
[14CQ O 18]
[14C] [ 180 -2
H 14C] g 18Q 2-
CaH[ 14C] @2[ 180 +
Ca[ 14C] @[ 189
NaH[ 14C] @2[ 180
D 14C] O2[ 18Q -
Na[ 14C] O2[ 18Q -
H[ 14C] [ 18Q 3-
CaH 14C] J 18Q 2+
[14C] O 180 2-2
[14C)[180 2

Ca[ 14C] g 180 2
D3[ 180 +

TCO2[ 180 -

NaH 14C1 d 18Q 2
DO 14C) J 180 2-
CaD[ 14C] O2[ 18Q +
Na[ 14C]  18Q 2-
CaH 14C] [ 18Q 3+
NaD[ 14C] C2[ 18Q]
NaH 14C][18Q 3
CaTC2[ 18Q) +
[14C [ 180 3-2
Ca[ 180 H+

D[ 14C] [ 18Q 3-
Ca[ 14C [ 180 3
CaD 14C] g 18Q 2+
NaTCQ2[ 180

Na[ 180 H

NaD[ 14C] d 180 2
Na[ 14C] [ 18] 3-
[18Q T-

CaDf 14C] [ 180 3+
H2T[ 18Q +

NaD[ 14C] [ 180 3
Ca[ 18Q D+

.987e-14
. 915e-14
. 905e-14
. 748e- 14
. 232e-14
. 303e-15
. 849e- 15
. 057e-15
. 436e- 15
.477e-15
. 712e- 16
. 569e- 16
4.379e-16
.434e- 16
. 659%e-17
. 258e- 17
. 720e- 17
. 363e-17
. 722e-18
. 185e-18
. 113e-18
. 761e-19
. 344e-19
. 078e-19
.473e-20
4. 810e- 20
4. 064e- 20
8.414e-21
2.123e-21
1.985e-21
5.267e-22
2.990e-22
. 252e-22
. 404e- 22
. 493e- 23
. 408e- 23
. 729e- 23
. 231e-23
. 320e- 23
7.492e-24
. 148e- 24
. 859e-24
.311e- 24
. 252e- 25
. 022e- 25
. 569e- 25
. 339%e-25
. 204e- 26
. 915e- 26
4. 658e- 26
. 537e- 26
. 112e- 26
. 147e- 27
. 889e- 27
. 260e- 28
. 896e- 28
. 442e-28
. 065e- 29
. 965e- 30

ONFPNWONEFERFPWWNS

ORRPARPRNREPNANN

GoOFRrFEPFNWEPREPM P O1TOToO R, N

A OITNDDNONOONW

. 990e- 14
. 719e-14
. 705e-14
. 660e- 14
.233e-14
. 954e- 15
. 852e-15
. 058e- 15
.311le-15
. 197e-15
. 318e- 16
. 572e-16
4.159e- 16
.312e- 16
. 663e-17
. 260e- 17
. 581e-17
. 293e- 17
. 585e- 18
. 128e-18
. 001e- 20
. 764e-19
. 344e-19
. 739e- 20
. 040e- 20
4.569e- 20
4. 066e- 20
8.418e-21
2.014e-21
1.884e-21
4.998e- 22
2. 840e-22
. 826e- 22
. 404e- 22
.497e-23
. 102e- 23
.437e-23
. 233e-23
. 252e-23
7.117e-24
. 936e- 24
. 766e- 24
.311e- 24
. 253e- 25
.921e-25
.272e-25
. 270e- 25
. 785e- 26
. 918e- 26
4. 424e- 26
. 539%e- 26
. 113e- 26
. 151e- 27
. 741e- 27
. 834e-28
. 750e- 28
. 326e- 28
. 067e-29
. 711e-30

= O0O1T01To 0 QOO FRPPANRFEPNENANDN OONFPNWOORRFPF WWN

GONRPRPRPWORPRP®

A OTDNDNNNOONW

-13. 302 -13. 302
-13. 407 -13. 430
-13. 408 -13. 431
-13. 758 -13.780
-13. 909 -13. 909
-14. 137 -14. 158
-14. 164 -14.164
-14.515 -14.515
-14.613 -14. 636
-14.831 -14.922
-15.113 -15.136
-15. 254 -15. 254
-15. 359 -15. 381
-15.614 -15. 636
-16. 116 -16. 116
-16. 371 -16. 371
-16. 565 -16. 588
-16. 866 -16. 888
-17.565 -17.587
-17.926 -17.948
-17. 953 -19. 699
-18. 322 -18. 322
-18.872 -18.872
-18. 967 -19. 059
-19. 072 -19. 095
-19. 318 -19. 340
-19. 391 -19. 391
-20.075 -20. 075
-20.673 -20. 696
-20.702 -20.725
-21.278 -21.301
-21.524 -21.547
-21. 647 -21.738
-21. 853 -21.852
-22.071 -22.071
-22.193 -22.214
-22.242 -22.265
-22.281 -22.281
-22.880 -22.902
-23.125 -23.148
-23.382 -23. 405
-23.731 -23. 7583
-23. 883 -23.882
-24. 488 -24. 488
-24.694 -24. 717
-24.804 -24.896
-24.873 -24.896
-25. 086 -25.109
-25.228 -25.228
-25.332 -25.354
-25.451 -25.451
-25.675 -25.675
-26.089 -26.089
-26. 539 - 26. 562
-27.083 -27.106
-27.538 -27.561
-27.612 -27.633
-28. 295 -28. 295
-29. 304 -29. 327
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. 022
. 091
. 023
. 023
. 000
0. 022
. 000
. 000
. 000
. 023
. 023
. 022
. 021
. 000
- 0.

'
[cNeoNeoNel NelNoNoNoNoNo]

[eNeoNeNeRNeNeoNeNeNoNeNo ool NeNoNeoNoNoNo N

o
[cNeoNoNe)

000
022
023
022
000
021
000
000
023
091
023
000

022

000
000
023
023
023

023
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Na[ 180 D 7.833e-31 7.837e-31 - 30. 106 - 30. 106 0. 000
Ca[ 18Q T+ 0. 000e+00 0. 000e+00 -43. 421 -43. 444 -0.023
Na[ 180 T 0. 000e+00 0. 000e+00 -44.223 -44.222 0. 000

Phase SI log AP |og KT

[13C][180/2(g) -10.41 -11.91 -1.50 [13C][18Q 2
[ 13C] C2(g) -5.05 -6.52 -1.47 [13C @

[13C]O 1801 (g) -7.43 -9.21 -1.79 [13C] O 180
[14C][180/2(g) -20.38 -21.89 -1.50 [14C][18Q 2

[ 14C] O2( g) -15.02 -16.49 -1.47 [14CQ
[14C0 O 180 (g) -17.40 -19.19 -1.79 [14C] 180
d 180 2(g) -8.45 -9.96 -1.50 (1802

Ca[13C][180]3 -10.02 -1.86

[e¢]

.16 Ca[13C][18Q 3

Ca[13C 2[ 180  -4.17  3.54  7.71 Ca[13C] C2[ 180
Ca[ 13C] C8 -1.96  6.24  8.20 Ca[13C]CB
Ca[13C] 018002 -6.85 0.84  7.70 Ca[13C] (18] 2
Ca[14C][180]3 -19.99 -11.83  8.16 Ca[14C][18Q 3
Ca[14C] ®2[ 180 -14.14 -6.44  7.70 Ca[14C] C2[ 180
Ca[ 14C) C8 -11.93 -3.74  8.19 Ca[14C 8
Ca[14C] O 180]2 -16.82 -9.13  7.69 Ca[14C] ( 18] 2
caCf 180 3 -8.07 0.10  8.16 CaC[18Q3
CcaCc[ 180 -2.22  5.50 7.71 CaC2[18Q
cacq 187 2 -4.90 2.80 7.70 CaCQ 1802
Calcite -0.01  8.19  8.20 CaCO3

o2( g) -3.09 -4.56 -1.47 C®

cd 180 (g) -5.47 -7.26 -1.79 CJ 180

D2[ 184 ( g) -11.89 -10.31  1.58 D2[180

D20 g) -9.19 -7.62  1.58 D20

DT g) -22.42 -20.81  1.61 DTO

H2[ 180 ( g) -4.21 -2.70  1.51 H2[18Q

H2Q( g) -1.51  -0.00  1.51 H20

HD[ 180 ( g) -7.75 -6.51  1.25 HD{ 180

HDO( g) -5.05 -3.81  1.24 HDO

HT[ 180 ( g) -21.28 -19.70  1.58 HT[ 180

HTO( g) -18.58 -17.00  1.58 HTO

The initial 1 kilogram of solution has a pH of 8.2, contains 2.0 mmole dissolved carbon with 513C = 0.0

permil and 14C = 100.0 pmc, mC +» = 0.3909e — 03, adjusted to provide a saturation index of +0.1 with respect
a
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to calcite, and mN + = 1.218e— 03, adjusted for charge balance. The isotopic composition of the water is
a

5'%0 = 0.0 permil, 6D = 0.0 permil, and SH = 10.0 tritium units.

This solution is allowed to evaporate water, degas CO, , and precipitate calcite. The gases evolve into an
evacuated volume of 1 liter until equilibrium is achieved. The calculation is performed in a single step, attaining
equilibrium among all isotopic species in all phases. The equilibrium gas pressure is 0.0317 atm and the gas consists
of roughly 97 percent water vapor and 3 percent CO, (p. 31). There has been 0.0392 mmole of calcite precipitated.
The molar compositions of the gas and calcite are given on pages 30-31; the isotope ratios in all three phases are
given on pages 31-32. The last five entries in the isotope ratio table, R(D), R(T), R(180), R(13C), R(14C), and their
corresponding values in permil, TU, and pmc represent the total isotopic composition of the solution. These are the
values that would be measured. Pages 32-40 tabulate the total species distribution for the aqueous phase.

The results agree with qualitative expectations. The aqueous phase has become slightly enriched in the heavy
isotopes of each element. For D, T, and 180 this results from evaporation of water, with water vapor enriched in the

lighter isotopes. CO, g is enriched in the light carbon isotopes while calcite is enriched in the heavy carbon isotopes.

The amount of CO, degassed is more than an order of magnitude greater than the amount of calcite formed,; thus,

the aqueous phase is enriched in the heavier isotopes.

SUMMARY

1/n
The Urey relationship o = (K*) ", where n is the number of atoms exchanged in an exchange reaction
. . . . .. . . 13 .16 18
for a single isotope, has been extended to include species containing multiple isotopes, for example "C O O and

HDISO . The equilibrium constants for isotope exchange reactions that are calculated from fractionation factors can
be expressed as ratios of equilibrium constants for the various reactions (dissolution, precipitation, association,
dissociation, acid-base, redox, and so on) commonly used in geochemical equilibrium and reaction-transport
models. The effects of nonideality have been included in the derivations, although the effects are minimal because
of the chemical similarity of the isotopic variants of the same molecule or ion. The individual isotope equilibrium
constant for the molecular species composed of the most abundant isotope of each element can be calculated from,
or assumed to equal, the standard thermochemical equilibrium constant. This provides a basis for calculating the
individual isotope equilibrium constants for each isotopic species. The temperature dependence of the individual
isotope equilibrium constants can be calculated from the temperature dependence of the fractionation factors and

the temperature dependence of the standard thermochemical equilibrium constants.

SUMMARY 41



Methods are presented for calculation of the individual isotope equilibrium constants for the asymmetric
bicarbonate ion. Calculation of the isotope ratios for the asymmetric bicarbonate ion do not simplify to the Urey
generalizations, and the algebraic expressions for them are complex. Numerical methods are used to calculate three

factors that allow calculations of the individual equilibrium constants for bicarbonate.
R . 2 12 13 14 16
Equilibrium constants are calculated for all species that can be formed from H, "H, "C, "C, C, O,

and '°0 in the molecules CO, ,, CO,,, . HCO},, . COy,, . CaCO5 . H,0,. H,0,., H0, . OH, . and

the OH g H COy, ; and CO;za 4 ion pairs with the cations N "Z g K;r 2’ Ca+2aq , and Mgz . Equilibrium

constants for selected species containing ~H are also calculated. These equilibrium constants are used in the

geochemical model PHREEQC to produce an equilibrium and reaction-transport model that includes these isotopic

species.

eqep e e 2 12 13 14 16 18 3.
The example calculates the equilibrium distributionof H, "H, “C, "C, C, O, O,and "H inall
molecular combinations in the gas, solution, and calcite phases. The calculated species distribution reproduces the
fractionation factors input to the model. The simultaneous equilibrium of multiple isotopes among multiple species

and phases is a new modeling capability.
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Table 1. Symmetry numbers and isotope ratios

H,0; The molecule is planar triangular (Wells, 1984, p. 653); 9 of 12 possible isotopic species are considered.
jdenotes either gas or aqueous species.
. 18 18 18 18
Species: H20j HDOJ. D20j H, Oj HD Oj D, Oj HTOJ. HT Oj DTOJ.
Symmetry no. o=2 o=1 o=2 o=2 o=1 o=2 o=1 o=1 o=1
Isotope ratios are presented for completness, but concentrations of the following species will be negligible and they
are not included in the aqueous model.
. 18 18
Species: DT 0, T,0; T, o,
Symmetry no. o=1 o=2 o=2
1 !
2 n> n n
. D "p,o, D,*o,  "HDO, up"o, _ "pro;, pr"0,
Isotope ratios: Rpo =——=—T—"= 3 I = 3 L = I = J
L5 5 "m0, Mpvo,  "HTO,  Myrio,
nHZOj l’leuch
1 !
2 n’ n n
R "r,o, _ "r,%0, _ "mro, _ "wro, _ "rpo, _ "1Dp"0,
H,0; — 71 T B B B B
’ 3 3 2nH20j 2”112180,. "1po, nHDlgoj
nHZO] nHZISOj
so "m0, "up%o, "mr®o, "pr*o, "p%o, 1%,

n n n n n n
H,0, HDO;, HTO, DTO, D,0; D,0,
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Table 1. Symmetry numbers and isotope ratios—continued

OH The ion is linear; 6 isotopic species are considered.
Species: OH oD or Bom Bop Bor
Symmetry no. o=1 o=1 o=1 o=1 o=1 o=1
n nlg - n nlS
Isotope ratios: RgH - 90 _ 0D RgH = _or _ _oT
"ow "o "ow  "om
RO _ "o _ "op _ "or
OH
"o "op "or
H, OZq The ion is a flattened triangular pyramid (Cotton and Wilkinson, 1966, p. 199); 11 of 20 possible isotopic
species are considered.
. + + + + 18 ~+ 18 ~+ 18 ~+ 18 +
Species: H30aq HzDan HDZan D3an H, an H,D an HD, an D, an
Symmetry no. o=3 o=1 o=1 o=3 o=3 o=1 o=1 o=3
Species: HZTOZ[] HDTOZ[] H2T180;:q
Symmetry no. o=1 o=1 o=1

Isotope ratios are presented for completness, but concentrations of the following species will be negligible and they
are not included in the aqueous model.

Species: Dp,TO,, DT,0,, D,r"‘0, — DT,"0, — HT,0,, Ts0,,
Symmetry no. o=1 o=1 o=1 o=1 o=1 o=3
Species: HTQISOIQ T31802q HDTISOZ(]

Symmetry no. o=1 o=3 o=1
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Table 1. Symmetry numbers and isotope ratios—continued

Isotope ratios:

aq

1 1 1
0 2 2
_ 'D;0,, _ HD,0 H,DO D,TO DT,0 HDTO
1 11 3n 1
n3 327’12 H30:q n2 HT,0 H,TO
H,0,, H,0,, H,TO,,
1 1 1
> 2 2
_ "'py"%o,, HDzlso,j B H2D180+ _ D2T180+ _ DTZ'SOZ B HDT]80+
1 11 3n_ s . 1 1 18
" 32;12 H, an 2 HT2 o, HZT [0
H5"0,, H,"0,, H,T7"0
1 1 1
I’l3 I’l2 I’lz
_ T50, HT,0,, H,TO,, DT,0,, D,TO,,
1 11 3n 1 n
n3 3 nZ H30Zq nZ DzHOZq
H,0,, H,0,, DH,0,,
1 1 1
w2 2 2
_ 1,0, Hr,"o,, _ "H,r"0,, _ DT,"0, D,T"%0
1 11 3n, s - 1 18 o+
n3 32n2 3 an 2 DZH an
H,"o,, H,"o,, DH,"0,,
n
"o, _ HZD“‘O+ B HDZ‘SOZ D3180Z HZT‘SO*
n + n 4
H,0,, "i,00 "Hp,0 D50, ",10
n
_ HT1,"0, r,"0] D,7"0 pr,"0,, HDT'"®0
n
HT,0,, T,0, H,TO HT,0 HDTO
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Table 1. Symmetry numbers and isotope ratios—continued

COy; The molecule is linear (Wells, 1984, p. 925); 9 isotopic species are considered.
j denotes either gas or aqueous species.

. 18 18 13 13, 18 13 .18
Species: COy; CO 0; C 02j CO,; CO 0j C 02j
Symmetry no. o=2 o=1 o=2 o=2 o=1 o=2

) 14 14, 18 14 18
Species: COy; CO 0j C 02j
Symmetry no. o=2 o=1 o=2

1 1 1
n n n n n n
. ) 180 _ C1802j _ 13C1802j 14C1802j CO]SOj . 13CO18Oj _ 14CO180j
Isotope ratios: Reo. = = = =
2J 1 1 1 2nCO 2053 2n.,
2 2 2 2j COz; COa;
n n n
CO,; 13C02j 14C02]‘
n n n
R13C _ ISCOZJ_ ISCO18Oj 13C1802j
€O,y Ty n n
CO,,; co"o; c®0y;
n n n
R14C _ 14C02j 14CO180j B 14C1802j
€Oy Ty n o
€Oy, co"o; C'"®0,;
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Table 1. Symmetry numbers and isotope ratios—continued

HCO;, q The HC Oy, g ion is planar and the C-O-H bond is nonlinear (Purdue University, 2002). The ion is asymmetric
with all symmetry numbers = 1; 27 of 36 possible isotopic species are considered.

