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Abstract

The use of carbonate ‘clumped isotope’ thermometry as a geochemical technique to determine temperature of formation of
a carbonate mineral is predicated on the assumption that the mineral has attained an internal thermodynamic equilibrium. If
true, then the clumped isotope signature is dependent solely upon the temperature of formation of the mineral without the
need to know the isotopic or elemental composition of coeval fluids. However, anomalous signatures can arise under disequi-
librium conditions that can make the estimation of temperatures uncertain by several degrees Celsius. Here we use ab initio
calculations to examine the potential disequilibrium mineral signatures that may arise from the incorporation of dissolved
inorganic carbon (DIC) species (predominantly aqueous carbonate and bicarbonate ions) into growing crystals without full
equilibration with the crystal lattice.

We explore theoretically the nature of clumping in the individual DIC species and the composite DIC pool under varying
pH, salinity, temperature, and isotopic composition, and speculate about their effects upon the resultant disequilibrium
clumping of the precipitates. We also calculate equilibrium clumped signatures for the carbonate minerals calcite, aragonite,
and witherite. Our models indicate that each DIC species has a distinct equilibrium clumped isotope signature such that,
D47ðH2CO3Þ > D47 HCO�3

� �
> D47 ðequilibrium calciteÞ > D47 CO2�

3

� �
, and predict a difference between D47 HCO�3

� �
and

D47 CO2�
3

� �
> 0:033& at 25 �C, and that D47 (aragonite) > D47 (calcite) > D47 (witherite). We define the calcite clumped cross-

over pH as the pH at which the composite D47 (DIC pool) = D47 (equilibrium calcite). If disequilibrium D47 (calcite) is mis-
interpreted as equilibrium D47 (calcite), it is possible to overestimate or underestimate the growth temperature by small but
significant amounts. Increases in salinity lower the clumped crossover pH and may cause larger effects. Extreme effects of pH,
salinity, and temperature, such as between cold freshwater lakes at high latitudes to hot hypersaline environments, are pre-
dicted to have sizeable effects on the clumped isotope composition of aqueous DIC pools.

In order to determine the most reliable and efficient modeling methods to represent aqueous dissolved inorganic carbon
(DIC) species and carbonate minerals, we performed convergence and sensitivity testing on several different levels of theory.
We used 4 different techniques for modeling the hydration of DIC: gas phase, implicit solvation (PCM and SMD), explicit
solvation (ion with 3 water molecules) and supermolecular clusters (ion plus 21 to 32 water molecules with geometries gen-
erated by molecular dynamics). For each solvation technique, we performed sensitivity testing by combining different levels of
theory (up to 8 ab initio/hybrid methods, each with up to 5 different sizes of basis sets) to understand the limits of each tech-
nique. We looked at the degree of convergence with the most complex (and accurate) models in order to select the most
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reliable and efficient modeling methods. The B3LYP method combined with the 6-311++G(2d,2p) basis set with supermolec-
ular clusters worked well.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Carbonate ‘clumped isotope’ thermometry is a powerful
isotopic technique being applied to both inorganic and bio-
genic precipitates to probe the temperature history and
physical chemical characteristics of ancient environments.
Based upon the attainment of internal bulk thermodynamic
equilibrium (i.e., internal isotopic exchange equilibrium)
among multiply substituted isotopologues1 of carbon and
oxygen within the lattice of a carbonate mineral, this tech-
nique can be used to determine the temperature of carbon-
ate precipitation (i.e., temperature of formation) without
the need to know the isotopic composition of coeval fluids
(e.g., Ghosh et al., 2006; Eiler, 2007; Dennis and Schrag,
2010; Eagle et al., 2010; Tripati et al., 2010). This is a signif-
icant advantage over other widely utilized oxygen-isotope
or element-ratio paleo-temperature proxies (e.g. Urey,
1947; McCrea, 1950; Shackleton and Opdyke, 1973;
Shackleton, 1974; Kim and O’Neil, 1997).

Most synthetic and natural carbonate minerals that have
been measured (e.g., Ghosh et al., 2006; Dennis and Schrag,
2010; Eagle et al., 2010; Tripati et al., 2010; Thiagarajan
et al., 2011) appear to exhibit equilibrium clumped isotope
compositions similar to those predicted from theory (Wang
et al., 2004; Schauble et al., 2006; Guo et al., 2009; this
work). However, disequilibrium clumped isotopic signa-
tures have been reported, first in warm-water aragonitic
corals (Ghosh et al., 2006) and subsequently in other bio-
genic carbonates (Tripati et al., 2010; Thiagarajan et al.,
2011; Eagle et al., 2013; Saenger et al., 2012), as well as spe-
leothems (Affek et al., 2008; Daeron et al., 2011). Unrecog-
nized anomalous signatures from disequilibrium conditions
can potentially cause errors of several degrees Celsius in
the estimation of temperatures and need to be addressed
to avoid jeopardizing the reliability of clumping as a tem-
perature proxy (e.g., Ghosh et al., 2006; Daeron et al.,
2011).

In this work, we explore theoretically the nature of
clumping in solutions containing dissolved inorganic car-
bon (DIC) species under a variety of conditions, including
varying pH, salinity, temperature, and isotopic composi-
tion. We also examine the potential effects of speciation
in the parent DIC pool on clumping signatures preserved
in precipitating carbonate minerals, since it is possible that
some of the scatter in temperature calibrations produced to
date results from incorporation of dissolved inorganic car-
bon (predominantly aqueous CO2�

3 and HCO�3 ions) into
growing carbonate crystals without full equilibration within
the crystal lattice. There may well be other causes for some
1 Isotopologues are molecules of the same species that differ only
in their isotopic composition, e.g., 12C18O16O2 and 12C16O3. A
multiply substituted isotopologue contains more than one rare
isotope (e.g., 13C18O16O2 and 12C18O17O16O).
of the scatter, such as degassing (e.g., Guo, 2008) and/or
other kinetic effects (e.g., in corals as in Saenger et al.,
2012, or in speleothems as in Affek et al., 2008; Daeron
et al., 2011); however, these effects are not considered in this
study.

Ab initio modeling of solvated species such as DIC is
known to be a complex problem and can be extremely com-
puter intensive. Thus we also address the most efficient way
to model clumped isotope fractionation in aqueous carbon-
ate species and carbonate minerals. It is necessary to search
for methods which are computer efficient, yet yield usefully
accurate results, and to understand how these methods
deviate from more accurate models. To this end, we have
developed a series of electronic structure models that simu-
late aqueous and crystalline chemical environments. We
compare the effects of both different levels of theory and
different solvation simulation techniques upon the individ-
ual DIC species and upon the composite DIC pool. We
used 4 different techniques for modeling the hydration of
DIC: gas phase, implicit solvation, explicit solvation (ion
with 3 water molecules) and supermolecular clusters (ion
plus 21 or 32 water molecules with geometries generated
by molecular dynamic time steps) (Fig. 1A). We sampled
10 different conformers for each DIC supermolecular clus-
ter model, in order to approximate a distribution of dy-
namic solvation structures. For each solvation technique,
we applied different levels of theory (up to 8 ab initio/hy-
brid methods, each with up to 5 different sizes of basis
set). We looked at the degree of convergence with increas-
ing complexity and computational cost, in order to select
an efficient and reliable modeling method. Studies of oxy-
gen isotope fractionation by Zeebe (2009) and carbon iso-
tope fractionation by Rustad et al. (2008, 2010a,b)
suggest that modeling of DIC species with aqueous clusters
of 21 (Zeebe) to 30 (Rustad et al.) waters is necessary to at-
tain good agreement with experimental oxygen and carbon
isotope fractionations. An earlier study by Rudolph et al.
(2006), comparing gas phase models to solvated DIC spe-
cies surrounded by 1, 2, or 3 waters, also emphasizes the
importance of including solvation. Liu and Tossell (2005)
found that cluster models (containing up to 34 water mole-
cules) gave robust results when used to simulate isotope
fractionations between aqueous boron species.

We also look at calcite, aragonite, and witherite mineral
clusters, employing Rustad et al.’s (2008, 2010b) method of
building supermolecular clusters based on the conservation
of Pauling bond strength (Fig. 1B and C). This permits the
use of the same theoretical and computational framework
(i.e., basis sets, model chemistries) for species of all phases:
gas, aqueous, and mineral (Rustad et al., 2008, 2010b). Our
comparisons of these different conditions allow us to deter-
mine a suitable method for the prediction of clumped iso-
tope fractionation in the aqueous carbonate species. We
also present and compare results from models of different



Fig. 1. Sample supermolecular cluster models. (A) CO2�
3 � 21ðH2OÞ. (B) Calcite cluster model. (C) Aragonite cluster model (blue = H,

red = O, gray = C, green = Ca, yellow = ghost atoms) (see Section 2.5). Images taken using Jmol. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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complexities to serve as a future guideline for judging com-
puter efficiency versus accuracy of results.

2. METHODS

In this section we define D47ðCO2Þ; D63 CO2�
3

� �
, and the

isotope fractionation factors for 13C/12C (b13C), 18O/16O
(b18O), and 17O/16O (b17O) and then discuss the relation be-
tween D47(CO2) and D63 CO2�

3

� �
of a carbonate mineral,

considerations in the theoretical modeling of DIC species
and the calcite, aragonite, and witherite lattices, the Redlich
Teller self-consistency test, and the calculation of composite
reduced partition function ratios and equilibrium constants
for the large cluster models with little or no symmetry. A
detailed, multi-step procedure for the calculation of
clumped isotope signatures for all multiply substituted iso-
topologues (D60 to D67) is described in Appendix A.1.

2.1. Definition:2 Clumped isotope signatures �63 CO2�
3

� �
and

D47(CO2)

The tendency of 13C and 18O to form bonds together in
carbon dioxide is quantified by defining D47( CO2) as the
permil (&) deviation in the abundance of CO2 molecules
with a mass of 47 amu (=Mass47)3 from the abundance
predicted by stochastic (random) mixing. In a similar fash-
ion, D63 CO2�

3

� �
of a carbonate mineral2 is defined as the per

mil deviation in the abundance of all CO2�
3 isotopologues of

mass 63 amu (=Mass63)4 from the abundance predicted by
random mixing. D63 CO2�

3

� �
cannot yet be measured di-

rectly; the carbonate must first be converted to CO2 by
phosphoric acid digestion, and then measured in a gas-
source isotope ratio mass spectrometer (Ghosh et al.,
2006; Guo et al., 2009).

The resulting clumped isotope signature D47 is depen-
dent upon the sum of the concentrations of all isotopo-
2 For simplicity we use D63 CO2�
3

� �
to represent any carbonate

species of the form MCO
ðxÞ
3 where M represents a cation or anion

likely to combine with the carbonate ion, such as Ca2+, Mg2+, Fe2+,
H+, H2, etc., and x is the overall charge of the ion or molecule.

3 Mass47 = Mass(13C18O16O) + Mass(13C17O17O) + Mass(12

C18O17O) in amu; Mass 44 = Mass(12C16O16O) in amu.
4 Mass63 = Mass(12C16O17O18O) + Mass(12C17O17O17O) +

Mass(13C16O17O17O) + Mass(13C16O16O18O) in amu; Mass60
= Mass(12C16O16O16O) in amu.
logues of mass of 47 amu and is defined at a given
temperature T as

D47ðCO2Þ ¼ 103 � ðð½Mass47=Mass44�sample=

½Mass47=Mass44�randomÞ � 1Þ ð1Þ

Wang et al. (2004).5

In a similar fashion we define D63 CO2�
3

� �
of a carbonate

mineral2 at a given temperature T as the permil deviation in
the abundance of all CO2�

3 isotopologues of mass 63 amu
(=Mass63)4 from the abundance predicted by random mix-
ing, such that

D63 CO2�
3

� �
¼ 103 � ðð½Mass63=Mass60�sample=

½Mass63=Mass60�randomÞ � 1Þ ð2Þ

In the present study we are interested in differences in D47

and D63 of less than 0.1&, and so do not employ approxi-
mations like those suggested in Section 3.2 of Wang et al.
(2004), since Di of singly substituted isotopologues may
not be <0.01& due to the asymmetry of the supermolecular
clusters (see Table B.2 in Appendix B, the Electronic sup-
plement, for examples of Di). Cao and Liu (2012) have also
proposed a slightly different method to approximate D47,
which is expected nonetheless to yield the same ultimate
results.

The relative abundances of the isotopologues are depen-
dent upon the thermodynamic equilibrium of the system at
a given temperature T (i.e., the numerator in Eqs. (1) and
(2)). The stochastic abundances (i.e., the denominator in
Eq. (1) or Eq. (2)) are dependent upon the isotopic compo-
sition of the system. However, equilibrium D63 is indepen-
dent of the system’s isotopic makeup. The calculation of
D63 is detailed in Appendix A.1. Computational routines
for calculating isotopologue attributes were programmed
in Scilab 5.3.3 (2011).

The quantities D44, D45, D46, D48, D49, D60, D61, D62, D64,
D65, D66, and D67 are defined in a similar manner. Note that
D60 = 0 and D44 = 0 by definition.
5 Huntington et al. (2009) discuss the practical applicability of
this definition to measurement by gas-source isotope ratio mass
spectrometry.



Fig. 2. DIC species as gas phase. (A) H2CO3(cis-trans); (B) HCO�3 ; (C) CO2�
3 ;H2CO3 and HCO�3 have C1 symmetry in which each oxygen

position is unique. CO2�
3 has D3h symmetry in which the oxygen positions are indistinguishable (see Section 2.4). (blue = H, red = O,

gray = C). Images taken using Jmol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

7 Isotopomers (short for isotope isomer) are isotopes with the
same chemical formula but different arrangements of the isotopes
(e.g., H12C18O17O17O�, H12C17O18O17O�, and H12C17O17O18O�).
Here we denote individual isotopomers with an underscore,
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2.2. Relation between D63 and D47 of a carbonate mineral

The D47 of a carbonate mineral is related to the D63 of
the same carbonate sample by correcting for isotopic frac-
tionation that occurs during phosphoric acid digestion,
such that

D47 ¼ D63 þ y ð3Þ

where y is the fractionation factor for a given acid digestion
temperature.

Guo et al. (2009) determined experimental and theoret-
ical values for the acid digestion fractionation factor y as
follows:6

Experimental : y ¼ 0:232� 0:015& for acid

digestion at 25 �C ð4Þ

Theoretical : y ¼ 0:220& for acid digestion at 25 �C

ð5Þ

Acid fractionation effects at different temperatures are well
known for oxygen isotopes (Swart et al., 1991).

The acid digestion fractionation is also expected to show
a small compositional dependence. Guo et al.’s (2009) the-
oretical models predict an increase of �0.035& in fraction-
ation for every 1& increase in the D63 of the carbonate
sample.

2.3. Definitions of isotope fractionation factors: b18O, b17O,

b13C, and a (A – B)

The following common definitions are useful when dis-
cussing isotope fractionation (e.g., Faure and Mensing,
2004).

a(A � B) is the isotopic fractionation between 2 phases
A and B such that

a18OðA� BÞ ¼ ð18O=16OÞA=ð
18O=16OÞB and

a13CðA� BÞ ¼ ð13C=12CÞA=ð
13C=12CÞB ð6Þ

b13C is defined as the 13C/12C partitioning between a given
species and a gas phase carbon atom (i.e., carbon vapor). In
a similar manner b18O and b17O are defined as the 18O/16O
6 Use of the polynomial regression equation as expressed in Eq.
(23) in Guo et al. (2009) gives a theoretical fractionation factor of
0.237& for acid digestion at 25 �C.
and 17O/16O isotope fractionation respectively between a gi-
ven species and a gas phase oxygen atom.

b18O CO2�
3

� �
¼ a18O CO2�

3 �OðgÞ
� �

and

b13C ¼ a13C CO2�
3 � CðgÞ

� �
ð7Þ

It follows that

aðA� BÞ ¼ bðAÞ=bðBÞ: ð8Þ

b18O, b17O, and b13C are calculated from reduced partition
function ratios as detailed in Appendix A.1.1 and Eqs.
(A5)–(A9).
2.4. Composite fractionation factors 18O/16O (b18O),
17O/16O(b17O), 13C/12C(b13C), and equilibrium constants

(K3866 and K2876)

In the gas phase the trigonal planar carbonate ion has
D3h symmetry, while the linear carbon dioxide molecule
demonstrates D1h symmetry. In these cases, the isotopo-
mers7 of an isotopologue1 describing the different sites of
the oxygen isotopes are indistinguishable. For example,
the isotopologue 13C18O16O16O2� of the carbonate ion
has 3 isotopomers: 13C18O16O16O2�, 13C16O18O16O2�, and
13C16O16O18O2�, which are all equivalent by symmetry,
and their vibrational frequencies and derived attributes
(such as b18O, b17O, and b13C) are equal (Fig. 2C).

However, in a carbonate species with little or no symme-
try in which each O site is distinct, such as HCO�3 or H2CO3

or CO2�
3 � 21ðH2OÞ (Figs. 1A and 2A and 2B), the isotopo-

logue (e.g., H12
2 C18O16O16O) has 3 distinct isotopomers (e.g.,

H12
2 C18O16O16O;H12

2 C16O18O16O, and H12
2 C16O16O18O),

each of which has distinct vibrational frequencies and
derived attributes. In this case, we must calculate the com-
posite attributes for an isotopologue as a function of the
individual isotopomer attributes.
following the notation of Guo et al. (2009). Thus, 13C18O16O16O
represents only one isotopomer while 13C18O16O16O represents all
three isotopomers: 13C18O16O16O, 13C16O18O16O, and
13C16O16O18O. For consistency, we use the same notation for
isotopomers of a given isotopologue even if the isotopomers are not
distinct. (Charges are omitted for simplicity.)
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We define the composite b factors as the geometric
mean8 of the individual isotopomer bs; for example, for iso-
topologue 12C18O16O16O

b18O2866 ¼ ðb18O2866 � b18O2686 � b18O2668Þð1=3Þ ð9Þ

Following the notation in Schauble et al. (2006), we use the
shortcut notation ‘2866’ to represent attributes of the isoto-
pologue 12C18O16O16O; ‘3866’ for 13C18O16O16O, etc.

The composite equilibrium constants K (see Appendix A.1
for a definition of K, Eqs. (A11) and (A12)), however, must be
calculated directly from the isotopomer abundances. The
composite equilibrium constant for isotopologue 2876 is

K2876 ¼ f½12C18O17O16O� � ½12C16O16O16O�g=
f½12C18O16O16O� � ½12C17O16O16O�g
¼ ðx2876 � x2666Þ=ðx2866 � x2766Þ ð10Þ

where xi is the fractional mass of isotopologue i and xi is the
fractional mass of isotopomer i. From here on we use the
unsigned ‘CO3’ to represent any carbonate of interest in
these equations.

Substituting the individual isotopomer masses for the
composite isotopologue masses gives9

K2876 ¼ fðx2876þ x2867þ x2786þ x2768þ x2678

þ x2687Þ � ðx2666Þg=fðx2866þ x2686

þ x2668Þ � ðx2766þ x2676þ x2667Þg ð11Þ

The composite ratio of Ki/Ki-r (used by Wang et al., 2004,
in discussions of the relationship between K and D) can be
calculated as a weighted average such that

ðK2876=K2876� rÞ ¼ fðx2876 �K2876=K2876� rÞ
þ ðx2867�K2867=K2867� rÞ
þ ðx2786�K2786=K2786� rÞ
þ ðx2768�K2768=K2768� rÞ
þ ðx2678�K2678=K2678� rÞ
þ ðx2687�K2687=K2687� rÞg=x2876

ð12Þ
8 It is also possible to define the composite b18O as the simple
arithmetic average or as the weighted arithmetic average of the 3
isopomer b values. Differences in these definitions in our models are
exceedingly small, on the order of 0.001& or less.

9 For the carbonate ion systems, the individual isotopomer equilib-
rium constants for the isotopologue 2876 (i.e., K2876, K2867, K2786,
K2768, K2678, and K2687) will each be greater than 1 when
calculated for a molecular system with C1 symmetry (e.g., all the
supermolecular CO2�

3 � nðH2OÞ clusters). However, when the com-
posite equilibrium constant K2876 or K287 is calculated (Eq. (11)) for
a system with inherent symmetry (e.g., CO2�

3 and CO2 respectively),
the composite K2876 or K287 will be less than 1 (K2876 � 0.67 for
CO2�

3 and K287� 0.5 for CO2). The stochastic value for each
individual isotopomer of K2876 is 1, but the stochastic value for the
composite K2876 is 2/3. Similarly, for CO2 the stochastic value for
individual isotopomers of K287 is 1, and the composite K287
stochastic (classical) value is 1/2. These stochastic values arise from
the inherent symmetry of CO2�

3 and CO2.
where K2876-r is the stochastic composite equilibrium con-
stant K2876 and the isotopomer stochastic equilibrium con-
stants are denoted as K2876-r, K2867-r, K2786-r, K2768-r,
K2678-r, and K2687-r.