HCO,, HCco,%0,,  HCO"0,,,  HC"Oy,
HBCO}aq HBCOQISO;MI H13c0180-2aq H13C180-3aq
H14C0;aq H14C02180;q H14C0180'2aq H14C180-3aq
DCO;,, pco,"o, ~ pco“o,,,  DpC" 0y,
DBCO'MI DBCOzlSO;q DBCOlgOéaq D13C180§aq
D14C0;aq DMCOZISO;Z(] DMCOlSOéaq D14C1801-3aq
- 13 - 18 -
TCO;,, rco,, rco,"o,,

Isotope ratios are presented for completness, but concentrations of the following species will be negligible and they
are not included in the aqueous model.

rcoo,, — 1C°0,,

T13CO2180aq T13CO180-2aq T13C180-3aq

14 - 14 18 14 18 - 14 18 -
rcoy,, rco,"o,, r1"co"0,, T1'C" 0,
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Table 1. Symmetry numbers and isotope ratios—continued

Isotope ratios:

R”C _ nH”cogaq _ nH”cozlso;q _ nH”CO“‘o;M _ nH”ClgO;aq
HCOg "uco;,, anozlgo;q anolgo‘zaq an“‘ogaq
_ nD”co;aq _ nD13C02aq _ nD”CO‘So;M _ nD”C‘Sogaq _ nT”cogaq _ nT”coz‘So;q _ nT13C0]80'2aq _ nT13C180;aq
nDCO;aq nDcoz“‘o;q nDCO‘gog,,q nDCISO;aq nTcogaq nTcoz“‘o;q nTco”‘o;,,q nTC“‘o;aq
R14C o nH14CO'3aq _ nHMCOzlsO;q _ nH14c0180»2aq _ nHMClsO;aq
HCOsq "Hcoy,, "1co, o], "Hco"o;,, "ucto,,
_ nDMCO;aq _ nDMCOZISO;q _ nDMCOISO_Zaq _ nDMClSO;uq _ nTMCOgaq _ nTMCOZlgO;q _ nTMCOlSO_Zaq _ nTMClSO;aq
" DCO,, " DCo,"0, nDCO“‘o;aq nDC180'3aq nTcogaq nTcozlgo;q nTcolgogaq nTclgogaq
RD nDcogaq _ nDCOZISO;q _ nDCO”O'zM _ nDc“‘oguq
HCO, anogaq nHC02180;q ano‘go'zaq nHC‘Sogaq
_ nD”COgaq _ nDBCOzlgO;q _ nDBCOISO;aq _ nDBClgO;aq _ nD”COgaq _ nDMCOzlgO;q _ nD14c0180-2uq _ nDMClgO;aq
nﬁcogaq anoz‘go;q anolgo‘z,,q anlgogaq anogaq anoz“‘o;q ano‘Sogaq nHC‘Sogaq
rRT = nTcogaq _ nTcoz“‘o;q _ nTcolgo‘M _ nTc“‘ogaq
HCOwq "nco,,, "mcoo, "uco®o,, "uc“o,,
_ nT”CO;aq _ nTBCOZISO;q _ nTl}COlSO-Zaq _ nT”ClSO;”q _ nTMCO;aq _ nT14C02180;q _ nTMCOlSO-zaq _ nT14C180.30q
anogaq anozlso;m anolgogaq an‘gogaq anogm, anoz‘So;q ano‘SO'M an”‘ogaq
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Table 1. Symmetry numbers and isotope ratios—continued

The oxygen-18 isotope ratios are complicated functions of composition. See Appendix 1.

From equation A1.19

From equation A1.32

From equation A1.41

R

R

R

18

HCO,,

18

HCO,,

18

HCO,,

o

o

o

(' rco, o O ('itco, o O ('peo, o O ('ptco, "o O

= O —— g1 = Be——1qq1 = O——"1¢q1 = O-—1q!
0°"yeoy,, 02" yvco;,, 0 0°"peoy, 02" picoy,, D
(' utico, o O ('pico," o O (trco,o O

T — gl = 3n —agl = 3n —ag!
0" pco;,, D 02" prco;,, U rcoy,,

1 1 1 1
|j’l 18-|:|2 [{’l 13 18-|:|2 |j’l 18-|:|2 [{’113 18 []
_ 3Hco 0, a2 - 3H co"o,, a2 - 3DCO 0, a2 - 3D co"o;, ’
0°"yeo,, 027 yseoy, B 0°"pco,, D 027 pice;, O

1 1
U,lHMCOlgO_Za DZ H’IDMCOWO.Z“DZ
= 05~ qq2 = B————————”’D3 - qq2
0" pico;,, U 0°"pico, U
1 1 1 1
|j’lHC180 D3 UIIHBCISO’ D3 UiDCISO' D3 U’anClsO. D3
= —0 q¢3 = B—=0 ¢¢3 = —=0 ¢¢3 = —=0 q43
P pcos,,H 0 yvcoy,,0 pco;,, U 0 pico;,, D

1 1

U’ZHMCIBO. D§ U’lDMClsO. D§
— 3a 3 — B 311%] qq3

0 4coy,,0 0" pico,, D
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Table 1. Symmetry numbers and isotope ratios—continued

2
C03aq

The carbonate ion is planar (Wells, 1984, p. 921); 12 isotopic species are considered.

Species:

Symmetry no.

Species:

Symmetry no.

Isotope ratios:

2 18 -2 18 -2 18 -2 13, -2 13 18
C03aq co, an CcoO OZaq C 03aq CO3aq co, O
o=6 o=2 o=2 o=6 o=6 o=2
13, 18 -2 13 18 -2 14, 2 14 18 2 14, 18 2 14 18 -2
coO OZaq C O3aq C03aq7 co, an coO OZaq C O3aq
o=2 o=6 o=6 o=2 o=2 o=6
1 1 1 1
I’l3 I’l2 n I’l3 I’l2 n
18 -2 18 -2 18 -2 13 18 -2 13 18 -2 13 18 -2
ng02 c‘oy;,, _ co'oy, co," o, c“oy,, co“oy, co,"0,,
Coéaq 1 11 3n 2 1 11 3”13 2
n3 32n2 CO;5,, n3 3 nz CO3,,
COy,, CO, “cos, “coy,
1 1
7’l3 I’lz n
14C180;20q 14C018022aq _ 14C02180;l2q
1 11 3n
3 32,2 “co,
14 2 14 2
oy, COy,,
Ny o N3 18 2 N3, 18 2 Nz 18,2
R13C2 CO3,, Co,"0,, co"0;,, 05,
COy3, n_ . n ) n )
Jad cos, co,"o;, co"oy,, c"o3,
R14C 14C032aq 14CO2180a2q 14CO18022aq 14C18032aq
co;y, n n n n
Jad co, co,"o?, co"oz, c"o?,
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Table 1. Symmetry numbers and isotope ratios—continued

CaCo,,

Species:

Symmetry no.

Species:

Symmetry no.

Species:

Symmetry no.

Isotope ratios:

CaCOs,
o=26
Ca'CoO;,
o=6
ca'tco,,
o=6

180

Reqco,, =

14C

Reaco,, =

The carbonate ion is planar (Wells, 1984, p. 921); 12 isotopic species are considered.

18 18 18
CaC0, 0,  CaCO"°0,,  CaC  Oj,
o=2 o=2 o=6
13 18 13, 18 13 18
Ca°C0,°0, Ca CO°0,, Ca C O,
o=2 o=2 o=6
14 18 14, 18 14 .18
Ca 'C0O, 0, Ca 'CO°0, Ca C Oj,
o=2 o=2 o=6
1 1 1 1
n3 n2 n n3 n2 n
caC"0;, CaC0"0,, caC0,®0,  "ca"c"o,, caco"o,, ca“co,"o,
1 I 3n 1 11 3n_
0 32,2 CaCOs, 0 32,2 Ca"COs,
CaCOs, CaCOs, ca®co,, caco,,
1 1
n3 n2 n
ca"c"o,, ca"co"o,, ca"co,"o,
1 11 3n
3 33 ca"'cos,
n 14 n 14
ca'*co,, ca'*co,,
n n n n
ca®co,,  ca’co,®o, "ca®co™o, _ “ca"c"o;,
n n n n
CaCO;, CaC0,"0, caco"o0,, caC"o0,,
n n n n
_ ca“co,,  ca“co,”o, “ca“co"o,  "ca"“c"o,,
n n n n
CaCOs; CaC0,"0, CaC0"0,, CaC"0,,
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Table 2. Reactions and equilibrium constants

[K is the equilibrium constant of the reaction listed; a is the fractionation factor; K ™ is the Henry’s Law equilibrium constant; K is

the dissociation constant of water; Y is the activity coefficient of aqueous (aq) species; A is the activity coefficient of gaseous (g) or
solid (s) species; and € refers to experimentals conditions under which o was measured]

Species Reaction and log of the equilibrium constant

H,O0 (liquid) — H,O (liquid)

18 18 18

D2 an HZ an+D20aq=D2 an+H201
logk =0

HDO,, 0.5H,0,+0.5D,0,, = HDO,,
logK = log(2)

up'o,, 0.5H,"0,,+0.5D, "0, = HD'"Ouq
logK = log(2)

pro,, HTO,,+HDO,, = DTO,, +H,0,
logK = —log(2)

Hr'o,, HTO,,+H,"0,, = HT"0,,+ H,0,
logk = 0

CO; (aqueous) — CO,(aqueous)

co®o,, 0.5C0,,,+0.5C"0,,, = cO"0,,
logK = log(2)

13 .18

13 18 13 18
C O2aq COZaq +C OZaq - C OZaq + COZaq
logk = 0



9g

sjuejsuo) wnuqiinbg adojos| [enpiAipu] jo uonense)

Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant
13 18 13 13 .18 13 18
co OQq 0.5 C02aq +0.5°C 02aq = CO an

logK = log(2)
14 18

14 18 14 18
C 0y, CO,y gt C 0y, = C 0y, TCO,,
logk = 0
“co"o,, 0s5"co,,+05"c"0,, = "co”o,
logK = log(2)
H,0(liquid) — CO,(aqueous)
c'"®0,,, CO,,,+2H,%0,, = €0, +2H,0,
180 D/CISOZ ]
logK s = 2log(0cp. _p.0) T logG——0
C Ozgq 2aq 2V DyCOzquexp
H,0(gas) — H,O(liquid)
PHREEQC reference reaction: H 2Og = H,0,;, KZzo
HDO, HDO, = HDO,,
Ay,00
H _ H D H,0,
logKHDOg = logKH20g+ log(aHZOﬁHzOg) + logm
S exp
D,0, D,0, = D,0,,

Ay.00
H H D H,0

logKDZOg = logKH20g + 210g(GH20[7H20g) + log%;ija
2

g exp
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Table 2. Reactions and equilibrium constants—continued

Species

H, 0,

HD"S0

DTO

Reaction and log of the equilibrium constant

H,%0, = 1,"0

g aq
" - " 80 D}\HZO [
IOgKHZISOg = 1OgKH20g+log(O(H201_H20g)+10g Vlg gDD
H, 0, exp
HDISOg _ HDISan
H H %0 D D)\HZO :
- + + * % -
IOgKHDISOg 10gKH20g log(O‘Hzo,—HZOg) log(GHzo,-Hzog) log ol
g exp
18 18
Dz Og = D2 an
H H o) D DFAH o D]
IOgKDzleg B 10gKH20g - log(aH201—H20g) " 210g(O(H20’_H20g) "log jg )
D, 0, exp
HTOg = HTan
Ay ol
Y B . T H,0
IOgKHTOg - 10gKH20g+10g(aH201_H20g) +10g %;HTOiD
exp
HTISOg _ HTlgan
H H *o r 0.5
- + + " % )
logKHTlgOg logKH20g log(aHzOl—HZOg) log(aHzOI_HZOg) log HTIBOgDexp

DTO, = DTO,,

A y.00
. " b T H,0
IOgKDTOg = 10gKH20g + 10g(GH20,— HZOg) + log(aHZO,—HzOg) + log WD;OZ:JD

exp



8G

sjuejsuo) wnuqiinbg adojos| [enpiAipu] jo uonense)

Table 2. Reactions and equilibrium constants—continued

Species

)

18

18

D

aq

OH,

aq

oD,

aq

Reaction and log of the equilibrium constant

H,O(liquid) — OH (aqueous)

PHREEQC reference reaction: H,0,+ H,0, = 0H;q+H3qu , K, = KOH_ = KH o
3

aq

H,0,+HDO,, = OD, +H,0,,

D Y op, O
logKOD_ = logKW—log(2)+log(GOH_ L 0) + log—
aq aq 2¥1 WOH;qDexp
18 18 0 +
H,0,+H,"0,, = “OH,,+H,0,,
B 180 0 DIISOH; O
logKlgOH;q = logKW+logE}0H;q_H20D+logETH_‘D
aq €xp
H,0,+HD"0,, = *oD, +H,0,,
18 DllSOD‘ i
logKlgoD_ = logKW—log(2)+logE}0?{_H OE-l-log(O(gH__H 0)+10gD—‘”‘D
aq 2 2Y1 I:] OH;qDexp
H,0,+HTO,, = OT, +H,0,,
T Nor O
logKOT_ = logK, —log(2) +10g(O(OH_ 7H201) + log ——0
“ “ OH;qDexp

H,0,+HT""0,, = 0T, +H,0,,

B 180 0 T WBOT; ]
IOgK‘SOT;q = logK, —log(2) + 10g%01{>}120}]+ log(O(OH_iHZOI) + logBV;]—{_—E
aqg €exp
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Table 2. Reactions and equilibrium constants—continued

Species

Reaction and log of the equilibrium constant

H,O(liquid) — H3O+(aque0us)

PHREEQC reference reaction:

H,0,+ H,0, =

HO+0H K =K . =

w H,0,, OH,,

H,0,+HDO,,, = H,DO,, +OH,,

Y y,po: 0
logKHZDO logK , +log(1.5)+ log(GH o, Hzoz) + logDy—-qD

b H30Zq Dexp
H,0,+D,0,, = HD,0,, +O0H,,

Y yp,0.0
logK, o, = logK,, +log(3) +210g(0( o ) logH

’ ’ yH30 Dexp
3HDO,, = D;0,,+OH, + H,0,
D D/D30:q|:|
logKD30+ = logK, —3log(2) + 310g(O(H30+ _HZOI) + log G——1
“ “ H30;q exp
H,0,+H,"0,, = H,"0,, +OH,,
1 1 1 1 Y 0.0
OgKH;Squ ogkK, + OgE]H3O szODjL ogDH—Oi’D
3%aq €exp
H,0,+HD"0,, = H,D"0, +OH,,
WH D180+|:|
logKH D o, = logK,, + log(1. 5)+10gB]H0 HOE log(O(HO H201)+10ggy;—0+“"g
3%aq exp
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Table 2. Reactions and equilibrium constants—continued

Species

18 ~+
HD, "0,

18 +

H,T"%0,,

HDTO,,

Reaction and log of the equilibrium constant

H,0,+D,"0,, = HD," 0, +OH,,
_ ®o 0 D Y, o' 0
logKHDzlgOZq = logK , +1log(3) +log 81H30Zq*HzOD+ 2log(GH30:q7H201) + logw
3Uag —exp
18 o 18 ]
_ "o 0 D D/D3180;D
logKD3‘80; = logK, —3log(2) + logng30: 7H20D+ 310g(aH3OZ 7H201) + log[{v————:"D
! ! ! |:| H30aq exp
H,0,+HTO,, = H,TO,, +OH,,
logK = logK , +1log(1.5) +1o (O(T ) +1o EY—EZ—T—(Z%
8K 1, ro;, = logKy T log(13) Hlog(@y, oy ) +loe P
3%aq €xp
H,0,+HT""0,, = H,T"°0, +OH,,
_ ®o N T EVHZT%ZD
logKHlegozq = logK , +log(1.5) + log %}H3O;q—HzOD+ log(cxH3O;q_H201) + log[{Td‘H
3%aq exp
H,0,+DTO,, = HDTO,, +OH,,
Y upro: O
_ D T HDTO,
logKHDTOI:q = logK,, +1log(0.75) + log(O(H30;q7H201) + log(GH30;q—H201) + logH
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant Species

CO,(gas) — CO,(aqueous)

PHREEQC reference reaction: CO,, = CO,,, , KIC{OZ
4

18 18, 18
co 0O co Og— Cco an

H H 0 Yco'o,, Aco,, O
logK' s = logK., +log(0cp o ) +logh - ]
€070, * e * Dycozaq )\COISOgDexP

18 18 18
c'*0,, c"o,, = "o,
18 c®o A [l
logKIglgO = logKIC{O2 +2log(GCg _co ) + log ——~ 02
2 ¢ e * yCOZaq )\C1802 Dexp
g
13 13 13
CO,, CO,, = °CO,,,
H H ]3C WB ; )\CO |:|
2g g ag g [ CO,,, IBCOZgDexp
13 18 13 18 13 18
co Og co Og= co OQq
I y B 180 Q/mcolso )\COZ 0
= + + _l_ aq g
IOgK”CO'SOg logKCO2g log(acozaqfcozg) IOg(O‘COZWCOZg) logE Voo Ao %
aq co Og exp
13 .18 13 .18 13 18
C 02g C OZg = C Ozaq
I y B 180 |jl3C180a )\CO 0
logK's 15, = 1OgKC02g+IOg(O‘COZGquOzg) +210g(a€02aq7C02g) +logO3 = =

2g

A
O yCOZaq 13CmOngexp
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Table 2. Reactions and equilibrium constants—continued

(|

Species Reaction and log of the equilibrium constant
14 14 14
COy, CO,y, = COyy,
14 Vi A [l
logKy, = logk [go +log(a cg _co,) tlog 02 Oy
CO,, 2 2ag~ €024 OYco. Ma .. O
2aq COzg exp
14 ., 18 14, 18~ 14, 18
co o, co o,= CO 0,
H H 14 180 |:YI4CO180 )\CO2
= + + + L £
10g[(MCOIBOg IOgKCOZg IOg (CX COZaq - C02g) IOg (G C02aq - COZg) 10g E yCO )\14 18
249 co”o
14 18 14 .18 14 18
C 0, C 0y, = C 0,
H H e %0 EV"‘C“‘Oz Aco, O
= + + + aq g
10gK14C1802g logKCO2g log(aCOZquCOZg) 210g(aC02uq7C02g) log% Voo, )\14C'80
a 2
CO;(aqueous) — HCOj3 (aqueous)
. - +
PHREEQC reference reaction: 2H,0,+ COZaq = HCO3aq + H30aq s KHCO;”
In the bicarbonate equations,
log(QQ1) = calculated parameter for log K oo B > See text for numerical procedures.
2 aq
log(QQ2) = calculated parameter for log K oo 5 See text for numerical procedures.
2aq
log(QQ3) = calculated parameter for log K ey, 5 seetext for numerical procedures.
3aq
18 - 18 _ 18 - +
HCcoO, 0,, 2H,0,+CO O, = HCO, O, +H;0,,

Y uco,"o,, Yeo,, E

18
0
IOgKHcozlgo;q = IOgKHcogaq +1log(1.5) + log SIHCO;MFCO2QE+ log(QQ1) +log3

HCOj,, ycolgoaqmexp



soljes adojosi pue siaquinu AnjowwAg g ajqeL

Table 2. Reactions and equilibrium constants—continued

Species

HCO'"0,,

18

HC'0;,,

H"coy,,

H13C02180aq

H%co"o;, ;

Reaction and log of the equilibrium constant

= HCO'®0;

2H,0,+C"°0 rag ~ H30,,

2aq

B o) 0 m/HC0180'2M Yco,, U
logKHcolgO.zaq = logKHCO;aq +1og(3) + 2log EIHCOQWF con [0 +1og(QQ2) +logH (]

HCO;aq yClgOZan(?xp

2H,0,+3C0"0,, = HC'*0},, + H,0,,+2C0,,,
*o n Hc'o;,, Yoo E
— 3a 2a
IOgKHclgogaq = logKHcogaq_ 3log(2) + 3log E]HCOM—COZQJ]-F log(QQ3) + logD - 4 3 < 0
O HCO3aq VCO180 0
aq exp

13 13 - +
2H,0,+ °CO,,, = H CO,,,+ H,0,,

D/ 13 - y D
logK _ H7CO;,, Co2an

13
¢ U
. = logK, +log81 ) + log [3
H"CO;,, HCO;,, HCO,,, - CO,, [ Yyeo: Yoeo. O
3aq 2aq €xXp

13 18 13 18 - +
2H,0,+ °CO"0,, = H CO, 0,,+H;0,,

B B 0 18 0
logKH”coz“‘o;q = logKy o, ¥ log(1.5) + log%Hcogaq—cohﬂJr log%Hcoguq—c02aﬂ+
Y, 6,08, y 0
log(QO1) + log 2% 9w _1C0u 7

HCO;,, y”colgouqmexp

13 18 13 18 +
2H,0,+ "C"0,,, = H CO "0y, +H;0,,

2aq

B 13C D |80 |:|
logk 1vcoron, = 198K o, Tlog(3) + log %JHCO;M, ~co, Tt 2loe %Hcosm, —co, 3"

d 13 18 - y |:|
log (002) + log OS2 oy~
HCO;,, y”c]goz,lqmexp
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant
13 .18 .- 18 13 13 18 - +
H C 03aq 2H,0,+3CO an+ COZaq = H C 03aq+H30aq+3C02aq