In a similar fashion the composite equilibrium constant
K3866 can be calculated as

K3866 ¼ ðx3866 � x2666Þ=ðx2866 � x3666Þ
¼ ðx3866 � x3686 � x3668 � x2666Þ=ðx2866

� x2686 � x2668 � x3666Þ ð13Þ
2.5. Ab initio and solvation models of aqueous DIC species

and carbonate mineral lattices

In this section we describe the models and tests used to
determine an optimal combination of ab initio method, ba-
sis set, and solvation technique for calculating D63, b18O,
b17O, and b13C that is reasonably computationally efficient,
yet yields usefully accurate results, and to determine how
this method deviates from more accurate models con-
structed using higher levels of theory.
2.5.1. Prior work using large molecular clusters to model

solvation in DIC species

Accurate vibrational frequencies are the most critical
output from electronic structure models for the determina-
tion of isotope partitioning and isotopologue abundances.
Earlier studies indicate that modeling an aqueous species is
significantly improved by the inclusion of explicit waters of
hydration. Rudolph et al. (2006) showed that modeling small
clusters of DIC species (with 1 to 3 waters of hydration) gives
a better match with measured vibrational frequencies than
models of the DIC species in the gas phase. Zeebe (2009)
found that the inclusion of increasing numbers of waters
of hydration (up to 22) surrounding a carbonate ion
CO2�

3

� �
improved the accuracy of the model’s prediction

of the oxygen isotope fractionation between CO2�
3 and

water. He found good agreement between theory and exper-
iment with about fifteen or more waters of hydration. Rus-
tad et al. (2008, 2010b) performed an in-depth study of the
use of supermolecular clusters to predict carbon isotope frac-
tionation in DIC aqueous species. When comparing gas
phase models to implicit solvation models and to supermo-
lecular clusters of different sizes (7 to 64 waters of hydration)
using different ab initio methods and basis set combinations,
they concluded that supermolecular clusters are better pre-
dictors of carbon isotope fractionation than gas models or
implicit solvation models. However, the potential energy
surfaces of the supermolecular cluster systems are very flat
due to the weak H bonds and overall system complexity as
would be expected given the dynamism of solutions (i.e., be-
cause solutions are dynamic and not at the global minimum
energy configuration most of the time). With such a system,
any optimized geometry is likely to be a local energy mini-
mum rather than the global minimum. Thus it is necessary
to take the average value of several conformers to obtain a
reasonable estimate of cluster system properties. Rustad
et al. concluded that an average of ten conformers is suffi-
cient to predict 13C/12C fractionation within a standard error
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of the mean (se) of 0.3 to 0.5& at 25 �C. They evaluated
ab initio/hybrid methods such as PBE and B3LYP, com-
bined with basis sets 6-31G*, 6-311G*, and aug-cc-pVDZ
(see next section for references). They concluded that the
B3LYP/aug-cc-pVDZ combination was “probably the most
accurate. . .showing that hybrid functionals and diffuse basis
functions improve the description of hydrogen bonding in
aqueous systems (Xantheas, 1995; Sim et al., 1992; Ham-
man, 1997)” (page 552, Rustad et al., 2008). Since the aug-
cc-pVDZ basis set is computationally very expensive, they
also concluded that the PBE/6-31G* combination with con-
formers of about 30 waters of hydration was a reasonable
alternative and can predict b13C for gas, aqueous, and solid
state carbonate system within 3& se. They further concluded
that use of the B3LYP/aug-cc-pVDZ can reduce the stan-
dard error of b13C to about 1&.

2.5.2. Convergence and sensitivity testing for D63, b18O, and

b13C at different levels of theory

We performed sensitivity and convergence testing for
the modeling of aqueous DIC species by combining
different levels of theory with different sized basis sets for
a select set of carbonate species: CO2ðgÞ; CO2�

3 ðgÞ;
H2CO3ðgÞ; H2CO3 � 3ðH2OÞ, and HCO�3 � 3ðH2OÞ. The
species were chosen to allow us to compare a variety of io-
nic charges and the effect of 2 different (simple) solvation
techniques. The use of simple species also allowed us to test
more complex ab initio methods. We looked at the degree
of convergence of each combination of method and basis
set with the most complex (and presumably accurate) mod-
els in order to select the most reliable and efficient modeling
methods. We used ab initio/hybrid methods: RHF (re-
stricted Hartree Fock), DFT (Density Functional Theory)
including B3LYP (a versatile and popular hybrid method
which combines the exact electron exchange treatment of
Hartree-Fock theory with the Lee, Yang and Parr correla-
tion functional: Becke, 1993; Lee et al., 1988), PBE (the ex-
change functional combined with the gradient-corrected
functional of (Perdew et al., 1996, 1997), and functionals
from the newer M06 series: Zhao and Truhlar, 2008a,b;
Yang et al., 2010), MP2 (Møller-Plesset perturbation theory
level 2: Head-Gordon et al., 1988), CCSD (Coupled-Cluster
Singles and Doubles: Cizek, 1969; Scuseria et al., 1988), and
QCISD (Quadratic Configuration Interaction with Single
and Double Excitation: Pople et al., 1987).

The CCSD and QCISD ab initio methods are the most
accurate approaches considered here, but the computa-
tional cost becomes prohibitive for studies of large mole-
cules (e.g., Johnson et al., 1993; Thomas et al., 1993a,b;
Oliphant and Bartlett, 1994; Bartlett, 1995; Bartlett and
Musial (2007); Scott and Radom, 1996 and references
therein). Results from hybrid DFT methods on aqueous
clusters may perform as well as the MP2 method (Xanth-
eas, 1995). The RHF method can be a good first order
approximation, but is typically outperformed by other
methods at higher levels of theory (e.g., Lee and Scuseria,
1995; Johnson et al., 1993; Thomas et al., 1993a,b; Oliphant
and Bartlett, 1994; Bartlett, 1995; Scott and Radom, 1996
and references therein; Wong, 1996; Halls and Schlegel,
1998; Crawford and Schaefer, (2000).
We combined progressively larger Pople basis sets with
each method, increasing the number of polarizing and dif-
fuse Gaussian orbitals. We used 6-31G* (split valence dou-
ble zeta with polarization) (Hariharan and Pople, 1973;
Rassolov et al., 1998), 6-311G* (split valence triple zeta
plus polarization) (Blaudeau et al., 1997), and 6-
311++G(2d,2p) (split valence triple zeta with polarization
and added diffuse functions) (Krishnan et al., 1980; Blau-
deau et al., 1997). We compared the Pople basis sets against
the Dunning group correlation-consistent polarized basis
sets cc-pVTZ (valence triple zeta with polarization) and
aug-cc-pVTZ (augmented with added diffuse functions)
(e.g., Kendall et al., 1992; Woon and Dunning, 1993). We
used aug-cc-pVTZ for direct comparison with 6-
311++G(2d,2p) instead of the smaller aug-cc-pVDZ (va-
lence double zeta, used by Rustad et al. (2008)). The largest
two basis sets, 6-311++G(2d,2p) and aug-cc-pVTZ, appear
to be near reasonable basis set convergence thresholds for
the chosen density functionals (e.g., Molnar et al., 2009;
Bryantsev et al., 2009; Suârez et al., 2011).

2.5.3. Comparison of D63, b18O, and b13C calculated using

different solvation techniques

We generated electronic structure models for each of the
DIC species: H2CO3 (cis-trans conformer – Fig. 2A),
HCO�3 , and CO2�

3 (Fig. 2B and C). For each DIC species
we applied 4 different solvation techniques: (1) simple gas
phase models of isolated DIC species, (2) implicit solvation
(self consistent reaction field – SCRF), (3) explicit solvation
using three water molecules surrounding each DIC species,
and (4) supermolecular cluster models containing 21 to 32
water molecules (Fig. 1A).

The different solvation approaches mentioned above
employ increasingly complex simulations of the aqueous
environment. Implicit solvation models attempt to capture
some of the chemical properties of a solute species, at re-
duced computational expense, by surrounding a cluster of
atoms (including explicitly designated water molecules if
desired) with a continuous dielectric medium approximat-
ing the properties of liquid water. We used the polarizable
continuum model (PCM) of Miertus et al. (1981) with a
dielectric constant equal to that of pure water (80.1 at
20 �C). We also used the SMD model (Marenich et al.,
2009), a sophisticated self-consistent reaction field implicit
solvation model that has worked well with the M06 series
DFT functionals developed by the Truhlar/Cramer group
in previous studies (Cramer and Truhlar, 2008; Chamberlin
et al., 2008).

For the explicit solvation method (also known as the
water droplet method), we simulated the solvent by sur-
rounded each DIC species with 3 water molecules distrib-
uted symmetrically around and in the same plane as the
central ion (patterned after Rudolph et al., 2006).

The fourth solvation method consisted of supermolecular
clusters, in which the DIC species is surrounded by 21 or 32
water molecules, numbers suggested by Zeebe (2007) and
Rustad et al. (2008) respectively. Molecular dynamics has
been shown to be useful in setting up representative solvation
structures around reactant and product molecules – which can
then be “quenched”, i.e., relaxed and subjected to static
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vibrational frequency calculations (e.g., bulk isotope parti-
tioning studies by Rustad and Bylaska, 2007; Rustad et al.,
2008, 2010a,b; Zeebe, 2009). The molecular dynamics
simulation program Moldy (Refson, 2000) was used to
generate the supermolecular clusters as described above.
Lennard-Jones potentials and partial charges for DIC species
and water were taken from Zeebe (2011) and references
therein. Isotopic partitioning results for each DIC species
are the average of up to 10 conformers. We had to omit 3
conformers in which the DIC species morphed into another
species during optimization. Obtaining optimized geometries
for such large systems requires frequent user intervention
(Appendix A.4).
2.5.4. Modeling calcite, aragonite, and witherite lattices as

supermolecular clusters

The calcite and aragonite mineral lattices were modeled
as supermolecular clusters patterned after the cluster repre-
sentation of mineral lattices by Rustad et al. (2008, 2010b)
(Fig. 1B and C). Each mineral cluster has an inner layer
consisting of a central carbonate CO2�

3

� �
surrounded by

six Ca–O polyhedra. (Each O in the central carbonate
group of calcite (aragonite) is bonded to two (three) Ca ions
as part of a Ca–O polyhedron; each Ca in calcite (arago-
nite) is bonded to six (nine) oxygens.) The outer layer is a
secondary “ring” of carbonate groups CO2�

3

� �
. Each Ca

atom in all the oxygen-calcium bonds from this outer layer
(i.e., that is not part of the inner six Ca–O polyhedra) is re-
placed by a ghost atom at a distance of 1 Å from the oxygen
atom (along the vector of the Ca–O bond) with a charge
equal to the Pauling bond valence (+1/3 for calcite and
+2/9 for aragonite). The cluster has an overall neutral
charge. The positions of all atoms in the outer layer are fro-
zen during the geometry optimization calculations. All
ab initio calculations on the outer, frozen atoms were per-
formed with the 3-21G basis set; calculations on the inner,
moveable atoms were performed by a variety of basis sets,
as did Rustad et al. on their molecular clusters. All ab initio
calculations were performed with Gaussian09, Revision
B.01 (Gaussian 09, Revision B.01, 2010) on the UCLA
Hoffman2 computer cluster.

We also modeled witherite (BaCO3) as a supermolecular
cluster for comparison with experimental runs. Witherite
belongs to the same space group as aragonite. However,
the 6-311++G(2d,2p) basis set cannot be used with Ba,
so we used the small SDD basis set (without polarization
or diffuse functions), which combines the D95 basis set
(Dunning and Hay, 1976) with the Stuttgart RSC 1997
ECP basis set (e.g., Fuentealba et al., 1985). Comparison
with species run with both the Pople and SDD basis sets al-
lowed us to estimate results for the witherite cluster com-
pared to calcite and aragonite clusters run with B3LYP/6-
311++G(2d,2p).

The use of supermolecular cluster models allows com-
parison of crystal lattices with aqueous species within a
consistent computational and theoretical framework
(Zeebe, 2009; Rustad et al., 2008, 2010b). Such an ap-
proach should help cancel out systematic errors. This is
the first time this technique has been applied to model
clumped isotope signatures of crystals and supermolecu-
lar aqueous clusters together.

2.6. Self-consistency test: Redlich Teller Product Rule

The Redlich Teller Product Rule (Redlich, 1935; Herz-
berg, 1966) provides a check on the numerical self-consis-
tency of the calculated vibrational frequencies.

1:5 � ln 1m=2m
D E

þ 1:5 � ln 2M=1M
D E

þ ln 2Ix=
1Ix

� �
� 2Iy=

1Iy

� �
� 2Iz=

1Iz

� �D E

¼
X

i

ln 2mi=
1mi

� �
ð14Þ

where superscripts 1 and 2 refer to isotopically light or hea-
vy atoms respectively, “m” = mass of the carbonate atom ,
“M” = mass of molecular system, m = vibrational fre-
quency, and Ix, Iy, and Iz are the moments of inertia
around the x, y, and z axes respectively with the origin at
the center of mass of the molecular system (Nakamoto,
1997). In the case of single molecules in the gas phase, then
“m” = the mass of the substituted isotope(s). For 13C sub-
stitutions in molecules with a center of symmetry, such as
symmetric isotopomers of CO2 and CO2�

3 in the gas phase,
the moments of inertia will cancel to 1. For other molecular
systems without a center of symmetry, the product of the
ratios of the moments of inertia is not 1, but should still
be relatively close to unity (�1 ± 10�3 to 10�6 depending
on the molecular system). Sometimes the moments of iner-
tia are omitted from the equation and the computed value
of the left-hand side of Eq. (15) is used to evaluate the
numerical self-consistency of large systems (see Rustad
et al., 2008).

1:5 � ln 1m=2m
D E

þ 1:5 � ln 2M=1M
D E

¼
X

i

ln 2mi=
1mi

� �
ð15Þ

All models used in the present study are found to obey the
Redlich Teller relations: models with isotopesubstitution at
a center of symmetry obey exactly (within likely rounding
errors in calculated vibrational frequencies), while models
with asymmetric substitution deviate by slightly more, but
are still within the expected range (Rustad et al., 2008).

3. RESULTS

In this section we summarize the reasons for our choice
of the B3LYP/6-311++G(2d,2p) supermolecular cluster
model for the calculation of D63, b13C, and b18O. We also
present general trends for D63, b13C, and composite b18O
for each of the DIC species and the calcite and aragonite
clusters as well as comparison of model predictions with
other theoretical and experimental work.

3.1. Choice of best model for D63, b18O, and b13C of DIC,

calcite, and aragonite clusters

Here we present the summary results of the convergence
and sensitivity testing, in which we evaluate the effectiveness



Fig. 3. D63 of DIC species calculated the B3LYP/6-
311++G(2d,2p) models averaged over ten individual conformers
(see Fig. 4) for temperatures from 0 to 100 �C (Table A1).
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of different levels of theory and solvation techniques in pre-
dicting values of D63, b13C, and b18O for selected DIC
species. Section 2.5 has a detailed discussion of the models
used in the tests, including solvation techniques, ab initio
methods and basis sets as well as summaries of prior rele-
vant work. A more complete examination of the results
with tables and graphs, including ab initio/hybrid methods
– basis set combinations, solvation techniques, comparison
of chosen species with experimental bond lengths and vibra-
tional frequencies, and the effect of scaling factors can be
found in Appendix A.2.

3.1.1. Convergence test for different ab initio/hybrid methods

– basis set combinations

We compared values of D63, b13C, and b18O calculated
by different levels of theory for CO2ðgÞ; CO2�

3 ðgÞ;
H2CO3ðgÞ; HCO�3 � 3ðH2OÞ, and H2CO3 � 3ðH2OÞ
(Table A2, Fig. A1A–E and Section 2.5.2). Each ab ini-
tio/hybrid method was paired with 3 to 5 basis sets of dif-
ferent complexities. Overall, we found similar chemical
trends and convergence behavior for all species
investigated.

Models constructed using the 2 largest basis sets 6-
311++G(2d,2p) and aug-cc-pVTZ were similar, with D63

values deviating from each other by less than 0.001& on
average (range 0.000 to 0.006&), most likely indicating ap-
proach to the complete basis set limit for hybrid density
functionals (e.g., Molnar et al., 2009; Bryantsev et al.,
2009; Suârez et al., 2011). The 6-311++G(2d,2p) basis set
has fewer basis functions and allows faster computations
than aug-cc-pVTZ.

Rustad et al. (2008) tested a range of basis sets and mod-
el chemistries for estimating 13C/12C fractionation, and
concluded that the hybrid B3LYP method combined with
the double-zeta aug-cc-pVDZ basis set gave the best match
to experiment for b13C. We find that trends in D63 in our
convergence study are similar to those of b13C, and the
B3LYP method produces results that are close to those of
higher levels of theory (viz., CCSD and QCISD). The
B3LYP models in the convergence study also do well
matching experimental vibrational frequencies and bond
lengths from higher-order methods. We found no statisti-
cally significant differences between results from clusters
with 21 waters or 32 waters (see Appendix A.2 for detailed
results of the convergence studies, comparison of theoreti-
cal predictions of vibrational frequencies and bond lengths
with measured values, and effect of scaling factors.)

Therefore, we conclude that the B3LYP/6-
311++G(2d,2p) model is a reasonable compromise between
accuracy and computer efficiency for the calculation of D63,
b13C, and b18O. The B3LYP/6-311++G(2d,2p) cluster
models of the calcite and aragonite lattices, built following
Rustad et al. (2008, 2010a), also perform very well when
compared to both the experimental calibration curve of
Dennis and Schrag (2010) and the theoretical curve of
Guo et al. (2009) and Schauble et al. (2006) (Section 3.4.4).

3.1.2. Comparison of solvation techniques

We compared values of D63, b13C, and b18O at 25�C
for each DIC species calculated with each of the four sol-
vation techniques: (1) gas phase, (2) implicit solvation, (3)
explicit solvation (with 3 waters), and (4) supermolecular
clusters (see Section 2.5.3) using the B3LYP method
paired with the 3 Pople basis sets for each DIC species
(Fig. A2A–C and the first 5 columns of Table A3). With-
in a given method, basis set, and solvation method, D63

ðH2CO3Þ > D63 HCO�3
� �

> D63 CO2�
3

� �
. However, the rela-

tive size of D63 does not vary consistently with changing
basis set, solvation technique, or species. Based on the
superior performance of large molecular clusters in prior
evaluations of the accuracy of solvation techniques (Liu
and Tossell, 2005; Rudolph et al., 2006; Rustad et al.,
2008, 2010a,b; Zeebe, 2009), we have concentrated our ef-
forts on supermolecular clusters using the B3LYP method
with the 6-311++G(2d,2p) basis set. The supermolecular
clusters are also better predictors of oxygen and carbon
isotope fractionation than the other solvation techniques
(Section 3.4.1).

The B3LYP models in the convergence studies also do
well matching experimental vibrational frequencies and
bond lengths from higher-order methods (see Appendix
A.2). Predictions of 13C/12C and 18O/16O fractionation
match well with experimental values. Effects of scaling
the vibrational frequencies are discussed in A2.4.
3.2. D63, b13C, and composite b18O for DIC species (B3LYP/

6-311++G(2d,2p) supermolecular cluster models)

The models predict distinct values of D63 for each of
the 3 DIC species, such that D63ðH2CO3Þ >
D63 HCO�3
� �

> D63 CO2�
3

� �
. This is also true of b13C, and

composite b18O (Table A1 and Fig. 3). As detailed in
Section 2.5, for each supermolecular cluster we sampled
up to 10 different conformers, in order to approximate
a distribution of dynamic solvation structures. The geom-
etry of each individual conformer was generated from the
quenching of different time steps from a molecular
dynamics simulation. This is very similar to the approach
taken successfully by Rustad et al. (2008), in which they
used ab initio molecular dynamics. Values of D63, b13C,
and composite b18O of individual conformers for each



Table 1
D63, b13C, composite b18O, and composite b17O of the individual conformers for each set of supermolecular clusters for the 3 DIC species at
25 �C as calculated by the B3LYP/6-311++G(2d,2p) models. Averages and standard errors are included for each set (Fig. 4). Values are
unscaled. Also included are the O isotope fractionation factor between the DIC species and liquid water a18O CO2�

3 �H2OðlÞ
� �

and C isotope
fractionation factor between the DIC species and carbon dioxide a13C CO2�

3 CO2ðgÞ
� �

. RT diff is the numerical difference between the two sides
of the Redlich Teller product equation (Eq. (15)).

Conformer # Waters b13C Comp b18O Comp b17O D63 RT diff a18O CO2�
3 –H2OðlÞ

� �
a13C CO2�

3 –CO2ðgÞ
� �

CO32
�

1a 21 1.1993 1.0986 1.0510 0.3696 6.4E�06 1.0207 1.0030
2a 21 1.1992 1.0990 1.0512 0.3707 �2.8E�04 1.0211 1.0029
3a 21 1.1987 1.0980 1.0507 0.3678 �2.2E�04 1.0201 1.0025
4a 21 1.1995 1.0996 1.0515 0.3698 �2.3E�04 1.0216 1.0032
5a 21 1.1987 1.0978 1.0505 0.3728 �9.7E�05 1.0199 1.0025
7a 21 1.1977 1.0969 1.0501 0.3644 �3.6E�05 1.0191 1.0016
9a 21 1.2002 1.0995 1.0514 0.3719 �3.0E�04 1.0215 1.0037
11a 32 1.2015 1.1009 1.0521 0.3747 �3.1E�05 1.0228 1.0048

Average 1.1993 1.0988 1.0511 0.3702 �1.5E�04 1.0209 1.0030
Standard error ±0.0004 ±0.0004 ±0.0002 ±0.0011 ±4.3E�05 ±0.0004 ±0.0003

Conformer # Waters b13C Comp b18O Comp b17O D63 RT diff a HCO�3 –H2OðlÞ
� �

a HCO�3 –CO2ðgÞ
� �

HCO�3
1b 21 1.2027 1.1079 1.0557 0.3986 �4.7E�04 1.0293 1.0058
2b 21 1.2058 1.1100 1.0567 0.4065 �8.3E�06 1.0313 1.0085
3b 21 1.2019 1.1080 1.0557 0.4060 �2.6E�04 1.0295 1.0052
4b 21 1.2031 1.1084 1.0559 0.4038 �1.9E�04 1.0298 1.0062
5b 21 1.2005 1.1065 1.0550 0.4028 �8.3E�04 1.0280 1.0039
6b 21 1.2006 1.1059 1.0547 0.4097 �1.6E�03 1.0275 1.0041
7b 21 1.2012 1.1080 1.0557 0.4031 �1.9E�03 1.0294 1.0046
8b 21 1.2042 1.1089 1.0562 0.4066 �9.4E�05 1.0299 1.0060
9b 21 1.2030 1.1085 1.0560 0.3982 �3.6E�04 1.0292 1.0052
10b 21 1.2019 1.1078 1.0556 0.3980 �8.8E�05 1.0292 1.0052

Average 1.2025 1.1080 1.0557 0.4033 �5.8E�04 1.0293 1.0057
Standard error ±0.0005 ±0.0004 ±0.0002 ±0.0013 ±2.1E�04 ±0.0003 ±0.0004

Conformer # Waters b13C Comp b18O Comp b17O D63 RT diff

H2CO3

1c 21 1.2077 1.1175 1.0605 0.4352 �9.1E�04
2c 21 1.2118 1.1205 1.0620 0.4291 �8.0E�05
3c 21 1.2130 1.1214 1.0624 0.4512 �1.3E�04
4c 21 1.2086 1.1180 1.0607 0.4312 �4.8E�04
6c 21 1.2106 1.1188 1.0611 0.4401 �5.7E�04
7c 21 1.2137 1.1214 1.0624 0.4393 �1.3E�05
8c 32 1.2113 1.1195 1.0615 0.4275 �5.8E�05
9c 32 1.2100 1.1186 1.0611 0.4313 �2.8E�04
10c 32 1.2104 1.1189 1.0612 0.4372 �1.3E�04

Average 1.2105 1.1191 1.0613 0.4344 �3.3E�04
Standard error ±0.0006 ±0.0004 ±0.0002 ±0.0016 ±9.9E�05
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DIC species are shown in Table 1 and Fig. 4; average
values of DIC species, calcite, and aragonite from 0� to
1000 �C are shown in Table A1.