_ 13C D 180 |:|
log KH”Clgo;aq B 1OgKHC0;aq —3log(2) +log %HCO;M -C0,, [ +3log E}Hcogaq -C0,,[] -

4
18 -
c"os, Yco,,

log(QQ3) + log ?;I

3
] HCOs,, yCOlganVBCOZG

I

a exp

u'co;,,  2H,0,+"co,, = H"CO,, +H,0,,

EYHMCO;M Vcomg

14 0
logK . = logK _ +1lo . +log [
g H14C03aq g HCO3aq gB}HCO3aq7C02aJ:| gDyHCOé y14CO2 Dexp
aq aq

H'"co,"o,, 21,0,+"co"o,, = H"co,"o,, +H,0,,
. 14C |:| 180 |:|
logKHl“COzlgo;q = IOgKHcogaq +log(1.5) + IOg%HcoggfcouJ]Jr log %HCO;MfCOZMJ]—F
ﬂ 14 18 o Y |
10g(QQ1)+10gDH co, 0, COyyy 5
HCO,, y”co“‘oanexp
u"co"o,,, 2m,0,+"c"o,, = n"co"o,,,+H,0,,

_ I4C D 180 |:|
logKHMCO sy T logKHCOéaq +1og(3) + log %XHCO;W _co,[] +2log E]HCO;M _co,f] +

2 aq

|j/ 14 18 - y D
log(002) + log [ H'C0"0,,, YCO,, -

HCO;aq yl4C 1802aq|:|€Xp
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Table 2. Reactions and equilibrium constants—continued

Species

14 18

H'C 0y,

DCO;,,

pco,”o,,

pCo"0;,,

Reaction and log of the equilibrium constant

2H,0,+3C0"%0, + "C0,,, = H"C"°0,, + H0,,+3C0,,,

0 0
logK g, = 108K 0 = 3log(2) +log B}HC03aq_C02aJ]+3log E}HCOsaq co, A"
4 0
14 18 - y
log(QQ3)+10g§/H e
O yHCO;aq yCOIKquVMCOZaneXp
H,0,+ HDO, +CO,,, = DCOy, +H,0,,
w CO}a
logk .. =logK .. —log(2)+ 10g(GHCO o) Hlog—0
3aq 3aq 3a > DlHCOganexp

H,0,+HDO,, +C0"0, = DCO," 0, +H,0,,

= D
logKDCOZWO{_m logKHcoéanrlog(O .75) +log(O(HCO3a —H20,) log%Hcom COMJ]JF
Y LYY n
log(001) + log pco,"o,, Yco,, 5

HCOy,, yco‘goanexp

H,0,+ HDO,,+C""0,, = DCO"0,, +H,0,,

= [
IOgKDco‘Sogaq 1OgKHco‘3 +10g(15)+10g(a}1€03aq HZO,)+2IOgE]HCO3aq COZaJ]+
Y LY ]
log(002) + log 2221 _ 2

HCO—Saq yClgOZquEXp
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant
pc'®oy,,  H,0,+HDO,,+3C0"0,, = DC" 0y, +H;0,,+2CO,,,
logK = logK —4log(2) + log(O( )+ 310gB1 Oy
pco;,, HCO,, HCO3,,— H,0, HCO3,,— CO,,[]

3 O
CISO- y

log(Q03) + log EVVD e

[0 HCO3,, yCOmanDexp

p“coi,,  H,0,+HDO,,+"°C0,, = D’CO;,, +H,0,,

WDIB

€0y, Yco,,, %

13C D
10gKD”C0;aq logKHCO; —log(2)+log(O(HCO3 0)+logngC0‘3arC02a£}] log 3

p“co,"0,, H,0,+HDO,,+"c0"0,, = D C0,"0, +H,0,,
. 0
IOgK 13 IOgK HCO;,,— H201) logngCOMq COza,J:'+

p"co,"0,, +10g(0.75) + log(O(

HCO;,,

yCOZaq E

HCO,, y”colgoaqmexp

Y pico,"o;
log%]HCO3 ,—CO,, J]+10g(QQ1)+10gD —

p“co"0,,, H,0,+HDO, +"c"0,, = D" c0"0,, +H,0,,

2aq 2aq 2aq

O
+log(1.5) + log(ch03aq—H20,) +log EJ‘HCOM_COMDJF

18 d 13 18 - y |:|

210g%} o D+10g(QQ2)+10g[} D €O Onuy_~COmy {]
HCO3aq_C02afD HCO: V13C180 O

3aq 2aq €xp
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Table 2. Reactions and equilibrium constants—continued

Species

D13C180;’a

p'*coy,,

D14C02180'

p"co"o;

q

aq

2aq

Reaction and log of the equilibrium constant

H,0,+HDO,, +3C0"0, +"C0,, = D°c"0,, +H,0,,+3C0,,

i
logK 13C18O3aq 10gKHC03 410g(2) " log(aHCO —HzO[) - log%xHCOMq_COzaJ:rl_
: 0
' 13 18 - y
310g E}HZO— CO E+ 10g(QQ3) + IOg é’i C 03aq 3 COZaq E
3ag — 2a ]
q [0 "HCO;,, yCOISanVBCOzanexp

+

H,0,+HDO,, +"'C0,, = D"C0;,,+H;0,,

D/ 14 - y D
E+10gDD C03aq COzaqD

logK .. . = logk
DyHCO;aq yl4C02aq|:|€xp

p"“co;, HCOy,, log(2) + log(a

+1o B] .
HCO,, 0) g HCO,,—CO,,

H,0,+HDO,,+ “co"0,, = p"co,"0, +H,0,,

log D14C02 an log HCO;WI i log(o 75) * log(GHC03aq H201) log EJHCOMq COzaJ:' *
Y pico, o, Yco,, O
log%cha ~CO,, J]+ log(QQ1) +logQ3 2 Yag iy

HCOy,, y“‘co‘goanexp

H,0,+HDO, +"c"0,, = D"co0"0,, +H,0,,

2aq 2aq

Oy

logK . = logk HCOS,, - H20;) *log E}Hcow -0,

p"co"o;,, +log(1. 5)+log(a

18 d 14 18 - y |:|

210g%} o D+10g(QQ2)+10g[} D €O Onuy_~COny {]
HCO3aq—C02aJ] HCO: V14C180 O

3aq 2aq €xp
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Table 2. Reactions and equilibrium constants—continued

Species

D14C180;’

TCOj,,

7C0,'*0

oy,

aq

aq

Reaction and log of the equilibrium constant

H,0,+HDO, +3C0"0, +"co,, = D"c"0;,, +H,0,, +3C0,,

log K = logK ~ 41og2 + log(a® )+1 E}”c 0
08 p"“c"o;,, 08 HCO,, 08 08 HCO3,,— H,0, 08 HCO3,,—CO,, [
4 [l
180 5 %/Dmclg()éaq yCOZaq 0
3IOgE}Hcogaqfc02aJ]+ log(QQ3) *log v 3 0
[] " HCO;,, yCOISanyMCOzanexp

+

H,0,+ HTO,,+ CO,,, = TCOy,, + H;0

aq

logk = logk log(2) + log(a” + log LTC0E

%% rcoy,, ~ %% ucos,,” 0g(2) Og(chog,,q—Hzo,) 08 0O
HCO3aq exp

H,0,+HTO,,+C0"0,, = TCO,"0,, +H,0,,

+10g(0.75) +log(O(T 04

18
B 0
logK 5. = logK HCO;M,—HZO,) + logg}HCO;aq—COMD

rC0,"0,, HCO;3,,

ﬂ/ 8y Y ]
log (001 + log AL 0un Y€01, D
Heos,, ¥c0"0,Bey

H,0,+HTO,,+ °CO,,, = T"CO;,,+H;0,,

T Be 0 [yr”cogaq Yco,, U
—log(2) + log(chogaquZO,) + log%HcogafCOng]Jr log 3 (]

10gKT13CO_ = logK
DyHCO;aq y13C02anexp

3aq

HCO,,
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant

CO,(aqueous) — CO3'2(aque0us)

. -2
PHREEQC reference reaction: 3H201+C02aq = C03aq+2H30:q Kcofaq
co,o;  3H,0,+co0"0,, = 0,0 +2H,0,,
0 [ d/C02 Yco,, U
logK . s, = logK ., +10g(1.5)+10g%§( 2 + log[3 ~{]
co,"o coz, Co3,, - CO,, ]
2 aq 3 3 2 J] |:| yC03aq yCO anljexp
co®oy,,  3H,0,+C"0,,, = co’o,, +2H,0,,
o) 0 Yooz Yeo,, O
logK s, = logK  , +log(3)+2lo } + log [3 4 o
s co 802“'1 s CO32”‘1 s gE}C032‘“17C02"Jj gDyCOfaq yCmOzanexP
c"oy, 3H,0,+3C0"0,, = €0}, +2H,0,,+2C0,,,
[ o2, Yoo E
— 3aq 2aq
logKC1803aq logKCOM 310g(2)+310g8}c03aq_cazup+logmy _ 0
0’ €% yCOlSanDexp
Pcoy, 3H,0,+ °co,,, = "cOy,, +2H,0,,
e 0 Bco Yco,, U
logKy,  , = logK ., +1 _ +1 g =g
Og 13C032aq Og CO}ZH‘I Og E} C032aq _ Cozaﬁ Og Ey 5 y13 E
C03aq COZaq exp
Pco,o?  3H,0,+"co"o,, = “co, 0] +21,0,,
180 0 D/l}COZmOazq yCOZaq N
logK 1, g2 = 108K 5o +log(l. 5)+1ogBJCOWCozaﬂﬂoggxwﬁaqCozmpﬂog% VRSP
cos,, €00, exp
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant

“co”oy,, 3H,0,+"°c’0,,, = “co’oy, +2H,0,,

B3 0 15, 0 D/”COlgOf Yco, H
logK , =logK _, +log(3)+lo i +2lo . + log 3 -~ ~{]
g 13CO18022M g C032m1 g(3) gg}cofaq_coz”ﬂ g%}CO;q—COMD gD yCO-32aq V13C1802anexp
Bcoy,  3H,0,+3c0"%0, +"C0,,, = “c0y, +2H,0,,+3C0,,
_ 13C D ]80 |:|
IOgK”ClSOqu = logKCO;Zaq—3log(2)+10gB}COiq_CO2an+310gB]CO;2aq_COzan+
4
1 13C180;’2aq yCOZaq E
08 3 O
] C03uq yCOIKanVBCOzanexp
“coy, 3H,0,+ co,,, = "*coy,, +2H,0,,
_ e 0 [Y”CO‘faq Yco,, U
10gK14C0_32”q = IOchogzanrlOgE}CO;qC02aﬂ+10g5y S %
COSaq COZaq exp
“co,%o’  3m,0,+"co"o,, = "co, 0] +21,0,,

ﬂmcozlso-z yCOzaq E

14C |:| 180 |:|
logK , = logK ., +log(1.5)+1 ) +1 } +1 -
08 “co," o, 08 CO;y,, og(1.5) +log %’ COy,,— CO,, 08 8] COy,,— CO,, 8 % Yooz Yucovo N

“cooy,, 3H,0,+"c"0,, = "co"oy, +2m,0,,

|4C m 180 = D/MCOMO'ZZ yCO2 ]
logK . = logK , +log(3)+log ) + 2log } +log3 ~ ~{]
sco"o2, coz, E]cojaq_cohﬂ %}CO;,I—COZWD 0 ycofa q yl4clgozaq|:|exp
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Table 2. Reactions and equilibrium constants—continued

Species Reaction and log of the equilibrium constant
14 18 -2 18 14 14 18 -2 +
C 03aq 3H,0,+3CO an+ COZaq = C 03aq+2H3an+3C02aq

- 14 0 ) 0
logKucige = 108K —3log(2) +log & coz,-co, 73108 s coz,-co, [

14 18 -2 y4 0
log C 70y, CO,,, 0
[l Y. 2 y3 y ]

[ " COsyy Cleoaq 14C02anexp

Calcite — CO,(aqueous)
PHREEQC reference reaction:  CaCOs, +2H,0,, = Ca,.+3H,0,+CO,,, ,

CaC0,"0

N

CaC0,""0,+2H,0,, = Ca,,+3H,0,+C0"0,,

18 OAcaco,, Ycoto,O

0]
10gKCaC02]80 = 10g1<cvach3y - 10g(15) + log(GCOzaq*CGCOM) + 10g

’ S\CaCOZIXOx Yco,,

CaC0"0,,  CaC0"0, +2H,0,, = Ca, +3H,0,+C"0,,,

180 D)\CQCOSS y

logKCaCOISOQS = logK c4c0, —10g(3) + 210g(aC02aq7CaC03x) + log

cac®0,,  CaC'0,,+2C0,,,+2H,0,, = Ca,;+3H,0,+3C0"0,,
3

logK

%\CaCdstS Yco,,O

8 E)\CaCQS ycolgan

(0]
cac®o, ~ 10gKCaC03S + 3log(2) + 310g(ac02aq_CaCO3S) + log

3
[ cacos, Yco,,
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Table 2. Reactions and equilibrium constants—continued

Species

CaCo,,

caco,"o,

ca’co"o,,

Ca13C1803s

Reaction and log of the equilibrium constant

Ca’COs,+2H,0,, = Ca,;+3H,0,+°CO,,,

Be OAcaco,, Yico, O
logKCamCO}S = lochaCO% + log(chOz“quaCO%) + 10g§\ 3 oy

C013C03S yCOZWI Dexp

13 18 + +2 13 18
Ca’CO, 0, +2H0, = Ca, +3H,0,+ CO"0,,
13C 180
logKCa13CO218OS = 10gKCaC03S_log(15)+10g(aC02”q7CaC03s)+10g(ac020q7CaCO3v)+

0 Acaco,, Yoco™o, O
logg\ - 1]
caco,%o, Yc0y, O

exp

Ca’c0"0,,+2H,0,, = Ca,,+3H,0,+"C"0,,,
13C 180
lochaBCOlgOzS = logKCLlCO:;Y - 10g(3) + log(acozaq7 CaCOsS) + 210g(0 C02aq7 CLICO}AY) +

0 Acaco,, Yic®o, O
logg\ il
caco’o, Yco,, D

exp

ca’c'®o,,+3C0,,,+2H,0,, = Ca,,+3H,0,+3C0"0,,+"C0,,,
18

13C 1)
logKC(lBCmO:;X = lochaCOh + 310g(2) + log(acozaq_caco3x) + 310g(GC02aq_ CaCOSS) +

3
Yis Y O
)\CaCO3S €Oy Pco"o,[

5
log

4 N

a\caBClgO&v yCOZaq Cexp
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Table 2. Reactions and equilibrium constants—continued

Species

ca'*co,,

ca'*co,o,

ca'*co®o,,

Ca14C1803s

Reaction and log of the equilibrium constant

Ca'*CO5,+2H,0,, = Ca”+3H,0,+ "*C0,,,

e OAcaco,, Yico, O
10gKC6114C03S = 1OchaCO3v + IOg(G COZaqf C(JCOT,S) + lOg % 2 2 qD

C(ll4C03S yCOZWI Dexp

ca''co,"o,+2H,0,, = Ca,.+3H,0,+""co"0,,
14 18

c 0
logK = logKCaCOh —log(1.5) + log(O(COz”quaCOh) + log(O(COMfCaCOk) +

ca"*co,"o

s

0 Acaco,, Yico™o, O
logg\ - 1]
caco,%o, YC0y, O

exp

Ca'c0"0,,+2H,0,, = Ca,,+3H,0,+"C"0,,,
14C 180
lochal4CO1802S = IOgKCLlCO:;Y - 10g(3) + lOg(G COzaq* CaCO3S) + 210g(0 C02aq7 CGCO:;X) +

0 Acaco,, Yicto, O
logg\ il
ca*co’o, Yco,, D

exp

ca'c'®o,,+3C0,,,+2H,0,, = Ca,,+3H,0,+3C0"0,,+"C0,,
18

14C 1)
IOgKCaMClgOM = lochaCOh + 310g(2) + log(acozaq_caco3s) + 310g(GC02aq_ CaCOSS) +

3
Yu Y O
)\CaCO3S €Oy "“co"o,[

5
log

4 N

B}\Ca”CmOss yCOZaq Cexp
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Table 3. Fractionation factors used in the PHREEQC example calculation

10°In(a) = A%+ A3/ T + 42/ T%

Fractionation A? Ag Ag 10° In(a) Range Source
factor at T(°C) (°C)
“gzo,f 1,0, " 52.612 -76.248x10° 24.844x10° 76.4(25)  0-100 Majzoub (1971)
! 105.224 152.496x10° 49.688x10°  152.7(25)  0-100 b ?
HZOI_HZO 05. - 5 . X . X . ( ) = (aHZOI_HZOg)
18
a H(z)ol— HzOgZ/ -2.0667 -0.4156x10° 1.137x10° 9.3(25)  0-100 Majzoub (1971)
a? 3 -1,435 0.0 0.0 -1435(13.5) 13.5 Heinzinger and Weston (1964a)
OH,,~H,0,
T 2,870 0.0 0.0 -2870(13.5) 13.5 (a? )
OH,~H,0, o ' RO : ' OH,~H,0,
18
o 4 -37.777 0.0 0.0  -37.8(25) 25 Thornton (1962)
OH,,~H,0,
o? . > 40.82 0.0 0.0 40.8(13.5) 13.5 Heinzinger and Weston (1964b)
H3an7H2OI
ol 81.64 0.0 00  81.6(13.5) 13.5 (a? ’
H,0,,~H,0, ' ' ' R ' H,0,,~H,0,
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Table 3. Fractionation factors used in the PHREEQC example calculation—continued

a

a

a

Fractionation A A A 10°In (a) Range Source
1 3 5
factor at T(°C) (°C)
18
a . o/ 22.86 0.0 0.0 22.9(25) 25 Thornton (1962)
H30aq_H201
18
a ng _H,0, 7 21.9285  19.43596x10°  -0.181115x10° 41.2(25)  0-100 Bottinga (1968); Friedman and
O’Neil (1977); Vogel and others
(1970)
18
a ng _co,.” -1.9585 1.44176x10°  -0.160515x10° 1.07(25)  0-60 Vogel and others (1970)
13
acf)2 _co, -0.91 0.0 0.0063x10° -0.8(25) 0-100 Deines and others (1974)
14 13
Aco,, o, -1.82 0.0 0.0126x10° -1.725)  0-100 (Ao, co,)
b 0.0 0.0 0.0 0.0(25) Assumed
HCO;,,~H,0,
T D 2
HCOL 11,0, 0.0 0.0 0.0 0.0(25) (aHCO'W—HZO,)
18
o 0.0 0.0 0.0 0.0(25) Assumed
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Table 3. Fractionation factors used in the PHREEQC example calculation—continued

a

a

Fractionation A, A As 10°In (a) Range Source
factor at T(°C) (°C)
13
C 9/ 6 :
O(HCO;M_COM -3.63 0.0 1.0927x10 8.7(25) 0-100 Deines and others (1974)
14 13 2
C 6 C ]
O(Hcogg,fcozgq -7.26 0.0 2.1854x10 17.3(25) 0-100 %HCO&WFCOZ”(J]
18
o
aCOfmeOZHq 0.0 0.0 0.0 0.0(25) Assumed
13
a 10/ -2.49 0.0 0.8637x10° 7.2(25)  0-100 Deines and others (1974)
C0;,,~CO,,,
14 13 2
c 6 ¢ 0
Gcof,,qfcoz,lq -4.98 0.0 1.7274x10 14.5(25) 0-100 %Cogifcoz(uj]
18
Oco, _caco, 'V 47383 12.05276x10°  -1.963915x10° 13.6(25)  0-100 Bottinga (1968); Vogel and others
aq K
(1970)
13
anz _Caco, 2.72 0.0 -1.1877x10° -10.6(25) 0-100 Deines and others (1974)
aq K
14 13
Aco,, - caco,, 5.44 0.0  -23754x10°  -213(25)  0-100 (Aco,, caco,)
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Table 3. Fractionation factors used in the PHREEQC example calculation—continued

1 Coefficients are from Majzoub (1971) as presented in Friedman and O’Neil (1977).
% Coefficients are from Majzoub (1971) as presented in Friedman and O’Neil (1977).