At 25 �C the average values for supermolecular cluster
B3LYP/6-311++G(2d,2p) models give D63 CO2�

3

� �
¼

0:3702� 0:0011&; D63 HCO�3
� �

¼ 0:4033� 0:0013&, and
D63(H2CO3) = 0.4344 ± 0.0016&. (Errors are given as
standard error of the mean). As expected, D63 decreases
with increasing temperature. The differences between D63

of the DIC species also decrease with temperature; for
example, the difference between D63 CO2�

3

� �
and

D63 HCO�3
� �

is 0.0368 at 0 �C, 0.0331& at 25 �C,
0.0300& at 50 �C, and 0.0255& at 90 �C (see Table A1
and Fig. 3).

We performed the Student t test comparing the groups of
conformers of D63 CO2�

3

� �
vs. D63 HCO�3

� �
and then

D63 HCO�3
� �

vs. D63(H2CO3) for the B3LYP/6-
311++G(2d,2p) models at 25 �C. Both tests were highly signif-
icant with p < 0.001 (t =�6.04, df = 18 and t =�7.44, df = 18
respectively), implying that D63 of the set of conformers for
HCO�3 is statistically different from the two other DIC species.

Our calculations using different isotopic compositions of
the carbonate species confirmed that D63 is dependent upon
only temperature.



Fig. 4. Comparison of D63 of individual supermolecular cluster conformers of each DIC species from B3LYP/6-311++G(2d,2p) models at
25 �C. Each blue striped bar is the average of the set of ten red conformers to its left (Table 1). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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3.3. D63, b13C, and composite b18O for the carbonate mineral

clusters

As expected, D63, composite b18O, composite b17O, and
b13C of the calcite and aragonite cluster models all decrease
with increasing temperature. Table A1 shows these values
for the B3LYP/6-311++G(2d,2p) model from 0 �C to
1000 �C. At 25 �C values for calcite (and aragonite)
B3LYP/6-311++G(2d,2p) cluster model D63 are 0.394&

(and 0.4060&), b13C are 1.2077 (and 1.2110), and compos-
ite b18O are 1.1060 (and 1.1075).

Table A3 (final rows) shows a comparison of b13C, com-
posite b18O, and D63 at 25 �C for the B3LYP/6-
311++G(2d,2p), B3LYP/6-311G*, and B3LYP/6-31G*

calcite and aragonite cluster models. Ranges in model dif-
ferences for calcite (aragonite) b13C, b18O, and D63 are
10& (8.4&), 7& (4.5&), and 0.041& (0.033&), respec-
tively. These are similar to the average differences in the
B3LYP aqueous models, indicating that choice of basis
set when calculating D63 can be significant for both aqueous
and mineral species.

D63 of the witherite cluster model could not be compared
directly with the B3LYP/6-311++G(2d,2p) calcite or ara-
gonite models because the 6-311++G(2d,2p) basis set does
not handle the barium atom (see Section 2.5.4). We used
B3LYP/SDD model to compare all 3 mineral clusters. At
25 �C, the B3LYP/SDD models for D63 are 0.3556& for
witherite and 0.3671& for calcite. Based on these results,
we project that in general, D63 for witherite will be about
0.01& smaller than D63 for calcite and about 0.015 to
0.02& smaller than D63 for aragonite for most models.

3.4. Comparison with previous experiments and theory

3.4.1. Oxygen and carbon isotope fractionation

To estimate oxygen isotope fractionations we compared
B3LYP models constructed with three basis sets (6-31G*, 6-
311G*, and 6-311++G(2d,2p)) to measured oxygen isotope
fractionations between DIC species and liquid water (Beck
et al., 2005) (Table 3). Following a procedure similar to that
in Zeebe (2009) we define (from Eq. (8))
a180ðH2OðlÞ�H2OðgÞÞ¼ b180ðH2OðlÞÞ=b180ðH2OðgÞÞ
� �

ð16Þ

Since the oxygen fractionation between liquid water and
water vapor is 1.0094 at 25 �C (Majoube, 1971; Horita
and Wesolowski, 1994), it follows that

a180 CO2�
3 �H2OðlÞ

� �
¼ b180 CO2�

3

� �
=b180ðH2OðgÞÞ

� �
� 1=a180ðH2OðlÞ�H2OðgÞÞ
� �

¼b180 CO2�
3

� �
=ð1:0094�b180ðH2OðgÞÞ

�
ð17Þ

In the above equations, for each b18O CO2�
3

� �
, we calculated

the corresponding b18O(H2O(g)) using the same method/
basis set combination (Table 2). Similar equations hold
for a18O HCO�3 �H2OðlÞ

� �
.

We tested model predictions of carbon isotope fraction-
ation between DIC species and CO2(g) using experimental
results from (Zhang et al., 1995) (Table 4).

a13C CO2�
3 � CO2ðgÞ

� �
¼ b13C CO2�

3

� �
=b13CðCO2ðgÞÞ

� �
ð18Þ

We used the corresponding model of b13C (CO2(g)) for each
b13C (CO2(g)) (Table A2) . Similar equations hold for
a13C HCO�3 � CO2ðgÞ

� �
.

The supermolecular clusters are better predictors of oxy-
gen isotope fractionation a18O(DIC�H2O(l)) than the non-
cluster models (Table A3, column 7, and Fig. A3). For
both CO2�

3 and HCO�3 a18O (gas model) < a18O (implicit sol-
vation) < a18O (explicit solvation) < a18O (supermolecular
clusters). Within each solvation technique, a18O decreases
as the size of the basis set increases. The average supermolec-
ular cluster a18O CO2�

3 �H2OðlÞ
� �

a18O HCO�3 H2OðlÞ
� �� �

for
B3LYP/6-31G*, B3LYP/6-311G*, and B3LYP/6-
311++G(2d,2p) models are 1.0256 ± 0.0003& [1.0334 ±
0.0013], 1.0237 ± 0.0003& [1.0321 ± 0.0013], and 1.0209 ±
0.0004& [1.0293 ± 0.0010] respectively compared to the
measured a18O 1.0245 ± 0.0003& [1.0315 ± 0.0002] from
Beck et al. (2005) (Table 3). Error intervals in this section
are given in terms of standard deviation instead of standard



Table 2
b17O and b18O for H2O as calculated with different combinations of
ab initio/hybrid methods and basis sets at temperatures 20, 22, and
25 �C. Values are unscaled.

Method Basis set T (�C) b17O(H2O) b18O(H2O)

B3LYP 6-31G* 20 1.0348 1.0667
22 1.0346 1.0662
25 1.0342 1.0654

B3LYP 6-311G* 20 1.0352 1.0674
22 1.0349 1.0668
25 1.0345 1.066

B3LYP 6-311++G(2d,2p) 20 1.0353 1.0677
22 1.035 1.0671
25 1.0346 1.0663

B3LYP cc-pVTZ 20 1.035 1.0671
22 1.0348 1.0666
25 1.0343 1.0658

M06 6-31G* 20 1.0358 1.0686
22 1.0355 1.068
25 1.0351 1.0672

M06 6-311G* 20 1.0359 1.0688
22 1.0356 1.0682
25 1.0352 1.0674

M06 cc-pVTZ 20 1.0358 1.0686
22 1.0355 1.068
25 1.0351 1.0672

HF 6-31G* 20 1.0388 1.0745
22 1.0385 1.0739
25 1.0381 1.073

HF 6-311G* 20 1.0395 1.0758
22 1.0392 1.0752
25 1.0387 1.0743
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error to compare with Beck et al.’s and Zhang et al.’s
measurements.

Overall, the supermolecular clusters yield the best match
to observed carbon isotope fractionation (Table A3, col-
umn 8, and Fig. A4). Within each solvation technique,
a13C decreases as the size of the basis set increases. The

average supermolecular cluster a13C CO2�
3 � CO2ðgÞ

� �
½a13C HCO�3 � CO2ðgÞ

� �
� B3LYP/6-31G*, B3LYP/6-

311G*, and B3LYP/6-311++G(2d,2p) values are
1.0109 ± 0.0003& [1.0132 ± 0.0016], 1.0049±0.0003&

[1.0075 ± 0.0018], 1.0030±0.0003& [1.0057 ± 0.0013]
respectively compared to the measured a13C

1.0059 ± 0.0007& [1.0080 ± 0.0001] from Zhang et al.
(1995) (Table 4).
Table 3
Experimental oxygen isotope fractionation between liquid water and DIC
to O isotopic fractionation factors a such that 1000 lna = d and then used
(a18O) (Section 3.4.1). Error bars are standard deviation.

d = measured value

Beck et al. (2005) at 25 �C
a18O (CO2–H2O(l)) 40.49 ± 0.14
a18O (CO2�

3 –H2O(l)) 24.19 ± 0.26
a18O (HCO�3 –H2O(l)) 31.00 ± 0.15
3.4.2. 13C/12C reduced partition function ratios (b13C)

Table 5 shows a comparison of reduced partition func-
tion ratios for 13C/12C (b13C) for selected gas and supermo-
lecular cluster models from Rustad et al. (2008) and this
work. b13C from the same models are within 0.001 (1&)
of each other, except for B3LYP/6-31G*, which differs by
0.003 (3&). b13C from aug-cc-pVDZ and aug-cc-pVTZ
for the same species and solvation model are within 0.002
(2&) of each other.

3.4.3. Di(CO2(g))

We compared the predicted values of D47, D48, and D49

(CO2) from our models with the predictions of Wang
et al. (2004). They used two different sets of vibrational fre-
quencies for their calculations for the clumped isotope sig-
natures of CO2 at 200 K, 300 K and 1000 K. We made the
same calculations for several different method/basis sets
combinations (Table A8, Fig. A5). The predicted values
of D47 from the B3LYP, MP2, CCSD, and QCISD models
are very close to the two predictions of Wang et al. (0.9138
and 0.9243 at 300 K). The M06 and M06-2X models yield
slightly higher D47 than Wang et al. (2004) while the PBE
models are lower. D47 from the B3LYP/6-311++G(2d,2p)
model is 0.9019& at 300K.

3.4.4. Calcite and aragonite D47

We compared our equilibrium cluster model of calcite to
the experimental calibration of Ghosh et al. (2006) (1–
50 �C), Dennis and Schrag (2010) (7.5–77 �C), and the the-
oretical curve from Guo et al. (2009), which combines a
model acid digestion fractionation factor with predicted
clumping equilibria from Schauble et al. (2006) (Table 6,
Fig. 5). We first convert D63 from the B3LYP/6-
311++G(2d,2p) model to D47 by adding Guo’s experimen-
tal and theoretical acid digestion fractionation factors (Eqs.
(3)–(5)). For all conversions of D63 to D47 we assume that
the temperature of the phosphoric acid digestion processes
on the calcite samples is 25 �C. The temperature at which
the acid digestion takes place should not to be confused
with the temperature of formation of the calcite crystal.

The slope of the B3LYP/6-311++G(2d,2p) calcite vs.
temperature model is very similar to both the Dennis and
Schrag (2010) curve and the Guo et al. (2009) curve below
about 40 �C; above 40 �C our result is slightly less sensitive
to temperature. All three are less sensitive to temperature
than the Ghosh et al. (2006) calibration. The vertical posi-
tion of the B3LYP/6-311++G(2d,2p) depends upon the
acid digestion fractionation factor (Eqs. (3)–(5)). To
illustrate this, the B3LYP/6-311++G(2d,2p) model result
is shown both (1) as corrected with Guo et al.’s (2009)
species (from Beck et al., 2005). The measured values are converted
for comparison with predicted oxygen isotope fractionation values

a18O = exp (d/1000) Max Min

1.0413 1.0415 1.0412
1.0245 1.0248 1.0242
1.0315 1.0316 1.0313



Table 4
Experimental carbon isotope fractionation between CO2(g) and DIC species (from Zhang et al., 1995). The measured values are converted to
fractionation factors (a13C) such that 1000 lna = d and then used for comparison with predicted carbon isotope fractionation values (a13C)
(Section 3.4.1). Error bars are standard deviation.

d = measured value a13C = exp (d/1000) Max Min

Zhang et al. (1995), at 25 �C
a13C CO2�

3 � CO2ðgÞ
� �

5.92 ± 0.65 1.0059 1.0066 1.0053
a13C HCO�3 � CO2ðgÞ

� �
7.93 ± 0.08 1.0080 1.0080 1.0079

Table 5
Comparison of reduced partition function ratios for 13C/12C (b13C) for gas phase and supermolecular cluster models with other works. Values
from this work and from Rustad et al. (2008) are unscaled.

Method/basis set b13C (Rustad et al., 2008) b13C (This work)

Gas Phase Models
CO2(g) B3LYP/6-31G* 1.1909 1.1941

B3LYP/aug-cc-pVDZ 1.1935
B3LYP/aug-cc-pVTZ 1.1948 1.1956
MP2/aug-cc-pVDZ 1.1914
MP2/aug-cc-pVTZ 1.1930 1.1937
PBE/aug-cc-pVDZ 1.1864 1.1873
Experimenta,b 1.1943 (1.1910c)

H2CO3(g) B3LYP/aug-cc-pVDZ 1.2099
B3LYP/aug-cc-pVTZ 1.2075
MP2/aug-cc-pVDZ 1.2098
MP2/aug-cc-pVTZ 1.2108

HCO�3 (g) –
B3LYP/aug-cc-pVDZ 1.1874
B3LYP/aug-cc-pVTZ 1.1989
MP2/aug-cc-pVDZ 1.1855
MP2/6-311++G(2d,2p) 1.1985

CO2�
3 (g) B3LYP/aug-cc-pVDZ 1.1756

B3LYP/aug-cc-pVTZ 1.1742
MP2/aug-cc-pVDZ 1.1721
MP2/aug-cc-pVTZ 1.1749
PBE/ aug-cc-pVDZ 1.1613
PBE/ aug-cc-pVTZ 1.1576

Supermolecular clusters – averages
CO2�

3 (aq) B3LYP/6-31G* 1.2064 1.2072 ± 0.0004
B3LYP/aug-cc-pVDZ 1.1991
B3LYP/6-311++G(2d,2p) 1.1993 ± 0.0004
Empirical estimate for CO2�

3 (aq) 1.1967

HCO�3 (aq) B3LYP/6-31G* 1.2103 1.2098 ± 0.00056
B3LYP/aug-cc-pVDZ 1.2036
B3LYP/6-311++G(2d,2p) 1.2025 ± 0.0005

a Zeebe and Wolf-Gladrow (2001).
b Richet et al. (1977).
c Includes anharmonicity constants for the potential energy.
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experimentally determined acid fractionation factor of
0.232 ± .015; and (2) as corrected with their theoretical fac-
tor of 0.220&. The B3LYP/6-311++G(2d,2p) result cor-
rected with either acid fractionation factor falls well
within one standard deviation of the Dennis & Schrag
calibration.10
10 D47 ¼ ð0:0337�0:0018Þ�106

T 2

� �
þ ð0:2470� 0:0194Þ (Denn i s and

Schrag, 2010, Eq. (4)).
We also compared the theoretical predictions from our
calcite and aragonite cluster models of oxygen and carbon
isotope fractionation (b18O and b13C respectively) with
previous theoretical and experimental results (Table 7).
The calcite crystal lattice model of Schauble et al.
(2006) uses first-principles lattice dynamics (i.e., density
functional perturbation theory with norm-conserving
pseudopotentials) to predict b18O, b13C, K3866, and
K2876. Chacko et al. (1991) computed reduced partition
function ratios (b factors) using statistical mechanics
and the measured vibrational mode frequencies of the



Table 6
Comparison of D63 and D47 of calcite mineral at equilibrium for several experimental and theoretical models. The comparison plots from
Ghosh et al. (2006), Dennis and Schrag (2010), and Guo et al. (2009) (using K values from Schauble et al. (2006)) are calculated from their
polynomial fit equations. Our B3LYP/6-311++G(2d,2p) model is shown with both the experimental acid digestion fractionation factor
(0.232 ± 0.015&) and the theoretical factor (0.220&) (fractionation factors from Guo et al., 2009). D47 = D63 + factor (Eqs. (3)–(5)). The
B3LYP/6-311++G(2d,2p) plot with either fractionation factor falls within 1r of the Dennis & Schrag curve (Section 3.4.4, Fig. 5). Values
from this work are unscaled.

T
(�C)

Ghosh et al.
(2006)

Combined Guo et al. (2009), with
Schauble et al. (2006)

Dennis and
Schrag (2010)

B3LYP/6-311++G(2d,2p)
D63 (D47 = D63 + 0.232)

B3LYP/6-311++G(2d,2p)
D63 (D47 = D63 + 0.220)

0 0.773 0.724 – 0.470 (0.702) 0.470 (0.690)
10 0.718 0.690 0.667 0.438 (0.670) 0.438 (0.658)
20 0.669 0.658 0.639 0.408 (0.640) 0.408 (0.628)
22 0.660 0.652 0.634 0.402 (0.634) 0.402 (0.622)
25 0.646 0.643 0.626 0.394 (0.626) 0.394 (0.614)
30 0.624 0.629 0.614 0.381 (0.613) 0.381 (0.601)
40 0.584 0.601 0.591 0.355 (0.587) 0.355 (0.575)
50 0.547 0.576 0.570 0.332 (0.564) 0.332 (0.552)
60 – 0.553 0.551 0.310 (0.542) 0.310 (0.530)
70 – 0.531 0.533 0.290 (0.522) 0.290 (0.510)
80 – 0.511 0.517 0.271 (0.503) 0.271 (0.491)
90 – 0.493 – 0.254 (0.486) 0.254 (0.474)
100 – 0.476 – 0.238 (0.470) 0.238 (0.458)

Fig. 5. Comparison of the calcite model from this work with other theoretical and experimental models of calcite D47 at equilibrium. Order of
entries in the legend is the order of the plots at 22�C. The plots for the Ghosh et al. (2006), Dennis and Schrag (2010), and combined Guo et al.
and Schauble et al. (from Guo et al., 2009) are calculated from their polynomial fit equations. The B3LYP/6-311++G(2d,dp) calcite model
(this study) is shown with both the experimental acid digestion fractionation factor (0.232 ± 0.015&) and the theoretical factor (0.220&) for
acid digestion at 25 �C (Eqs. (3)–(5)) (Guo et al., 2009). (See Table 6.) These graphs are drawn in the original reference frame (i.e., relative to a
stochastic distribution) and not in the “absolute reference frame” of Dennis et al. (2011).
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calcite lattice. Rustad et al.’s (2008, 2010a,b) supermolec-
ular calcite clusters are the basis for our calcite and ara-
gonite models. The present isotope fractionation factors
are very close to these. Our equilibrium constants
K3866 and K2876 for both calcite and aragonite are
slightly higher than those of Schauble et al. (2006). O
and C isotopic fractionation between aragonite and calcite
are also slightly larger.

3.5. Relation between D63 and other Di

Fig. A6 shows the average values of each Di plotted
against D63 for the supermolecular cluster models of the 3
DIC species for all temperatures calculated (Table B.3 in
Appendix B, the Electronic supplement). As expected all
Di are roughly proportional to temperature squared at
Earth surface temperatures.
4. DISCUSSION

In this section we discuss theoretical predictions for
attributes of the composite DIC pool, and their possible ef-
fect on the clumped isotope signature of carbonate minerals
precipitating from that pool without reaching full internal
equilibrium.



Table 7
Comparison of theoretical carbon (b13C) and oxygen (b18O) fractionation factors and equilibrium constants K3866 and K2876 for calcite and
aragonite from other studies to this work. Also included are C and O fractionation factors between calcite and aragonite. Three different
models from this work are presented for calcite. Values from this study are unscaled.