3/ Calculated from K = 1/4.2 for the reaction HDO+ OH = OD + H,0.

4/ Calculated from K

1/1.0385 for the reaction H, *0+0H = "“0H + H,0.

5 Calculated from K = 1/0.96 for the reaction HDO + H,0' = H,DO" + H,0.

.
o Calculated from K = 1/0.9774 for the reaction H2180+H30Jr = H3180 +H,0 .

7/ o o o 0 . o . o .-
Calculated from %Cozg*HZODB]COZWCOz o Coefficients for a CO,,-H,0, A€ from Bottinga (1968) as corrected and presented in Friedman and O’Neil

18
(1977); coefficients for acgz _co,, are from Vogel and others (1970), this table.

18 -1 18
¥ Calculated from B} C(O)ngc OzaE with coefficients for a ng,;COzM obtained by regression of data from Vogel and others (1970) as presented in Fried-

man and O’Neil (1977).

9/ Bc 0,0 ¢ 0. . .
Calculated from E]Hcogmfcozglil/ S}COM*COz o all coefficients are from Deines and others (1974).

10/ Bc 0,0 °c 0. . .
Calculated from B}CO; q—COZgD/ BJ( C04,-CO, [0 all coefficients are from Deines and others (1974).

18 18 18
1 Calculated from B}ngg —Ca COEBJ ngé,q—COZE . Coefficients for a ngg _caco,, are from Bottinga (1968) recalculated using the CO, - H,0 fraction-

18
ation factor of 1.0412 and presented in Friedman and O’Neil (1977); coefficients for O‘cgz _co,, are from Vogel and others (1970), this table.
aq g

13 13
12/ Calculated from a CCC?zfn,—COZg/ a afco}& —co,,> all coefficients are from Deines and others (1974).



APPENDIX 1. DERIVATION OF INDIVIDUAL ISOTOPE EQUILIBRIUM CONSTANTS FOR
THE BICARBONATE ION

Isotope Ratios for Bicarbonate

The isotopes that will be considered are H, D, C, 13C, O, and 180, The symmetry numbers of all species are

equal to 1. The species are

- 18 - 18 - 18 -
HCO3aq HCO, an HCO OZaq HC O3aq
13 - 13 18 - 13 18 - 18 -
H C03aq H"Co, an H CO OZaq H C O3aq
DCO; pco," o pco'®o; pc'®o;
3aq 2 aq 2aq 3aq
13 - 13 18 .- 13 18 - 13 18 -
D C03aq D "CO, an D "CO Ozaq D C O3aq.
The intraspecies constants are:
3 3
n 18 - n 18 -
HCO, "0, HCO 0,,
K = 5 1 K = 5 Z (Al1.1)
n_ 18- n § n 5. n i
HC "0y, HCOj,, HC 03, HCO,,
n3 n3
H13CO2180;1 H]3C0180;a
K = 2 4 K = 2 A (A1.2)
13 .18 13,18
rate O34q "t ‘coy,, rate O34q "t ‘coy,,
3 3
n 18 - n 18 .-
DCO, "0, DCO0,,
K = 5 1 K = 3 A (A1.3)
n__ig.. N - n__ig.. n -
DC 0y, DCOY,, DC 70y, DCOY,,
3 3
n_ 13 18 -
D"°Co, 0, "plco’! %05,
13,18 13,18
"pBc om p"coy,, "pBc 03aq p"coy,,

The following derivations assume that the value of all intraspecies equilibrium constants are equal, but with the

value of K unspecified.
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The 180/1%0 ratio in terms of HCOZISOMI

The oxygen-18 isotope ratio is:

3n . +2n . +tn . +3nm . 2n . +tn o+
180 uco,,, ~mco"o,, —~Hco,’o, T~ m®c“o,, ~mYcoo,, ~m“co,"o,
HCO; 3n . t2n 18, th 8. t3n 43 2n 3 s . tnous
aq HCOy,, ~ HCO,"0,, — HCO"0), g HUCO)0,, HPco"o,,
3n . +2n . *+n . +3n . +2nm . +tn .
pc’o,,, ~pcoo,,, "pco,’o, T~ pScoy, ~ p“co"o,, ~p%co,” 0, (AL5)
n . t2n 18 - TN 8 - T3n 3 o t2n g 18- TR 138 ' '
pcoy,, ~ pco,‘o, ~pcoto,, ~ p“coy,, ~ pSco,’o, b co’o,
Substitute from Al.1 - A1.4 to obtain terms containing one oxygen-18 atom:
18 13 13
RO _ num(HC) +num(H ~C) +num(DC) + num(D ~C) where (AL6)
3 13 13 .\’ ’
HCO3,, denom(HC) +denom(H ~C)+denom(DC) +denom(D ~C)
3.0 11 2
HCO, o, 0 133 3 O
num(HC) = 3 5 +2K n . n g O+n 18 -
OKn O O HCO,, HC 05,1 HCO, O,
U HCO,,U
Soow B 11 2
num(H C) =3 5 +2[K n 13 n 13 13 0+ 13 18
Okn® 0 o H°coy,, Hc"o,[0 H"co,"0,
U am-cos,U
3.0 11 2
pco, o, 0 U033 3 O
num(DC) = 3 5 +2[K n .n_ g . Otn 18 s
Ok,2 O O DCO,, DCUO, [  DCO, 0,
0" pco;,, 0
. .. 0 11 2
1 D co, o, 033 3 O
num(D "C) = 352—(ID+ nois 13,18 - 13,018 -
OKn O O D COy D°C 03,1 D7CO, 0,
0" p"co;, O
3aq
11 2
18 - 18 -
O 2/ HCO, O 1%( HCO,, HC 0, [T
denom(HC) = 3n o 55 - 2 ”‘%Jrgg 344 3“%,
3aq] - -
“q 0 "wmcoy,, O "g HCOY,, 0
0 0 0
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0 S 2% T B
13 O 2%1H13C02180;E EK nH”cow 1 c"oy, [T
denom(H "C) = 3n 3 Dl+§D D+§D {1,
€0 25" beg, g “H "Hbco E
0 3aq [l 3agq o
0 O 0
11 2
: R
- O 2%1DC02180aE 1%{ pco,, pc'oy, [T
denom(DC) = 3”DC0’ Ol +§D p D+§E %,and
3a D - -
‘g "0 'pcoy,, 0 g DCO;,, 0
O O [0
: ST R
B O 2%1013c02180a5 1%{ nD”c03aq p“c"o;, [0
denom(D ~C) = 3n B o += D+§E .
3“‘1% 0 "pPcoy,, 0 g p“coy,, %
O O 0
Equation A1.6 can be rewritten as
. .
3 18 O 011 n2 18
HCO, o, 0 03 3 HCO, "0, _
5 +2[K n ) 7 n 8- |t num|i]
D D |:| HC03aq - = HCOZ an iZHC
0 Hcoy,,0 O Kl
185 0 HCOj,, i
HCO,, , (A1.7)
dag T O % U 2 Ej
0 - = n 18 - L0
O %(3}13 HCO, Oy [T
O HCO, 2 4 [
I:I E 3aq § § E:'
0 n . []
0 ngcozlgan 10 HCOs,, 1 .
n . Dl+§D D+§D M|+ denom|i]
€00 25 "yco, O °H "Heo, W imc
0 3aq O 3aq [j
O 0 (0
0 0 (0
O 0 0
O 0 0
L g O unj

where z num sums the analogous numerator [ ] terms for H 1?’C , DC, and D13C , respectively, and

Z denom sums the analogous denominator [ ] terms for H 13C , DC, and D13C , respectively.

Continuing the same notational convention, A1.7 can be written as
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q

oo : (A1.8)
3ag [ 0 2 E]_
1l n 18 - I
D HC02 an []
O 1 L[]
0 IS i
n_
O 2%111002‘80;9% 1 HCOy,, 1M ,
n - O+ 3 ot 3B |+ denom|i]
HCOy,,1 351 . 30 Ml .
0 U HCOy,, U g HCO, | F c
O O o
0 0 (0
0 0 L]
O 0 o
i 0 0 0,
A I
HCO," 0 HCO,'"0
3[‘}'——7—2—61—(1[]“'2 1 2 “N+n 18 - + num[l]
DKn 0 0 - 0 HCOZ an i
0 "waco;, O 3 O FAc
18, w HCOy, |
R .= — , Al.9
HCOY,, E 0, % (A1.9)
O 2%111002‘80“ E 1 %’Hcozlgo'a HE ,
. +x + =0 H |+ denom] ]
HCOy,,[] 3Un 0 30l Bl
Wig "0 HCOy,, O 3 2 | Frc
O %K anogaqu]_
2 3
0
2 %’11%02”‘0an 3 %’Hcoz”‘oa 0
n 5. t— = |+ num[i]
Hco, o,, Wn O Kp,2 ol e
18, 0 1% U5 hco;,, 0]
o= , (A1.10)
HCO,, 0 2 e
O 2EPHC02180;“B 1 %Hcozlgoam
3n o O+= + |+ denom|i]
coy,,0 3En 0 1,2 .
o 0 HCO, O .30 HCOy,, )
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0
0, 2 gHCOZISOaE+ 3 EﬂHcozlgan O, (i
"nco, o, B 107 0 kOn 08| Z e
i, 3 30 "HCOy,, O O HCoy,, Og| i#AC
= , d
HCOy T O n 18 - [ RL 18 DZD "
O 2|:| HC02 0;19{] 1 DHC02 Oad][l .
3nHC0 %1 + 30, +— - D% + denomli]
3a - —- - .
I i 0 HCOoy,, O 3K3D HCO,, Og| i#HC
I O 200
Dl L6 BﬁHCO2 E 27%1HC02 OMB D N [
"nco, %o, 5 103n 0" X O3n 04 ; e
2 Taq 307 HCO;,, 0O D "Heo,, D i#HC
180 0 K 3aq 3aq 0
HCO,,, 0 2
! O Banoz‘go;E 3 Eanozlgo; s ,
3n cor i +2D3n Ot 5, oo+ denomli]
i ad 07 Heoy,, O (30 Heoy,, O d| i#mc
Writing the complete expression for A1.12 gives
0 20
Dl i%ﬂ CO2 aE 27%111%02 an{% D+
HCO, anE 103, O KU3n DE
s, 0 307 HCOoy,, 0 0" Hcoy,, 07
HCO,,, O 20
! ; 0 2%1HC02180;E+ 3 EﬂHcozlgo;E 0,
"ncoy, 8 “O3n 0" "103n 04
g 0 wcoy,,0 307 Hco,, 07
O 2]
0 ¢=2u® co,"o aD 272 " co, OaD 0
u"co,o, g 1d3n 0" x03n B 05
2 “5 K'D n"coy,, 0 0" mcos,, 07
O n 13 18 - [ n 13 18 - DzD
I E]—O—ZDH co, OHQD_;’_iDH co, Oaﬂ%—i—
13 a " 0" 1037 , 0
3aq 0 w-coy,U KgD H°C05,, U 0
[ 20
O 6 EﬂDCOZIS 0. 270 bCo, ang O
18 Dl + 10 0 O 0 g+
pco,®o,, 75  1L3n 3n 0
g 307 pcoy,, 0 07 peoy,, D
a 20
; 0, 2%1DC02180;“E+ 3 EnDcozlgo;E O
"peoy, 5 U3n 0" ~103n g
3aq[] - = - [l
0" "pcoy,, 0 K3D pCos,, 0g
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(A1.12)



O 20

O 6 EnD”cozlgo;E 27 an)”cozlgo;q% O

13 3. M+ —mg——t =g~ O

p°co, 0,0 103n 0O KO3n ,  OfF
4 30 plcoy,, 0 " 07 n oy, 0

O 20

; 0 ngl3COZISO;E+_3_%1D13C02180;1(E 0
"p" 3aq% 3n i3 0 103p 13, - DE

5 07 b0, D K3D p“coy,, 0

The four numerator terms in {

} brackets are equal and the four denominator terms in{

(A1.13)

} brackets are

equal because the equilibrium constants for the isotope exchange reactions are all equal to 1. Expressing the

{ } terms as functions of A and C, and defining

(1 18, - [
01 = 0 HCO,"0, 7
O3n [k
0° reos,, 0
gives
g 5
0 6 27 2
18- TH 13 3. Th 8. Tn s o0l +—(01)+=(01)0O
Ef’HCOZ o, H°co,"0, "pco,"o0, ~p"co,o,Hq % K 0
18 _ U K O
HCOy,, 0 - ’
3 2
+3 +3 +3 UAt +2(01) + = (01
O K3 0
and
O 13 18- N 18- " 13 18 .- DD O
H CO, O DCO, O D "CO, "0 [~ ]
iy Ot " 2 Zo e 2 % Polly + o1y + 2 o1yg
HCO, 0w HCco,®o uco,o "uco,"o ED : K O
180 2 aq 2 aq 2 ag —[] K3 0
HCOs, ) g 13 3 3n 13 od
H ~CO; DCO D "Cco, MO (]
3n 0 bag 3ag el +2(01) + 2-(01)'0
HCOSan 3n 3 n : DD l 0
HCO,,, HCO,, HCO;,, U o 5

Thetermsin () brackets are equal; therefore,

(Al.14)

(A1.15)

(A1.16)
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0 5
6 27 2
Ol +— (@) + =010

2 O

[n - 3
18, g HCOZISOMDD K D. (AL1T)
Hcoy,, B3n Un 0
U HC03aq U 0 3 ol
O +2(0)+—=(e1) o
0 3 [l
0 K 0
Now define
5 :
6 27 2
ol +—1(Q1)+?(Q1) 0
0 = 0
o g3 0
qq1 = , (A1.18)
: :
3
O +2(01)+—=(eh)o
0 = O
0 K> 0
which gives
18, _ E”Hcozlgo'aqg _ %ﬂHBCOzlsO;(B _ Eﬂpcozlgo'aqg Lo Enp”coz”‘o;D L (ALLS
. T3, O O3n . 0% = O3, 0% = g3, el (ALD)
HCO; 3n i 3n 5 . 5. -
“ 0 HCOy,, O 0" u"co,, 0 0° pcoy,, O 0" p"co;,, O
The 180/'€0 ratio in terms of HCOlgO;aq
18 [3an‘80' 2080, T Mhco, o }Jr . ; numli]
o _ 3aq 2aq 2 Tagm  #TC (A1.20)
HCO34, 3n . +2n s . tn 18 - }-i- denom|i]
" Heoy,, T HCco,0,,  “HCo"0,, ) £
BE 0
15, S 12 !
HCO 020q|j+2 033 3 :
n 18 +K n 18 0|+ num[z]
11 0 HCO"0,,, [ HCOy,, HC O3, [ .
18 %K HCO,, J
0 == 3ag : (A1.21)
HCOj,, 12 !
33 3

3n . F2[K'n _n 5. Otn TR denomli]
HCO,, O  HCOy,, HC'O, [ "HCO"0,,| . fn-
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0} 0 0 2 O
5. O 012 8 0]
HCO "0,, 033 HCO "0,,, |0 .
O———0+2n . +K'n 10|+ num|i]
11 O HCO0,, 0O HCO,| 11 ol .
33 i 0 3 0 izHC
%{ n K™n
185 HCO;, 0 O HCO; 0
- ag 3ag , (A1.22)
HCOY,, 0 % %D
E 12 n 18 U
33 HCO"0,,, | O
. t2[K'n ) T O+n 18 denom|i]
HC03aq O HCO3aq 2! 0 HCO 02aq frc
0 2.2 0
O HCOy,, | U
03 0 0 L
%, s O 012 8
HCO Ozan 0 § § HCO OZaq
2n . +[K'n + numi]
11 0 ~ HCO'0y,,, 0O HCO,| 11 ,
33 0 0 K6 3 izHC
18, ETK "uco. O O "Heo
_ 3aq 3ag (A1.23)
HCO},, 0 1
012 2
0z n 18
3 3 HCO 02aq
n . +2[K'n T n 18 denomli]
HCOY,, E HCO,| 11 HCO 0h,, | £
nooo
0 HCO;3,,
03 0
11 1 18 O
05 3 5 g HCO "0,,H
K n . n s . O+2n s . T 3 + num[i]
0 HCOy,, HCO“0, [ ~ HCO"0,, QO l1 ]
Ky 1
18 X
o _ HCO34g (A1.24)
HCO: 11 1 ’
Sad 6 2 2 0
3 o + n co n 5. O+n T denom|i]
3aq 0 H 3aq HCO Ozan HCO hag e
0 0 (0
1 ED 11 . 1 %1 8 %
5 ) 5 HCO O
n 18 6,2 . O+ 2 18 — 24979 | + num[i]
HCO"0,,, /1 HCOy,[] ~ HCO"0y,, gLl M| e
22 N
n
18, 0 HCO,,
RY = , (A1.25)
HCO},, 0 g N
53 H33 2063 O Dweoo ]
3°n Bn +=K i, O+ 07 + denoml[i]
HCOY,,[f HCOY,, 0 HCO"0,,1 0O ' M| A
0 3 Erz n 0
O HCO;, D
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1 1 g 1 [n 18 .- [12 [n 8
2 %12 EE&%+ pji 7O %l , 300 Heo 2 + num(i]
HCO™0,, O HCO,, ) O B n N 10y ;
15, 2aq 3 5 0 HCO;,, O KED HCO3,, i#HC
.= - (A1.26)
HEOsaq 11 1 01 éEﬂ 18, 2 RL 18
22 U 2 DD 2 2K DHCO 02aq|:| 1 OJ HCO OZa .
3 "o, %nHCOgaE%B Y I — + denomli]
4 0 32 O HCO;y,, O 32D HCO;,, i#HC
1
1 0o o1 5
> 0 & %ﬁHCOISOZQE2 3 ngcolgoza .
s OKO+2 = + num|i)
HCO "0,,,[1 O 'n 4 105 ,
8 “5 0 HCoy,, O 20 "HCO;,, i#AC
0] K
and R .= : . (A1.27)
HCOs4 11 I 1@ 2 m
- - - 18 18
22 02 2K65 HCO 0,7 | 1 QHCO 0,, .
n B+ — + denom|i]
HCO,,[ 1 Up R 105 . .
g 32 0 HCOoy,, O 3§D HCO;,, i#HC
Analogous to A1.13, A1.15, and A1.16, equation A1.27 reduces to
1
1 0 1 5
3 DEK%Jr 6 EﬂHcolgo'ME2 L9 %ﬂHcomo;a
HCO"0;, %D o 193, O 10
9 0 Hco, O 0 Hco
18 0 32 3aq K2 3aq
- ) (A1.28)
HEOsaq 11 o1 Im 18 .- D% Im 18
2n2 532—1—2](6'] HCO Ozan +32D HCO 020
HCOj,,[ 03p O 03n
“ 0 HCOy,, U O HCO;,,
1
N ~ EﬂHcolgogaEZ .
ow define 02 = T3 O , and equation A1.28 becomes (A1.29)
0° " HCoy,, O
o :
6,6 9 2
IEK +—1(Q2)+—1(Q2)E
180 2 ycoto, 220 32 K’ O
- U 2ad ] (A1.30)
HCO;, U3n O 1 1 1 ' ’
07 HCOy,,0 03 6 2 2
%B +2K(02)+3 (Qz)g
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¥ :
6 6 9 2
0K +—(02) + —(02)0
0 5 5 0
g 3 K U
Defining ¢gq2 = T T T gives
0.2 6 2 2
B +2K(02)+37(02)0
0 0
1 1
18 _ %Hcolgogaqu _ %111113c0180;a52 5
Heo,, O3n 079703, —— 0%
¢ 07 HCo,, O 0" u"co;,, 0
1 1
DﬂDCOISO' 2 D’Dncolgo- (12
_ 2ad | 7 = O 2aq ] )
035 0 94 13 5 0 94
0° pcoy,, O 0" p“co;,, O
The 180/1€0 ratio in terms of HCISO_M‘]
[3n s . t2n 8 . tn 8 . :|+ Z num[i]
vo _ Lwuco,, “uco"o,, “Hco,"o, ) 4o
HCOs, |:3n _ +2n 8 . tn 15 :| denoml[i]
HCOY,, ~ HCO,"0,, "HCO"0h,| L.
Sl Lo gLl 2
18 +20Kn° 18 n 0+ K n 18 > O+ num|i]
o _ HCUOy, "0 HCUOy,, HCOL[ [ HCUOy,, HCO\[ . fn.
Heos,, STl r [ 12 [ ’
] +ZU<3H3 18 > D+[K3n3 18 3 O+ denoml[i]
HC03aq O HC 03aq HCOMJ:] 0 HC O3aq HCOMAJ Enc
1 2 0 11 1 0o 12 0
3 3 33 3 33 .
s Br 5. F22KAT 45 . O0+X'n O+ num|i]
o _ HCUO,,g HC'Oy,, "0 HC'0y,, HCOLO O HCOW[D | fpe
HCO:; 1 2 11 1 12
a3 O 3 33 3 0,033 N .
n . [Bn 20K nT s O+K'n g [OOJ+ denomli]
HCOY,, 0 HCOy,, O HC'Oy,, HCO,O O HC Oy,  foc
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(A1.32)