Calcite

b18O b18O b13C b13C K3866 K3866 K2876 K2876
T (�C) 0 25 0 25 0 25 0 25

Schauble et al. (2006) 1.11942 1.10328 1.23450 1.20430 1.000490 1.000410 0.666729 0.666715
Chacko and Deines
(2008)

1.1192 1.1031

Chacko et al. (1991) 1.2339 1.2037
Deines (2004) 1.1973
Rustad et al. (2008)
(B3LYP/6-31G*/3-
21G)

1.2107

Rustad et al. (2008)
(PBE//6-31G*/3-21G)

1.1994

This work:
B3LYP/6-31G* 1.130 1.113 1.249 1.217 1.00055468 1.00046896 0.66672364 0.66671073
B3LYP/6-311G* 1.125 1.109 1.241 1.211 1.00052046 1.00043778 0.66672484 0.66671167
B3LYP/6-
311++G(2d,2p)

1.1226 1.1060 1.2384 1.2078 1.00050642 1.00042475 0.66672448 0.66671132

Aragonite

b18O b18O b13C b13C K3866 K3866 K2876 K2876
T(�C) 0 25 0 25 0 25 0 25

Schauble et al. (2006) 1.11923 1.10319 1.23718 1.20669 1.000513 1.000430
Rustad et al. (2008)
(PBE/6-31G*/3-21G)

1.2014

This work:
B3LYP/6-
311++G(2d,2p)

1.1242 1.1075 1.2420 1.2110 1.00052059 1.00043780 0.66672414 0.66671092

Calcite–Aragonite

a18O(arag–cal) a13C(arag–cal) D63(arag)–D63(cal)
T (�C) 25 25 0 25

Schauble et al. (2006) 0.99992 1.00198
Rustad et al. (2008)
(PBE/6-31G*/3-21G)

1.0017

This work: B3LYP/6-
311++G(2d,2p)

1.0013 1.0026 .0130 .0120

e18O(arag-cal)a e13C(arag-cal)
Romanek et al. (1992)
(inorganic carbonates)

1.7 ± 0.4&

Lécuyer et al. (2012)
(mollusk shells-
temperature to
tropical)

�0.4&, probably due to
bias from acid digestion
fractionation

0.95 ± 0.81&

a Aragonite–calcite fractionation in permil.
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4.1. Composite D63 of DIC pool
4.1.1. Dependence of relative abundances of DIC species on

pH, temperature, and salinity

A solution of dissolved inorganic carbon (DIC) contains
carbonic acid and dissolved carbon dioxide [H2CO3 +
CO2(aq)], bicarbonate HCO�3

� �
, and carbonate CO2�

3

� �
.

The relative abundances of the DIC species are determined
by the pH of the solution, based on the following equations
and the associated equilibrium constants K1 and K2.
½CO2ðaqÞ þH2CO3� $ HCO�3 þHþ K1 ð19Þ

HCO�3 $ CO2�
3 þHþ K2 ð20Þ

The pH at which crossover points occur (i.e., when the con-
centrations of two of the species are equal) is dependent
upon the equilibrium constants of the dissociation reac-
tions. K1 and K2 are usually presented as pK1 and pK2

where pK1 = �log(K1) and pK2 = �log(K2). We calculated
the speciation of DIC at different temperatures and salini-
ties using the experimental curves for K1 and K2 from Mil-
lero et al. (2006) in conjunction with Eqs. (19) and (20)



Table 8
Equilibrium dissociation constants (pK1 and pK2) for carbonic acid (Eqs. (19) and (20), respectively) for varying temperature and salinity,
calculated from the Millero et al. (2006) empirical formulas (valid for temperatures 0 to 50 �C and salinities from 0 to 50). Values below were
calculated from their polynomial equations as fitted to experimental values.

Temperature (�C) Salinity

0 0 35 35 50 50
pK1 pK2 pK1 pK2 pK1 pK2

0 6.578 10.629 6.111 9.372 6.052 9.164
22 6.369 10.357 5.867 9.011 5.816 8.831
25 6.351 10.330 5.840 8.964 5.788 8.785
50 6.287 10.172 5.659 8.586 5.597 8.406

Table 9
Fractional abundances (f) of the DIC species vs. pH for different temperatures (T) and salinities (S). The equilibrium constants pK1 and pK2

change with T and S (Table 8, Fig. 6) (Millero et al., 2006). Note that the sum of the fractional abundances of the 3 species is unity, i.e.,
f ð½H2CO3 þ CO2ðaqÞ�Þ þ f ðHCO�3 Þ þ f ðCO2

3Þ ¼ 1.

T = 0 �C, S = 0 T = 25 �C, S = 0 T = 50 �C, S = 0

pH f([CO2(aq)
+H2CO3])

f ðHCO�3 Þ f ðCO2�
3 Þ f([CO2(aq)

+H2CO3])
f ðHCO�3 Þ f ðCO2�

3 Þ f([CO2(aq)+H2CO3]) f ðHCO�3 Þ f ðCO2�
3 Þ

0 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
1 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
2 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
3 1.000 0.000 0.000 1.000 0.000 0.000 0.999 0.001 0.000
4 0.997 0.003 0.000 0.996 0.004 0.000 0.995 0.005 0.000
5 0.974 0.026 0.000 0.957 0.043 0.000 0.951 0.049 0.000
6 0.791 0.209 0.000 0.692 0.308 0.000 0.659 0.341 0.000
7 0.275 0.725 0.000 0.183 0.816 0.000 0.162 0.837 0.001
8 0.036 0.961 0.002 0.022 0.974 0.005 0.019 0.975 0.007
9 0.004 0.973 0.023 0.002 0.953 0.045 0.002 0.935 0.063
10 0.000 0.809 0.190 0.000 0.681 0.319 0.000 0.598 0.402
11 0.000 0.299 0.701 0.000 0.176 0.824 0.000 0.129 0.871
12 0.000 0.041 0.959 0.000 0.021 0.979 0.000 0.015 0.985
13 0.000 0.004 0.996 0.000 0.002 0.998 0.000 0.001 0.999
14 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.0001 0.9999

T = 0 �C, S = 35 T = 25 �C, S = 35 T = 25 �C, S = 50

pH f([CO2(aq)
+H2CO3])

f ðHCO�3 Þ f ðCO2�
3 Þ f([CO2(aq)

+H2CO3])
f ðHCO�3 Þ f ðCO2�

3 Þ f([CO2(aq)+H2CO3]) f ðHCO�3 Þ f ðCO2�
3 Þ

0 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
1 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
2 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
3 0.999 0.001 0.000 0.999 0.001 0.000 0.997 0.003 0.000
4 0.992 0.008 0.000 0.986 0.014 0.000 0.975 0.025 0.000
5 0.928 0.072 0.000 0.874 0.126 0.000 0.798 0.202 0.000
6 0.563 0.437 0.000 0.409 0.591 0.001 0.283 0.714 0.003
7 0.114 0.882 0.004 0.064 0.926 0.010 0.037 0.927 0.036
8 0.012 0.948 0.040 0.006 0.896 0.097 0.003 0.716 0.281
9 0.001 0.701 0.298 0.000 0.479 0.521 0.000 0.203 0.797
10 0.000 0.190 0.809 0.000 0.084 0.916 0.000 0.025 0.975
11 0.000 0.023 0.977 0.000 0.009 0.991 0.000 0.003 0.997
12 0.000 0.002 0.998 0.000 0.001 0.999 0.000 0.000 1.000
13 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000
14 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000
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(Table 8). These values are valid for temperatures from 0 to
50�C and salinities from 0 to 50.

The relative abundances of the DIC species are affected
primarily by pH and secondarily by salinity and tempera-
ture (Table 9, Fig. 6). An increase in either salinity or tem-
perature effects a decrease in K1 and K2 (Table 8), resulting
in a shift of the species abundance crossovers toward lower
pH (Fig. 6). The effect of decreasing salinity is greater than
that of decreasing temperature. An increase in salinity also
slightly lowers the maximum value of HCO�3 and the pH at



Fig. 6. Effects of salinity (S) and temperature (T) on relative abundances of DIC species vs. pH. The fractional abundances of the dissolved
inorganic carbon (DIC) species depend primarily on the pH of the solution and secondarily on the salinity and temperature of the solution.
Species abundances are calculated from the empirical formulas of Millero et al. (2006), in conjunction with Eqs. (19) and (20) (Table 9). Note
that the maximum abundance of HCO�3 decreases as salinity increases. Millero et al.’s equations are valid for temperatures (T) ranging from 0
to 50 �C and salinities from 0 to 50. (A) pH vs. DIC Species: constant salinity (S=0), changing temperature (T=0, 25�C). (B) pH vs. DIC
Species: constant temperature (T=25�C), changing salinity (S=0, 35). (C) pH vs. DIC Species: changing salinity (S=0, 35), changing
temperature (T=0, 25�C).
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which the maxiumum occurs. Note that in Table 9, the sum
of the relative abundances of the 3 DIC species,
fð½H2CO3 þ CO2ðaqÞ�Þ þ f HCO�3

� �
þ f CO2�

3

� �
is unity.

At low pH, the amount of H2CO3 relative to CO2(aq) is
extremely small, less than 0.2% (Falcke and Eberle, 1990;
Tossell, 2006; Adamczyk et al., 2009; England et al.,
2011; Soli and Byrne, 2002).

4.1.2. Assumptions and equations needed to calculate

composite D63 for the DIC pool

The composite D63 for the DIC pool is easily calculated
at pH P 8, when the amount of CO2(aq) is negligible; then
D63 is the weighted average of D63 of CO2�

3 and HCO�3 .
However, determination of a composite D63 for the entire
DIC pool from which a carbonate mineral can precipitate
becomes problematic at low pH, when [CO2(aq) + H2CO3]
is high, because CO2(aq) does not have the three oxygen
atoms necessary to form a carbonate (MCO3) directly and
CO2M H2CO3 interconversion is slow, similar to the time-
scale of overall DIC equilibration rates.

In order to calculate a composite D63 for the DIC pool at
low pH, we make the following assumptions. Since the
hydration of CO2(aq) occurs at a much slower rate than
the deprotonization of H2CO3 to HCO�3 (i.e., stripping off
a proton occurs much more rapidly than acquiring an extra
O to form a carbonate ion) (Adamczyk et al., 2009), we
assume that any carbonate mineral precipitating rapidly
from a DIC pool at low pH will form from the instanta-
neous H2CO3 and HCO�3 components of the DIC pool
and not directly from CO2(aq). For the purpose of the cur-
rent first order calculations, we ignore any subsequent con-
version of CO2(aq) to H2CO3 or HCO�3 . We also assume
that the DIC species are at equilibrium with one another
and with the solution water.

The amount of H2CO3 relative to CO2(aq) is about 0.1%
in the temperature range of 15 �C to 32.5 �C and salinity
close to that of sea water (Soli and Byrne, 2002). For the
purposes of the following calculations, we also assume that
the ratio of H2CO3 to CO2(aq) is a constant 0.001.

We then calculate D63 of the composite DIC pool from
D63 of the three DIC species containing CO3weighted by
their relative abundances at a given pH such that

D63ðDIC poolÞ ¼ f ðH2CO3Þ�D63ðH2CO3Þ
þ f 0 HCO�3

� ��
D63 HCO�3
� �

þ f 0 HCO�3
� ��

D63 CO2�
3

� �
ð21Þ

and f ðH2CO3Þ þ f 0 HCO�3
� �

þ f 0 CO2�
3

� �
¼ 1

where f ðH2CO3Þ; f 0 HCO�3
� �

, and f 0 CO2�
3

� �
are the frac-

tional abundances of H2CO3; HCO�3 , and CO2�
3 respec-

tively in the DIC pool (without the CO2(aq)) and



Table 10
D63 of composite DIC solution at different temperatures (�C) and salinities calculated with the supermolecular cluster model B3LYP/6-
311++G(2d,2p) based on relative amounts of H2CO3, HCO�3 , and CO2�

3 . Possible contributions from CO2(aq) are not included in these
calculations – see Sections 4.1.2 and A.3 and Fig. 7. Values are unscaled.

pH T = 0 �C, S = 0 T = 25 �C, S = 0 T = 25 �C, S = 35 T = 25 �C, S = 50 T = 50 �C, S = 0 T = 50 �C, S = 50

0.0 0.516 0.434 0.434 0.434 0.367 0.367
1.0 0.516 0.434 0.434 0.434 0.367 0.367
2.0 0.515 0.433 0.430 0.430 0.366 0.362
3.0 0.509 0.425 0.416 0.415 0.358 0.348
4.0 0.491 0.409 0.405 0.405 0.344 0.341
5.0 0.483 0.404 0.404 0.404 0.340 0.340
5.2 0.482 0.404 0.403 0.403 0.340 0.340
6.0 0.482 0.403 0.403 0.403 0.340 0.339
6.5 0.482 0.403 0.403 0.403 0.340 0.339
7.0 0.482 0.403 0.403 0.403 0.340 0.338
7.1 0.482 0.403 0.403 0.403 0.340 0.338
7.2 0.482 0.403 0.403 0.403 0.340 0.338
7.3 0.482 0.403 0.403 0.402 0.340 0.337
7.4 0.482 0.403 0.402 0.402 0.340 0.337
7.5 0.482 0.403 0.402 0.402 0.340 0.336
7.6 0.482 0.403 0.402 0.401 0.340 0.336
7.7 0.482 0.403 0.402 0.401 0.339 0.335
7.8 0.482 0.403 0.401 0.400 0.339 0.334
7.9 0.482 0.403 0.401 0.400 0.339 0.332
8.0 0.482 0.403 0.400 0.399 0.339 0.331
8.1 0.481 0.403 0.399 0.398 0.339 0.330
8.2 0.481 0.403 0.398 0.397 0.339 0.328
8.3 0.481 0.403 0.397 0.395 0.339 0.326
8.4 0.481 0.403 0.396 0.394 0.339 0.325
8.5 0.481 0.403 0.395 0.392 0.339 0.323
8.6 0.481 0.403 0.393 0.390 0.339 0.321
8.7 0.481 0.403 0.392 0.388 0.339 0.320
8.8 0.481 0.402 0.390 0.386 0.338 0.318
8.9 0.481 0.402 0.388 0.385 0.338 0.317
9.0 0.481 0.402 0.386 0.383 0.338 0.316
9.5 0.479 0.399 0.378 0.376 0.334 0.312

10.0 0.475 0.393 0.373 0.372 0.328 0.310
11.0 0.456 0.376 0.371 0.370 0.314 0.310
12.0 0.446 0.371 0.370 0.370 0.310 0.310
13.0 0.445 0.370 0.370 0.370 0.310 0.310
14.0 0.445 0.370 0.370 0.370 0.310 0.310
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f ðH2CO3 þ CO2ðaqÞÞ; f HCO�3
� �

, and f CO2�
3

� �
are the

fractional abundances of H2CO3; HCO�3 , and CO2�
3

respectively in the DIC pool (with the CO2(aq)), and f

( H2CO3) = .001*f(H2CO3 + CO2(aq)). Note that the val-
ues of f HCO�3

� �
and f CO2�

3

� �
from Table 10 must be

renormalized with f(H2CO3) such that f ðH2CO3Þþ
f 0 HCO�3
� �

þ f 0 CO2�
3

� �
¼ 1 before applying Eq. (21) (see

Appendix A.3 for details and an example.)
The composite DIC D63 mainly reflects the D63 of the

most abundant species at a given pH. DIC D63 is lowest
at high pH when CO2�

3 is dominant and increases as pH de-
creases to more neutral values where HCO�3 is the domi-
nant species. At low, acidic pH the dominant species are
[H2CO3 + CO2(aq)]. However, since the amount of
H2CO3 is so small, D63 of HCO�3 continues to dominate
the portion of the DIC pool from which we assume the cal-
cite crystal will precipitate. As pH drops and the amount of
HCO�3 decreases, D63 of the MCO3 pool increases toward
the D63 of H2CO3. Note that the CO2(aq) has significant
D47, but cannot exhibit D63 clumping. Three plateaus in
the composite D63 with changing pH, corresponding to
dominance by H2CO3; HCO�3 , and CO2�

3 , are thus ex-
pected (Table 10 and Fig. 7).

4.1.3. Other isotopic attributes of composite DIC pool

Composite b13C and b18O for the DIC pool (neglecting
water) can be calculated as above using the fractional abun-
dances of the DIC species times the individual b13C or b18O
respectively of each DIC species. This should be a reason-
able approximation for pH P 8 (i.e., when the amount of
CO2(aq) is negligible). At lower pH, it is not clear how
b13C or b18O of CO2(aq) interacts with b13C or b18O of
HCO�3 .

However, to calculate the composite b18O of the DIC
pool including the water, the concentrations of each DIC
species in the solution as well as b18O of the water in the
solution must be considered (see Zeebe, 2007, for a detailed
discussion of b18O in the DIC pool).



Fig. 7. Composite DIC D63 (dotted blue line) compared to
equilibrium calcite D63 (solid red line) vs. pH at 25 �C from the
B3LYP/6-311++G(2d,2p) models. Changes in D63 DIC with pH
reflect the changing relative abundances of the DIC species
(Table 11). Possible contributions from CO2(aq) are not included
in these calculations – see Section 4.1.2. At equilibrium D63 of
calcite is independent of pH and of the DIC solution. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Range of possible pH dependencies of calcite D63 if the
crystal precipitates at disequilibrium at 25 �C and salinity = 0. The
clumped crossover pH is the pH at which calcite D63 equilib-
rium = DIC D63 at equilibrium. If pH < clumped crossover pH,
then the disequilibrium calcite D63 > equilibrium calcite D63 (green
stripped area) and the “apparent temperature” underestimates
temperature; if pH > clumped crossover pH, then the disequilib-
rium calcite D63 < equilibrium calcite D63 (pink stripped area) and
the “apparent temperature” overestimates temperature. D63 values
are from the B3LYP/6-311++G(2d,2p) models (see Section 4.2.2).
(For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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4.2. Precipitating carbonate minerals and the DIC pool;

possible effects of temperature, pH, and salinity

4.2.1. Precipitation rate

The rate of precipitation may be an important factor
modulating whether DIC speciation effects on clumping
are recorded in carbonate minerals (Tripati et al., 2010). Be-
cause CO2�

3 and HCO�3 ions have distinct clumping equilib-
ria, the state of bond ordering recorded by carbonates
precipitated in disequilibrium may vary depending on the
pH of the solution at the site of precipitation. This supposes
that when a calcite crystal precipitates from a DIC pool
slowly enough that it has time to come to internal bulk
equilibrium, its clumped isotope signature is independent
of the pH of the parent solution. Thus while the D63 of
the DIC pool will change with pH, the D63 of a slowly pre-
cipitating carbonate crystal will be dependent only upon the
temperature of the pool. However, this effect should be
modulated by precipitation rate, with rapid precipitation
tending to favor disequilibrium incorporation of part or
all of the clumped isotope signature of the DIC pool into
the crystal lattice and slow precipitation favoring attain-
ment of independent clumped isotope equilibration
throughout the lattice. We note that there are other factors,
such as kinetic effects, that may also affect the disequilib-
rium D63 of a carbonate mineral precipitating in disequilib-
rium, but we do not address those factors in the current
study.

4.2.2. Calcite clumped crossover pH

The above hypothesis (Section 4.2.1) implies that when a
calcite crystal precipitates from a DIC pool sufficiently rap-
idly that it does not have time to reach an internal bulk
equilibrium, then it may inherit all or part of the D63 of
the DIC pool. To help quantify this effect, we define the
clumped crossover pH as the pH at which the calcite D63

at equilibrium is equal to D63 of the DIC pool at equilib-
rium. The clumped crossover pH determines the pH at
which the disequilibrium D63 of a precipitating calcite min-
eral may be misinterpreted as either an overestimation (high
pH) or an underestimation (low pH) of temperature of for-
mation if the ‘apparent D63’ (i.e., measured D63) is assumed
to be the calcite equilibrium D63 value (Table 11).

For pH values less than the clumped crossover pH, the
DIC D63 is greater than the equilibrium calcite D63, and
the disequilibrium calcite D63 will be greater than the equi-
librium calcite D63. This can result in an underestimation of
temperature from ‘apparent D63’ for example, at pH =7,
T = 25 �C, S = 0, temperature is underestimated by 3.2 �C
(Fig. 8) if calcite inherits the composite DIC D63.

For pH greater than the clumped crossover pH, the DIC
D63 is less than the equilibrium calcite D63. Thus the disequi-
librium calcite D63 will be less than the equilibrium calcite
D63, resulting in an overestimation of the ‘apparent D63’
temperature; for example, at pH = 12, T = 25 �C, S = 0,
temperature will be overestimated by 8.7 �C (Fig. 8). The
situation for aragonite is somewhat different since the
clumped crossover pH for aragonite occurs at lower pH
than calcite due to its higher D63. Thus, apparent tempera-
tures derived from disequilibrium aragonite D63 for pH
greater than about 4 (depending upon salinity) will poten-
tially overestimate the actual temperature of formation
(Figs. 7 and 8). Conversely, if our estimate for witherite is
correct, then the clumped crossover pH for witherite would
be higher (by about �0.8 pH units) than that for calcite at
25 �C.

4.2.3. Effects of salinity and temperature on DIC pool D63

and clumped crossover pH

Natural carbonates and carbonate-bearing solutions oc-
cur over a wide range of temperatures, pH, and salinities.
We investigated the effects of salinity on the composite
DIC D63 and clumped crossover pH for 3 different environ-
ments, each with a range of temperatures: salinity = 0
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(fresh water), salinity = 35 (common seawater) and salin-
ity = 50 (brine). Although seawater and briny solutions will
be affected by the presence of other ions and possibly ion
pairing, we considered only salinity in the following calcu-
lations. These effects, however, are not likely to be impor-
tant for all carbonates, but only for carbonates that are
precipitated at rapid growth rates.