(A1.33)

(A1.34)

,or (Al.35)
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1 2

1 2 o1 I m U
3 3 03 35 HC™®0, Hc'to; 1l
ni]CISO' nZICO' DK?+2K3E__—&H +3E_——_—3ﬁ% O+ ; num(i]
15, 3ag e 0"ucoy,,0  0"Hcoy, oy i#nc
RS = . (A1.36)
HCO;,
o] 2 E I Da I D:%
3 3 30 HC' 03aq+j 30 HC' 03aq{] .
nHCO; nHCO'3 %B+2 PR +K D—D% denomli]
aq aq 0 HCO3an 0 Heos,, 05 i#7AC
Again, analogous to equations A1.13, A1.15, and A1.16, equation A1.36 reduces to
1 a1 1 : 2D
1 1 1 . [ 3
3 0 3 3511{6803(1(5 ngC1803aE O
15, DK +2K0 5 0 30 0o
HC "0y, 0 n R n : 0
18 4 0" mcoy,,0 0O HCOy,, O
o _ 0 o “ O (A1.37)
HCO3,, | o | L e
3 EB 21(3%1 1803091% 3%11”180_3“53%
H
CO3400 0" Hcoy,, O 0"rcoy,, 0 a
1
chlgo' (13
and defining 03 = En—“"g yields (A1.38)
0 HCO;,,0
0 1 1
103 3
s o BOK +2K7°(03) +3(03) 0
18 HC "0
o _0 3a] O O (A1.39)
HCO;, e 1 1 ' '
¢ DO HCOo,, O 3
B+2K (03)+K (Q3)E
0 ; ; []
3 3 2
0K +2K7(03)+3(03)0
Defining g¢3 = D T : U gives (A1.40)
0 3 3 2
B+2K°(03)+K(03)D
0 0
1 1
18, DHC 03aE3 B EﬂHls 1803aE3
weo,, On 097 g 09
a0 HCO,, 0 0 H " cos,, 0
1 1
m s . [B " 13 1s,- [3
_ 0Pbcio.g _ Ol cio.g
0 pcoy,, O 0 p~cos,,0
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The 13¢c/2c isotope ratio

The carbon-13 ratio is

T S N TP NS SIS SN (T ST SN
Beo _ H C03aq H 7 CO, an H CO OZaq HC O3aq
HCO, n___ +n Stn gt g o F
3aq HCOy,,  HCO,"%0,, ~— HCO 0y, HC 0,
noy, . tn . tn 8. tn 18 -
p"co,, "pico,"o, p“co"a,,, p“c"o, AL
, Or .
n . tn 18 - 18- tTh g . ( )
DCO3M DCO, an DCO OZM DC 03aq
g ” i 18 .- 18 .- 18- O
H"co,"o,, "1 co O34 "1 O3]
n +— - + g+
Be 3aq] u"coy,, H13C0'3aq " *coy,, 0
HCOy, n
q 0 18 .- 18 - no s O
. EI,H HCO,"0,, "Hco Orag . _HC O3,
HCOy,, n § n ) n _ 4
0 HCO,, HCOj,, HCO;,, 0
O " 5. 18- M 13 18- 18- 0
p“co,"o,, ~Dp"°co0, "pBc O3]
"pico: i i i 0
3aq[] D13C0'3aq p"coy,, p"co;,, 0 AL43)
g ” 18,- O
pco,"o,, "peo *0,.,, "pe O3]
n_ + + -
DCO;,, n_ n_ 4O
O DC03aq DCO;,, pco;,, 0
The terms in brackets are equal; therefore,
n . n n
0 130 %o %o 1380 0
+ O + 2 “aq 4 2aq 3aq |
o, " "pBco; O n n n O
B 3aq 3a0- ] H"co; H"co; H"co;,, 0
aq aq aq
_— , (Al1.44)
HCO3a n
q 0 18- B 18 - no s - O
%’ +n O, _HC0, "0y, HCO"0y, , HCTO\,f
HCOS,,  DCO3,H n__ n_ n U
O HCO,, HCO,,, HCO;,,0
o 7 3, .0
%+ D COSaqu
Boor n . 0
H C03 n 13 _ _
Be aq[] H " Co;, HBCOsa
oo = 1, and (A1.45)
n ]
2 % + DCO—SaE HCOBaq
HCO n : 0
@0 “HCO, [
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m : n n : n :
B3 - H13C03aq_ H13C02180uq_ H13C01802uq_ H13C1803aq

HCOéaq m

n 18, - no s -
HCO"0,,, HC"0;,,

— n 18
HCOY,, HCO," 0

aq

m i n _
p“co;,,  p"co,o,,

n _ n B n -
D13CO1802aq D13C1803aq T13C1803aq

18 - n_ 18 -

rC0y,,

m B n 18 - n 18 -
DC03aq DCO, an DCO 02aq

The 2H/"'H isotope ratio

With similar algebra the deuterium isotope ratio is

n y n 18 .-
D _ DCO;,,  DCo,'o,,

HCO,, - -

n _ n .
pcoo,,,  pco,

n . n 18 - n 18 - no 18 -
HCO,, Heo,"o,, HCO"0,,, HC 05,

n : n B
p“co;,,  p“co,o,,

n : n .
D13C01802aq B D13C1803aq

n o3 o n - n o3 18 . n o3 18 .
H"CO5,, H”coz%aq H7"CO "0y, H7°C 0y,

Aqueous CO,—Bicarbonate ion equilibrium

The oxygen-18 isotope ratios are, from equations A1.19, A1.32, and Al.41:

1 1
C -0 L 2 RC .3
185 A HC02180ME | 18, A HC02180ME va2 R180 N HC1803aq{j o3
HCO:; 3n HCO:; 3n HCO:, s O
a7 HCO,, O 07 HCO,, O a0 HCOy,, O
. 18 -
Reaction to HCO2 an
R 18-
0 HCO, "0, .
035, 94
8, 0" Heos,, O
HCO. —CO, - Of
3a 2a 18
q q dico o,H
DZ”COZMD
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(A1.47)
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(A1.49)



[ﬂ
B HCO,' O“Qqul
18, _o Hcogan __l_gnHCOZISO COZanqql
HCO3,, - CO,, . Bobm om U '
a a f'co 0, Ba0 HCO5 coo,,0
P"co,,,0

The isotope exchange reaction is

HCOj,,+ €00, = HCO,'0, +CO,,,. for which

a . a m . m % _Y
ex _ HC0,"0, €924 HCO,"0, %24 HCO,"0,, ©O2q o
18 - - ’
HCO, 0 a . a1 m -om s Y SN
aq HCoy,, coo,, Hcoy,, co'o,, 'ncoy,, ' coo,,
oy 18 - Yeco. O
K _ %180 000 #€9% %y~ 2@ gl
By (1] [l [l
HCO, 0, HCO;,, - C0,, IOy R Cyq1
q aq aq
0'ucos,, co'o, 0,

The PHREEQC species and reference reactions are, respectively,

+

18 18 - + -
2H,0,+C0O"0,, = HCO, "0, +H;0, —and 2H,0;+CO0,, = HCOy, +H;0,,,

which, combined with equation A1.52, yield

2
a 18- Aco ¢ +U0a a o XK
ex _ HCO,"0,, ©%q 7 HCO,"0, H3OW)DD C0,,, “H,0,7  HCO,"0,, or
8y - Og O ’
HCO, "0 a_ 3. a i 0% %1 . a n K i
“q co‘o,, HCOy,, O O aHzO,D HCO;,, H30,[] HCO;,,
ex
K 18 - = KH _ K 18 - -
HCO, "0, C0y,, HCO, 0,
18 D/ 18 - yCO O
Thus, K - K 0 000 #€0 an g glo
us, Bo Co;, co. —co, OO0 0 g1
COZ an H 3aq H 3aqg 2aq DVHCO y 0
3aq aq exp

. 1
Definin 1 = —,
g 00 o

substituting in equation A1.57, and taking logarithms gives

logK = logk +log(1.5) +1 U+
o8 HCO,"%0,, o8 HCO,,, 0g(1.5) OgB]Hcom Co,,
oy 18- Yeo. O
HCO,"®0 2
log (QQ1) + log f—— a
- 18
0'ucoy,, coo,0,,,

(A1.50)

(A1.51)

(A1.52)

(A1.53)

(A1.54)

(A1.55)

(A1.56)

(A1.57)

(A1.58)

(A1.59)
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Reaction to HCO' 0,

2aq
1
02
8o DHco 02mE 5
Hco,,, U3 g 99% -
07 HCOy,, O
[
HCO"0;,
EM—Zﬂ(qqz)z -
BJISO B2 _ 0 HCoy,, O E’EE HCO! 02aq "co,, D(qq2)2
HCOj,,—CO,,/ s m.o
c o, U HCO;, et Ong
03 éD q
0%co,,0

The isotope exchange reaction is

HCOj,,+C'%0y,, = HCO'0,, + CO,,, . for which

a 18 - m 18 - Y 18 -
ex _ Hcoo,,, 4co,,,  HCO"0,,, Mco,, 'HCO"0,,, YCO,, o
18 - - - ’
HCO"™®0 a . a m_ . om .
249 HCOY,, C"o,, Hcoy,, — co,, yHC03aq yclgozaq
a 18 - a 18 D/ O
o _ Hco" oy, “co,,, B} 0 ( 30 HCO' 02aq ycozan o1 g
18 - - - .
HCO"0,,, HCO,, 7c020qD Uy Y s, 9 Hggo1

Yhco. Yot 0 "Heo; !
oy, "0y, COyy €05,

The PHREEQC species and reference reactions are, respectively,

18 B + B - +
2H,0,+C 0y, = HCO' 02aq+H30aq 2H,0,+CO,,, = HCO;,,+ H30,,,
which, combined with equation A1.63, yield
a 18 - @ K +DDa a o K 18
ex _ HCO"0y,, 9C0Oy,, 5 HCO'"" 0y, ‘0 W00 CO “Hy0 _ _HCO O3y
180 - D%, 0 ’
HCO O a a ; a B
2aq c’o,, ~HCOy,, O c%o,, 9u,0,00HCO;, ‘0 yu HCO,,

ex
K . K K7 ..
HCO"0,,, HCO;,, HCO"0,,

o 2B HC0" 0, Ve, B 0 1§
Thus, K . =K . 5 03)g a ol
HCO 02aq HC03aq HCOBaq COZaq y[_ICO'3 yC180 J] qqqz]
aq 2aq—exp
Defining QQ2 = ;2 ,
[942]

substituting in equation A1.67, and taking logarithms gives
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(A1.60)

(A1.61)

(A1.62)

(A1.63)

(A1.64)

(A1.65)

(A1.66)

(A1.67)

(A1.68)



180

logK . = logkK +log(3) +2lo EJ( ) Oy
g Hco'"o;,, g HCOy,, g(3) 8 HCO,,,~C0,, 1
EVHCO]BOéa . VCOME
log(QQ2) +log y o -
- 18
0 'HCOy,, €0y,
Reaction to HC 0,
eaction to 3aq
e s - [0
DHC 03an 3
EPE— L . 3
18 3 O Hco;,, O HCY0,,, CO2ag
& 0 g - - = 2 (493)°
HCO;,, - CO,, 3 3 '
3aqg—~2aq d'co"o, 0 D%m Com
0 “Hco;,, co'®o
t2rco, O e 0
COzaq
The isotope exchange reaction is
HCO, +3C0"0 = HC'®0, +3C0, . forwhich
3aq aq 3aq 2aq’ or whic
3 3 3
a 18- a m 18 . m Y 18 -
ex _ Hco,, “co,,, _ HC'0,, "o, 'HC'0,, Yco,, or
18 .- ’
HC "0 a X 3 m i v i 3
3aq a m
HCO,, COISan HCO,, COISan HCO3,, yCOISan
oY, s - 3 O
ex _o PO OHC % Y00 g 1 g
By - 0000 3 0 3
HC O HCO co .
3ag 3ag 2aq Vucoy, V. s, O 1qq3]
9 " CO an exp
The PHREEQC species and reference reactions are, respectively,
2H,0,+3C0"%0 = HC'0, +H,0 +2C0, and2H,0,+CO, = HCO,, +H,0.
21 aq 3agq 3%agq 2aq AN 2¥1 2aq 3aq 3%aq>
which, combined with equation A1.72, yield
a g - a3 B’ 18 - azco a +DDa a2 O K 5
ex _ _HC Osy 9C0y, _ HHCT 05y “Feg H30a%D €Oy “H,0i1) _ _HC 0%y
18 - [l ’
HC Oy, a3 0 3 a2 D% a K
HCO;,, COman 0 COman H,0,qt HCO3,, H;0,[] HCO;,,
ex
K 1. =K . K
HC" 0, HCOy,, HC'Oy,,
18 33 meo; V3co u
This, K o = K 0 O00AC O 0w 0 L1
U HC 0, HCco,, U HCO,,, ~CO Y 3 L
3aq 3aq 3aq 2aq 3
a 0'HCo;,, VCOmanDexﬁqq ]

(A1.69)

(A1.70)

(AL.71)

(A1.72)

(A1.73)

(A1.74)

(A1.75)

(A1.76)

(A1.77)
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Defining 003 = B—L 0.
30
D[qq3]

substituting in equation A1.77, and taking logarithms gives

logk 5. =logk . _3log(2)+3log81 Oy
HC0y,, HCO,, HCOj,,~CO,,H
3
EV ucoy,, VCOMB
IOg(QQ3)+10gDy 3 0
O'Hco, Y . s, 0O
3aq co an exp
Reaction to H " CO;
eaction to 3aq
i, - O
DH CO3“QD
Ly [l
) m _om
B}BC 0_ 0 HCO;,, O _ H13co3aq €0y
HCO,, —CO0, U m___om '
3aq = 2aq d'5co,, HCO,, °CO,,,
n
U cozan
The isotope exchange reaction is
Hco, +7co, = H"CO; for which
3aq 2aq 3aq Zaq’ or whic
a 3. gq m 3. . m Y 135 -
ex _ #n°co,, %o, _ #°coy,, Mco,, 'n’co,, Yo, o
13 - 4
H ~CO; a . dag mo.._ . My Y, . Y
aq HCO,,  °CO,,, HCO,,  °C0,,, 'HCOy,, ' °co,,,
a 3., . q Y i, - O
P _ H COy,, Yco,,, 83‘180 og #°cos,, Yeo,,, g
B - - |l U
H"co; a . ag HCO;, -co,, By 'y,
a4 HCO3aq COzaq a4 AR HCO3aq Cozapexp

The PHREEQC species and reference reactions are, respectively,

13 13, - + ] 4
2H,0,+ COzaq:H C03aq+H3an and 2H201+C02aq=HCO3aq+H30aq,
which, combined with equation A1.82, yield

a 3. . g K4 +00g a o K
K _ HCO3,, “C0y, EH ‘coy,, H3OMHD CO,,, 9H,0, E _H C03aq
H ~CO; a . a a, 2 . a K
3aq HCOY,, °C0,, O “co,, aHZOID%HCOM H,0, ] HCO,,
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(A1.78)

(A1.79)

(A1.80)

(A1.81)

(A1.82)

(A1.83)

(A1.84)

(A1.85)



oY, 13, - O
_ ex _ e Of # €034 V€O,
Thus, K , =K K\ = =K _ a0 g -
H°COy,, HCO;,, HCOy,, HCO3,,H HCO;,,~CO,,, D\/HCO. Yiseg
3aq ZaJ]exp

Taking logarithms gives

Y, 13 - O
13 u"co, Yco
logk ;. = logk +10g8} ¢ . %Jrlog% 3aq Zaqg .
H C03aq HC03aq HCO3aq—COZaq 0 HC0'3 yBCOzJ]
aq aq—exp

. 13 18
Reaction to H CO2 an

O
n 3. -
%180 oo, e g 07 #Pcoy, O 0" ucos,, O
- O - o
HC03aq COZuq HCO3aq C02aq %113C01805 |j113C02an
a
N O0%co, O
D 13C02an 2aq
m m
13 18 - "TCO
= % 0 M (1)
N

ik - My g
B Hcos,, Pco®o,,

The isotope exchange reaction is

HCOoy,,+ °coo,, = n"co," 0, +co,,,. for which

a . m N Y .
13 18 a 13 18 m 13 18
Kex _ H " CO, an COzaq _ H " CO, an C02aq HCO, an yCOzaq or
13, 18 .- " ] a m . m ) ’
H"C0, 0, Heoy,, 13CO180aq HCOy,, 13C0180aq yHCOBaq Vlac0180aq
13 18 D/ 13 18 - D
K _ @DE} c og, © o 4 co,0,, Yo, g 1
13 18 - - - :
H C02 an EQD HCO3aq7C02an HCO}aqic‘OZanE yHCO-3 y13CO180E QMID
aq aqg—exp

The PHREEQC species and reference reactions are, respectively,

+

13 18 13 18 - + -
2H,0,+ "CO"0,, = H "CO, "0, +H30,, and 2H,0,+CO,, = HCO;, +H;0,

which, combined with equation A1.90, yield

a
13 18 -
Kex _ H C02 an

13 18 -
a ) a
H"CO, 0, HCO3,, 13CO180aq

a
CO,4y

(A1.86)

(A1.87)

(A1.88)

(A1.89)

(A1.90)

(A1.91)