The effect of increased salinity is to lower the pH at
which the inflection points in the DIC D63 curve occur
(Fig. 9 and Tables 8 and 9). As a result, the clumped cross-
over pH also decreases (Fig. 9A). Salinity does not affect
the calcite equilibrium D63. At 25 �C the crossover pH is
9.90 for S = 0, 8.55 for S = 35, and 8.4 for S = 50
(Table 10). Since the calcite clumped crossover pH inter-
sects the DIC D63 curve at a location of rapid change
(i.e., steep slope), a typical experimental D63 standard error
of, say, ±0.005& would correspond to an uncertainly in the
crossover pH of about 0.3 to 0.4 and an uncertainly in
temperature of roughly 1 to 2 �C.
Fig. 9. Effects of (A) salinity, (B) temperature, and (C) both salinity a
crossover pH (Table 10). (A). As salinity increases from 0 to 50 at a consta
8.40. (B). As temperature changes from 0 �C to 50 �C at salinity = 0,
equilibrium D63 also changes from 0.470 to 0.332&. (C). As salinity incre
crossover pH changes from pH = 10.30 to 7.94. The calcite equilibrium
The effect of a temperature increase is twofold; the pri-
mary effect is a reduction in D63 of the composite DIC pool
as well as the calcite equilibrium D63, since D63 is thermody-
namically dependent upon temperature. A secondary effect
is the lowering of the DIC equilibrium constants (pKs),
which also shifts changes in the relative DIC abundances
to lower pH, also causing a slight decrease in the crossover
pH (Fig. 9B, Tables 9 and 10). At a salinity of 0, the cross-
over pH is 10.30 for T = 0 �C and 9.70 for T = 50 �C (Ta-
ble 11). Calcite D63 at equilibrium is 0.470 & at T = 0 �C
and 0.332& at T = 50 �C.

The combined effects of temperature and salinity in-
creases can be seen in Fig. 9C. and Table 10. At T = 0 �C
and S = 0, the clumped crossover pH is 10.30 and calcite
D63 at equilibrium is 0.470&, while at T = 50 �C and
S = 50, the clumped crossover pH is 7.94 and calcite D63

at equilibrium is 0.332&. Changes in the clumped crossover
pH will affect both the direction and magnitude of the
disequilibrium calcite D63 (Fig. 8). This affects the
nd temperature on D63 of the DIC pool and the calcite clumped
nt temperature = 25 �C, the crossover pH changes from pH = 9.9 to

the crossover pH changes from pH = 10.3 to 9.74. The calcite
ases from 0 to 50 and temperature increases from 0 �C to 50 �C, the
D63 also changes from 0.470 to 0.332&.



Table 11
Calcite clumped crossover pH and calcite equilibrium D63 for a range of temperatures and salinities calculated with the B3LYP/6-
311++G(2d,2p) supermolecular models and apparent temperatures based upon misinterpretation of calcite disequilibrium D63 (inherited from
equilibrium DIC D63) as the equilibrium calcite D63 for a range of temperatures (T) and salinities (S) at pH = 5 and pH = 12 (Sections 4.2.2,
4.2.3, and 4.3). As either salinity or temperature increases, the clumped crossover pH decreases. The effect of salinity is greater than that of
temperature. The calcite equilibrium D63 also decreases with temperature, but is independent of salinity and pH (Fig. 7, Tables 10 and A1).
Values are unscaled.

T (�C), S Clumped
crossover
pH

Calcite
D63eq

pH = 7 pH = 12 Range of
apparent T
(�C)

DIC
D63

Apparent
T (�C)

Under
estimation of
actual T

DIC
D63

Apparent
T (�C)

Over
Estimation of
actual T

S = 0, T = 0 �C 10.30 0.4701 0.482 �3.6 �3.6 0.446 7.5 7.5 11.1
S = 0, T = 25 �C 9.90 0.3940 0.403 21.8 �3.2 0.371 33.7 8.7 11.9
S = 0, T = 50 �C 9.70 0.3316 0.340 46.4 �3.6 0.310 59.9 9.9 13.5
S = 35, T = 25 �C 8.55 0.3940 0.404 21.8 �3.2 0.370 34.1 9.1 12.3
S = 50, T = 25 �C 8.40 0.3940 0.404 21.8 �3.2 0.370 34.1 9.1 12.3
S = 50, T = 50 �C 7.94 0.3316 0.340 46.4 �3.6 0.310 59.9 9.9 13.5
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interpretation of the disequilibrium D63 as being an over or
underestimation of the actual temperature of formation.
Table 11 shows the potential over or underestimation of
temperature by misinterpretation of the calcite disequilib-
rium D63 (inherited from the DIC D63) for a range of pH,
temperatures, and salinities. The clumped crossover pH
for aragonite and witherite will also be affected by salinity
and temperature, occurring at lower or higher pH respec-
tively than calcite.

4.3. Implications

From our modeling results, we conclude that the com-
posite clumped isotope signature of a DIC pool at equilib-
rium with the water in the solution at a given temperature
depends primarily on pH (since pH determines the relative
combinations of DIC species), and secondly upon salinity
of the solution (due to its added effect on DIC speciation).
Temperature also has a small effect on the speciation. Our
best models show a difference of about 0.033& between a
DIC pool consisting mostly of bicarbonate HCO�3

� �
at

pH � 7 and a solution of mostly carbonate CO2�
3

� �
at

pH >�12 at 25 �C. A calcite mineral precipitating from a
DIC solution slowly enough to reach internal bulk equilib-
rium should have a D63 independent of the DIC pool
(Fig. 7). In contrast, if the precipitation rate of calcite is
so rapid that the calcite lattice does not have time to come
to an internal isotopic equilibrium, and if the above mech-
anism for recording DIC speciation in carbonate minerals is
correct (Section 4.2.1), then the calcite may inherit all or
part of the clumped isotope signature of the DIC in the par-
ent solution (Figs. 7 and 8).

At pH values lower than the calcite clumped crossover
pH (Section 4.2.3), with the above mechanism we would ex-
pect the disequilibrium D63 of the rapidly precipitated cal-
cite lattice to be greater than the expected calcite
equilibrium value, resulting in a possible underestimation
of formation temperature. As the pH decreases, the differ-
ence between disequilibrium and equilibrium values will in-
crease. For pH values that are higher than the clumped
crossover pH we would expect the disequilibrium D63 of
the calcite lattice to be less than its equilibrium value,
resulting in a possible overestimation of formation temper-
ature. The clumped crossover pH (where DIC and calcite
equilibria are equivalent) varies primarily with salinity
and secondarily with temperature (Fig. 9). The effect of
salinity can be significant; for example, the crossover pH
for fresh water (S = 0) is predicted to be 9.90 compared
to 8.55 in seawater (S = 35) at 25 �C.

Our findings may in part explain some of the variability
observed in calibration datasets. Differences in the temper-
ature-D47 calibrations for inorganic calcite reported by
Ghosh et al. (2006) and Dennis and Schrag (2010) could
partially reflect pH effects. It is possible that some of the
systematic scatter observed in biogenic calibration data
may also arise from pH (Ghosh et al., 2006; Tripati
et al., 2010; Thiagarajan et al., 2011; Eagle et al., 2013).
Future studies may show there are systematic environmen-
tal and biological differences in calibrations between taxa
originating from DIC speciation effects. At least some mar-
ine calcifiers (such as corals, e.g. Al-Horani et al., 2003)
can maintain calcifying fluid pH values that are signifi-
cantly different from that of seawater and probably retain
the ability to buffer their internal pH from changes in
external pH. Organisms that elevate their pH substantially
to calcify may have D47 systematically offset to lower val-
ues compared to organisms that calcify at near ambient
pH. Hence we do not expect all marine calcifiers to be pas-
sive tracers of pH and salinity effects on the isotopic distri-
butions in seawater DIC. Further, assuming a calcifying
fluid pH similar to ambient waters, then it is possible that
calcifiers characterized by rapid growth rates that are living
at greater depth in the ocean and thus at lower tempera-
tures, and typically lower pH, might exhibit higher D47 val-
ues due to increased HCO�3 concentrations. We might also
expect to find lower D47 disequilibrium values in highly
alkaline environments, such as California’s Mono Lake,
pH of �10, in conditions of rapid growth.
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Thus, the potential effects of pH, salinity, and temper-
ature upon the misinterpretation of “apparent tempera-
ture” of a calcite crystal that precipitates under
disequilibrium conditions can be quite large if the dis-
equilibrium D63 is misinterpreted as the equilibrium D63.
For example, at 25 �C and S = 0, a spurious difference
of 11.9 �C could be implied between the “apparent tem-
peratures” of pH = 7 and pH = 12 (Table 11). If we
add a change in salinity from S = 0 (fresh water) to
S = 35 (sea water), then the difference in apparent tem-
peratures becomes 12.3 �C. If we consider the difference
between cold freshwater environments at high latitudes
(S = 0, T = 0 �C, pH�7) and warm hypersaline environ-
ments (SP50, T = 50 �C, and pH�12), the difference in
apparent temperature in disequilibrium conditions could
be as high as 63.5 �C compared to the actual temperature
difference of 50 �C. In subsurface environments the range
in conditions and other parameters could be considerably
bigger. For potential application of clumped isotope ther-
mometry to processes in the shallow crust, the range in
temperature and solution chemistry could be even larger.
These theoretical calculations emphasize the need for fur-
ther study to understand the potential effects of DIC spe-
ciation and solution chemistry on D63 and D47 from
carbonates precipitating from diverse environments at
both equilibrium and disequilibrium.
5. CONCLUSIONS

In this work, we have investigated pH as a possible dri-
ver of the clumped isotope fractionation of precipitating
carbonate minerals that fail to reach an internal bulk isoto-
pic equilibrium. Many carbonate minerals precipitate from
some kind of solution containing dissolved inorganic car-
bon (DIC). Here we explore theoretically the nature of
clumping in the individual DIC species and the composite
solution under a variety of conditions, including varying
pH, salinity, temperature, and isotopic composition, and
speculate about their effects upon the resultant disequilib-
rium clumping of the precipitates.

In order to find the best models for determining clumped
isotope, oxygen, and carbon fractionation of aqueous dis-
solved inorganic carbon (DIC) species and carbonate min-
erals, we performed convergence and sensitivity testing on
several different levels of theory combined with four differ-
ent solvation techniques. We determined the B3LYP/6-
311++G(2d,2p) to be a reasonable compromise between
model accuracy and computer efficiency for solvated DIC
species. We have also demonstrated that supermolecular
clusters of 21 or more water molecules surrounding a single
species are better predictors of D63, 13C/12C, and 18O/16O
for the DIC species than gas phase, implicit solvation or ex-
plicit solvation (with 3 waters) models.

We calculated D63,13C/12C, and 18O/16O for each of the
DIC species and the calcite and aragonite minerals using
cluster models with B3LYP/6-311++G(2d,2p). This is the
first time this cluster modeling technique has been applied
to both crystals and aqueous species, allowing comparison
of clumped isotope signatures of all species within a consis-
tent computational and theoretical framework. We then
calculated the composite D63 for the total DIC pool at equi-
librium with water and determined its dependence on pH,
salinity, and temperature. We compared the equilibrium
calcite lattice D63 values with the DIC values for a given
temperature and predicted the size and direction (i.e., over
or underestimation of interpreted temperature) of possible
disequilibrium D63 that the calcite lattice might inherit from
the DIC species if the calcite crystal does not have enough
time to equilibrate fully during precipitation. We defined
the clumped crossover pH of a crystal precipitating at dis-
equilibrium, showed its dependence on salinity and temper-
ature, and discussed the implications for over or
underestimation of apparent temperature. We also sug-
gested under what conditions disequilibrium conditions
might be found.
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APPENDIX A

A.1. Calculation of equilibrium D63

Here we describe the steps in the calculation of D63 as
defined in Eq. (2) in Section 2.1. Section A.1.1 describes
the calculation of the equilibrium constants and relative
abundances of the isotopologues of a carbonate phase that
has attained an internal thermodynamic equilibrium. Sec-
tion A.1.2 details the internal isotopic exchange reactions
needed to calculate the equilibrium constants, and Sec-
tion A.1.3 demonstrates the calculation of the stochastic
isotopologue abundances.

The supermolecular clusters used in this study contain
multiple water molecules with geometries generated by
molecular dynamics (Section 2.5) and thus have C1 (i.e.,
no) symmetry. In such models carbonate, bicarbonate,
and carbonic acid species each have 54 distinct isotopo-
mers7 (2 * 3 * 3 * 3 = 54). (Supermolecular clusters with
carbon dioxide have 18 distinct isotopomers
(2 * 3 * 3 = 18).) The calculation of D47(CO2) is similar to
that for D63 CO2�

3

� �
and is detailed in Wang et al. (2004).

In order to calculate the relative abundances of each iso-
topomer, we set up 50 isotopomer exchange reaction equa-
tions in which 50 isotopomers are expressed in terms of the
remaining 4 independent isotopomers. Each equation i has
its own temperature-dependent equilibrium constant Ki.
The Ks are calculated from the reduced partition function
ratios for each isotopomer. The relative isotopomer masses
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are then calculated by solving the isotopomer exchange
reaction equations and the mass balance equations as a ser-
ies of dependent equations (using the fsolve function in
either MATLAB or SciLab 5.3.3, which employs the Powell
dogleg method of solving systems of nonlinear algebraic
equations (Powell, 1970)). For systems with a higher sym-
metry, isotopologue abundances can be calculated by sum-
ming the abundances of all isotopomers associated with a
given isotopologue.

A.1.1. Calculation of the relative isotopomer equilibrium

abundances for a given temperature T

To find the relative isotopomer abundances we set up
the isotopomer exchange equations for each isotopomer,
relating the equilibrium constants Ki to the relative isotopo-
mer concentrations (see Section A.1.2). Using the unsigned
‘CO3’ to represent any carbonate of interest, we start
with the exchange reactions for 13C18O16O16O and
12C18O17 O16O as an example’

12C18O16O16Oþ 13C16O16O16O$13 C18O16O16Oþ 12C16O16O16O ðA1Þ

62 61 63 60 mass in amu
12C18O16O16O þ12C16O17O16O $ 12C18O17O16O þ12C16O16O16O

62 61 63 60 mass in amu

ðA2Þ

Each reaction i has an equilibrium constant Ki, related to
the isotopomer abundances as

K3866¼f½13C18O16O16O�� ½12C16O16O16O�g=f½12C18O16O16O�� ½13C16O16O16O�g
K2876¼f½12C18O17O16O�� ½12C16O16O16O�g=f½12C18O16O16O�� ½12C16O17O16O�g

ðA3Þ

where K3866 is the equilibrium constant for the exchange
reaction for 13C18O16 O16O (Eq. (A1)), K2876, the equilib-
rium constant for the exchange reaction for 12C18O17 O16O
(Eq. (A2)), and [x] is the concentration of isotopomer x. Re-
call that the underlining indicates an individual
isotopomer7.

Next the values of the equilibrium constants must be
determined. From thermodynamics

Ki ¼ expð�DE=RTÞ ðA4Þ

where R is the universal gas constant, T is temperature in
Kelvin, and DE is the change of Gibbs free energy of the
reaction between the products and reactants. The equilib-
rium constants are calculated from the reduced partition
function ratios of the isotopomers, a measure of the relative
energies or probabilities of the products vs. the reactants
(see Schauble, 2004, for a detailed discussion, and Urey,
1947; Bigeleisen and Mayer, 1947, for the seminal
derivations).

The reduced partition functions are calculated from the
vibrational frequencies derived from ab initio models of
each isotopomer, such that
Qi ¼ f1=ðriÞgP3N�6
i¼1 fhcðviÞ=kTg expð�hcðviÞ=2kT Þ

1� expð�hcðviÞ=kT Þ

� 	

ðA5Þ
where Qi is the reduced partition function of isotopologue i,
mi is the ith vibrational frequency (in cm�1) and r is the
rotational symmetry number of isotopologue i, h is Planck’s
constant, k is Boltzmann’s constant, c is the speed of light
(in cm/sec), and T is the temperature in Kelvin. The accu-
racy of the results depends upon the accuracy of the ab ini-
tio models and the underlying assumptions of the level of
theory used in the program (Section 2.5).

The equilibrium constants for each exchange reaction
are determined from the relevant reduced partition function
ratios for each isotopomer such that (for example)

K3866 ¼ ðQ3866 �Q2666Þ=ðQ3666 �Q2866Þ
¼ ðQ3866=Q2666Þ=fðQ3666=Q2666Þ
�Q2866=ðQ2666Þg

¼ R3866=ðR3666 �R2866Þ ðA6Þ

K2876 ¼ ðQ2876 �Q2666Þ=ðQ2866 �Q2766Þ
¼ ðQ2876=Q2666Þ=fðQ2866=Q2666Þ
�Q2766=ðQ2666Þg

¼ R2876=ðR2866 �R2766Þ ðA7Þ

etc.
where Rj is the reduced partition function ratio (RPFR)

and defined as

Rj ¼ Qj=Q2666 ðA8Þ

Q2666 is the reduced partition function of the most abun-
dant (and non-substituted) carbonate isotopologue
12C16O3. Calculation of the isotopologue composite values
of K3866 and K2876 are determined from the isotopomer
Ks as described in Section 2.4.

Note that b18Oð12C18O16O16OÞ

¼ R2866 and b13Cð13C16O3Þ ¼ R3666; etc: ðA9Þ

Calculation of the composite values of b18O is also de-
scribed in Section 2.4.
A.1.2. Isotopomer exchange reactions, relative abundance

equations, and mass balance equations

Four isotopomers are chosen as the independent vari-
ables in the following equations. Their values are calculated
from the isotopic composition of the carbonate system of
interest.

12C16O16O16O

13C16O16O16O

12C18O16O16O

12C17O16O16O

ðA10Þ

The remaining 50 isotopomer equations are expressed in
terms of the independent variables.
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12C18O16O16O$ 12C16O16O18O

12C18O16O16O$ 12C16O18O16O

12C17O16O16O$ 12C16O16O17O

12C17O16O16O$ 12C16O17O16O

13C16O16O16Oþ 12C18O16O16O

$ 12C16O16O16Oþ 13C18O16O16O

13C16O16O16Oþ 12C16O18O16O

$ 12C16O16O16Oþ 13C16O18O16O

13C16O16O16Oþ 12C16O16O18O

$ 12C16O16O16Oþ 13C16O16O18O

12C17O16O16Oþ 12C16O18O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 12C17O18O18O

12C18O16O16Oþ 12C16O17O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 12C18O17O18O

12C18O16O16Oþ 12C16O18O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 12C18O18O17O

12C16O18O16Oþ 12C16O16O18O

$ 12C16O16O16Oþ 12C16O18O18O

12C18O16O16Oþ 12C16O16O18O

$ 12C16O16O16Oþ 12C18O16O18O

12C18O16O16Oþ 12C16O18O16O

$ 12C16O16O16Oþ 12C18O18O16O

12C18O16O16Oþ 12C16O17O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 12C18O17O17O

12C17O16O16Oþ 12C16O18O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 12C17O18O17O
12C17O16O16Oþ 12C16O17O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 12C17O17O18O
12C16O17O16Oþ 12C16O16O17O

$ 12C16O16O16Oþ 12C16O17O17O
12C17O16O16Oþ 12C16O16O17O

$ 12C16O16O16Oþ 12C17O16O17O

12C17O16O16Oþ 12C16O17O16O

$ 12C16O16O16Oþ 12C17O17O16O
12C16O17O16Oþ 12C16O16O18O

$ 12C16O16O16Oþ 12C16O17O18O
12C16O18O16Oþ 12C16O16O17O

$ 12C16O16O16Oþ 12C16O18O17O
12C17O16O16Oþ 12C16O16O18O

$ 12C16O16O16Oþ 12C17O16O18O
12C17O16O16Oþ 12C16O18O16O
$ 12C16O16O16Oþ 12C17O18O16O

12C18O16O16Oþ 12C16O16O17O

$ 12C16O16O16Oþ 12C18O16O17O

12C18O16O16Oþ 12C16O17O16O

$ 12C16O16O16Oþ 12C18O17O16O

12C17O16O16Oþ 12C16O17O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 12C17O17O17O

12C18O16O16Oþ 12C16O18O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 12C18O18O18O

13C16O16O16Oþ 12C17O16O16O

$ 12C16O16O16Oþ 13C17O16O16O

13C16O16O16Oþ 12C16O17O16O

$ 12C16O16O16Oþ 13C16O17O16O

13C16O16O16Oþ 12C16O16O17O

$ 12C16O16O16Oþ 13C16O16O17O

13C16O16O16Oþ 12C17O16O16Oþ 12C16O18O16O

þ 12C16O16O18O$ 3 � 12C16O16O16Oþ 13C17O18O18O

13C16O16O16Oþ 12C18O16O16Oþ 12C16O17O16O

þ 12C16O16O18O$ 3 � 12C16O16O16Oþ 13C18O17O18O

13C16O16O16Oþ 12C18O16O16Oþ 12C16O18O16O

þ 12C16O16O17O$ 3 � 12C16O16O16Oþ 13C18O18O17O

13C16O16O16Oþ 12C16O18O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 13C16O18O18O

13C16O16O16Oþ 12C18O16O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 13C18O16O18O

13C16O16O16Oþ 12C18O16O16Oþ 12C16O18O16O

$ 2 � 12C16O16O16Oþ 13C18O18O16O

13C16O16O16Oþ 12C18O16O16Oþ 12C16O17O16O

þ 12C16O16O17O$ 3 � 12C16O16O16Oþ 13C18O17O17O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O18O16O

þ 12C16O16O17O$ 3 � 12C16O16O16Oþ 13C17O18O17O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O17O16O

þ 12C16O16O18O$ 3 � 12C16O16O16Oþ 13C17O17O18O
13C16O16O16Oþ 12C16O17O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 13C16O17O17O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 13C17O16O17O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O17O16O