(A1.92)
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M 13 18 - +00g a2 O K 13 18 -
_g#co, o, H3OMDD COy, “H 0,5 _ HCO, 0,
Oa 2~ U O X :
13 18 - -
0 “co’o,, %m,o,0HCO;,, H30()] HCO;,,
13 18
Thus, K, . =K -E%% c Ot 9 ap
H"co,"o,, HCOy,, HCO3,,~CO,, A HCO;, - CO,,,
O . s U
gt co,%,, Yco,, g gl
Uy y 0 yg1U
13, .18 q
0 "HCO,, co o[,

. 1 0O
Defi 1 =H
efining 00O [lyq_lm’
substituting in equation A1.94, and taking logarithms gives

logK = logk +1og(1.5) +1 04
o H"co,"o,, o8 HCO,, og(15) Og%}ﬂcowq co,, [

o O
185 g H7co,%o,, Yco,, §

| +1 +1 1).
Og%}HC03 _co, D g v ] Vo 0 og(QQ01)
aq aq 0 'Hcos, 0”0, [,y

18 -
ReactlontoH CO OZaq
" 1, 15 [ i, - O
1" c0"0, 2 f HCO;
157 “Hlgq2) ) 21
13,2 )
Bllgo 20 Be n_ 0 #Pcos, 0 0 HCOs,, O
HCO,,-C0,,H U Hcoy,, - co, B Eﬂm 5 [ oo 0
C OZan 2aq
Dn 0 0n 0
0""co,,,0 €O24q
B o
H CO 02 2aq 2
- ([g42]17).
.My g
HC03aq co,,,
The isotope exchange reaction is
13 18 .
HCO,,+ °C0,,, = 000}, +CO,,, . for which
a i3.,18- ¢ m 13 18 . m Y 13, 18 -
ex _ u'co’, “co,, _ u'co’o, "co,, 'n'co", Yco,, o
13, .18 - )
H"CO 0, a . a3 18 m X My _1g Y . Yi3 18
aq HC03aq C 02aq HC03aq C 02aq HC03aq C OZaq
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(A1.93)

(A1.94)

(A1.95)

(A1.96)

(A1.97)

(A1.98)

(A1.99)



Y, 13 18 - ad

18 2 Y
0 H’co"0,,, Yco,, 1
Z”CO‘SO' :(3)%1%0' co E HCOy,, —CO %D = wills ZE (41.100)
2aq 3aq ™ 2aq 3agq 2aq O yHCO}mq y13C1802acJ:|equqq2]
The PHREEQC species and reference reactions are, respectively,
0,+°c%®o, =u"co0"®0, +H,0 and 2H,0,+C0,, = HCO,, +H,0! 1
2H2 / Zaq_H 2aq H3 ag 0 2]—[2 / Zaq_H 3aq H3 aq’ (A1.101)
which, combined with equation A1.99, yield
a 13 18- q
ex _ HC0V0,, “co,,
13 18 - -
H"co"0;, a . a
2aq Hcoy,,  “co,,
2
[ oo o K .
g H"coo, “u, 0,a0%C0, “H,0,7 _ " H"c0"0,,, (AL102)
I 2 0O ] O K : :
0 ""c"o,, aHzolDBIHCOMq H40,[] HCOj,,
13 18 )
Thus, K 3 5. =K - (3) C- E 0- Ex
H®C0"0,,, HCO},, HCO},, - €0,, DY neoy,, - co,, |
Y 13, 18, - O
DH co qu yC02aq D n 1 D (A1.103)
E Yico: y”clgo 1gq21™
3aq 2aJ:|exp
Defining 002 = 1 . (A1.104)
iqqZ]
substituting in equation A1.103, and taking logarithms gives
logK . = logkK . +log(3) +log 0.
H"co,"o,, HCO3,, E](Hc03 -co,,
oy y O
H CO O co
210gB: H+logH 24— 20 L+ og(0Q2). (A1.105)
HCO;,,~CO,,, i Y, . Y38
HCO;,, C 03[,
Reaction to H13C1803aq
R - O L - 0O
. H13C1803an([ 3]3)D HBCO3an
On ,, . ow9g,— O
81180 P e g O H"co;,, 0 0 ucos,, O

HCOy,,-0,,0 O Hco;,,~co,, 0

ﬁco 0 p ﬁ'”coza%

Dz”coza D O%co,,, U
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0 H C O;an
U m O 4 3
= a HCO;aq H 3y — 1 EmHBClSO;aEE mCOZaq E 3
= dn - 3|j'n13 ([qq3] ) D1D3D m ) 0T 3 . 0 ([qq3] )
AP co 0@% 0 “co, H GO 0 HCOk, D[mcolgoaq '3C02an

The isotope exchange reaction is

HCOj,,+3C0"%0,,+ PC0,, = H"”C"0}, +4C0,,,. for which

4
13 .18 a
ex _ H C 03aq COZaq
13 .18 =
H°C"0y, . 3
q a a
HC03aq COISOM 13C02aq
4 4
Y 1318 m i3 1s - m
_'n’c’,,  Yeo,, ncto,, CO,,, o
Vico, Yoo ¥ Muco, Mo ms
HC03aq C0180aq 13C02aq HC03aq COISOM 13C02aq
313
K - D1D %} O © Oy
u"c"o;,, HCOy,, -0, H U ncos,, - co,,
oY 13 .18 4 O
%H C O3aq VCOZaq E % 1 %
Yoeor v q43]°
0 "HCOy,, Vcolsaaqvlzcozam

q exp

The PHREEQC species and reference reactions are, respectively,

18 13 +
3c0'0, +°co,,,+21,0, = HC'0}, + 1,0, +3C0,,, and

3aq
CO,,,+2H,0, = HCOY,, + H30

which, combined with equation A1.108, yield

%’ 13 .18 C Da a O K 15 s
ex H C70y,, “Y2u4 H30 %D CO,,, “H,0q  H'C 03aq

13 .18
HC 03aq Da

0 co' 0 C02aq

oo mod
H,0,g0 HCOY,, HO()] HCOj,,

e U
Thus, K - K ning x
o n"c"oy,, ueos,, B9 Tncos,, - co,, 0 %JHCO3 ,~ €0y, 1
Y 13 18 y4 O
EH C 03aq COZaq E % 1 %
Yoo oy qq3]>
HCO;y,, VC y13C02anexp
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(A1.106)

(A1.107)

(A1.108)

(A1.109)

(A1.110)

(AL111)

(A1.112)



Defining 003 = . (A1.113)
Hgq313

substituting in equation A1.112, and taking logarithms gives

logK 5 5. = logK . —3log2 +log Oy
H g HCOj,, EJ(Hcom co,, -
oY 13 18 4 O
18 1 c"0; Yco
3logRr 9 -+ logH Jag e O +l0g(003).  (AL114)
HCO;,,-CO,,] Nocor Vo v 0
HCO3,, Yo 13C02aq e
Reaction to DC03aq
H'pco;, 3
- N m
D O_ 1l HCO3WJ] B DCOéaq
= (A1.115)
HC03aq H OJ:l |j1HDO Jj D1|:||:| HDO QD
Mo 3007555 U ncoy,,
The isotope exchange reaction is
HDO,,+HCOy,, = DCO}, + H,0,, for which (A1.116)
s co. 4H,0 Yoco: %H,0 m oo Yoco: Mo
ex _Dpcoy,, "9 Tpcoy,, a0 DCOy,,  _ 'DCOy,, DCO;,, AL
DCO;,, Do, * . - 1,00 "HDO,™ o Yico,, d'Hpo.pg ’
%o [5550YHCO;,, 3a “07555 O"HCO,,
oy
DCO;,
or K =1L 3"‘% 5158: (A1.118)
DCO},, ) HCO;, —HZO}]
HCO [,
The PHREEQC species and reference reactions are, respectively,
H,0,+ HDO, +CO,,, = DCOy, +H30,, and 2H,0,+CO0,, = HCOy, +H;0,,, (A1.119)
which, combined with equation A1.117, yield
ox “peo. “H0, f' peo: ‘.ot 0090, 4,090 ju KDCO'
co: — - Ba — Da 3aqa il aq BE 271 621 i ZaD — 7 3aq ) (Alle)
3ad HDO‘”’ HCO3aq . HDan 20, COZWIDBIHCO;M H302q H HCO—Saq
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- O

oy
DCO
Thus, K . =K K = =K _%EB:D _ OO0l (A1.121)
DCO;,, HCO,, DCO;,, HCO,,, HCO3“‘1_HZOP%/HCO'3 5
aq—exp

Taking logarithms gives

logK = logK “log(2) +1 Ui Al.122
ogK ogK - —log(2) ogBI og ( )

3aq 3aq HCOSa 7H20}j

Reaction to DCOZISan

E%co2 OaEBnHCOZ o =

003 D( qq1)
B}D 0 18 o_ DHC02 0 DD HCO3an

Heos,, - 0P eos,, - co, 0 O'ipo, [

' co® o,H

n
Hy0H D2”C02an

m . m
DCOZISan COyyq
@D ] HDanD

DIDchogan 55.5 Dmco”‘oaq

The isotope exchange reaction is
18 - 18 - .
HDanJrCO an+HCO3aq = DCO, 0aq+H201+C02aq,forwhlch (A1.124)

a a a
18 - “H,O0,”CO
ex DCO,"0,, "7 T 72aq
K = - =
18 -
a a a a m m m B
DCOZ an CO]San HDan HCO y H HZODV COISO HDan HC03aq
3aq [l |
CO 0 55.5 HCO

Y s - Aa.0Yco m 15 - Mco
DC02 an 2> 2aq aq 2aq

Y -y m . m
DC02180aq COy4q DC02180aq COy4q
ok v , or (A1.125)
m
coo, "HCOY, [ P07
q am g B ]
co'o,,0 555 U nco;,,

oy 18
K _ @DB}D DB"ISO EE bco, Oa ‘@ olo (A1.126)
18 - 4 N A . .
pco,"o,, HCO3yy =~ Hy0 = HCO3y = CO g 18 0, VHCO3anexp

The PHREEQC species and reference reactions are

18 18 - + -
H,0,+HDO, +C0 "0, = DCO, "0, +H;0,, and 2H,0,+CO,,, = HCOy, +H;0, , (A1.127)

aq’
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which, combined with equation A1.125, yield

o a K 18 -
g Dco,’o, H3 anE‘FZCOM H,0, H20Z% _ DCOo, 0
e’
DH

ex

pco,"”o,,

aq

+[

aq

K

aq

a
ag COIBO HzOlDD HCO,, “H,0 HCOj,,

Thus,

ﬂ 18
X _x 300, P DB]ISO AHpcos"o, Ondl 0
HCOj,, ~ E

18 - ‘ ’
pCo, "o, Hcoy,, B 1oy, - 1,0 COMDEVCO o} yHco3
aq —exp

: _0olpo
Defining QQ1 D] Tk

substituting in equation A1.129 , and taking logarithms gives

18

logK  =1logK _ +10g(0.75) + 1o 04
s pco,"o, g HCOj,, 2(0.75) g%} C03aq—H20}]

Y
18 0. EYDCOZ O,y €024

logBJ . + log
HCO,, —C0, U O
3ag T T2aq Y co'® o, yHcom

+1log(QQ1).

exp

I:JDIZIQD

. 18 -
Reaction to DCO 02aq

R e 0
g pco'o,, 5 HCO" 05,

0, 003 D([ q2] )
BJD oo, 2o 2 Ouco®o, ()]D HC03an

o _
HCO, -H,0ld nco, —co, U
3aqg —H2 Jj 3aq 2aq WHDO,,F d’CISOza 0

n
H,0 0"co,,, 0

m . m
pco™0;,,, O

Eﬁm O HDOvE
™ Hcoy, U 555 0" ¢! *0,,,

([q42]%).

The isotope exchange reaction is

HDO,,+C"°0,, +HCOy,, = DCO'°0;, +H,0,+CO,,, . for which

a . a a _a m . m
ox pco'0;,, 120" €024 yDC01802a H,0,Yco,,, pco'o, €04y

18 - = =
DCO "0y, aC1802 aHDanaHC0'3 a m g
aq aq

Yeis0,,,0555 ¥ uco;,,

H,0 Mpypo M -
07290 €0y, ag HCOj,,

(A1.128)

(A1.129)

(A1.130)

(A1.131)

(A1.132)

(A1.133)

,or (Al.134)
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Y

o _ 'pco®o;, quOzaq " oo, "C0,

2aq
18 - -
DCO 02a y 18 y mHDO
q
Y0y, HCOy yy L ad ],

c"0,,,0 555 0" HCO3,,

oy Yco,, O
- T, ?gpcoton, “m g 1 g
HCOy,, - H,0P0 HC O3, - €Oy, I yc“‘02 yHC03an thqz]

exp

The PHREEQC species and reference reactions are, respectively,

18
H,0,+HDO,, +C"0,, = DCO"0;

2aq 2aq

which, combined with equation A1.134, yield

D a K 18 -
ex “beo! 02aq “u omﬂ[‘flcozgq H,0,%H, 0,% _ _DCo 0y,

18 - D
DpCco'*o %z a a_ K
209 HDO."c"o,,, “H,0,70 HCO,,, H3OZqD HCO,,

18 2

Thus, K =Kk = . ) N
pco"o,,, HcoMq[izDB]HcoM—HZOF HCO,,,~C0,,H
gz)colgo'zgqycoza% 01 g
OV s ¥ N PR)

2
0'c%o,,, HCOS,, Dequqq ]

Defining 0Q2 =

D[qqZ

substituting in equation A1.138, and taking logarithms gives

logK = logk +log(1.5) +1 Oy
o8 pCco'*0;,, °8 HCO,, 0g(1:3) OgB]HCOM H,0H

oy

Yco
8
0 0t 10g0.2C0" Oaug 2o
ZIOgEJHCO_ _co. O +logm 0 +1og(QQ02).
3aq 2aq y V -
0" c%o,,, HCO,,0,.,
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+ -
+H3an and 2H201+ COzaq = HC03aq+

(A1.135)

0, (AL136)

(A1.137)

(A1.138)

(A1.139)

(A1.140)



. 18 -
Reaction to DC O3aq

n WL 0
pc'o,, e HC 0y,
g1 [q43]°)
B’D oo P 0 mc'o;, 00 HCO3an
HCO;,,-H,0PY HCOo;, - co, D T4p0, ] ﬁcolgoaps
n O
H,0; DanOMqD
o OO0, O
1 1 m D03, (0" CO0%y [ 1 13
00 3 0 ([q43]°)-
0o ("upo qDD HC03quU" 18, O
H 03555 O ag

The isotope exchange reaction is

- 18 18 .
HCO},,+3C0 "0, + HDO,, = DC "0}, +3C0,, + H,0,, for which

3
18 a
o _ pcoy,, Yco,,, “H,0,
18
DC 03aq a - 3 aHDO
HEOs4q “co™o,, “
Ypetto; Ve a co; me
_ D 3aq C02aq H Ol D 3aq COZaq 1 or
Yocor v 9H,0 m> Mypo,
HCOy,, Y O] 0 Hco3 18 aq
aq CO OL"IWD aq CO an
Y sy O
ke - of P DE, °02C % 'Co%p 0 1 O
pc*o,,, B Bncos,,~n,0P0 Heoy,, -co, T By 3 N s
U HCO; 18, [
ad co an exp

The PHREEQC species and reference reactions are

3¢0"0,,+ HDO,,+ H,0; = DC'*0}, + H;0,, +2C0,,, and

3aq

+

CO,4y+2H,0, = HCOY, + H30,,,

which, combined with equation A1.143, yield

o K
ox %JDC %03, COzaq H,0, %%’CQMC’HpI "H20 g _ Db 03aq
18 - D -
DC 05, %7 ay o i ) a . K
q a
co®o, o, 150 Hcow H;0, ] HCO},,
Thus,

(A1.141)

(A1.142)

(A1.143)

(Al1.144)

(A1.145)

(A1.146)
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3 0

RNT
K . _x D1D4E]D DB:XISO |:|3|:| DC 05, YCOZM O o |1 D(A1147)
pc®o;, " nmcoy, [H Unco;,, - m,0fd nco;,, - co, - %yﬂcogaq VZO% g Haq31V
aq exp
. 1 O
Defining 003 = & , (A1.148)
Hqq31

substituting in equation A1.147, and taking logarithms gives

D [l
logK = logK —4log2 +1 +
%) %05, o8 HCOj,, °8 Og%Hcogaq—Hzo}]
18 D pctso: V3CO a
310g81HCO_ o H+logH 20+ 10g(Q03). (A1.149)
3ag = 2aq DyHCO' Y 18 O
4 " CO Ouq exp
Reaction to D'"CO;
eaction to 3aq
1 - gm -0
i D13CO3aqEE H13C03a%
N n . m m
- - \ .
HCO,,, - H,0PD HeOy,, - co,, Tapo, i o, 01 O HPOup
aq

P00 555 O3 Mo
"y 0 Gncoy, O it 555 C0,,, HCO,,

The isotope exchange reaction is

13 . 13, - .
HDO,,+ "CO,,, + HCOy,, = D" COy,, + H,0,+ CO,,, . for which (A1.151)
a a a a m m
DBCO- HZOI COZuq yDBCO- H201yC020q DBCO- COZaq
s = e = g Jag or (A1.152)
D°COy,, ai aypo @ Ay o mi; Myno M 7
COZ”’! a“a HCO—}aq y13 [ 7270 C02aq a4 HCOSaq

€0,,,55.5 DVHcogaq

Y Y m . m
ex _'pPco;,," CO2q pPcoy,, €O

13 -
p°coy,, Y

13 Y - Mypo
COsq HCO3yqpy 0 al,
U555 Uncoy,,

2aq

oy

3. Yco. O
_ dog,? DB,”C 002 €% 2 (A1.153)
DO meos,, - 1,08 Hcogaq—cozan%/13 y 4
COs4y HCO3u

The PHREEQC species and reference reactions are, respectively,
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13 13 - + -
H,0,+HDO, + “CO,, = D COy,, +H;0,, and 2H,0,+CO,,, = HCO,, +H;0,,

which, combined with equation A1.152, yield

D a K 5.
ox D com H3 anE‘F’cozaq H,0, HZO,% _ D7COy,,

p"co; %1 05 K
3ag HDO,,"Bco, 005 “neoy,, ‘w0l HCOj,,

Y 135.- Yeo, O
_ 00 O 002 €9 2
Thus, K 5 . K i ) 0 0
p“co,, = HCOy,, 2] Hco3 - H,0P3 Heoy,, - co,,| %/13 Y o
€O,y HCOL [,

Taking logarithms gives

- U
logK = logK —log(2)) +1 +
o8 pco;y,, o8 HCO,,, 0g(2)) Og%HCOMq H,0H
ggllsc )0 03, e

) +lo .
HCO,,, —cozflD g%{ y O
q *C0y,y HCO3,

. 13 18 .-
Reaction to D CO2 an

18

E]D DB] g o g
ucoy,,-1,0pu ncos,, - co, B9 uco;, - co,

BnD co, O{EgH co,"o aEEanoz o, -
O 003 “oleal)
_ DH Kol OPD HCO," 0. DD Hco3an _ D13c02180;q MCO,,, (aal).
EVHDOMD 5113(?01805 dco' OP E%%m _ [J'HDO,
L | HCO,;,, [1 555 L[] "13,,18
Ny o0 P 0 |:|2” 0 3ag LI 55.5 Co"0,,
T O coo,, O CO24q

The isotope exchange reaction is
Hpo, +"7co'®o +Hco, =D"co,'® 0 +H,0,+C0, . forwhich
aq aq 3ag — 2 aq 2¥1 2aq> 10T WhIC

a . a a
ex pPco," 0, H201" Oy

13 18 - =
D€ 0 410, M0 pcoy
aq aq

. a m . m
) yD13C02180aq HZOlyCOZaq D13c02180aq COy,,

m m m
DHZODV y D0uy B3¢t " HCOS,,
05550 co'o,,"HeO0],, !