$ 2 � 12C16O16O16Oþ 13C17O17O16O
13C16O16O16Oþ 12C16O17O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 13C16O17O18O
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13C16O16O16Oþ 12C16O18O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 13C16O18O17O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O16O18O

$ 2 � 12C16O16O16Oþ 13C17O16O18O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O18O16O

$ 2 � 12C16O16O16Oþ 13C17O18O16O
13C16O16O16Oþ 12C18O16O16Oþ 12C16O16O17O

$ 2 � 12C16O16O16Oþ 13C18O16O17O
13C16O16O16Oþ 12C18O16O16Oþ 12C16O17O16O

$ 2 � 12C16O16O16Oþ 13C18O17O16O
13C16O16O16Oþ 12C17O16O16Oþ 12C16O17O16O

þ12 C16O16O17O$ 3 � 12C16O16O16Oþ 13C17O17O17O
13C16O16O16Oþ 12C18O16O16Oþ 12C16O18O16O

þ 12C16O16O18O$ 3 � 12C16O16O16Oþ 13C18O18O18O

ðA11Þ

The relative isotopomer masses (xi) are calculated from Eq.
(A12) (obtained from substituting the K’s into Eq. (A11) as
exampled with Eq. (A3)), combined with 4 mass balance
equations Eqs. (A14)–(A17).
x2667 ¼ ðK2667 � x2766Þ
x2668 ¼ ðK2668 � x2866Þ
x2676 ¼ ðK2676 � x2766Þ
x2677 ¼ ðK2677 � x2667Þ=ðx2666=x2676Þ
x2678 ¼ ðK2678 � x2668Þ=ðx2666=x2676Þ
x2686 ¼ ðK2686 � x2866Þ
x2687 ¼ ðK2687 � x2667Þ=ððx2666=x2686ÞÞ
x2688 ¼ ðK2688 � x2668Þ=ððx2666=x2686ÞÞ
x2767 ¼ ðK2767 � x2667Þ=ððx2666=x2766ÞÞ
x2768 ¼ ðK2768 � x2668Þ=ððx2666=x2766ÞÞ
x2776 ¼ ðK2776 � x2676Þ=ððx2666=x2766ÞÞ
x2777 ¼ ðK2777 � x2667Þ=ððx2666=x2766Þ � ðx2666=x2676ÞÞ
x2778 ¼ ðK2778 � x2668Þ=ððx2666=x2766Þ � ðx2666=x2676ÞÞ
x2786 ¼ ðK2786 � x2686Þ=ððx2666=x2766ÞÞ
x2787 ¼ ðK2787 � x2667Þ=ððx2666=x2766Þ � ðx2666=x2686ÞÞ
x2788 ¼ ðK2788 � x2668Þ=ððx2666=x2766Þ � ðx2666=x2686ÞÞ
x2867 ¼ ðK2867 � x2667Þ=ððx2666=x2866ÞÞ
x2868 ¼ ðK2868 � x2668Þ=ððx2666=x2866ÞÞ
x2876 ¼ ðK2876 � x2676Þ=ððx2666=x2866ÞÞ
x2877 ¼ ðK2877 � x2667Þ=ððx2666=x2866Þ � ðx2666=x2676ÞÞ
x2878 ¼ ðK2878 � x2668Þ=ððx2666=x2866Þ � ðx2666=x2676ÞÞ
x2886 ¼ ðK2886 � x2686Þ=ððx2666=x2866ÞÞ
x2887 ¼ ðK2887 � x2667Þ=ððx2666=x2866Þ � ðx2666=x2686ÞÞ
x2888 ¼ ðK2888 � x2668Þ=ððx2666=x2866Þ � ðx2666=x2686ÞÞ
x3667 ¼ ðK3667 � x3666Þ=ððx2666=x2667ÞÞ
x3668 ¼ ðK3668 � x3666Þ=ððx2666=x2668ÞÞ
x3676 ¼ ðK3676 � x3666Þ=ððx2666=x2676ÞÞ
x3677 ¼ ðK3677 � x3666Þ=ððx2666=x2676Þ � ðx2666=x2667ÞÞ
x3678 ¼ ðK3678 � x3666Þ=ððx2666=x2676Þ � ðx2666=x2668ÞÞ
x3686 ¼ ðK3686 � x3666Þ=ððx2666=x2686ÞÞ
x3687 ¼ ðK3687 � x3666Þ=ððx2666=x2686Þ � ðx2666=x2667ÞÞ
x3688 ¼ ðK3688 � x3666Þ=ððx2666=x2686Þ � ðx2666=x2668ÞÞ
x3766 ¼ ðK3766 � x3666Þ=ððx2666=x2766ÞÞ
x3767 ¼ ðK3767 � x3666Þ=ððx2666=x2766Þ � ðx2666=x2667ÞÞ
x3768 ¼ ðK3768 � x3666Þ=ððx2666=x2766Þ � ðx2666=x2668ÞÞ
x3776 ¼ ðK3776 � x3666Þ=ððx2666=x2766Þ � ðx2666=x2676ÞÞ
x3777 ¼ ðK3777 � x3666Þ=ððx2666=x2766Þ

� ðx2666=x2676Þ � ðx2666=x2667ÞÞ
x3778 ¼ ðK3778 � x3666Þ=ððx2666=x2766Þ

� ðx2666=x2676Þ � ðx2666=x2668ÞÞ
x3786 ¼ ðK3786 � x3666Þ=ððx2666=x2766Þ � ðx2666=x2686ÞÞ
x3787 ¼ ðK3787 � x3666Þ=ððx2666=x2766Þ

� ðx2666=x2686Þ � ðx2666=x2667ÞÞ
x3788 ¼ ðK3788 � x3666Þ=ððx2666=x2766Þ

� ðx2666=x2686Þ � ðx2666=x2668ÞÞ
x3866 ¼ ðK3866 � x3666Þ=ððx2666=x2866ÞÞ
x3867 ¼ ðK3867 � x3666Þ=ððx2666=x2866Þ � ðx2666=x2667ÞÞ
x3868 ¼ ðK3868 � x3666Þ=ððx2666=x2866Þ � ðx2666=x2668ÞÞ
x3876 ¼ ðK3876 � x3666Þ=ððx2666=x2866Þ � ðx2666=x2676ÞÞ
x3877 ¼ ðK3877 � x3666Þ=ððx2666=x2866Þ

� ðx2666=x2676Þ � ðx2666=x2667ÞÞ
x3878 ¼ ðK3878 � x3666Þ=ððx2666=x2866Þ

� ðx2666=x2676Þ � ðx2666=x2668ÞÞ
x3886 ¼ ðK3886 � x3666Þ=ððx2666=x2866Þ � ðx2666=x2686ÞÞ
x3887 ¼ ðK3887 � x3666Þ=ððx2666=x2866Þ

� ðx2666=x2686Þ � ðx2666=x2667ÞÞ
x3888 ¼ ðK3888 � x3666Þ=ððx2666=x2866Þ

� ðx2666=x2686Þ � ðx2666=x2668ÞÞ
ðA12Þ

The mass balance equations for the above system are as fol-
lows, where x16O, x17O, x18O, x13C, and x12C are the rel-
ative abundances of 13C, 12C, 18O, 17O, and 16O in the
carbonate, such that

x12C � x13C ¼ 1 and x16O � x17O � x18O ¼ 1: ðA13Þ



Table A1
D63, b13C, composite b18O, and composite b17O for the 3 DIC species, calcite lattice, and aragonite lattice from 0 �C to 1000 �C as calculated
by the B3LYP/6-311++G(2d,2p) supermolecular models. DIC values are the averages of the set of 10 conformers for each species. Values are
unscaled. Standard errors (se) are included for each set of supermolecular clusters (Fig. 3).

Temp (�C) D63 D63se b13C b13C se Comp b18 O Comp b18O se Comp b17O Comp b17O se

CO2�
3

0 0.4448 ±0.0012 1.2289 ±0.0004 1.1141 ±0.0005 1.0588 ±0.0003
10 0.4131 ±0.0012 1.2163 ±0.0004 1.1076 ±0.0005 1.0555 ±0.0002
20 0.3839 ±0.0011 1.2048 ±0.0004 1.1016 ±0.0005 1.0525 ±0.0002
22 0.3784 ±0.0011 1.2026 ±0.0004 1.1004 ±0.0005 1.0519 ±0.0002
25 0.3702 ±0.0011 1.1993 ±0.0004 1.0988 ±0.0004 1.0511 ±0.0002
30 0.3571 ±0.0011 1.1941 ±0.0004 1.0961 ±0.0004 1.0497 ±0.0002
40 0.3324 ±0.0011 1.1843 ±0.0004 1.0910 ±0.0004 1.0471 ±0.0002
50 0.3096 ±0.0011 1.1753 ±0.0004 1.0863 ±0.0004 1.0448 ±0.0002
60 0.2887 ±0.0010 1.1668 ±0.0003 1.0820 ±0.0004 1.0426 ±0.0002
70 0.2693 ±0.0010 1.1590 ±0.0003 1.0779 ±0.0004 1.0405 ±0.0002
80 0.2514 ±0.0010 1.1517 ±0.0003 1.0742 ±0.0003 1.0386 ±0.0002
90 0.2349 ±0.0009 1.1449 ±0.0003 1.0707 ±0.0003 1.0368 ±0.0002
100 0.2196 ±0.0009 1.1386 ±0.0003 1.0675 ±0.0003 1.0352 ±0.0002
200 0.1162 ±0.0006 1.0927 ±0.0002 1.0444 ±0.0002 1.0233 ±0.0001
300 0.0655 ±0.0004 1.0661 ±0.0002 1.0313 ±0.0002 1.0165 ±0.0001
400 0.0391 ±0.0003 1.0494 ±0.0001 1.0232 ±0.0001 1.0122 ±0.0001
500 0.0245 ±0.0002 1.0382 ±0.0001 1.0179 ±0.0001 1.0094 ±0.0000
600 0.0160 ±0.0001 1.0304 ±0.0001 1.0142 ±0.0001 1.0075 ±0.0000
700 0.0109 ±0.0001 1.0248 ±0.0001 1.0115 ±0.0001 1.0061 ±0.0000
800 0.0076 ±0.0001 1.0205 ±0.0001 1.0095 ±0.0000 1.0050 ±0.0000
900 0.0055 ±0.0001 1.0173 ±0.0001 1.0080 ±0.0000 1.0042 ±0.0000
1000 0.0040 ±0.0000 1.0148 ±0.0000 1.0068 ±0.0000 1.0036 ±0.0000

HCO3�

0 0.4816 ±0.0014 1.2322 ±0.0006 1.1242 ±0.0004 1.0638 ±0.0002
10 0.4483 ±0.0014 1.2196 ±0.0006 1.1173 ±0.0004 1.0604 ±0.0002
20 0.4177 ±0.0013 1.2080 ±0.0005 1.1110 ±0.0004 1.0572 ±0.0002
22 0.4119 ±0.0013 1.2057 ±0.0005 1.1097 ±0.0004 1.0566 ±0.0002
25 0.4033 ±0.0013 1.2025 ±0.0005 1.1080 ±0.0004 1.0557 ±0.0002
30 0.3895 ±0.0012 1.1973 ±0.0005 1.1051 ±0.0003 1.0543 ±0.0002
40 0.3636 ±0.0012 1.1874 ±0.0005 1.0997 ±0.0003 1.0516 ±0.0002
50 0.3396 ±0.0012 1.1783 ±0.0005 1.0948 ±0.0003 1.0490 ±0.0002
60 0.3174 ±0.0011 1.1698 ±0.0004 1.0901 ±0.0003 1.0467 ±0.0001
70 0.2969 ±0.0011 1.1619 ±0.0004 1.0859 ±0.0003 1.0445 ±0.0001
80 0.2779 ±0.0010 1.1546 ±0.0004 1.0819 ±0.0003 1.0425 ±0.0001
90 0.2604 ±0.0010 1.1477 ±0.0004 1.0782 ±0.0002 1.0406 ±0.0001
100 0.2440 ±0.0010 1.1413 ±0.0004 1.0747 ±0.0002 1.0389 ±0.0001
200 0.1323 ±0.0007 1.0950 ±0.0003 1.0499 ±0.0001 1.0261 ±0.0001
300 0.0759 ±0.0005 1.0680 ±0.0002 1.0356 ±0.0001 1.0187 ±0.0001
400 0.0459 ±0.0003 1.0510 ±0.0001 1.0267 ±0.0001 1.0141 ±0.0000
500 0.0290 ±0.0002 1.0396 ±0.0001 1.0207 ±0.0001 1.0109 ±0.0000
600 0.0191 ±0.0002 1.0316 ±0.0001 1.0166 ±0.0000 1.0087 ±0.0000
700 0.0130 ±0.0001 1.0257 ±0.0001 1.0135 ±0.0000 1.0071 ±0.0000
800 0.0092 ±0.0001 1.0214 ±0.0001 1.0112 ±0.0000 1.0059 ±0.0000
900 0.0066 ±0.0001 1.0180 ±0.0000 1.0095 ±0.0000 1.0050 ±0.0000
1000 0.0049 ±0.0001 1.0154 ±0.0000 1.0081 ±0.0000 1.0043 ±0.0000

H2CO3

0 0.5161 ±0.0017 1.2411 ±0.0007 1.1366 ±0.0005 1.0700 ±0.0002
10 0.4814 ±0.0017 1.2281 ±0.0006 1.1292 ±0.0004 1.0663 ±0.0002
20 0.4494 ±0.0016 1.2161 ±0.0006 1.1223 ±0.0004 1.0629 ±0.0002
22 0.4433 ±0.0016 1.2138 ±0.0006 1.1210 ±0.0004 1.0622 ±0.0002
25 0.4344 ±0.0016 1.2105 ±0.0006 1.1191 ±0.0004 1.0613 ±0.0002
30 0.4199 ±0.0015 1.2051 ±0.0006 1.1160 ±0.0004 1.0597 ±0.0002
40 0.3927 ±0.0015 1.1949 ±0.0005 1.1102 ±0.0004 1.0568 ±0.0002
50 0.3675 ±0.0014 1.1855 ±0.0005 1.1048 ±0.0003 1.0541 ±0.0002
60 0.3442 ±0.0014 1.1768 ±0.0005 1.0998 ±0.0003 1.0516 ±0.0002
70 0.3226 ±0.0013 1.1687 ±0.0005 1.0951 ±0.0003 1.0492 ±0.0002
80 0.3026 ±0.0013 1.1611 ±0.0005 1.0908 ±0.0003 1.0470 ±0.0001
90 0.2840 ±0.0012 1.1540 ±0.0004 1.0868 ±0.0003 1.0450 ±0.0001
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Table A1 (continued)

Temp (�C) D63 D63se b13C b13C se Comp b18 O Comp b18O se Comp b17O Comp b17O se

100 0.2667 ±0.0012 1.1474 ±0.0004 1.0830 ±0.0003 1.0431 ±0.0001
200 0.1470 ±0.0009 1.0995 ±0.0003 1.0559 ±0.0002 1.0292 ±0.0001
300 0.0855 ±0.0006 1.0715 ±0.0002 1.0402 ±0.0001 1.0211 ±0.0001
400 0.0522 ±0.0004 1.0538 ±0.0002 1.0303 ±0.0001 1.0159 ±0.0000
500 0.0333 ±0.0003 1.0418 ±0.0001 1.0236 ±0.0001 1.0124 ±0.0000
600 0.0220 ±0.0002 1.0334 ±0.0001 1.0189 ±0.0000 1.0100 ±0.0000
700 0.0151 ±0.0002 1.0272 ±0.0001 1.0155 ±0.0000 1.0082 ±0.0000
800 0.0106 ±0.0001 1.0226 ±0.0001 1.0129 ±0.0000 1.0068 ±0.0000
900 0.0077 ±0.0001 1.0191 ±0.0001 1.0109 ±0.0000 1.0058 ±0.0000
1000 0.0057 ±0.0001 1.0163 ±0.0000 1.0093 ±0.0000 1.0049 ±0.0000

Temp (�C) D63 b13C b18O b17O

Calcite

0 0.4701 1.2384 1.1226 1.0630
10 0.4378 1.2254 1.1155 1.0595
20 0.4080 1.2134 1.1091 1.0562
22 0.4024 1.2111 1.1078 1.0556
25 0.3940 1.2078 1.1060 1.0547
30 0.3805 1.2024 1.1031 1.0533
40 0.3551 1.1922 1.0977 1.0505
50 0.3316 1.1827 1.0926 1.0480
60 0.3098 1.1740 1.0880 1.0456
70 0.2897 1.1659 1.0836 1.0434
80 0.2710 1.1583 1.0796 1.0414
90 0.2537 1.1513 1.0759 1.0395
100 0.2376 1.1447 1.0724 1.0377
200 0.1276 1.0970 1.0476 1.0249
300 0.0726 1.0693 1.0336 1.0177
400 0.0435 1.0518 1.0249 1.0131
500 0.0273 1.0401 1.0192 1.0101
600 0.0179 1.0319 1.0152 1.0080
700 0.0122 1.0260 1.0123 1.0065
800 0.0085 1.0216 1.0102 1.0054
900 0.0061 1.0182 1.0086 1.0045
1000 0.0045 1.0155 1.0073 1.0039

Aragonite

0 0.4831 1.2420 1.1242 1.0638
10 0.4504 1.2288 1.1171 1.0603
20 0.4202 1.2167 1.1105 1.0570
22 0.4144 1.2144 1.1093 1.0564
25 0.4060 1.2110 1.1075 1.0554
30 0.3923 1.2055 1.1045 1.0540
40 0.3664 1.1952 1.0990 1.0512
50 0.3425 1.1856 1.0939 1.0486
60 0.3203 1.1768 1.0892 1.0462
70 0.2998 1.1685 1.0848 1.0440
80 0.2807 1.1608 1.0807 1.0419
90 0.2630 1.1537 1.0770 1.0400
100 0.2465 1.1470 1.0734 1.0382
200 0.1333 1.0986 1.0483 1.0253
300 0.0762 1.0705 1.0341 1.0179
400 0.0458 1.0528 1.0253 1.0133
500 0.0289 1.0409 1.0195 1.0103
600 0.0190 1.0326 1.0154 1.0082
700 0.0129 1.0265 1.0125 1.0066
800 0.0090 1.0220 1.0104 1.0055
900 0.0065 1.0185 1.0087 1.0046
1000 0.0048 1.0158 1.0074 1.0039
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Fig. A1. Results of convergence study: comparison of D47/D63 calculated by different combinations of ab initio/hybrid methods and basis sets
(Table A2). (A) D47 (CO2(g)) (B) D63 CO2�

3 ðgÞ
� �

(C) D63 (H2CO3 (g)) (D) D63 HCO�3 � 3ðH2OÞ
� �

(E) D63 (H2CO3*3(H2O)).
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Fig A1. (continued)
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x2666þ x2766þ x2866þ x3666þ x2667þ x2668

þ x2676þ x2677þ x2678þ x2686þ x2687þ x2688

þ x2767þ x2768þ x2776þ x2777þ x2778þ x2786

þ x2787þ x2788þ x2867þ x2868þ x2876þ x2877

þ x2878þ x2886þ x2887þ x2888þ x3667þ x3668

þ x3676þ x3677þ x3678þ x3686þ x3687þ x3688

þ x3766þ x3767þ x3768þ x3776þ x3777þ x3778

þ x3786þ x3787þ x3788þ x3866þ x3867þ x3868

þ x3876þ x3877þ x3878þ x3886þ x3887þ x3888 ¼ 1

ðA14Þ

x3666þ x3667þ x3668þ x3676þ x3677þ x3678

þ x3686þ x3687þ x3688þ x3766þ x3767þ x3768

þ x3776þ x3777þ x3778þ x3786þ x3787þ x3788

þ x3866þ x3867þ x3868þ x3876þ x3877þ x3878

þ x3886þ x3887þ x3888 ¼ x13C ðA15Þ
3 � x2666þ 2 � x2766þ 2 � x2866þ 3 � x3666þ 2 � x2667

þ 2 � x2668þ 2 � x2676þ x2677þ x2678þ 2 � x2686

þ x2687þ x2688þ x2767þ x2768þ x2776þ x2786

þ x2867þ x2868þ x2876þ x2886þ 2 � x3667

þ 2 � x3668þ 2 � x3676þ x3677þ x3678þ 2 � x3686

þ x3687þ x3688þ 2 � x3766þ x3767þ x3768þ x3776

þ x3786þ 2 � x3866þ x3867þ x3868þ x3876

þ x3886 ¼ 3 � x16O

ðA16Þ
x2866þ x2668þ x2678þ x2686þ x2687þ 2 � x2688

þ x2768þ x2778þ x2786þ x2787þ 2 � x2788þ x2867

þ 2 � x2868þ x2876þ x2877þ 2 � x2878þ 2 � x2886

þ 2 � x2887þ 3 � x2888þ x3668þ x3678þ x3686

þ x3687þ 2 � x3688þ x3768þ x3778þ x3786

þ x3787þ 2 � x3788þ x3866þ x3867þ 2 � x3868

þ x3876þ x3877þ 2 � x3878þ 2 � x3886

þ 2 � x3887þ 3 � x3888 ¼ 3 � x18O ðA17Þ



Fig. A2. Comparison of D63 calculated using 4 different solvation techniques using B3LYP models with 3 different Pople basis sets (Table A3).
(A) D63 CO2�

3

� �
, (B) D63 HCO�3

� �
, (C) D63 (H2CO3).

Fig. A3. Results of the oxygen isotope fractionation test in which the predicted fractionation between (A) CO2�
3 and liquid water

a18O CO2�
3 �H2OðlÞ

� �
 �
and between (B) HCO�3 and liquid water a18O HCO�3 �H2OðlÞ

� �
 �
are compared to experimental data from Beck

et al. (2005) (Table 3). The purple horizontal lines represent the experimental data for each fractionation. Values for the supermolecular
clusters (far right) are the averages of sets of 10 individual conformers (Tables 1 and A3, col. 7). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Eq. (A14) sets the sum of all the isotopomer relative abun-
dances to unity. Eq (A15) - (A17) set the sum of all isotop-
omers containing 13C or 16O or 18O to the total fractional
amount of the relative isotope in the carbonate phase. Note
that isotopomers containing multiple isotopes are counted
more than once; for example, 12C16O18O18O is counted
twice in Eq. (A17).

The abundance of an isotopologue with more than one
isotopomer is the sum of the abundances of each
isotopomer (whether its isotopomers are distinct or not);
for example,

x3866 ¼ x3866þ x3686þ x3668 ðA18Þ

Note that the direction of the isotope exchange reaction
equations in Wang et al. (2004) is set up in the reverse order
of later papers listing the exchange reactions, such as Scha-
uble et al. (2006); Guo et al. (2009), and this work.



Fig. A6. Relationship between D63 and the other Di for the 3 DIC supermolecular cluster models from B3LYP/6-311++G(2d,2p) from the
temperature range 0 to 1000 �C. Gaps in the graph are due to larger increments between temperature when T > 100 �C (see Table B.3 in
Appendix B, the Electronic supplement.

Fig. A4. Results of the carbon isotope fractionation test in which the predicted fractionation between (A) CO2�
3 and

CO2ðgÞ a13C CO2�
3 � CO2ðgÞ

� �
 �
and between (B) HCO�3 and CO2ðgÞ a13C HCO�3 � CO2ðgÞ

� �
 �
are compared to experimental data from

Zhang et al. (1995) (Table 4). The horizontal purple lines represent the experimental data for each fractionation. Values for the
supermolecular clusters (far right) are the averages of sets of 10 individual conformers. (Tables 1 and A3, col. 8). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. A5. Comparison of D47 (CO2(g)) at T = 300 K (26.85 �C) predicted by several models from this study with the two models presented in
Wang et al. (2004). The B3LYP, MP2, QCISD, and CCSD models are the best fit with the Wang et al. models (Table A8).
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Fig. A7. Sample SCF energy plot versus a series of optimization steps in the process of searching for an optimized geometry for a
supermolecular cluster containing a carbonate ion surrounded by 21 waters. After about 100 optimization iterations, the computational
chemistry program is oscillating around a minimum energy point, having trouble finding the local minimum energy geometry due to the
flatness of the potential energy field. User intervention is required to help the optimization converge (see Sections 2.5 and A.4).

Table A2
Results of convergence study. Comparison of D47, D63, b13C, and b18O, at 25 �C for selected species calculated using different combinations of
ab initio/hybrid methods and basis sets (see Fig. A1A–E and Sections 2.5, 3.1.1 and A.2.1). Values are unscaled.

CO2(g)

Method/Basis set D47 b13C ave b18O

B3LYP/SDD 0.826 1.178 1.108

B3LYP/6-31G* 0.918 1.194 1.120
B3LYP/6-311G* 0.927 1.197 1.121
B3LYP/cc-pVTZ 0.919 1.197 1.121
B3LYP/6-311++G(2d,2p) 0.912 1.196 1.120
B3LYP/aug-cc-pVTZ 0.911 1.196 1.120

M06/6-31G* 0.971 1.205 1.125
M06/6-311G* 0.981 1.208 1.126
M06/cc-pVTZ 0.972 1.207 1.126
M06/6-311++G(2d,2p) 0.966 1.206 1.125
M06/aug-cc-pVTZ 0.966 1.206 1.126

6-2X/6-31G* 0.959 1.202 1.126
M06-2X/6-311G* 0.964 1.205 1.126
M06-2X/cc-pVTZ 0.953 1.203 1.125
M06-2X/6-311++G(2d,2p) 0.948 1.203 1.125
M06-2X/aug-cc-pVTZ 0.948 1.203 1.125

MP2/6-31G* 0.921 1.195 1.117
MP2/6-311G* 0.933 1.198 1.119
MP2/cc-pVTZ 0.917 1.195 1.117
MP2/6-311++G(2d,2p) 0.904 1.194 1.116
MP2/aug-cc-pVTZ 0.905 1.194 1.116

CCSD/6-31G* 0.928 1.197 1.122
CCSD/6-311G* 0.944 1.201 1.123
CCSD/cc-pVTZ 0.934 1.200 1.123
CCSD/6-311++G(2d,2p) 0.921 1.198 1.121
CCSD/aug-cc-pVTZ 0.925 1.199 1.122
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Table A2 (continued)

CO2(g)

Method/Basis set D47 b13C ave b18O

QCISD/6-31G* 0.911 1.194 1.119
QCISD/6-311G* 0.928 1.198 1.121
QCISD/cc-pVTZ 0.920 1.197 1.121
QCISD/6-311++G(2d,2p) 0.906 1.196 1.119
QCISD/aug-cc-pVTZ 0.911 1.196 1.120

PBE/6-31G* 0.880 1.186 1.114
PBE/6-311G* 0.889 1.190 1.115
PBE/cc-pVTZ 0.880 1.189 1.115
PBE/6-311++G(2d,2p) 0.872 1.187 1.114
PBE/aug-cc-pVTZ 0.872 1.187 1.114

RHF/6-31G* 1.044 1.221 1.138
RHF/6-311G* 1.058 1.224 1.139
RHF/cc-pVTZ 1.046 1.223 1.138
RHF/6-311++G(2d,2p) 1.044 1.223 1.137
RHF/aug-cc-pVTZ 1.039 1.222 1.137

CO2�
3 (g)

Method/Basis set D63 R3666 (b13C) ave R2866 (b18O)

B3LYP/SDD 0.347 1.180 1.076
B3LYP/6-31G* 0.413 1.204 1.086
B3LYP/6-311G* 0.396 1.199 1.085
B3LYP/cc-pVTZ 0.394 1.198 1.086
B3LYP/6-311++G(2d,2p) 0.337 1.177 1.081
B3LYP/aug-cc-pVTZ 0.331 1.174 1.080

M06/6-31G* 0.451 1.215 1.091
M06/6-311G* 0.433 1.210 1.090
M06/cc-pVTZ 0.430 1.208 1.091
M06/6-311++G(2d,2p) 0.370 1.187 1.085
M06/aug-cc-pVTZ 0.371 1.187 1.086

M06-2X/6-311G* 0.450 1.215 1.091
M06-2X/6-31G* 0.433 1.211 1.090
M06-2X/cc-pVTZ 0.428 1.209 1.090
M06-2X/6-311++G(2d,2p) 0.382 1.193 1.087
M06-2X/aug-cc-pVTZ 0.382 1.192 1.087

MP2/6-31G* 0.433 1.209 1.088
MP2/6-311G* 0.422 1.207 1.088
MP2/cc-pVTZ 0.414 1.203 1.087
MP2/6-311++G(2d,2p) 0.331 1.175 1.080
MP2/aug-cc-pVTZ 0.335 1.175 1.081

CCSD/6-31G* 0.444 1.214 1.090
CCSD/6-311G* 0.435 1.212 1.090
CCSD/cc-pVTZ 0.433 1.211 1.090
CCSD/6-311++G(2d,2p) 0.361 1.186 1.084
CCSD/aug-cc-pVTZ 0.356 1.182 1.083

QCISD/6-31G* 0.437 1.212 1.088
QCISD/6-311G* 0.428 1.210 1.089
QCISD/cc-pVTZ 0.428 1.209 1.089
QCISD/6-311++G(2d,2p) 0.349 1.182 1.082
QCISD/aug-cc-pVTZ

RHF/6-31G* 0.523 1.243 1.102
RHF/6-311G* 0.505 1.238 1.101
RHF/cc-pVTZ 0.498 1.235 1.101
RHF/6-311++G(2d,2p) 0.455 1.220 1.098
RHF/aug-cc-pVTZ 0.454 1.220 1.098
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Table A2 (continued)

M06L/6-31G* 0.427 1.207 1.087
M06L/6-311G* 0.407 1.201 1.086
M06L/cc-pVTZ 0.410 1.202 1.087
M06L/6-311++G(2d,2p) 0.345 1.179 1.082
M06L/aug-cc-pVTZ 0.348 1.179 1.083

PBE/6-31G* 0.382 1.192 1.081
PBE/6-311G* 0.366 1.188 1.080
PBE/cc-pVTZ 0.365 1.187 1.081
PBE/6-311++G(2d,2p) 0.305 1.163 1.075
PBE/aug-cc-pVTZ 0.294 1.158 1.075

H2CO3(g)

Method/Basis set D63 R3666 (b13C) ave R2866 (b18O)

B3LYP/SDD 0.414 1.190 1.105
B3LYP/6-31G* 0.486 1.214 1.116
B3LYP/6-311G* 0.477 1.212 1.116
B3LYP/cc-pVTZ 0.470 1.210 1.115
B3LYP/6-311++G(2d,2p) 0.461 1.208 1.115
B3LYP/aug-cc-pVTZ 0.462 1.208 1.115

M06/6-31G* 0.518 1.223 1.121
M06/6-311G* 0.509 1.221 1.121
M06/cc-pVTZ 0.500 1.218 1.120
M06/6-311++G(2d,2p) 0.492 1.217 1.120
M06/aug-cc-pVTZ 0.493 1.216 1.119

M06-2X/6-31G* 0.523 1.225 1.122
M06-2X/6-311G* 0.513 1.223 1.122
M06-2X/cc-pVTZ 0.506 1.221 1.121
M06-2X/6-311++G(2d,2p) 0.496 1.218 1.120
M06-2X/aug-cc-pVTZ 0.499 1.219 1.120

MP2/6-31G* 0.496 1.217 1.117
MP2/6-311G* 0.495 1.218 1.119
MP2/cc-pVTZ 0.486 1.215 1.117
MP2/6-311++G(2d,2p) 0.464 1.209 1.115
MP2/aug-cc-pVTZ 0.473 1.211 1.115

CCSD/6-31G* 0.512 1.223 1.119
CCSD/6-311G* 0.512 1.224 1.121
CCSD/cc-pVTZ 0.508 1.223 1.120
CCSD/6-311++G(2d,2p) 0.486 1.217 1.118

QCISD/6-31G* 0.505 1.221 1.118
QCISD/6-311G* 0.504 1.221 1.120
QCISD/6-311++G(2d,2p) 0.479 1.215 1.117
QCISD/cc-pVTZ 0.501 1.221 1.119

RHF/6-31G* 0.593 1.252 1.136
RHF/6-311G* 0.585 1.250 1.137
RHF/cc-pVTZ 0.576 1.248 1.135
RHF/6-311++G(2d,2p) 0.570 1.247 1.135
RHF/aug-cc-pVTZ 0.570 1.246 1.135

HCO�3
*3(H2O)

Method/Basis set D63 R3666 (b13C) ave R2866 (b18O)

B3LYP/6-31G* 0.434 1.205 1.108
B3LYP/6-311G* 0.421 1.201 1.107
B3LYP/cc-pVTZ 0.418 1.201 1.106
B3LYP/6-311++G(2d,2p) 0.410 1.198 1.105
B3LYP/aug-cc-pVTZ 0.412 1.199 1.106

M06/6-31G* 0.471 1.215 1.113
M06/6-311G* 0.455 1.210 1.112
M06/cc-pVTZ 0.449 1.209 1.111
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Table A2 (continued)

Method/Basis set D63 R3666 (b13C) ave R2866 (b18O)

M06/6-311++G(2d,2p) 0.440 1.207 1.110
M06/aug-cc-pVTZ 0.441 1.206 1.111

M06-2X/6-31G* 0.468 1.216 1.113
M06-2X/6-311G* 0.454 1.212 1.113
M06-2X/cc-pVTZ 0.451 1.212 1.112
M06-2X/6-311++G(2d,2p) 0.444 1.210 1.111
M06-2X/aug-cc-pVTZ 0.447 1.210 1.112

MP2/6-31G* 0.452 1.208 1.108
MP2/6-311G* 0.446 1.207 1.109
MP2/6-311++G(2d,2p) 0.406 1.199 1.107

RHF/6-31G* 0.540 1.242 1.125
RHF/6-311G* 0.527 1.239 1.124
RHF/cc-pVTZ 0.523 1.238 1.123
RHF/6-311++G(2d,2p) 0.514 1.236 1.122
RHF/aug-cc-pVTZ 0.516 1.236 1.122

H2CO3
*3(H2O)

Method/Basis set D63 R3666 (b13C) ave R2866 (b18O)

B3LYP/6-31G* 0.449 1.212 1.120
B3LYP/6-311G* 0.449 1.212 1.120
B3LYP/cc-pVTZ 0.448 1.211 1.119
B3LYP/6-311++G(2d,2p) 0.442 1.210 1.119
B3LYP/aug-cc-pVTZ 0.443 1.210 1.119

M06/6-31G* 0.492 1.224 1.126
M06/6-311G* 0.478 1.221 1.126
M06/cc-pVTZ 0.477 1.220 1.125
M06/6-311++G(2d,2p) 0.472 1.218 1.124
M06/aug-cc-pVTZ 0.473 1.218 1.124

M06-2X/6-31G* 0.496 1.224 1.125
M06-2X/6-311G* 0.487 1.222 1.126
M06-2X/cc-pVTZ 0.480 1.221 1.124
M06-2X/6-311++G(2d,2p) 0.474 1.219 1.123
M06-2X/aug-cc-pVTZ 0.477 1.219 1.123

MP2/6-31G* 0.477 1.219 1.121
MP2/6-311G* 0.475 1.219 1.123
MP2/6-311++G(2d,2p) 0.449 1.212 1.119

RHF/6-31G* 0.574 1.253 1.140
RHF/6-311G* 0.564 1.250 1.140
RHF/cc-pVTZ 0.560 1.250 1.138
RHF/6-311++G(2d,2p) 0.554 1.248 1.137
RHF/aug-cc-pVTZ 0.555 1.248 1.137
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A.1.3. Calculation of stochastic abundances for a carbonate

phase

The stochastic isotopomer abundances (i.e., the denomi-
nator in Eq. (2)) do not depend upon temperature since they
are determined from the isotopic makeup of the carbonate
and the probability of the occurrence of each isotopologue
within that configuration. For example, let x13C and x12C
represent the relative abundances of 13C and 12C respectively
in the carbonate, and similarly x18O, x17O, and x16O, the
relative amounts of 18O, 17O, and 16O in the carbonate, such
that x12C*x13C = 1 and x16O*x17O*x18O = 1. Then

x2666�r ¼ x12C � x16O � x16O � x160 ðA19Þ
x3866�r ¼ 3 � ðx13C � x18O � x16O � x160Þ ðA20Þ

etc.
where x2666�r = the stochastic (i.e., random) abun-
dance of 12C16O3 and x3866�r = the stochastic abundance
of 13C18O16O2, etc. The factor of 3 in Eq. (A20) reflects
the assumption that all three isotopomers of x3866 have
an equal chance of being chosen in a random distribution.

A.2. Convergence/sensitivity testing results: Choice of the

best ab initio modeling techniques for clumped isotope

signatures of aqueous DIC species

A.2.1. Ab initio/hybrid methods – basis set combinations

We compared values of D63, b13C, and b18O calculated
by different levels of theory for CO2ðgÞ; CO2�

3 ðgÞ;
H2CO3ðgÞ; HCO�3 � 3ðH2OÞ, and H2CO3 * 3(H2O)
(Table A1, Section 2.5). Each ab initio/hybrid method



Table A3
Comparison of D63, b13C, and composite b18O, and as calculated using the four solvation techniques with B3LYP and 3 different Pople basis
sets at 25 �C (see Fig. A2A–C). Also included are the oxygen fractionation between DIC species and water (a18O (DIC� H2O(l)); carbon
isotope fractionation between DIC species and CO2(g) (a18O (DIC�CO2(g)); and the difference between the two sides of the Redlich Teller
product rule (Eq. (15)) (RT diff). a18OðCO2�

3 H2OðlÞÞ and a13CðCO2�
3 CO2ðgÞÞ are compared with experimental values from Beck et al. (2005)

(Table 4, Fig. A3) and Zhang et al. (1995) (Table 5, Fig. A4) respectively. E-nn notation is equivalent to 10�nn. Values are unscaled.

CO2�
3

Solvation technique Method/Basis Set b13C Comp b18

O
D63 RT diff a18OðCO2�

3 –H2OðlÞÞ a13CðCO2�
3 –CO2ðgÞÞ

Gas B3LYP/6-31G* 1.204 1.086 0.413 3.7E�07 1.0096 1.0080
B3LYP/6-311G* 1.199 1.085 0.396 6.2E�07 1.0082 1.0015
B3LYP/6-
311++G(2d,2p)

1.177 1.081 0.337 3.8E�07 1.0040 0.9843

Implicit B3LYP/6-31G* 1.204 1.089 0.418 8.6E�07 1.0128 1.0084
B3LYP/6-311G* 1.199 1.088 0.398 7.8E�07 1.0112 1.0012
B3LYP/6-
311++G(2d,2p)

1.179 1.084 0.343 6.4E�07 1.0073 0.9864

Explicit B3LYP/6-31G* 1.200 1.097 0.391 �1.1E�06 1.0198 1.0052
B3LYP/6-311G* 1.195 1.095 0.370 1.5E�06 1.0177 0.9980
B3LYP/6-
311++G(2d,2p)

1.189 1.092 0.351 1.2E�06 1.0148 0.9943

Average of supermolecular
clusters

B3LYP/6-31G* 1.2072 1.1029 0.3992 �1.8E�04 1.0256 1.0109

standard error 0.0004 0.0003 0.0013 3.9E�05 0.0003 0.0003
B3LYP/6-311G* 1.2033 1.1015 0.3818 2.0E�04 1.0237 1.0049
standard error 0.0003 0.0003 0.0014 4.2E�05 0.0003 0.0003
B3LYP/6-
311++G(2d,2p)

1.1993 1.0988 0.3702 �1.5E�04 1.0209 1.0030

standard error 0.0004 0.0004 0.0011 4.3E�05 0.0004 0.0003

HCO�3

Solvation technique Method/Basis Set b13C Comp b18

O
D63 RT diff a18OðCO2�

3 –H2OðlÞÞ a13CðCO2�
3 –CO2ðgÞÞ

Gas B3LYP/6-31G* 1.201 1.099 0.458 �4.0E�04 1.0216 1.0026
B3LYP/6-311G* 1.197 1.099 0.446 �3.7E�04 1.0213 0.9995
B3LYP/6-
311++G(2d,2p)

1.188 1.097 0.417 �3.7E�04 1.0194 0.9923

Implicit B3LYP/6-31G* 1.199 1.101 0.443 �2.9E�04 1.0234 1.0038
B3LYP/6-311G* 1.194 1.100 0.427 �3.0E�04 1.0224 0.9974
B3LYP/6-
311++G(2d,2p)

1.185 1.098 0.394 �2.6E�04 1.0202 0.9912

Explicit B3LYP/6-31G* 1.205 1.108 0.434 �1.6E�05 1.0299 1.0092
B3LYP/6-311G* 1.201 1.107 0.421 �2.0E�05 1.0287 1.0028
B3LYP/6-
311++G(2d,2p)

1.198 1.105 0.410 �4.9E�07 1.0268 1.0022

Average of supermolecular
clusters

B3LYP/6-31G* 1.2098 1.1114 0.4268 �4.2E�04 1.0334 1.0132

standard error 0.0006 0.0004 0.0017 1.5E�04 0.0004 0.0005
B3LYP/6-311G* 1.2062 1.1106 0.4124 �2.9E�04 1.0321 1.0102
standard error 0.0006 0.0004 0.0017 9.2E�05 0.0004 0.0005
B3LYP/6-
311++G(2d,2p)

1.2025 1.1080 0.4033 �5.8E�04 1.0293 1.0057

standard error 0.0005 0.0004 0.0013 2.1E�04 0.0003 0.0004

H2CO3

Solvation technique Method/Basis set b13C Comp
b18O

D63 RT diff

Gas B3LYP/6-31G* 1.214 1.116 0.486 �2.4E�04
B3LYP/6-311G* 1.212 1.116 0.477 �2.6E�04
B3LYP/6-
311++G(2d,2p)

1.208 1.115 0.461 �2.4E�04

Implicit B3LYP/6-31G* 1.210 1.116 0.467 �2.0E�04
B3LYP/6-311G* 1.207 1.116 0.455 �2.1E�04
B3LYP/6-
311++G(2d,2p)

1.202 1.114 0.435 �2.0E�04
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Table A3 (continued)

Explicit B3LYP/6-31G* 1.212 1.120 0.449 �4.6E�05
B3LYP/6-311G* 1.212 1.120 0.449 �4.9E�05
B3LYP/6-
311++G(2d,2p)

1.210 1.119 0.442 �8.6E�05

Average of supermolecular
clusters

B3LYP/6-31G* 1.2160 1.1210 0.4522 �2.5E�04
standard error 0.0004 0.0004 0.0012 6.6E�05
B3LYP/6-311G* 1.2130 1.1211 0.4413 �2.9E�04
standard error 0.0005 0.0004 0.0017 8.5E�05
B3LYP/6-
311++G(2d,2p)

1.2105 1.1191 0.4344 �3.3E�04

standard error 0.0006 0.0004 0.0016 9.9E�05

Calcite cluster

Method/Basis set b13C Comp
b18O

D63

B3LYP/6-31G* 1.2174 1.113 0.435
B3LYP/6-311G* 1.2107 1.109 0.406
B3LYP/6-
311++G(2d,2p)

1.2077 1.106 0.394

Aragonite cluster

Method/Basis set b13C Comp
b18O

D63

B3LYP/6-31G* 1.2194 1.1120 0.4385
B3LYP/6-311G* 1.2130 1.1086 0.4161
B3LYP/6-
311++G(2d,2p)

1.2110 1.1075 0.4060

11 RMS ¼
ffiffi
ð

p P
ððresiduals between predicted and measured

vibrational frequenciesÞ2Þ=ðnumber of frequenciesÞÞ.
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was paired with 3 to 5 basis sets of different complexities.
These comparisons show that for models using the same
ab initio method, the use of increasingly complex basis sets
(i.e., adding polarity and then diffuse functions) lowers
D63. In general, D63 (6-31G*) > D63 (6-311G*) > D63

(cc-pVTZ) > D63 (aug-cc-PVTZ) and D63 (cc-pVTZ) > D63

(6-311++G(2d,2p)). CO2 was the main exception where
D63 (6-31G*) < D63 (6-311G*) but D63 (6-31G*) > D63

(6-311++G(2d,2p)) and D63 (6-31G*) > D63 (aug-cc-
PVTZ). Calculations of D63 using the 6-311++G(2d,2p)
and aug-cc-pVTZ valence triple zeta basis sets were very
close, and deviated from each other by an average of
<0.001& (range 0.000 to 0.006&), most likely indicating
a convergence close to the complete basis set limit.