(A1.154)

(A1.155)

(A1.156)

(A1.157)

(A1.158)

(A1.159)
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Y m . m
S/D co," 0, COzan p%co,"0, " 2y

0 , OF (A1.160)
DV13CO %0, HCO O ['HDPO,n
4 3ag ep[T 555 [1"3co HC0'3M
K _ 30 Oy

p"co,"o,, D Hco3 —HZOP%XHCO3 .~ COy, DE}HCO3 ,~ €0y, 1

Y
il 0" s D[bl—l i (AL161)
D ID- .
Dy”co o} HC03anexp 1

The PHREEQC species and reference reactions are, respectively,

13 18 13 18 - +
H,0,+HDO, + "CO "0, = D CO, 0, +H;0,, and

2H,0,+CO,,, = HCO3aq+H30aq, (A1.162)
which, combined with equation A1.160, yield
a
ex ~ aDBCOzlSO;anQOZaCOzaq B p“co,"0,, “n oaﬂgﬁ 04co,,, 1 ,E (AL163)
13 18 - Ql [l s .
D~Co, "0, aHDanaBCO]SanaHCOéaq CHDO,, BCOlSan H201DD aHCO_Saq aH30ZqD
K
K _ _Dco,a, (Al.164
o p“coo,, K 164)
HCO;,,
Thus, K ;3 5. =K CKTh
p“co,"0,, HCO,, D"C0,"0,,
_ @DB] s 0g, o O,
ucoy, M neoy, - n,0PY weo;,, - co, M5 ueo;,, - co,, H
Y 15, 18- Yco, O
EVD co, Oa Zaq% % (A1165)
13 gl
co"o, HC03anexp
- _glg
Defining Q01 g1’ (A1.166)
substituting in equation A1.165, and taking logarithms gives
log K = logK +10g(0.75) +1 U+
%88 pico,' 0,, o8 HCO,, 0g(0.75) Og% HCOY,, - HZO}]
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13 18 Y 13 18, Yco,, O

D CO
D+10g%} 0 DJrlogD i

logB] i
HCOj,,~C0,,H HCOj,,~CO,,H Dy13

Reaction toD CO 0

2aq
EJD 0 1B 0 18, D2
Hcos,,-H,0PU Heos,, - co, B ueo;, - co, B
[ - gm HIEC 0
g p’co"o,,Aq 1" co"0,, 5 HCO™ MD([ 1)
O 007 003 19
Oua"”co™o;, J]D HC0'"%0;,, DD Hco3 D
(tupo, ] %1136,1802”5 ﬁclinz“qD
ng o 0 0 n
2 0"c"o,,,0 00,0
m 13 18 - m
p"co"0;, co,,
= - - ([992]%).
EﬁD (" HDO,, HDanD

3" e0s,, 355 0"ictty,
The isotope exchange reaction is

13 18 .
HDan+ C 02aq+HC03aq_D CO 02aq+H201+C02aq,fOI‘Whlch

a 13, 18, 4 a
ox p%c0"0;, H201" 02y

13, 18 -
D CO 02 aHDO CZ13 18 a -
a4 ag ~C 02aq HCO3aq
. a -
- yDl3C01802aq 1,005, "p Pco®oy,, "co,,,
m m m o
DHZOD v HDan 13C1802aq HC03aq

05550715018 0y, HCOY,,

Y 135, 18- Yco, O m ., 18- Mco
_ ED co”o,, zaqE pPc0"0;,, O o
m 9
DyBClSOZaquCOMq DexpD HDOaQDmn 18, m
7355 c’o,,,"Hcoy,,

18 )
0 © O

ex _ @DB, O
p“co"oy,, Hco,, - H,0p ucoy,, - co, W ncos,, - co, H

O

co'o, HC03an

exp

+log(QQ1).

(A1.167)

(A1.168)

(A1.169)

(A1.170)
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%VD‘3CO‘80;MVC02WE 01 g

O O 21
DY1301802aquc0;aq Dequqqz]

The PHREEQC species and reference reactions are, respectively,
13,18 13 18 - +
H,0,+HDO,, + ~C 02aq_D co 02aq+H30aq and

2H,0,+CO,,,

which, combined with equation A1.170, yield

a 13 18- d a
ex D CO OZaq HZOZ COZaq

= HCO,, +H,0

+
3aq 3%agq’

13,, .18 -
D CO O a a a )
2aq HDan 13C1802aq HCO?,gq
O a4 13, .18 - a +[ a a K 5 s -
g p“co’o,, H3OQQD%1H201 CO,,, HZO,E _ " p"co",,
Li a a Um a i a )
D0, B, 50,71 HCO},, H3OZqD HCO,,
13 18
_ og, 2 og, ¢ og, © O
Thus, K 15 15 K - 0 - - O - 0
pPco'0,,,  HCO,, HCOy,, - H,0PD HCO3,, - 0,,05 Heos,, - €0,
oY 13, 18- Y O
qP°co 0, “Peq g 1 g
Oy s Y 0 EtqqZ]QD

0" c’ o, HCOy,,0O,,

. 1 O
Defining QQ2 = o | ,
Hqq21™

substituting in equation A1.174, and taking logarithms gives

D

logK = logK +1 1.5)+1
0og D13C0180'2aq 0og HCO;aq og(1.5) OgB}

0
HCO,, - H,0P) +log

. 13 18 -
Reactionto D "C O3aq

%XD 0 B nglxo D3:
HCoy,, - H,0PY neo;, - co, BJ uco;,, - co,, H
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HCO,,~C0,,H

(A1.171)

(A1.172)

(A1.173)

(A1.174)

(A1.175)

(A1.176)



g013c1803a5%11{ co3agg1ﬂl3c1803a5 313
o P 00, ([616] ] )

Gh O
UH"C OMJ]D HCOS,, 00" u! C03an

3
'rpo, 8 'Bco,, [ &' coo,

O—
00 0%co,,,U Dzncozan
on i3 s - O
p"c"o;,
F——5(443]%)
0" HCoy,, O

3
At DmHDoanﬁ” ‘3C02a%ﬁncolgoaqﬂ
00 0555 Urm s -

D COZaq DD C02aq D

4
D13C1803 meo, q([qq3]3)
(A1.177)
D1D DmHDoan 3
m m
(30 HCOs 0555 U Pco,,, co’o,
The isotope exchange reaction is
HpO, +3C0"%0 +Yco, +HCO, =D“C'®0, +H,0,+4C0, . forwhich AL.178
aq aq 2aq 3ag 3aq 2¥1 2aq > OT WhIC (AL178)
a
o ) D13C1803 4H,0, CO,yy
13 18 -
D7C 05y 4 a a a
18 13 -
HDO."co"o,, Pco,,, HCOY,
Y y4 4
- D13C1803 H2Ol COZaq D13C1803a COZaq
= — .
07,00 3 Mypo M 15 M3 m i
055507 co"o, y‘3c02aquco3aq “ €O Cuy €O HCOs,
0 4 0 4
0 yD13C1803a Vcozaq 0 mDBClSO; mcoz(lq
= O3 1 0 = , or (A1.179)
15, Yi3 Y U HDOa@ 3
Feo Oug' " CO20g HCO oy 555 0" 0! ‘,, co,,, HCO,,
0 0
o 0 yD13C1803aqu020q 0
JREm. %{ E x
3aq Yi3 Y
co' 0 COyyy, HCO3anexp
4 13 18 3
goQ,> Oy © Uy © rg L g (A1.180)

HC03aq_H20}:| HCOSaq_COZaq HCOBaq_COZGqD qqq3] 3
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The PHREEQC species and reference reactions are, respectively,
H,0,+HDO, +">co, +3c0"0 =p"c"o, +H,0 +3C0,, and
2V aq 2aq aq 3agq 3%aq 2aq AN

+

2H,0,+CO,,, = HCOY,, + H30,, . (AL181)
which, combined with equation A1.179, yield
a a a4
ex _ D13C180_30q HZOZ COZaq
13 18 - -
b-c 03‘“1 a a3 a a
HDan CO]San ]3C02aq HCO}aq
O 3 O K
0 “pBco,, “COnq aH3OZF|]lH20,aC02a 9,00 b co,
=0 — 00 4 0= 1, (A1.182)
B’ a a g Ym0 00 Ypen Ay ot 0 KHCO'
HDan C02aq coO an il 3aq 3Yaq 3agq
Thusl, K =K K - K 51548;1) DE;BC O x
"o oy, T HCOy,, D c’oy,, T HCos,, B0 Oucos,, - m,0P0 keos,, - co,, 0
O 4 O
18, 0 yD13C180_3aqu020q 0 51 g
SN 5 G 0 . (A1.183)
HCOy,y=COyyq Y v U qqq?’]
co®o "Bco - 0
aq 2aq HCO3aq exp
Defining 003 = J— =, (A1.184)
Haq31
substituting in equation A1.183, and taking logarithms gives
13
_ D 0 ¢ [l
logK = logK —4log2 +1 +1 +
°8 p®c®o,, o8 HCO,, o8 OgB]Hcogaq—HZOP Oggj[hrcogaq—comD
0O 4 O
18, . 0 yD13C180_3aqu02aq 0
Slogét +log 3 0 +1log(003). (A1.185)
HCO“‘]_COZ‘”D %/3 18, Y13 Y o
€070, "CO,,, HCO3anexp
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APPENDIX 2. ISOTOPIC DATA INPUT FOR PHREEQC

Isotopes are treated as separate chemical components in PHREEQC; thus, in most respects minor isotopes are
treated as elements, with separate mole-balance equations for each element. To facilitate definitions of minor
isotopes, the definition of an element name has been expanded such that any alphanumeric string may be used as an
element name if it is enclosed in square brackets; for example, [180] is a legitimate element or isotope name. In
the PHREEQC database, iso.dat, the major isotope of an element has been named with the chemical formula of the
element (for example, “C” represents carbon-12). Deuterium has been named “D” and tritium “T”. Other minor
isotopes have been named with the atomic number followed by the chemical symbol for the element, with the

number and symbol enclosed in square brackets (for example, [13C] represents carbon-13).

Several new functions have been added to the Basic interpreter that can be used in Basic programs defined in
the CALCULATE_VALUES, RATES, USER_PRINT, and USER_PUNCH data blocks. These new Basic
functions are described in Table A2.1.

Table A2.1.--Special Basic statements and functions for PHREEQC related to isotopes

Special PHREEQC

Explanation
statement or function

CALC_VALUE(“R(13C)_C0O2(aq)”) Result of executing named Basic program that has been defined in
CALCULATE_VALUES data block.

LK_NAMED(“Log_K_HCO3-”) Logl0 of K for an expression evaluated at the current temperature as defined in
the NAMED_EXPRESSION data block.

LK_PHASE(“Calcite”) Logl0 of K for a phase at current temperature as defined in PHASES data block.

LK_SPECIES(“Log_K_HCO3-”) Logl0 of K for a species at current temperature as defined in
SOLUTION_SPECIES, EXCHANGE_SPECIES, or SURFACE_SPECIES
data block.

SUM_GAS(“{H,D,T}2[180]”, “[180]") Sum of element in gases with specified template. This example sums the moles of
oxygen-18 in all isotopic forms of water containing oxygen-18 in the
GAS_PHASE.

SUM_SPECIES(“*{H,D,T}C{O,[180]}3*”, “C”) Sum of element in aqueous, exchange, and surface species with specified tem-
plate. This example sums the carbon-12 in all isotopic forms of bicarbonate
containing carbon-12.

SUM_S_S(“Calcite”, “[180]”) Sum of element in a specified solid solution. This example sums the oxygen-18 in
all isotopic forms defined in the solid solution “calcite.”

Five new keyword data blocks have been added to PHREEQC to implement the approach to isotope calculations
that is described in this report: CALCULATE_VALUES, ISOTOPES, ISOTOPE_ALPHAS,
ISOTOPE_RATIOS, and NAMED_EXPRESSION. The input formats for these data blocks are presented in the
same format and with the same conventions that are described by Parkhurst and Appelo (1999). In addition, new
identifiers are presented for the following data blocks: PHASES, PRINT, SELECTED_OUTPUT, and
SOLUTION_SPECIES. Descriptions presented here include only the new identifiers for the data blocks and
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sufficient additional information to put the descriptions in context. EXCHANGE_SPECIES and
SURFACE_SPECIES have the new identifier -add_logk, which is described in detail in the description of the
PHASES and SOLUTION_SPECIES data blocks. The new data blocks and data blocks with new identifiers are

described here in alphabetical order.
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CALCULATE_VALUES

This keyword data block is used to define Basic programs for the calculation of quantities that can be printed

to the output file or used in other Basic programs for PHREEQC. The primary use of the data block is to define the

calculation of arbitrary isotope ratios and isotope fractionation values. Normally, this data block is included in the

database file and only additions and modifications are included in the input file.

Li ne O:

Li ne 1la:
Li ne 2a:

Basi
Basi
Basi
Basi
Basi
Basi

O 00000

Li ne 3a:
Li ne 1b:
Li ne 2b:

Basi
Basi
Basi
Basi
Basi
Basi
Basi

O 000000

Li ne 3b:

Example data block

CALCULATE_VAI UES

10
20
30
40
50

R(13C) _C2(aq)
-start
ratio = -9999. 999
if (TOT("[13C]") <= 0) THEN GOTO 100
total _13C = SUM SPECI ES("[13C]{0O [18Q}2","[13C]")
total _12C = SUM SPECI ES("C{ O, [18}2","C")
ratio = total _13C/ total _12C

100 SAVE ratio

10
20
30
40
50
60

- end

R(180) _C2(aq)

-start
ratio = -9999. 999
if (TOT("[180") <= 0) THEN GOTO 100
if (TOT("C') <= 0) THEN GOTO 100
total _180 = SUM SPECI ES("{C, [ 13C],[14C }{O[180}2","[180™")
total _160 = SUM SPECI ES("{C, [13C],[14C}{O [18}2","O")
ratio = total _18Q'total 160

100 SAVE ratio

-end

Explanation

Line 0: CALCULATE_VALUES
CALCULATE_VALUES is the keyword for the data block. No other data are input on the keyword

line.

Line 1: name of program

name of program--Alphanumeric character string that identifies the following Basic program, no spaces

are allowed.

Line 2: -start

-start--Identifier marks the beginning of a Basic program.

Basic: numbered Basic statement

numbered Basic statement--A valid Basic language statement that must be numbered. The statements

are evaluated in numerical order. The last statement must be “SAVE expression”, where the value

APPENDIX 2. ISOTOPIC DATA INPUT FOR PHREEQC 113



of expression is the numeric result of evaluating the program. New functions that are available
through the Basic interpreter are listed in table A2.1.
Line 3: -end
-end--Identifier marks the end of a Basic program. Note the hyphen is required to avoid a conflict with
the keyword END.

Notes

A Basic interpreter (David Gillespie, Synaptics, Inc., San Jose, Calif., written commun., 1997) distributed
with the Linux operating system (Free Software Foundation, Inc.) is embedded in PHREEQC. The Basic interpreter
is used for defining general rate expressions for kinetic reactions (RATES data block) and for generating results
for printing to the output (USER_PRINT) and selected-output file (USER_PUNCH). A Basic program is needed
for each isotopic ratio (ISOTOPE_RATIOS) and isotope fractionation value (ISOTOPE_ALPHAS) that are to
be printed to the output file. Each program must stand alone with its own set of variables and numbered statement
lines. No data are passed between Basic programs, and there is no conflict using the same variable names or line

numbers in separate programs.

Example problems

The keyword CALCULATE_VALUES is used in the iso.dat database.

Related keywords

ISOTOPE_ALPHAS, ISOTOPE_RATIOS, RATES, USER_PRINT, and USER_PUNCH.

114 Calculation of Individual Isotope Equilibrium Constants



ISOTOPES

This keyword data block is used to define the names, units, and absolute ratio of the standard for individual

minor isotopes. By convention in PHREEQC, the major isotope of an element is given the element name and is defined
in SOLUTION_MASTER_SPECIES, all other isotopes are defined in the ISOTOPES and
SOLUTION_MASTER_SPECIES data block. Normally, this data block is included in the database file and only

additions and modifications are included in the input file.

Li
Li
Li
Li
Li
Li
Li

ne
ne
ne
ne
ne
ne
ne

0:

la:
2a:
2b:
1b:
2c:
2d:

Example data block

| SOTOPES
H

-isotope D perm | 155. 76e-6 #VSMOW

-isotope T TU le-18 #1 THO in 10718 H20
C

-isotope [13C] perm | 0.0111802 #VPDB

-i sotope [14C] pnt 1.175887709e- 12 #13.56 dpm

Explanation

Line 0: ISOTOPES
ISOTOPES is the keyword for the data block. No other data are input on the keyword line.

Line 1: element name

element name--Name of an element for which minor isotopes are to be defined. Element name must be

an element defined in a SOLUTION_MASTER_SPECIES data block. Element name repre-

sents the major isotope of the element, H represents "Hand C represents 12C in this example.

Line 2: -isotope isotope_name units standard

Information for a minor isotope of element name is defined. Optionally, isotope or -i[sotope].

isotope_name--Name of a minor isotope of the element. For most minor isotopes, the convention for

naming in PHREEQC databases is the isotope number preceding the element name and enclosed
with square brackets; for example, [13C] and [14C]. The square brackets are necessary when a
number is to be included in an isotope name. The isotope name must also be defined in a
SOLUTION_MASTER_SPECIES data block.

units--Reporting units for the isotope analysis. Units that can be used are limited to percent, permil, tri-

tium units (TU), and picocuries per liter (pCi/L), which is treated as equivalent to picocuries per

kilogram water.

standard--Absolute measure of isotopic abundance in the standard. For percent and permil, it is the

absolute ratio of the minor isotope to the major isotope in the reference standard. The comments

following the “#” in line 2 indicate the reference standard but are not required input.
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Notes

One major isotope must be defined for an element in a SOLUTION_MASTER_SPECIES data block, and
all minor isotopes are defined in both an ISOTOPES and a SOLUTION_MASTER_SPECIES data block. Once
the names of the element and isotopes have been defined in these data blocks, definitions for both major and minor
isotopes are made in the SOLUTION_SPECIES, EXCHANGE_SPECIES, SURFACE_SPECIES, and
PHASES data blocks.

Isotopic composition of a solution is defined in the SOLUTION data block by including the isotope name
in the same way that other elements and element redox states are defined; however, minor isotope composition is
interpreted to be in the units defined by the units field for the specified isotope in the ISOTOPES data block. It is
not possible to specify concentrations of minor isotopes in other concentration units. To determine the number of
moles of the minor isotope in a solution, the solution is first speciated assuming the total element concentration
(for example, the total for element C or H) includes all minor isotopes; the minor isotope definitions are ignored
during this part of the calculation. After the initial solution calculation, the total concentration of the element is
partitioned among the major and minor isotopes of the element in accordance with the defined minor isotope
compositions. After the partitioning, all isotopes are considered to be separate components, and the total

concentration of the element corresponds to the concentration of the major isotope.

Example problems

The keyword ISOTOPES is used in the iso.dat database.

Related keywords

EXCHANGE_SPECIES, PHASES, SOLUTION, SOLUTION_MASTER_SPECIES,
SOLUTION_SPECIES, and SURFACE_SPECIES.
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ISOTOPE_ALPHAS

This keyword data block is used to print a data block in the output file that compares calculated isotopic ratios

to experimental isotopic ratios, from which the equilibrium constants of the isotope model were derived.

Fractionation values (alphas) are ratios of isotopic ratios that describe the amount of isotopic fractionation between

phases and between aqueous species. Normally, this data block is included in the database file and only additions

and modifications are included in the input file.