Overall, we found that results from different levels of
theory showed similar trends for the five species investi-
gated (Fig. A1A–E). D63, b13C, and b18O of a given species
showed similar trends across the methods. RHF, the sim-
plest level of theory, had consistently higher results than
high-accuracy methods. In general, M06 and M06-2X were
next highest; B3LYP values were similar to MP2, and very
close or slightly lower than QCISD. CCSD values were
slightly higher than QCISD values. PBE models gave the
lowest values. Rustad et al. (2008) found that of the combi-
nations they tested, the B3LYP method combined with the
aug-cc-pVDZ basis set (correlation-consistent polarized va-
lence double zeta with polarization augmented with diffuse
functions) gave the best match to experiment for b13C. Use
of the 6-311++G(2d,2p) basis set gives similar results to the
even larger aug-cc-pVTZ (valence triple zeta), but is less
computer intensive. We conclude that the B3LYP/6-
311++G(2d,2p) model is a reasonable compromise between
accuracy and computer efficiency for the calculation of D63,
b13C, and b18O (see Fig. A7).

A.2.2. Comparison of measured and model CO2(g)

vibrational frequencies and bond lengths

We compared the CO2(g) vibrational frequencies and
C@O bond lengths using each method/basis set combina-
tion with measured frequencies, corrected for anharmonic-
ity (Table A4) (Tashkun et al., 1998; Ding et al., 2004). The
QCISD/6-311++G(2d,2p) model has the smallest root-
mean squared misfit (RMS11) (13.8 cm�1); the B3LYP/6-
311++G(2d,2p) model has the next best RMS (14.0). In
general, the QCISD and the B3LYP methods yield the
smallest RMS values. The RHF models have the largest
RMS misfits (245.0 to 279.2 cm�1). Next highest are the
M06 and M06-2X models ranging from 83.8 to 141.5 cm�1.

The QCISD/6-311G* and the QCISD/6-
311++G(2d,2p) predicted C–O bond lengths that were
the closest to the experimental length of 1.1621 Å (Oliphant
and Bartlett, 1994): (1.1621 Å and 1.1617 Å respectively).



Table A4
CO2(g) bond lengths and vibrational frequencies from several ab initio method and basis set combinations compared to experimental
harmonic values. The deviation of the model bond length from the experimental length is shown as well as the root mean square of all 3
vibrational frequencies compared to the experimental frequencies. Note that the O–C–O bending mode is degenerate due to the symmetry of
the CO2 molecule (Section A.2.2).

Method/Basis set C–O bond
lth (Å)

Dev from
Exp’t

O–C–O bend vib
freq (cm�1)

C–O sym stretch vib
freq (cm�1)

C–O asym stretch vib
freq (cm�1)

RMS err (vib
freq)

Experimentala 1.1621 0 672.83 1353.65 2390.3 0

B3LYP

6-31G* 1.1692 �0.0071 640.0318 1372.0103 2436.2473 34.27
6-311G* 1.1604 0.0017 666.5054 1375.5077 2435.8784 29.41
cc-pVTZ 1.1604 0.0017 671.7897 1371.6471 2416.7626 18.49
6-311++G(2d,2p) 1.1604 0.0017 675.9948 1363.8623 2399.3326 8.08
aug-cc-pVTZ 1.1604 0.0017 673.5411 1369.5778 2401.1794 11.14

CCSD

6-31G* 1.1704 �0.0083 659.478 1385.1931 2441.7571 35.69
6-311G* 1.1598 0.0023 682.4316 1394.1757 2454.7911 44.32
cc-pVTZ 1.1592 0.0029 684.5488 1389.5602 2434.3932 33.52
6-311++G(2d,2p) 1.1595 0.0026 692.1163 1373.594 2405.0558 18.14
aug-cc-pVTZ 1.1595 0.0026 688.2243 1385.8763 2414.612 24.94

M06-2X

6-31G* 1.1628 �0.0007 668.1874 1421.7868 2492.5552 70.99
6-311G* 1.1546 0.0075 689.6297 1421.8265 2485.8468 68.46
cc-pVTZ 1.1554 0.0067 693.4366 1413.7713 2463.0743 55.78
6-311++G(2d,2p) 1.1551 0.0070 699.1919 1407.8216 2448.5858 48.40
aug-cc-pVTZ 1.1553 0.0068 696.0565 1412.2007 2449.5534 49.93

M06

6-31G* 1.1641 �0.0020 672.1039 1405.2606 2512.5545 76.62
6-311G* 1.1547 0.0074 691.3407 1413.4777 2517.1761 81.69
cc-pVTZ 1.1545 0.0076 702.0111 1409.1921 2493.2013 69.58
6-311++G(2d,2p) 1.1545 0.0076 702.4276 1402.1132 2479.259 60.93
aug-cc-pVTZ 1.1545 0.0076 704.3044 1407.3354 2479.0954 62.60

MP2

6-31G* 1.1797 �0.0176 636.1065 1333.0759 2447.569 41.04
6-311G* 1.169 �0.0069 657.6529 1341.3982 2456.0945 39.62
cc-pVTZ 1.1694 �0.0073 655.8008 1331.9973 2426.0527 26.06
6-311++G(2d,2p) 1.1695 �0.0074 662.8297 1316.983 2397.0388 22.29
aug-cc-pVTZ 1.1702 �0.0081 658.9605 1325.8074 2401.4476 19.08

PBE

6-31G* 1.1803 �0.0182 611.2251 1322.7506 2386.5368 39.85
6-311G* 1.1718 �0.0097 635.4068 1326.2016 2387.5912 26.84
cc-pVTZ 1.1719 �0.0098 640.37 1322.1455 2367.6069 29.22
6-311++G(2d,2p) 1.172 �0.0099 643.3531 1314.9803 2349.8274 36.53
aug-cc-pVTZ 1.172 �0.0099 641.87 1319.3474 2350.7166 35.13

QCISD

6-31G* 1.1729 �0.0108 652.1706 1364.0492 2416.8106 20.31
6-311G* 1.1621 0.0000 675.1745 1374.3493 2431.1062 26.45
cc-pVTZ 1.1613 0.0008 677.9894 1372.3034 2413.9679 17.65
6-311++G(2d,2p) 1.1617 0.0004 684.7 1355.5649 2383.5952 7.95
aug-cc-pVTZ 1.1617 0.0004 682.0499 1368.3275 2393.4722 10.17

RHF

6-31G* 1.1433 0.0188 745.8143 1518.4826 2585.0052 153.20
6-311G* 1.1352 0.0269 767.1984 1522.1681 2592.1527 161.30
cc-pVTZ 1.1362 0.0259 772.9755 1511.2303 2564.3449 147.37
6-311++G(2d,2p) 1.1355 0.0266 780.0991 1505.9484 2553.0072 142.80
aug-cc-pVTZ 1.1362 0.0259 774.795 1509.4917 2549.5419 141.47

a Tashkun et al. (1998) and Ding et al. (2004).
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Table A5
Bond lengths and select vibrational frequencies from B3LYP/6-311++G(2d,2p) models of different solvation techniques compared to
experimental values

CO2�
3 Bond lengths (A) Select vibrational frequencies (cm�1)

C–O C–O C–O Out-of-plane Sym stretch Asym stretch

Gas 1.3068 1.3068 1.3068 858.7128 1008.545 1309.0252
Implicit 1.2984 1.2984 1.2984 864.6562 1036.6728 1320.4542
3(H2O) 1.3011 1.3011 1.3011 854.2013 1025.4838 1361.4046
Ave supermolecular clusters 1.2849 1.2899 1.2998 Smeared 1395.0706
Exp’t (aq) (Rudolph et al., 2006) 884 1066 1385

HCO�3 C–O C–O C–O O–H Out-of-plane Sym stretch Asym stretch

Gas 1.2502 1.2338 1.4501 0.9625 820.1593 1289.2348 1750.6803
Implicit 1.2503 1.2436 1.4122 0.9641 819.8281 1292.2129 1665.3384
Explicit 1.2634 1.2408 1.3943 0.9696 829.8463
Ave supermolecular clusters 1.2429 1.2595 1.379 0.9889 Smeared 1349.9065 1669.5742
Exp’t (aq) 843 1312/1360 1630

Table A6
Scaling factors for the predictions of harmonic frequencies and
zero-point vibrational energies (adapted from Table 24 in Zhao
and Truhlar, 2008). These factors are used for comparison with
unscaled vibration frequencies in the calculations of carbon and
oxygen isotope fractionations and clumped isotope signatures.
Zhao & Trudhal did not consider scaling factors for MP2.

Method Harmonic scaling factor ZPVE scaling factor

B3LYP 0.998 0.985
M06 0.994 0.983
M06-2X 0.982 0.972
M06-L 0.996 0.980
HF 0.932 0.921
PBE 1.025 1.012

Table A7
Effect of scaling vibrational frequencies on D63, b13C, composite b18O, c
lattices, and one conformer from each DIC species. Results are shown w
zero point vibrational energy scale factor (.985) for B3LYP ab initio m
311++G(2d,2p) models.

Species Conformer Scale factor D63 b

CO2�
3 9a 0.985 0.3599 1

9a 0.998 0.3703 1
9a 1.000 0.3719 1

HCO�3 5b 0.985 0.3902 1
5b 0.998 0.4011 1
5b 1.000 0.4028 1

H2CO3 1a 0.985 0.4221 1
1a 0.998 0.4334 1
1a 1.000 0.4352 1

Calcite 0.985 0.3818 1
0.998 0.3924 1
1.000 0.3940 1

Aragonite 0.985 0.3935 1
0.998 0.4043 1
1.000 0.4060 1
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All B3LYP methods (except 6-31G*) predict a bond length
of 1.1604 Å. Eight of the ten M06 and M06-2X model bond
length predictions deviate by more than .0067 Å from the
experimental value. Again, the B3LYP method, combined
with the valence triple zeta, polarized 6-311++G(2d,2p) ba-
sis set with diffuse functions appears to be the best balance
between accuracy and computational efficiency.

A.2.3. Comparison of DIC Species with experimental bond

lengths and vibrational frequencies

Table A5 shows bond lengths and select vibrational fre-
quencies for each DIC species with the 4 solvation tech-
niques for B3LYP/6-311++G(2d,2p) models. In general,
the more accurately solvated models have smaller
intramolecular bond lengths. Vibrational frequencies com-
omposite b17O, and composite K3866 for the calcite and aragonite
ith no scaling (scale factor = 1.0), harmonic scale factor (.998) and
ethod (see Table A6) at 25 �C. All results are from the B3LYP/6-

13C Comp b18O Comp b17O Comp K3866

.1954 1.0970 1.0502 1.000387822

.1996 1.0992 1.0513 1.000398972

.2002 1.0995 1.0514 1.000400694

.1957 1.1039 1.0537 1.000421168

.1998 1.1061 1.0548 1.000432894

.2005 1.1065 1.0550 1.000434704

.2028 1.1148 1.0591 1.000456187

.2070 1.1172 1.0603 1.000468404

.2077 1.1175 1.0605 1.000470289

.2028 1.1034 1.0534 1.000411586

.2071 1.1057 1.0545 1.000422993

.2078 1.1060 1.0547 1.000424753

.2060 1.1048 1.0541 1.000424426

.2103 1.1071 1.0553 1.000436012

.2110 1.1075 1.0554 1.000437799



Table A8
Comparison of theoretical clumped isotope signatures of CO2 (g) for T = 300K (26.85 �C) from this work with values from two different
models presented in Wang et al. (2004) (Fig. A5). Values from this work are unscaled.

Method/Basis set D45 D46 D47 D48 D49

Vib. Freq. Set I, Wang et al. (2004) �0.0044 �0.0104 0.9138 0.3381 2.2192
Vib Freq. Set II, Wang et al. (2004) �0.0044 �0.0106 0.9243 0.3956 2.3296

B3LYP/6-31G* �0.0043 �0.0103 0.9081 0.3590 2.2257
B3LYP/6-311G* �0.0043 �0.0104 0.9175 0.3648 2.2514
B3LYP/cc-pVTZ �0.0043 �0.0103 0.9096 0.3644 2.2349
B3LYP/6-311++G(2d,2p) �0.0043 �0.0102 0.9019 0.3600 2.2148
B3LYP/aug-cc-pVTZ �0.0043 �0.0102 0.9019 0.3640 2.2187

MO6-2X/6-31G* �0.0045 �0.0108 0.9491 0.4054 2.3553
MO6-2X/6-311G* �0.0045 �0.0109 0.9538 0.4055 2.3660
MO6-2X/cc-pVTZ �0.0044 �0.0108 0.9432 0.4010 2.3398
MO6-2X/6-311++G(2d,2p) �0.0044 �0.0107 0.9382 0.3979 2.3258
MO6-2X/aug-cc-pVTZ �0.0044 �0.0107 0.9376 0.4017 2.3282

M06/6-31G* �0.0045 �0.0109 0.9606 0.3837 2.3586
M06/6-311G* �0.0046 �0.0110 0.9706 0.3933 2.3890
M06/cc-pVTZ �0.0045 �0.0109 0.9623 0.3939 2.3728
M06/6-311++G(2d,2p) �0.0045 �0.0109 0.9555 0.3887 2.3529
M06/aug-cc-pVTZ �0.0045 �0.0109 0.9563 0.3953 2.3610

MP2/6-31G* �0.0043 �0.0103 0.9112 0.3206 2.1964
MP2/6-311G* �0.0044 �0.0104 0.9236 0.3289 2.2308
MP2/cc-pVTZ �0.0043 �0.0102 0.9071 0.3242 2.1916
MP2/6-311++G(2d,2p) �0.0042 �0.0101 0.8944 0.3145 2.1561
MP2/aug-cc-pVTZ �0.0042 �0.0101 0.8952 0.3216 2.1649

PBE/6-31G* �0.0041 �0.0098 0.8708 0.3168 2.1091
PBE/6-311G* �0.0041 �0.0099 0.8794 0.3217 2.1320
PBE/cc-pVTZ �0.0041 �0.0098 0.8708 0.3205 2.1131
PBE/6-311++G(2d,2p) �0.0041 �0.0097 0.8627 0.3170 2.0926
PBE/aug-cc-pVTZ �0.0041 �0.0097 0.8627 0.3213 2.0965

QCISD/6-31G* �0.0043 �0.0102 0.9019 0.3550 2.2096
QCISD/6-311G* �0.0043 �0.0104 0.9186 0.3652 2.2538
QCISD/cc-pVTZ �0.0043 �0.0103 0.9105 0.3659 2.2383
QCISD/6-311++G(2d,2p) �0.0042 �0.0102 0.8968 0.3548 2.1994
QCISD/aug-cc-pVTZ �0.0043 �0.0102 0.9013 0.3654 2.2189

CCSD/6-31G* �0.0043 �0.0104 0.9180 0.3724 2.2601
CCSD/6-311G* �0.0044 �0.0106 0.9340 0.3818 2.3021
CCSD/cc-pVTZ �0.0044 �0.0105 0.9245 0.3809 2.2812
CCSD/6-311++G(2d,2p) �0.0043 �0.0104 0.9114 0.3697 2.2441
CCSD/aug-cc-pVTZ �0.0043 �0.0104 0.9153 0.3798 2.2613

648 P.S. Hill et al. / Geochimica et Cosmochimica Acta 125 (2014) 610–652
pare reasonably well with experiment. Rustad et al. (2008)
has a detailed discussion of the effects of gas vs. implicit sol-
vation vs. cluster models on the vibrational frequencies and
the bond lengths, with which our results generally agree.

A.2.4. Effects of scaling the vibrational frequencies

Model predictions for a few species were calculated
using both unscaled and scaled vibrational frequencies.
Two kinds of method- and basis-set-specific scaling
factors were used (Table A6): based on fitting to (1) har-
monic frequencies and (2) zero-point vibrational energies
(ZPVE) as described in Zhao and Truhlar (2008). The
scaling factors are different for each ab initio and DFT
method (Table A7).

In most cases, unscaled models predict b18O, b13C, and
D63 slightly larger than equivalent models using harmonic
scaling, which are in turn slightly larger than equivalent
models with ZPVE scaling. In general, the unscaled models
did a better job of predicting oxygen and carbon isotope
fractionations than did the scaled models. In the absence
of a compelling case for scaling, our results presented in this
work use unscaled vibrational frequencies.

A.3. Renormalizing the fractional abundances of DIC species

when omitting the CO2(aq)

The fractional abundances of the 3 DIC species
½CO2ðaqÞ þH2CO3�; HCO�3 , and CO2�

3 . are calculated
using the equations of Millero et al. (2006) with Eqs. (2)
and (3). The very small amount of H2CO3 is included with
the CO2(aq) species. These abundances are shown in Ta-
ble 10 and Fig. 6. However, as discussed in Section 4.1.2,
the CO2(aq) portion of the DIC pool is omitted from the
calculation of the composite DIC D63 since CO2 does not
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have 3 oxygens and is not in rapid exchange equilibrium
with carbonate species.

[H2CO3] is assumed to be = .001*[CO2(aq)]. Then to
determine the contribution of H2CO3; HCO�3 , and CO2�

3

the relative abundances must be renormalized such that
they add to unity (Eq. (21)) (i.e., f 0ðH2CO3Þþ
f 0 HCO�3
� �

þ f 0 CO2�
3

� �
¼ 1. This is done as follows:

Let s ¼ 0:001 � fðH2CO3 þ CO2ðaqÞÞ þ f HCO�3
� �

þ
f CO2�

3

� �
where f (x) is the fractional abundance of species

x when ½CO2ðaqÞ þH2CO3�;H CO�3 , and CO2�
3 are in-

cluded and f0 (x) is the fractional abundance of species x
when CO2(aq) is omitted. Then

f 0ðH2CO3Þ ¼ 0:001 � f ðH2CO3 þ CO2ðaqÞÞ=s ðA21Þ
f 0 HCO�3
� �

¼ f HCO�3
� �

=s

f 0 CO2�
3

� �
¼ f CO2�

3

� �
=s

For example, at pH = 5, T = 25, and S ¼ 0; f ðH2CO3þþ
CO2ðaqÞÞ ¼ :974; f HCO�3

� �
¼ :026, and f CO2�

3

� �
¼ 0

(Table 9). Then s ¼ 0:001 � :974þ :026þ 0 ¼ :026974;
f 0ðH2CO3Þ ¼ :001 � :974=:026974 ¼ :036109; f 0 HCO�3

� �
¼

:026=:026974 ¼ :963891, and f 0 CO2�
3

� �
¼ 0. These are the

values used to calculate D63 as shown in Table 10.
A.4. Strategies for finding optimized geometries for large

supermolecular clusters in Gaussian09

We found it very difficult to obtain optimized geometries
of supermolecular clusters containing DIC species sur-
rounded by multiple water molecules, presumably because
the potential energy field of the cluster is very flat due to
numerous weak H bonds. Often the geometry iteration pro-
cess (a gradient based optimization) proceeds smoothly for
several steps but then oscillates around a stationary point
without being able to converge (see Fig. A6). In such cases,
one can intervene and choose the molecular geometry of
one of the iteration steps preceding the start of the oscilla-
tions and then restart automatic optimization. Regenerat-
ing an initial Hessian is also helpful.

If self-consistent field (SCF) iterations do not converge,
then it is helpful to try a different method, such as Fermi
temperature broadening or a quadratically convergent
SCF procedure. If an error occurs in which there are atoms
too close together, it is necessary to back up a few itera-
tions and start over with an earlier geometry. If an internal
coordinate error occurs, indicating a problem with
the automatic generation of redundant internal coordi-
nates, then it is necessary to optimize using Cartesian
coordinates.

It is useful to save the checkfile file in order to save the
Hessian, which can be used to obtain the vibrational fre-
quencies of the different isotopologues. It also useful if a
long-running job needs to be restarted.

In order to facilitate optimizations of systems using lar-
ger and larger basis sets, we used the “bootstrap” method.
We first obtained the optimized geometry with a small basis
set, such as 6-31G* and determined the force constant Hes-
sian analytically. This Hessian was reused as an initial guess
for the next larger basis set, and so forth.
Sometimes a system optimizes to an apparently satisfac-
tory stationary point but has trouble converging during the
frequency calculations. In such cases it is useful to tighten
the quadrature grid used by the DFT method. During long
frequency calculations, it is also helpful to use the read-
write file (xx.rwf) to save intermediate calculation results
that are not saved in the checkpoint file.

APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.06.018
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