Li ne
Li ne
Li ne
Li ne
Li ne

Example data block

0: | SOTOPE_ALPHAS

la: Al pha_ 180 CQ2(aq)/ C2(q) Log _al pha_180 CQ2(aq)/ C2(9g)

1b: Al pha_13C CQ2(aq)/ C2(qQ) Log_al pha_13C CQ2(aq)/ C2(9)

1c: Al pha_180 CQ2(aq)/H2QI) Log_al pha_180 CQ2(aq)/ H2(( 1)

1d: Al pha_D H2O(|)/H2Q(g) Log_al pha_D_H2Q(1)/ H2Q( g)
Explanation

Line 0: ISOTOPE_ALPHAS

ISOTOPE_ALPHAS is the keyword for the data block. No other data are input on the keyword line.

Line 1: named_value [named_expression)|

Definition of the an isotope ratio to be printed to the “Isotope Alphas” section of the output file.

named_value--Name of a Basic program defined in a CALCULATE_VALUES data block; the name
is also used to identify the results in the “Isotope Alphas” section of the output file. The Basic
program defines the calculation of an isotope ratio based on the current distribution of species;
for example, in the iso.dat database, the CALCULATE_VALUES Basic program

0% o00% 0O
_ d'co,, % dco, %
Alpha_180_C02(aq)/CO2(g), defines the ratio O(COZ( = COyy ~ O L7/ £17. The
aq g

16 16

g o OQg o 0O
Eﬂcoz(aq)D Eﬂcoz(g)D

literal string, named_value, will be printed, replacing underscores with spaces, in an output sec-
tion headed “Isotope Alphas” in the output file. The string will be followed by the result calcu-
lated by the CALCULATE_VALUES program and 1000 times the natural log of the result.

named_expression--The name of an expression defined in a NAMED_EXPRESSION keyword data
block. The expression is used to calculate the experimental isotopic ratio from which thermody-
namic equilibrium constants were derived, expressed as 1000In(a). The expression will be eval-
uated at the temperature specified for the current simulation. If named_expression is not entered,
no value will be printed for 1000In(a) in the output file.
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Notes

The ISOTOPE_ALPHAS data block is used to generate additional information in the output file related to
fractionation among phases and species. The output data block will be printed if at least one minor isotope is
present in the chemical system. In most cases, 1000In() in the column headed by the current temperature will be
the same as the value headed by “Solution”, which is calculated by the CALCULATE_VALUES Basic program.

1
These two values will be the same whenever o = K" . For the current database, only oxygen-18 in bicarbonate

does not meet this condition and the two values may differ.

Table A2.2.—Example of results generated by an ISOTOPE_ALPHAS data block.

| sot ope Ratio Sol ution al pha Sol ution 25.0 C
Al pha 180 CQ2(aq)/ C2(Qg) 0. 99893 -1.0715 -1.0715
Al pha 13C CQ2(aq)/ C2(Qg) 0. 99916 -0. 83913 -0. 83913
Al pha 180 CQ2(aq)/ H2Q(I) 1.041 40. 151 40. 151
Al pha D H2Q(1)/ H2O( g) 1.0793 76. 356 76. 356

Example problems

The keyword ISOTOPE_ALPHAS data block is used in the iso.dat database.

Related keywords

CALCULATE_VALUES and NAMED_EXPRESSION.
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ISOTOPE_RATIOS

This keyword data block is used to print a data block to the output file of (1) the absolute ratio of minor isotope
to major isotope for each minor isotope and (2) the ratio converted to standard measurement units. Normally, this

data block is included in the database file and only additions and modifications are included in the input file.

Example data block

Li ne O: | SOTOPE_RATI OS

Li ne la: R(13C) _Calcite [13C]
Li ne 1b: R(180 _Calcite [ 180
Line lc: R(13C) _C2(9g) [13C
Li ne 1d: R(180 _C2(9) [18Q

Explanation

Line 0: ISOTOPE_RATIOS

ISOTOPE_RATIOS is the keyword for the data block. No other data are input on the keyword line.
Line 1: named_value isotope_name

Definition of an isotope ratio to be printed to the “Isotope Ratios” section of the output file.

named_value--Name of a Basic program defined in a CALCULATE_VALUES data block; the name
also is used to identify the results in the “Isotope Ratios” section of the output file. The Basic pro-
gram defines the calculation of an isotope ratio; for example, in the iso.dat database, the
CALCULATE_VALUES Basic program R(13C)_CO2(g), defines the ratio
) 18
R _ GO
co, (2) 16
"COy)

. The literal string, named_value, will be printed, replacing underscores with

spaces, in an output section headed “Isotope Ratios” in the output file. The string will be followed
by the result calculated by the CALCULATE_VALUES program.

isotope_name--The name of the isotope for which the ratio is calculated. This name is used to determine
how to convert the absolute isotope ratio to conventional units relative to a standard for the spec-
ified isotope. Minor isotope names and units are defined in the ISOTOPES data block.

Notes

The ISOTOPE_RATIOS data block is used to print to the output file isotope values in standard units and as
absolute ratios of minor to major isotopes. The output data block will be printed if at least one minor isotope is

present in the chemical system. The ratio of minor to major isotope must be defined by a CALCULATE_VALUES
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Basic program. These ratios are the basis for calculation of fractionation values (ISOTOPE_ALPHAS), which are

ratios of two isotope ratios.

Table A2.3.—Example of results generated by an ISOTOPE_RATIOS data block.

| sot ope Ratio Rati o Standard units
R(13C) Calcite 1.12049e-02 2.2111 pernil
R(180 Calcite 2.04774e- 03 21.217 pernmil
R(13C) CQ2(49) 1. 10956e- 02 -7.5644 pernil
R(180 C2(g) 2.08958e-03 42.08 permil

Example problems

The keyword ISOTOPE_RATIOS data block is used in the iso.dat database.

Related keywords

CALCULATE_VALUES, ISOTOPES, and ISOTOPE_ALPHAS.
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NAMED_EXPRESSION

This data block was implemented to facilitate isotopic calculations. It allows analytical expressions that are
functions of temperature to be defined and referenced by name. The purpose is to separate fractionation factors from
log Ks, so that the fractionation factor or its temperature dependence can be easily modified. A named expression
can be added to the log K for a species or phase by the -add_logk identifier in SOLUTION_SPECIES,
EXCHANGE_SPECIES, SURFACE_SPECIES, or PHASES data blocks. Normally, this data block is included

in the database file and only additions and modifications are included in the input file.

Example data block

Line 0: NAMED EXPRESSI ON
Line la: Log_al pha D H2Q(1)/H2Q g)

Li ne 2a: I n_al phal000 52.612 0.0 -76.248e3 0.0 24.844e6

Line 1b: Log_KH H2Q(g) H2Q(g) = H2O(I)

Li ne 3b: | og_k 1.51

Li ne 4b: delta_h -44.03 kJ

Line 1c: Log KH CO2(g) C2(g) = CQ2(aq)

Li ne 3c: | og_k -1.468

Li ne 4c: delta_h -4.776 kcal

Li ne 5c: a_e 108. 3865 0. 01985076 -6919.53 -40.451 669365.0
Explanation

Line 0: NAMED_EXPRESSION
Keyword for the data block. No other data are input on the keyword line. Optionally,
NAMED_ANALYTICAL_EXPRESSION or NAMED_ANALYTICAL_EXPRESSIONS.
Line 1: Name of expression
Name of expression--A name to identify the expression. The value of the expression can be combined
with other log K expressions with the identifier -add_logk rname of expression in
SOLUTION_SPECIES, EXCHANGE_SPECIES, SURFACE_SPECIES, and PHASES data
blocks.
Line 2: In_alphal000 4;, A, A3 A4 As
In_alpha1000--Identifier to define expression for 1000In(alpha), which is a form frequently used in the
literature for fractionation factors. Optionally, In_alpha1000 or -In[_alpha1000].
A;, A, As Ay As--Five values defining 1000In(alpha) as a function of temperature in the expression

A A
1000Ina = 4, +A2T+—T§+A410g10T+;§,where T is in Kelvin.

Line 3: log_k log K
log_k--Identifier for log K at 25°C. Optionally, -log_k, logk, -1[og_k], or -1[ogk].

log K--Log K at 25°C of an equilibrium constant or fractionation factor. Default is 0.0.
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Line 4: delta_h enthalpy, [units]

delta_h--Identifier for enthalpy of reaction at 25°C. Optionally, -delta_h, deltah, -d[elta_h], or -
d[eltah].

enthalpy--Enthalpy of reaction at 25°C for the reaction. Default is 0.0.

units--Default units are kilojoules per mole. Units may be calories, kilocalories, joules, or kilojoules
per mole. Only the energy unit is needed (per mole is assumed) and abbreviations of these units
are acceptable. Explicit definition of units for all enthalpy values is recommended. The enthalpy
of reaction is used in the van’t Hoff equation to determine the temperature dependence of the
equilibrium constant. Internally, all enthalpy calculations are performed with the units of kilo-
joules per mole.

Line 5: -analytical_expression 4;, A, A3 A4 As

-analytical_expression--Identifier for coefficients for an analytical expression for the temperature
dependence of log K. Optionally, analytical_expression, a_e, ae, -a[nalytical_expression], -
a[_e], -afe].

A;, A, A3 Ay As--Five values defining log K as a function of temperature in the expression

A A
log, K = A +A4,T+ 73 +A4log10T+T—§, where T is in Kelvin.

Notes

Line 1 must be entered first in the definition of a named expression. Additional sets of lines (lines 1-5 as
needed) may be added to define all of the named expressions. The value of the expression is constant if only log_k
is defined. If delta_h is also defined, the value of the expression is evaluated with the van’t Hoff expression. If
-analytical_expression is defined, it takes precedence over the log_k and delta_h definitions.

The named expressions are used primarily to define the equilibrium constants for reactions involving
isotopes. In the derivations presented in this report, the equilibrium constants for isotopic species are calculated by
summing a series of logarithmic terms including a base equilibrium constant corresponding to the analogous
species composed of major isotopes, a symmetry derived constant, and one or more fractionation factors. To avoid
manual recalculation of the sum of these terms for each of many species when different fractionation factors are
desired, the definitions of equilibrium constants can be specified to be a sum of one or more named expressions.
By defining separate named expressions for each fractionation factor, it is possible to include this named
expression in the definition of all equilibrium constants that depend on the fractionation factor. By redefining a
single named expression for the fractionation factor, all log Ks that depend on the fractionation factor will be
calculated with the redefined value. It is also useful to define some base equilibrium constants as named
expressions so that a single expression can be used as the base log K for all analogous isotopic species. A named

expression can be added to an equilibrium constant for a species or phase with the -add_logk named expression
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identifier in the SOLUTION_SPECIES, EXCHANGE_SPECIES, SURFACE_SPECIES, and PHASES data
blocks. The value of a named expression can be retrieved in Basic programs with the function LK_NAMED(“name
of expression”). The ISOTOPE_ALPHAS data block allows a named expression to be specified to compare the

calculated solution fractionation value to an analytical expression for the fractionation value.

Example problems

The keyword NAMED_EXPRESSION is used in the iso.dat database.

Related keywords

ISOTOPE_ALPHAS, SOLUTION_SPECIES, EXCHANGE_SPECIES, SURFACE_SPECIES, and
PHASES.
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PHASES

New options -add_logk and -add_constant have been added to allow named expressions and constant

values to be summed in the calculation of log K values. The option may also be used in EXCHANGE_SPECIES,
SOLUTION_SPECIES, and SURFACE_SPECIES data blocks.

Li
Li
Li
Li
Li
Li
Li

ne
ne
ne
ne
ne
ne
ne

Example data block

0: PHASES

1. Ca[14C][180 3

2: Ca[ 14C] [ 18Q 3+3CR+2H30+=Ca+2+3H20+3CJ 18Q +[ 14C] @2

3: -add_constant 0.903089986991 # 3*1 0gl0( 2)

da: -add_| ogk Log K calcite 1.0

4b: -add_| ogk Log al pha_14C CQ2(aq)/Calcite 1.0

4c: -add_I ogk Log_al pha_180 C2(aq)/Calcite 3.0
Explanation

Line 0: PHASES

Keyword for the data block. No other data are input on the keyword line.

Line 1: Phase name

phase name--Alphanumeric name of phase, no spaces are allowed.

Line 2: Dissolution reaction

Dissolution reaction for phase to aqueous species. Any aqueous species, including e, may be used in
the dissolution reaction. The chemical formula for the defined phase must be the first chemical for-
mula on the left-hand side of the equation. The dissolution reaction must precede any identifiers

related to the phase. The stoichiometric coefficient for the phase in the chemical reaction must be 1.0.

Line 3: -add_constant constant

-add_constant--Identifier for adding a constant to the log K expression. Optionally, add_constant or
-add_c[onstant].

constant--The constant is added, along with other -add_logk and -add_constant expressions, to cal-

culate log K for the reaction.

Line 4: -add_logk named_expression [coefficient]

-add_logk--An expression defined in a NAMED_EXPRESSION data block is evaluated and added
to the log K for the reaction. Optionally, add_logk, add_log_k, -ad[d_log k], or -ad[d_logk].
named_expression--Name of the expression defined in a NAMED_EXPRESSION data block.

coefficient--Multiply the result of evaluating the named expression by coefficient before adding to the
log K for the reaction. Default 1.
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Notes

Multiple -add_constant and -add_logk identifiers may be used for a single reaction; however, only one log_k
identifier is allowed. The log K for a reaction is the sum of the values calculated for log_k (default 0), the constants

defined by -add_constant identifiers, and the values of all the named expressions defined by -add_logk identifiers.
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PRINT

Three new identifiers have been added to this keyword data block to control blocks of output written to the

output file that are related to isotopes.

Example data block

Line O PRI NT

Li ne 1: -initial _isotopes true

Li ne 2: -i sot ope_al phas true

Li ne 3: -isotope_ratios true

Line 4 -censor_speci es le-8
Explanation

Line 0: PRINT
Keyword for the data block. No other data are input on the keyword line.
Line 1: -initial_isotopes [(7rue or False)]

-initial_isotopes--Prints molalities of minor isotopes for initial solution calculations if value is true;
excludes print if value is false. Default is true. Optionally, initial_isotopes or -
ini[tial_isotopes].

Line 2: -isotope_alphas [(True or False)]
-isotope_alphas--Prints ratios of isotope ratios as defined by the ISOTOPE_ALPHAS data block if

value is true; excludes print if value is false. Default is true. Optionally, isotope_alphas or
-isotope_a[lphas].
Line 3: -isotopes_ratios [(77ue or False)]
-isotope_ratios--Prints isotope ratios in standard units as defined by the ISOTOPE_RATIOS data

block if value is true; excludes print if value is false. Default is true. Optionally, isotope_ratios
or -isotope_r[atios].

Line 4: -censor_species [relative_minimum]

-censor_species--Limits printing in the “Distribution of species” section of the output file. Aqueous
species with small concentrations relative to the total concentration of an element or element
redox state are not printed. This print-control option is not affected by -reset. Optionally,
censor_species or -c[ensor_species].

relative_minimum--1f an aqueous species molality is less than relative_minimum times the total con-
centration of the element or redox state being printed, then the species data are not printed for
that element or redox state. Default 0.0, all aqueous species are printed.
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SELECTED_OUTPUT

Two new options have been added to control printing of isotopic data and results of Basic programs defined

with the CALCULATE_VALUES data block.

Example data block

Line 0: SELECTED OUTPUT

Li ne 1: -i sot opes R( D) R(13C)
Li ne 2: -calculate values R(D) R(13C)_CX2(aq) Al pha_D HCO-/H2Q(1)
Explanation

Line 0: SELECTED_OUTPUT

SELECTED_OUTPUT is the keyword for the data block. No additional data are input on this line.
Optionally, SELECTED_OUT, SELECT_OUTPUT, or SELECT_OUT.

Line 1: -isotopes list of isotope_ratios

-isotopes--Identifier allows definition of a list of isotope-ratio names for which the conventional isotope
ratios (units will be permil, pmc, TU, or others) will be written to the selected-output file. Option-

ally, -is[otopes]. Note the hyphen is required to avoid a conflict with the keyword ISOTOPES.

list of isotope_ratios--List of isotope-ratio names that have been defined in an ISOTOPE_RATIOS
data block. The list may continue on subsequent line(s). After each calculation, the specified iso-
tope ratio, converted to standard units as defined by the ISOTOPES data block, will be written
to the selected-output file. The heading for the column in the selected-output file will be the iso-
tope-ratio name prepended with “I_". If the isotope-ratio name is not found or the isotope is not

present in the calculation, the value will be printed as -9999.999.
Line 2: -calculate_values list of calculate-value names

-calculate_values--Identifier allows definition of a list of names of Basic programs for which the cal-
culated values will be written to the selected-output file. Optionally, -ca[lculate_values]. Note
the hyphen is required to avoid a conflict with the keyword CALCULATE_VALUES.

list of calculate-value names--List of names of Basic programs that have been defined in a
CALCULATE_VALUES data block. The list may continue on subsequent line(s). After each
calculation, the value calculated by the Basic program will be written to the selected-output file.
The heading for the column in the selected-output file will be the program name prepended with
“V_”. If the name is not found in the list of definitions or the value can not be calculated, the value

will be printed as -9999.999.
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SOLUTION_SPECIES

New identifiers -add_logk and -add_constant have been added to allow named expressions and constant
values to be summed in the calculation of log K values. The option may also be used in EXCHANGE_SPECIES,
PHASES, and SURFACE_SPECIES data blocks. The identifier -activity_water has been added to allow isotopic

variants of water to have a special activity coefficient.

Example data block

Line 0: SCOLUTI ON _SPECI ES
Line la: H20 + HDO = OD- + H30+

Li ne 2a: -add_const ant - 0. 301029995663 #- Logl0( 2)
Li ne 3a: -add_I ogk Log_K wat er 1.0
Li ne 3b: -add_| ogk Log _al pha_D OH/H2Q1) 1.0
Li ne 1a: D20 = D20
Li ne 4: -activity_water

Explanation

Line 0: SOLUTION_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1: Association reaction
Association reaction for aqueous species. The defined species must be the first species to the right of
the equal sign. The association reaction must precede any identifiers related to the aqueous species.
The association reaction is an identity reaction for each primary master species.
Line 2: -add_constant constant
-add_constant--Identifier for adding a constant to the log K expression. Optionally, add_constant or
-add_c[onstant].
constant--The constant is added, along with other -add_logk and -add_constant expressions, to cal-
culate log K for the reaction.
Line 3: -add_logk named_expression [coefficient]
-add_logk--An expression defined in a NAMED_EXPRESSION data block is evaluated and added
to the log K for the reaction. Optionally, add_logk, add_log_k, -ad[d_log_k], or -ad[d_logk].
named_expression--Name of the expression defined in a NAMED_EXPRESSION data block.
coefficient--Multiply the result of evaluating the named expression by coefficient before adding to the
log K for the reaction. Default 1.
Line 4: -activity_water
-activity_water--the defined species is an isotopic variant of water and will have an activity coefficient

a

H,O
ﬁ , which effectively causes the activity of the species to be equal to its mole frac-

tion. Optionally, activity_water, or -ac[tivity_water].

equal to
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Notes

Multiple -add_constant and -add_logk identifiers may be used for a single reaction; however, only one log_k
identifier is allowed. The log K for a reaction is the sum of the values calculated for log_k (default 0), the constants
defined by -add_constant identifiers, and the values of all the named expressions defined by -add_logk identifiers.

The identifier -activity_water identifier should only be used on isotopic variants of water, such as HDO, D,0,

H,'%0, and others.
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